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Filamentous fungi are ubiquitous and frequent components of biofilms. A means to visualize them and quantify
their viability is essential for understanding their development and disruption. However, quantifying filamentous
fungal biofilms poses challenges because, unlike yeasts and bacteria, they are not composed of discrete cells of
similar size. This research focused on filamentous fungal biofilms that are representative of those in the built
environment. The objective of this study was to develop a rapid method to examine biofilm structure and
quantify live (metabolically active/ membrane undamaged) and dead (inactive/ membrane damaged) cells in
Aspergillus niger biofilms utilizing a fluorescent probe staining method and confocal laser scanning microscopy
(CLSM). For this, we compared two commercially available probe staining kits that have been developed for
bacterial and yeast systems. One method utilized the classic cell stain FUN 1 that exhibits orange-red fluorescent
intravacuolar structures in metabolically active cells, while dead cells are fluoresced green. The second method
utilized a combination of SYTO9 and propidium iodide (PI), and stains cells based on their membrane
morphology. SYTO9 is a green fluorescent stain with the capacity to penetrate the living cell walls, and PI is a red
fluorescent stain that can only penetrate dead or dying cells with damaged cell membranes. Following staining,
the biofilms were imaged using CLSM and biofilm volumes and thickness were quantified using COMSTAT, a
computer program that measures biofilm accumulation from digital image stacks. The results were compared to
independent measurements of live-dead cell density, as well as a classic cell viability assay-XTT. The data showed
that the combination of SYTO9 and PI is optimal for staining filamentous fungal biofilms.

1. Introduction disadvantages include the persistence of human disease, antimicrobial

tolerance, and proliferation in medical devices [4,7-9]. In addition,

Biofilms are complex communities of microorganisms that are
surface-associated or attached to one another and enclosed within a self-
produced extracellular polymeric substance (EPS). The benefits of mi-
crobial biofilm formation include protection from environmental con-
ditions, resistance development to physical and chemical stresses,
metabolic cooperation between biofilm cells, and differential expression
of genes and their regulation [1-3]. When in biofilms, microbial cells
exhibit distinct physiological features that differ from their planktonic
state. Hence, the establishment of biofilms is advantageous for processes
such as fermentation and bioremediation [4-6], but at the same time
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biofilm cells can facilitate nutrient uptake, cell-to-cell signaling, and
gene transfer [10]. Consequently, biofilm research on bacterial and
yeast biofilms is well established [7,8,11-20], but relatively fewer
studies have focused on filamentous fungal biofilms.

Filamentous fungi are common contributors in robust biofilm for-
mation because of their apical hyphal growth and surface-associated
proliferation [2,21,22]. Biofilm formation by bacteria and yeast is
similar, with stages that include surface adhesion, an initial proliferation
of cells over the surface, microcolony formation, maturation, and
dispersal of cells. The only exception for yeast is that a pseudo hyphal or
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hyphal growth is incorporated in the initial proliferation stage [2,22].
Biofilm formation by filamentous fungi is slightly different as they lack
binary fission or budding processes, but instead, utilize hyphal tip
growth for their biofilm establishment and have additional stages with
mycelial development, hyphal layering, and hyphal bundling [2,23].
Here, the focus is on biofilms produced by the filamentous fungus
Aspergillus niger, a model organism and an industrially and medically
important species [4,6,24-28]. According to Harding et al. [2], the
formation of filamentous fungal biofilms is divided into six distinct
phases which includes adsorption, attachment to the surface, Micro-
colony formation I, Microcolony formation II or initial maturation,
maturation or reproductive development, and dispersal or planktonic
phase. These stages also apply to A. niger [4-6,8,26]. Biotic and abiotic
substrates with various environmental conditions also play a role in
biofilm development [10,22]. In this study, A. niger biofilms were
created to model those formed naturally under drip flow. A drip flow
reactor (DFR) was used for biofilm production, as it creates a low shear
environment that allows for liquid to flow along glass coupons and,
imitates the conditions in industrial and household environments [19,
29,30,55].

In previous studies, the assessment of cell viability in bacterial and
fungal biofilms was determined by colorimetric assay methods such as 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
2,3-bis(2-methoxy-4-nitro-5-sulfophenyl) 2H-tetrazolium-5-carbox-
anilide (XTT), and alamar blue. XTT and MTT assays involve the
reduction of tetrazolium salts by mitochondrial dehydrogenase or ferric
reductase. The cells are incubated with XTT or MTT assay which is
converted by viable cells to a colored formazan product [31,32]. The
metabolic activity of microbial cells is proportional to the formazan
product’s color intensity, which is measured as the optical density of the
assay [19,31,32]. For the XTT viability assessment, the amount of
water-soluble formazan product is measured directly in the medium,
while for the MTT assay, the treated cells are lysed with DMSO, before
measurement of the optical density (OD) [12]. These assay methods are
widely used to assess cell viability [12,32-39]. The alamar blue cell
viability indicator uses the natural reducing power of living cells to
convert resazurin (blue compound) to resorufin which produces a bright
pink-red fluorescence. The reduction of alamar blue is mediated by
mitochondrial enzymes [40-42]. Although, this fluorogenic assay is
mostly used as a viability assay for mammalian cells, it is also used for
susceptibility testing of yeast and bacterial biofilms [40,42,43].

A reported drawback in some of these assays is that different yeast
strains from the same species may show a marked variation in their
ability to metabolize tetrazolium [12,18,19,32,44]. Moreover, during
the different stages of biofilm formation, the metabolic state of microbes
changes, which may lead to fluctuations in the ability of biofilm cells to
metabolize chemical components during the assays. Vital stains (FUN 1,
SYTO9, Propidium iodide) have been used as an alternative and have
been found to have advantages over these assays. The main advantages
include the possibility of multiple labeling with microbial cells and an
extraordinary insight into the dynamics of labeled molecules within the
microbial cells and their structures [3,12,19,32,35,37,40,42,45,46].

For visualizing and studying biofilm architectural features, fluores-
cence, scanning electron, and confocal microscopy techniques have been
used. Fluorescence microscopy provides data on biofilm morphology
and the emergence of the extracellular matrix during the biofilm for-
mation, whereas scanning electron microscope (SEM) analysis allows
the evaluation of elaborate topographical views of biofilm surface
structure at high magnification. However, the fixation and dehydration
steps performed during SEM sample preparation often degrade the
biofilm matrix. This can be overcome by using confocal laser scanning
microscopy (CLSM), which allows visualization of the three-dimensional
structure at different biofilm depths. Moreover, it allows for measure-
ments of the biofilm thickness without disrupting the biofilm architec-
ture. Quantification of live and dead cells within the biofilm is
ultimately important to better understand the dynamics of filamentous
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fungal biofilm formation, degradation, and prevention. To this end,
fluorescent metabolic stains may be used with CLSM to evaluate these
parameters while simultaneously examining the biofilm structure.

The objective of this study was to develop a straightforward method
to quantify live and dead cells in A. niger biofilms utilizing a fluorescent
probe staining method and CLSM. For this, we used two different types
of commercially available probe staining kits that were developed
separately for bacterial and yeast systems. One method utilizes the
classical cell stain, FUN 1, that exhibits orange-red fluorescent intra-
vacuolar structures in metabolically active cells, while dead cells fluo-
resce green due to the lack of metabolically active components [47,48].
The second method uses a combination of SYTO9 and propidium iodide
(PI). SYTO9 is a nucleic acid stain [40,47,49] with a capacity to pene-
trate cell walls with relative ease and stain the cells green, regardless of
their viability. In comparison, PI is a red fluorescent stain that penetrates
the damaged cell membranes of dead or dying cells, causing quenching
of the SYTO9 green fluorescence when both stains are used together
[47-49]. The two kits have been used in previous studies to investigate
antimicrobial susceptibility or to differentiate between dead (inacti-
ve/membrane damaged) and live cells (metabolically active/membrane
integrity) in both fungal and bacterial biofilms [19,47,49-53]. These
two staining methods were tested as they target a specific metabolic or
biological/morphological component (i.e. nucleic acid) and can be used
to differentiate and illuminate the live and dead cells within the images
of biofilm samples [47,53,54].

These two probe staining methods were compared to determine their
staining efficiencies for the differentiation of live and dead cells in
A. niger biofilms. Two regions of A. niger biofilms, the center and corner
portions, were selected for comparison studies and to better understand
biofilm dynamics. Cell viability assessments with the fluorescent probe
stains were further compared to a standard cell viability assay, XTT.

2. Materials and methods
2.1. Fungus strain, culture conditions, and inoculum

Aspergillus niger van Tieghem (ATCC 6275) was maintained in petri
plates (90 mm diam.) containing Sabouraud dextrose agar (SDA; Difco)
sealed with Parafilm and maintained at 21-25 °C. The spore suspension
was prepared from 7-day-old cultures. Spores were dislodged by pipet-
ting sterile distilled water in 1 mL increments in five different places
onto the surface of the culture. The petri plate was gently agitated to
dislodge the spores, and the spores were transferred to a 50 mL centri-
fuge tube containing phosphate-buffered saline (PBS), pH 7.4 (Electron
Microscopy Sciences). The spores were quantified with a Neubauer
chamber and the concentration was adjusted with PBS to 10° spores/mL.
This suspension was used as the inoculum.

2.2. Aspergillus niger biofilm formation in a drip flow reactor system

Biofilms were produced under low-shear conditions following the
reproducible protocol developed by Kerrigan et al. [55]. Briefly, to
initiate biofilm formation, 10 mL batch medium (sterile 3% wt/vol
Sabouraud dextrose broth (SDB; Difco)) and 1 mL inoculum were added
aseptically to each channel of the drip flow reactor (DFR; BioSurface
Technologies) containing a glass coupon (22 x 22 mm). The reactor was
sealed, set at a 10° angle backward, to prevent the fungal structures from
clogging the effluent ports, and left at room temperature (~23 °C) for 48
h with 12 h alternating intervals of artificial light (normal room light)
and darkness. To prepare the low shear biofilm run, the reactor was
positioned at a 10° angle forward. The system was then connected to a
carboy which contained freshly prepared sterile SDB (0.03% wt/vol)
and the media was pumped through the reactor using a peristaltic pump
(Shenchen- Lab V series) at a rate of 3 mL/min. The effluent port was
connected to a vessel to collect the used media. The run was continued
for 24 h under the same light and temperature regime described above.
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2.3. Fluorescent probe stains and confocal laser scanning microscopy

To quantify the live and dead cells in Aspergillus niger biofilms, two
different viability staining kits were compared to determine the optimal
method; One method utilized the LIVE/DEAD™ Yeast Viability Kit
(Molecular Probes-Invitrogen, USA; Cat# L7009) containing FUN 1 cell
stain. FUN 1 viability stain can be used alone or together with Calcofluor
White M2R (which is part of the kit) to determine the metabolic activity
of fungal cells by fluorescence microscopy and for detecting fungi in
complex mixtures or pure cultures [48]. For this study, only the FUN 1
stain from the kit was used. The FUN 1 stain exhibits orange-red fluo-
rescent intravacuolar structures in metabolically active cells, while dead
cells fluoresce green-yellow [47,48]. For staining, the glass coupons
containing the biofilm were transferred to a petri plate containing a
sterile wet filter paper to prevent the desiccation of the biofilm sample
during the staining incubation. For each biofilm area to be examined, 2
pL of FUN 1 stain was pipetted directly onto the center and corner
portions of the A. niger biofilms. The biofilms were covered with
aluminum foil and incubated at 30 °C for 60 min in the dark. According
to the manufacturer’s instructions, the recommended incubation time
for FUN 1 is 30 min; however, for A. niger biofilm staining, a 60 min
incubation time produced better imaging results.

The second method utilized LIVE/ DEAD™ BacLight™ Bacterial
Viability Kit (Molecular Probes - Invitrogen, USA; Cat# L7007) con-
taining SYTO9, a green fluorescent stain with a capacity to penetrate
both live and dead cells, and propidium iodide (PI), a red fluorescent
stain that may only penetrate dead or dying cells with damaged cell
membranes. The glass coupon covered with biofilm was transferred
from the reactor to the petri plate as described above. For biofilm
staining, a freshly prepared solution of 6 pL SYTO9 and 6 pL PI was
mixed with 1 mL DI water, according to the manufacturer’s instructions,
and pipetted so that the entire surface of the biofilm was covered. The
petri plates were covered with aluminum foil and incubated for 30 min
in the dark at room temperature per the manufacturer’s instructions.

Following incubation, the stained biofilms were imaged using a Leica
TCS SPE CLSM (Buffalo Grove, IL, USA). The SYTO9-PI fluorescent
probes were excited with 488 nm laser having an intensity of 17.2557%.
An emittance from 490 nm to 550 nm was detected using a photo-
multiplier tube with a gain of 670. FUN 1 was excited with a 488 nm
laser having an intensity of 30.4828%. An emittance from 577 nm to
633 nm was detected using a photomultiplier tube with a gain of 1085.
For comparison, live and dead cells in the center and corner portions of
the biofilm were selected for imaging. Due to its square shape, the center
and corner portions of the biofilm could be readily located under the
microscope. The biofilm images were captured using 10x, 0.3 numerical
aperture (NA) dry objective.

2.4. COMSTAT analysis and biofilm quantification

Biofilms were analyzed using the computer program, COMSTAT,
which was written as a script in MATLAB (MathWorks- R2018a) for
quantification of biofilm structures [56]. Prior to quantification, each
image stack was thresholded. In COMSAT, image stack thresholding is
performed by applying a fixed threshold value which was determined
manually. For thresholding, COMSTAT loads a black and white sequence
of the images of interest, and a threshold value, ranging anywhere from
10 to 50 was set. Based on the entered threshold value, a binary image
with a pixel intensity of the original image was created. This image was
then compared to the original grey scale set of images that came up first.
The threshold was adjusted until the two matched closely. Once the
images were thresholded, the data volume was analyzed. The data
volume to be analyzed depends on the variables that were selected and
the number of image stacks that were acquired using CLSM [56,57]. For
the quantification of cell viability, we used the biomass image analysis
feature. Biomass was determined as the volume of all voxels that contain
biomass pixels in all images of stacks divided by the substratum area of
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the image stack [56,57]. This is an expression of how much of the image
stack is covered by microbial biofilm. The unit for biomass is pm®/um?.
We calculated the biomass of live and dead cells of each biofilm sample
from their image stacks separately and calculated the viability using
biomass of live cells/ (biomass of live cells + biomass of dead cells). Cell
viability is a dimensionless quantity.

2.5. XTT assay

After biofilm production, without disrupting the structure of the
biofilm, the center and the corner portions were cut into 1 cm x 1 cm
(length x width) squares using a steel scalpel blade. These biofilm por-
tions were carefully transferred to a small petri plate (60 x 15 mm)
containing 4 mL of PBS (pH 7.2; Electron Microscopy Sciences). The XTT
(2,3-bis(2-methoxy-4-nitro-5-sulfophenyl) 2H-tetrazolium-5-carboxani-
lide) assay was prepared according to the method previously
described [12,32]. Briefly, 5 mg XTT (Santa Cruz Biotechnology, USA;
Cat# SC-258336) was dissolved in 1 mL 37 °C PBS and from this a 1:5
(vol/vol) was made in 37 °C pre-warmed PBS. A 10 mM menadione
stock solution contained, 0.017 g menadione (Vitamin K3, Santa Cruz
Biotechnology, USA; Cat# SC-205990) dissolved in 10 mL 100% acetone
(J.T. Baker-liquid chromatography grade). Menadione 1:10 (vol/vol)
was diluted in PBS to obtain a 1 mM working solution before use. To
each petri plate containing a 1 cm x 1 cm biofilm portion and PBS, 50 pL
of 1 mg/mL XTT working solution, and 4 pL of 1 mM menadione
(Vitamin K3) working solution were added. The solution was mixed
gently, and the plate was covered with aluminum foil and incubated for
5, 6, 7, and 8hrs at 37 °C on a benchtop incubator shaker (New Bruns-
wick™ Innova® 40) at a of speed 25 rpm. Blanks for the spectropho-
tometer were prepared with the same constituents and incubation times
as the XTT assay, but no biofilms were included. The mixture containing
biofilm and assay solution was transferred to a sterile 15 mL centrifuge
tube and centrifuged at 3500 G for 5 min at 4 °C (Legend Micro-Thermo
Scientific). The supernatant solution (1 mL) was transferred to a 1 mL
cuvette and the absorbance was measured at a wavelength of 492 nm
using a UV-spectrophotometer (Jasco® V-550). The experiment was
repeated eight times with two locations (center and corner) of the bio-
films. The results were compared statistically to the viability results
obtained from the two fluorescent probes methods to determine their
accuracy.

2.6. Statistical analysis

Statistical analysis (F-test) was performed using the SAS statistical
program, JMP Pro 14 (SAS Institute Inc, NC, USA). To determine if there
are any significant differences in the cell viability between fluorescent
probes, locations, and their interactions (fluorescent probes-locations)
in fluorescent probe staining methods, three F-tests were performed.
Additionally, one F-test was performed for the XTT assay to determine if
there are any significant differences between the locations. For investi-
gating significant differences between the fluorescent probes/assay and
locations, the least square mean student’s t-test was performed. Statis-
tically significant results were depicted by P values of <0.05.

3. Results
3.1. Sensitivity of fluorescent probes and biofilm cell viability

CLSM imaging was performed to compare the efficacy of two
different live-dead fluorescent probe staining methods for use in deter-
mining cell viability in A. niger biofilms. The cell viability assessment
was performed both at the center and the corner of the biofilm to un-
derstand the variation between the two locations (Figs. 1, 2 and 3). The
biofilm structures were dense from hyphae and the viability of the
biofilm was not homogenous. From confocal images, the combination of
the nucleic acid stains, SYTO9 and PI, showed a greater differentiation



A. Shailaja et al. Biofilm 4 (2022) 100090

Fig. 1. CLSM images of the center portion (top) and corner portion (bottom) of the Aspergillus niger biofilms stained with FUN 1. (A & D) Green channel-Inactive/
Dead cells, (B & E) Red channel metabolicaly active/Living cells (C & F) Overlay of both active/live and Inactive/dead cells. Scale bars = 50.45 pm. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. CLSM images of the center portion (top) and corner portion* (bottom) of the Aspergillus niger biofilms stained with SYTO9 and PI. (A & D) Red channel -
Inactive/Dead cells with PI (B & E) Green channel-Living/active cells with SYTO9. (C & F) Overlay of both active/live and Inactive/dead cells. Scale bars = 50.45um.
*- Presence of conidiogenous cells and conidiophore. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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between the live and dead cells compared to the FUN 1 staining. FUN 1
stains metabolically active cells and emits an orange-red fluorescence
(excitation/emission at 485/610 nm); however, in non-viable cells, the
FUN 1 stain emission is blue-shifted and, green fluorescence is emitted
(excitation/emission at 430/515 nm) (Fig. 1). In some cases, the orange-
red fluorescence and the green fluorescence combine to form a yellow-
orange color, which makes it difficult to distinguish between the live
and dead cells (Fig. 1-center and Fig. 1-corner). As in Fig. 1, a masking
effect is observed in the case of the FUN 1 stain. In fungal biofilms, the
overestimation of live (metabolically active) cells was estimated based
on multiple metabolic components present in the same cell, especially in
high cell density. The z-stack images of FUN 1 support the over-
estimation of metabolically active cells. Due to this overlay in the image,
it is difficult to distinguish distinct red and green location and this ap-
pears as a masking effect. However, in the SYTO9-PI combination, the
live and dead cells can be easily differentiated as seen in Fig. 2. Also,
visible in those figures is that the center portion of the biofilm contained
more live cells compared to the corner portion of the biofilm. Notably
the corner portion contained conidiogenous cells and conidiophores
(Fig. 1A-F, Fig. 2A-F and Fig. 3A-F) that did not develop in the center
portion.

Live and dead cells biomass of biofilms were quantified using
COMSTAT (Fig. 4). Three F-test were used for quantifying cell viability
using fluorescent probe staining methods, two for the main effects
(fluorescent probes and locations), and one for the interaction (fluo-
rescent probes-locations). Based on the F-test, it was observed that there
was a significant difference in the main two effects and the interaction.
The F-test performed for the fluorescent probes - FUN 1 and the SYTO9-
PI combination, was observed to have a value of p = 0.0005, meeting the
criteria of p < 0.05 making the difference in the cell viability assessment
statistically significant (Fig. 5). Also, a significant difference between
the cell viability of the two locations of the biofilms was recorded
(Fig. 6). Moreover, the F-test performed for the interaction was observed
to have a value of P = 0.0001, meeting the criteria of P < 0.05 making it
statistically significant. This indicates that the impact of cell viability
assessment of the two fluorescent probes compared to each other was
not consistent for the center and corner locations. Since the P-value from
the F-test (fluorescent probes by locations interaction) came out as <
0.05, for further effect details, the least-square mean student’s t-test was
performed. The least-square mean student’s t-test helps in understand-
ing if there are any significant differences in the cell viability among the
fluorescent probes with respect to their location interaction. From Fig. 6,
a significant difference was observed between the cell viability in the
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center and the corner portion of A. niger biofilm stained with SYTO9-PI
and FUN 1.

3.2. XTT viability for A. niger biofilms

The metabolically active cells of the A. niger biofilms incubated with
XTT assay yields a water-soluble formazan colored (gradient light or-
ange) solution. Incubation times ranging from 5 to 8 h were tested for
optimization, and optimum incubation time for A. niger biofilm was
determined to be 7 h. The difference in OD values between the center
and corner portion samples of XTT assay reflected what was recorded
with the fluorescent probes (Fig. 7).

For the XTT assay, since only one assay is involved, the F-test models
were performed on the cell viability assessment for the location effect.
However, the F-test performed for the location (Fig. 7) was observed to
have a value of P = 0.0001, meeting the criteria of P < 0.05 to make it
statistically significant. This indicates that the cell viability quantified in
A. niger biofilm using XTT assay has a significant difference between the
center and the corner portion. This correlation supports the accuracy of
fluorescent probes in cell viability assessment of A. niger biofilms.

4. Discussion and conclusion

The purpose of this study was to develop a straightforward, simple
method for quantifying and visualizing filamentous fungal biofilms,
specifically those of A.niger, in their physiological adherent state
without any disturbance. This is possible with fluorescent probe stains
followed CLSM. Two broad range fluorescence stains, differing in their
target area and means of cell penetration, were used in biofilm cell
viability differentiation. These methods involve staining the biofilm
without physical disruption, which is desirable for live-cell imaging
compared to assay methods.

The LIVE/DEAD BacLight™ Bacterial Viability Kit, which contains
the fluorescent stains SYTO9 and PI, has been used in the past to eval-
uate the cell viability of bacteria and yeast [19,47,49,50,52,53], but to
our knowledge has not been used to study A. niger biofilms. FUN 1 in
LIVE/DEAD™ Yeast Viability kit is a fungal specific fluorescent stain,
which is widely used for yeast viability staining. Only metabolically
active cells are marked clearly with fluorescent intravacuolar structures,
while the dead cells exhibit bright green fluorescence [47]. This means,
the cells with an intact membrane with no or very little metabolic ac-
tivity have green cytoplasmic fluorescence and lack fluorescent intra-
vacuolar structures. FUN 1 detects the metabolically hyphal active phase

100

Fig. 3. Vertical view of Aspergillus niger biofilm grown on a glass coupon center portion (top) and corner portion (bottom) stained with SYTO9 and PI. (A & D) Red
channel - Inactive/Dead cells with PI (B & E) Green channel-Living/active cells with SYTO9. (C & F) Overlay of both active/live (SYTO9) and Inactive/dead (PI) cells.
Scale bars = 200 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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fluoresent probes (SYTO9-PI & FUN 1) at two locations (Center & Corner). Biomass average were calculated from eight replicates of each fluorescent probes at each
location. *- In SYTO9 & PI stained biofilm, significant difference observed between the cellviability in the center and the corner portion.
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Fig. 7. The cell viability of Aspergillus niger biofilms in the center and corner portions quantified with the XTT assay method. Bars represent the least square mean
value and each error bar is constructed using one standard error from the mean. Bars represented by different letters are significantly different. Cell viability
measured using UV-spectrophotometer. *- Significant difference observed between the cell viability in the center and the corner portion.

of A. niger cells, whereas the combination of SYTO9 and PI stain the cells
based on their membrane integrity instead of cell metabolism. Also,
during the different stages of biofilm formation, the metabolic state of
the organism can be modified, affecting the FUN 1 stain cell differenti-
ation. During the metabolically active hyphal stage of A. niger, cells
contain more than one intravascular structure [58,59], which leads to
the overestimation of live cells (Fig. 4).

From this study, the combination of SYTO9 and PI was found to be a
reliable staining method for the quantification of cell viability, and
visualization of A. niger biofilm. Propidium iodide is generally used for
staining dead cells in a population. As a counterstain in multicolor
fluorescent techniques, it can only penetrate cells with disrupted
membranes. SYTO9 can enter both live and dead cells [47-49]). The
fluorescent signal of SYTO9 is strongly enhanced when bound to nucleic
acids ([54]). When both fluorescent probes are present, in the case of
damaged cell membranes, PI exhibits a stronger affinity towards nucleic
acids than SYTO9 and is thus replaced by PI [50].

The confocal images showed that the cell viability is higher in the
center portion of the biofilm when compared to the corner portion. This
results from the media dripping to the surface of the biofilm coupons in a
drip flow reactor creating a high nutrient concentration in the center
portion when compared to the corner portion. Moreover, the corner
portion of the biofilm is in contact with the glass coupon and the reactor
surface. Previous studies [19,30] showed that biofilms in contact with
different surfaces made of dissimilar materials (e.g. glass vs polysulfone)
can affect the growth of biofilms. These conditions lead to faster
maturation of the biofilm cells in the corner when compared to the
center portion as indicated by the presence of conidiogenous cells and
conidiophores (Fig. 2-bottom), representing the maturation or repro-
ductive development stage of the biofilm.

From Fig. 4, it was observed that the SYTO9-PI stained A. niger
biofilms showed a significant variation in the biomass between the
center and the corner portion of the biofilm, whereas the FUN 1 stained
A.niger biofilms have similar biomasses between the center and corner
portions. This difference of biomass in the case of the SYTO9-PI stains
and the similarity in the case of the FUN 1 stain is also evident from
Figs.1 to 2, where one can observe that both center and corner portion of
biofilm (Fig. 1), stained with FUN 1 looks similar with difficultly to
differentiate between the live and dead cells, while in the case of Fig. 2
(both center and corner portions), stained with STYQ9-PI, the live and
dead cells can be easily differentiated. The statistical analysis shown in
Fig. 6 also supports these findings. Even though both the probe methods

can be used for labeling the live-dead cells, based on the confocal im-
aging, COMSTAT biomass estimation, and statistical analysis result, the
combination of SYTO9-PI is found to be a more reliable method for
A. niger biofilm.

Results generated with the fluorescent probes were, compared with
XTT assay, a standard cell viability assessment method. From the sta-
tistical analysis of the XTT assay method, it was observed that there is a
significant difference in the cell viability between the center and the
corner of the biofilm. This was the same trend found with the fluorescent
probe staining methods. The XTT assay method depends on the meta-
bolic activity of the cell; therefore, any changes in the metabolic activity
of the cell cause variation in the XTT assay results. Compared to the XTT
assessment method, the fluorescent probe-COMSTAT analysis has the
important advantage of analyzing biofilms without disrupting their
structure [19,60,61]. Also, the COMSTAT analysis provided data on the
A. niger biofilm architecture and allows for visualization of the
three-dimensional structure of the biofilm community. In conclusion,
the present study provides a fluorescent probe - COMSTAT cell viability
assessment method for A. niger biofilms, which is an improvement over
the XTT assay method.
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