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Summary
Biofilm formation plays an integral role in catheter-associated bloodstream infections caused by
Candida albicans. Biofilms formed on catheters placed intravenously are exposed to shear stress
caused by blood flow. In this study, we investigated whether shear stress affects the ability of C.
albicans to form biofilms. Candida biofilms were formed on catheter discs and exposed to
physiological levels of shear stress using a rotating disc system (RDS). Control biofilms were
grown under conditions of no flow. Tetrazolium (XTT) assay and dry weight (DW) measurements
were used to quantify metabolic activity and biofilm mass respectively. Confocal scanning laser
microscopy (CSLM) was used to evaluate architecture and biofilm thickness. After 90 min, cells
attached under no-flow exhibited significantly greater XTT activity and DW than those under
shear. However, by 24 h, biofilms formed under both conditions had similar XTT activities and
DW. Interestingly, thickness of biofilms formed under no-flow was significantly greater after 24 h
than of those formed under shear stress, demonstrating that shear exposure results in thinner, but
denser biofilms. These studies suggest that biofilm architecture is modulated by shear in a phase-
dependent manner.
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Introduction
Central venous catheter infections caused by Candida albicans are associated with a high
morbidity and mortality approaching 50%.1,2 A 2004 prospective nationwide surveillance
study found that Candida species were responsible for 9.5% of nosocomial bloodstream
infections.3 Biofilms (colonies of microbial cells encased in a self-produced polysaccharide
matrix) formed on catheter surfaces have been previously shown to play a role in such
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infections.4–7 Fungal biofilms are characterised by a thick extracellular matrix and reduced
susceptibility to commonly used antifungal agents.8–10

Previous work in our laboratory has focused on the development and characterisation of a C.
albicans biofilm model on silicone elastomer catheter discs in order to better understand
biofilm formation and antifungal agent resistance.8–10 Using this in vitro model, biofilms
are formed under relatively static or ‘no-flow’ (gentle rocking) conditions. However, under
in vivo conditions, biofilms formed on central venous catheters are exposed to shear
conditions caused by blood flow (for an excellent review of the fluid mechanics involved in
microbial adhesion under shear stress, please refer to Busscher & van der Mei [11]).
Previously, Shive et al. [12, 13] and Patel et al. [14] used a rotating disc system (RDS) to
study the role of shear in biomaterial-related infections caused by bacteria. In their studies,
the level of shear, which is directly proportional to the distance from the centre of the disc,
affected both bacterial adhesion as well as the host inflammatory response.

In this study, we examined the effect of shear stress on the formation of C. albicans biofilms
on catheter discs. By developing a model that more closely represents in vivo conditions, our
goal was to gain a better understanding of the role of Candida biofilms in catheter-
associated infections.

Materials and methods
Yeast strain and growth conditions

The C. albicans clinical strain SC5314 was used. Cells were grown for 24 h at 37 °C in
yeast nitrogen base (YNB; Sigma, St Louis, MO, USA) supplemented with 50 mmol l−1

dextrose. Cells were harvested, washed with phosphate-buffered saline (PBS; Cellgro,
Media-tech, Herndon, VA, USA) and standardised to 1 × 107 cells ml−1.

Candida albicans biofilm formation
For no-flow (static) conditions, biofilms were formed on 17-mm-diameter silicone elastomer
catheter discs (Bentec Medical, Inc., Wakefield, MA, USA) as previously described.9
Briefly, the discs were added to 12-well plates containing 2 ml per well of foetal bovine
serum (FBS; HyClone, Logan, UT, USA) and incubated for 24 h at 37 °C. The discs were
then added to fresh 12-well plates and 4 ml of standardised Candida cell suspension (in
PBS) were added to each well. The cells were allowed to adhere for 90 min at 37 °C
(adhesion phase). The discs were then transferred to new plates containing 4 ml per well of
YNB supplemented with dextrose and incubated at 37 °C with gentle rocking for specified
time periods (biofilm growth phase).

For shear conditions, biofilms were formed using a rotating disc system (RDS; Pine
Instrument) as described previously for bacterial studies.12–14 The system was adapted for
studying C. albicans biofilms as follows. All RDS components were sterilised prior to use.
FBS-precoated silicone elastomer catheter discs (17 mm diameter) were attached to the
rotating arm of the system using Krazy® Glue (Elmer’s Products, Columbus, OH, USA) and
immersed into a beaker containing 24.1 ml of PBS, and placed in a 37 °C water bath. The
disc was rotated at 350 revolutions per minute (rpm) generating shear-stress levels of 0–18
dyne cm−2, simulating physiological conditions. Four millilitres of cell suspension
containing 28 × 107 cells was gently added to the beaker, with the final cell concentration of
1 × 107 cells ml−1. Cells were allowed to adhere for 90 min. Non-adherent cells were then
removed using fluid exchange with 150 ml YNB supplemented with dextrose. Biofilms were
then allowed to form for specified time periods.
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Quantitative measurement of C. albicans biofilms
Metabolic activity of C. albicans biofilms formed under no-flow and shear conditions was
assessed using a colorimetric assay, which determined mitochondrial dehydrogenase activity
as previously described.15 The assay involves metabolic reduction of 2,3-bis (2-methoxy-4-
nitro-5-sulfophenyl)-5-[(phenyl amino) carbonyl]-2H-tetrazolium hydroxide (XTT) to a
water-soluble XTT-formazan product.16,17 Silicone discs with biofilms were transferred to
12-well tissue culture plates containing 4 ml PBS per well. Fifty microlitres of XTT (1 mg
ml−1 in PBS; Sigma) and 4 μl menadione (Sigma) solution (1 mmol l−1 in acetone) were
added to each well. The plates were covered with aluminium foil to prevent light exposure
and incubated at 37 °C for 5 h. The contents of the wells were aspirated and transferred into
15 ml tubes and centrifuged (5 min, 2500 g). XTT formazan in the supernatant was,
determined spectrophotometrically at 492 nm. A total of three experiments were performed
at each time point, and a mean activity was calculated.

Dry-weight analysis was used to determine the total biofilm mass including both fungal cells
and matrix.15 After XTT analysis, the discs were rinsed in PBS, and the contents were added
to the tube containing the cell/matrix pellet and remaining supernatant. The tubes were then
vortexed, and the suspension was filtered through preweighed filters (0.22 μm pore size;
Millipore Corporation, Billerica, MA, USA). After washing with PBS, the filters were dried
at 37 °C for 48 h and then weighed. A total of three experiments were performed at each
time point, and the mean dry weight was calculated.

Confocal scanning laser microscopy (CSLM)
Biofilm architecture and thickness were examined using CSLM as previously described.9
Briefly, at various time points, the silicone elastomer discs were transferred to a 12-well
plate containing 2 ml of PBS and the fluorescent stains FUN-1 (2 μl) and concanavalin A-
Alexa Fluor 488 conjugate (ConA; 10 μl). FUN-1 (excitation wavelength = 543 nm and
emission = 560 nm long-pass filter) is converted to orange-red cylindrical intravacuolar
structures by metabolically active cells, and ConA (excitation wavelength = 488 nm and
emission = 505 nm long-pass filter) binds to glucose and mannose residues of fungal cell
wall polysaccharides with green fluorescence. The plates were incubated at 37 °C for 30
min, and biofilms formed on the discs were viewed using a Zeiss LSM510 confocal
scanning laser microscope (Carl Zeiss Inc., Thornwood, NY, USA). Images were captured at
the centre, midpoint and edge of the disc to ensure that representative areas within biofilms
were analysed. Biofilm thickness was measured at each location on the disc using the
LSM510 Image Browser software; measurements were obtained from three separate
experiments and a mean thickness was calculated.

Statistical analyses
SPSS ver. 16.0 (SPSS Inc., Chicago, IL, USA) was used to perform independent samples t-
test to compare the metabolic activities, dry weight, or thickness of biofilms formed under
no flow or shear stress conditions. A P-value of <0.05 was considered significant.

Results
Shear stress reduced biomass of C. albicans biofilms at early phase

To determine the effect of shear stress on biomass of biofilms, we determined the dry weight
of biofilms at different phases (adhesion, early and mature) under no flow or shear stress
conditions. As shown in Table 1, under no flow conditions, only a small amount of biofilm
was detected at the 90 min time point (0.16 ± 0.16 mg), while no mass could be detected in
biofilms growing under shear conditions. In contrast, dry weight of biofilms grown under no
flow at the 6 h time point was significantly greater than those grown under shear conditions
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(0.870 ± 0.25 vs. 0.228 ± 0.193 mg, respectively; P = 0.003). However, by 24 h, the dry
weights were similar under both conditions (3.364 ± 1.286 vs. 2.750 ± 0.957 mg; P = 0.404).
These results demonstrated that shear stress reduced biomass of C. albicans biofilms at early
phase.

Shear stress did not affect metabolic activity of C. albicans biofilms
To determine the effect of shear stress on metabolic activity of biofilms, XTT analysis was
performed after the 90 min adhesion phase, as well as at the 6 and 24 h time points during
biofilm growth, representing adhesion, early phase and intermediate/mature phase of C.
albicans biofilm formation (Table 1). After 90 min, cells that adhered under no-flow
conditions had significantly higher metabolic activity than those exposed to shear stress
(0.04 ± 0.018 vs. 0.003 ± 0.002, respectively; P = 0.007). In contrast, the metabolic activity
of cells under no-flow conditions was not significantly different from those under shear
stress at the 6 and 24 h time points (P = 0.087 and 0.521, respectively, Table 1). These
results demonstrated that while biofilms formed under no flow or shear stress conditions
exhibit similar metabolic activities, significant differences exist in their biomass at this time
point.

Effect of shear on the architecture of C. albicans biofilms
Confocal scanning laser microscopy was used to compare the gross architecture of biofilms
formed under no-flow conditions with those exposed to shear stress at different time points.
As can be seen in Fig. 1, after 90 min of adhesion, Candida cells had already formed a dense
basal layer under no-flow conditions, while a small number of adherent cells were observed
under shear stress (Fig 1a, b). By 6 h, biofilms formed under no-flow conditions produced a
dense matrix (Fig. 1c), while under conditions of shear stress, only scattered clusters of
Candida cells with interspersed hyphae were observed (Fig. 1d). By 24 h, biofilms formed
under both no flow and shear-stress conditions exhibited the presence of extracellular matrix
(Fig. 1e–f). We found that at the 90 min time point, there was no significant difference in
thickness between biofilms grown under no flow or shear stress conditions (Fig. 2, P =
0.388), while biofilms grown under shear stress exhibited a non-significant trend to be
thicker than those formed under no flow conditions (Fig. 2, P = 0.07). In contrast, at the 24 h
time point, biofilms grown under no flow conditions were significantly thicker than those
formed under shear stress conditions (77.33 ± 21.65 vs. 38.22 ± 10.00 μm, respectively; P <
0.001). Moreover, at 24 h, biofilms formed under shear conditions exhibited uniform
thickness along the radius from the centre of the disc to the edge (P > 0.05). As shear
changes along the radius of the discs, our results indicated that shear stress had no effect on
thickness of biofilms formed under flow.

Discussion
In this study, we have expanded the C. albicans biofilm model developed in our laboratory
to investigate the effect of shear stress on biofilm formation.15 Similar to previous studies
with biofilms formed under no flow, biofilms formed under shear stress progress through an
initial adhesion phase followed by a subsequent growth or maturation phase.9,15 It is during
this maturation phase that fungal biofilms develop the characteristic heterogeneous structure
composed of cells and extracellular matrix.

Our studies revealed that C. albicans exposed for 90 min to no-flow conditions formed a
dense basal layer with measurable metabolic activity and mass. However, when exposed to
shear stress for the same time, far fewer cells were able to adhere, and those that did attach,
possessed significantly less metabolic activity. This was not entirely unexpected, as cells
that adhere must not only do so in the face of shear, but must also overcome the force of
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gravity. We found that while metabolic activity of biofilms grown to early phase (6 h) was
comparable under shear and no-shear conditions, dry weight of biofilms grown under shear
stress was significantly less than that of biofilms grown in the absence of shear stress. Such
a difference in metabolic activities or dry weights was not observed in biofilms grown to 24
h. These studies suggested that under shear stress, although there are fewer cells attached to
the disc at early phase, they possess greater metabolic activity. It is possible that shear stress
promotes a more rapid rate of biofilm maturation producing the comparable results seen at
24 h. Another possibility is that shear stress selects for the most healthy, robust cells that are
capable of withstanding its force. Therefore, shear stress may influence the rate at which
biofilms form on catheters, and may play an important role in biofilm formation in the
clinical setting.

Analysis of gross architecture of biofilms did reveal a difference in biofilms formed under
no flow or shear conditions. Biofilms formed under shear stress were significantly thinner
and denser than those formed under no-flow conditions. This could be a means by which the
cells avoid dislodgement in the presence of shear stress. It has been previously shown using
an in vivo central venous catheter C. albicans biofilm model that the thickness of the biofilm
at maturity was between 25 and 200 μm, consistent with the thickness of approximately 50
μm found for biofilms formed under shear conditions in our model.4 One possible reason for
a difference in the thickness of these biofilms is the pulsatile nature of the flow present in
vivo that is not present using the rotating disc system. The continuous shear stress in our
model likely moulds the shape of the biofilm. In addition, the host immune response in vivo
plays an additional role in biofilm formation and function.4

Several other investigators have studied the effect of shear stress on microbial growth and
also reported variable response of bacterial biofilms exposed to such stress.18–26 Effect of
shear stress on yeast (Saccharomyces cerevisiae) was investigated by Purevdorj-Gage et al.
[22], who showed that fungal cells exposed to low-shear modelled microgravity conditions
did not differ in growth rate, size, shape, or viability from the controls but did differ in the
establishment of polarity as exhibited by aberrant (random) budding as well as an increased
tendency of cells to aggregate. These investigators also found significant changes in the
expression of genes associated with the establishment of polarity (BUD5), bipolar budding
(RAX1, RAX2 and BUD25) and cell separation (DSE1, DSE2 and EGT2).

In previous studies, several investigators formed Candida biofilms under flow conditions in
plate flow cells,27 modified Robbins device (MRD) or the CDC reactor (Centre for Disease
Control), and investigated the effect of flow on matrix formation,28 susceptibility to catheter
lock solutions,29 concomitant growth of probiotic bacteria on fungal biofilms30 and
expression of adhesion-related genes (ALS1, ALS3).31 In this regard, Al Fattani et al. [28]
showed that C. albicans biofilms grown under continuous flow produced more matrix than
those grown statically, suggesting thicker biofilms were formed when exposed to flow. In a
separate study, Li et al. [32] used a parallel plate flow chamber-based in vitro biofilm assay
and showed that the adhesin Eap1p is required for biofilm formation under flow. More
recently, Ramage [33] used an MRD model of denture-associated Candida biofilms and
showed a high degree of heterogeneity associated with the structure of biofilms exposed to
flow, complex three dimensional architecture and increased production of exopolymeric
material. However, these previous studies did not evaluate the effect of such flow on biofilm
architecture. In our current study, we were able to evaluate the phase-specific effects of
shear stress on Candida biofilm formation and architecture. In contrast, our studies showed
when grown under shear generated in our RDS model, early phase Candida biofilms were
thinner than those grown under no flow conditions. This discrepancy between our results
and some earlier studies suggesting thicker biofilms are formed under flow conditions may
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be because of the ‘rotating’ nature of the RDS model, which may result in the more compact
biofilms.

Our studies showed that although we used the same concentration of cells to incubate the
biomaterials in the static (no flow) and flow (shear stress) systems, early adhesion levels in
the static system were higher than under flow conditions. Because cell density plays a
relevant role during the different phases of biofilm formation, these early differences may
have a profound influence in the subsequent phases of biofilm development. Thus, one could
argue that the differences described here may not be directly related to shear vs. static, but
rather they are simply a reflection of the lower number of cells that colonise the surface
early on under flow conditions. In such a scenario, biofilms formed under shear stress
conditions may eventually ‘catch up’ with biofilms formed statically over the length of the
incubation period until maturation (24 h). Our results also showed that under flow, biofilm
thickness was independent of shear stress, which may have important implication related to
any type of medical device exposed to flowing blood.

Shear stress may impact biofilm formation in the clinical setting by influencing the rate of
biofilm formation as well as its overall architecture. Further studies are necessary to
examine the clinical relevance of these findings, differential molecular response of biofilms
to the different shear stress conditions and their effect on antifungal susceptibility.
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Figure 1.
Effect of shear stress on architecture of catheter-associated Candida biofilms. Panels show
orthogonal confocal images of Candida biofilms exposed to (a, c, e) no flow or (b, d, f)
shear stress for (a, b) 90 min, (c, d) 6 h, or (e, f) 24 h. Magnification ×20. Arrows indicate
side view for each panel, which was used to determine biofilm thickness.
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Figure 2.
Effect of shear stress on thickness of Candida biofilms grown under no flow (black bars) or
shear stress conditions (diagonal hatched bars). Thickness was measured at three dierent
places for biofilms grown under no flow or shear conditions for 90 min, 6 or 24 h. Bars
represent mean ± SE (n ≥ 3).
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