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A perfused biofilm fermentor, which allows growth-rate control of adherent microbial populations, was used
to assess whether the susceptibility of Candida albicans biofilms to antifungal agents is dependent on growth
rate. Biofilms were generated under conditions of glucose limitation and were perfused with drugs at a high
concentration (20 times the MIC). Amphotericin B produced a greater reduction in the number of daughter
cells in biofilm eluates than ketoconazole, fluconazole, or flucytosine. Similar decreases in daughter cell counts
were observed when biofilms growing at three different rates were perfused with amphotericin B. In a separate
series of experiments, intact biofilms, resuspended biofilm cells, and newly formed daughter cells were removed
from the fermentor and were exposed to a lower concentration of amphotericin B for 1 h. The susceptibility
profiles over a range of growth rates were then compared with those obtained for planktonic cells grown at the
same rates under glucose limitation in a chemostat. Intact biofilms were resistant to amphotericin B at all
growth rates tested, whereas planktonic cells were resistant only at low growth rates (<0.13 h21). Cells re-
suspended from biofilms were less resistant than intact biofilm populations but more resistant than daughter
cells; the susceptibilities of both these cell types were largely independent of growth rate. Our findings indicate
that the amphotericin B resistance of C. albicans biofilms is not simply due to a low growth rate but depends
on some other feature of the biofilm mode of growth.

Candida albicans is the major fungal pathogen of humans
(7, 25). During the last decade this organism, together with
closely related Candida species, has become one of the com-
monest agents of hospital-acquired infection (16). The evolu-
tion of these fungi, previously considered to be of low virulence,
into important nosocomial pathogens is related to specific risk
factors associated with modern medical therapeutics. These
include the use of broad-spectrum antibacterial antibiotics,
hyperalimentation, cancer chemotherapy, immunosuppression
following organ transplantation, and surgical procedures re-
sulting in prolonged, intensive care unit hospitalization.

Implants, particularly indwelling intravascular catheters, rep-
resent another very significant risk factor and are almost in-
variably associated with nosocomial Candida infections. These
devices can become colonized by microorganisms which form a
biofilm of cells embedded within a matrix of extracellular ma-
terial (5, 6, 9). Detachment of organisms from the biofilm often
results in a septicemia which may be responsive to drug ther-
apy. However, the biofilm itself is resistant both to antimicro-
bial agents and to host defense mechanisms and so constitutes
a continuing source of infection. As a result, implant-associ-
ated infections are difficult to resolve, and usually the implant
must be removed (18, 27).

Recently, a model system was devised for studying Candida
biofilms growing on the surfaces of small discs of catheter ma-
terial (19–21). Growth of the biofilms was monitored quanti-
tatively by dry weight measurements and by colorimetric or
radioisotope assays. With this system, biofilm formation by 15
different isolates of C. albicans and a number of other Candida
species was investigated (19). Scanning electron microscopy

(SEM) showed that the biofilms of C. albicans consisted of a
dense network of yeasts, hyphae, and pseudohyphae, together
with a matrix material whose synthesis increased dramatically
when developing biofilms were subjected to a liquid flow (21).
The biofilms were resistant to the actions of five clinically
important antifungal agents, including amphotericin B and flu-
conazole (20).

The mechanisms by which Candida biofilms resist the ac-
tions of antifungal agents are not known. One possible resis-
tance mechanism is related to the slow growth rate of biofilm
cells as a result of the limited availability of key nutrients,
particularly at the base of the biofilm. Growth rate is one of the
major differences between planktonic (dispersed) growth of mi-
croorganisms in enriched laboratory media and biofilm growth
in natural environments (3). A slow growth rate is frequently
associated with the adoption of a different phenotype by mi-
croorganisms. With many bacteria, for example, changes in
growth rate are accompanied by changes in cell envelope com-
position (12), and these, in turn, affect the susceptibility of the
bacteria to antimicrobial agents. Growth rate may therefore be
an important modulator of drug activity in biofilms (3, 4). To
investigate this possibility with C. albicans, in the present study
we used a perfused biofilm fermentor (17) to generate Candida
biofilms at different growth rates. We then compared the sus-
ceptibility of the biofilm organisms to amphotericin B with that
of planktonic cells grown at the same rates in a conventional
chemostat.

MATERIALS AND METHODS

Organism. C. albicans GDH 2346, isolated at Glasgow Dental Hospital from
a patient with denture stomatitis, was used in all experiments. It was maintained
on slopes of Sabouraud dextrose agar (Difco) and was subcultured monthly.
Every 2 months cultures were replaced by new ones freshly grown from freeze-
dried stocks.

Growth medium. The growth medium used throughout this study was yeast
nitrogen base without amino acids (pH 5.4; Difco) prepared from individual
constituents. A limiting glucose concentration of 4 mM was selected; this con-
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centration allowed batch growth of C. albicans to a stationary-phase optical
density of 1.3 at 540 nm.

Growth of planktonic cells in continuous culture. Conventional (planktonic)
continuous cultures were established at 37°C in a 1-liter glass chemostat (500
Series; LH Fermentation, Reading, United Kingdom) with a working volume of
750 ml. The medium in the vessel was prewarmed for 1 h before inoculation with
a batch culture of C. albicans (20 ml) in the exponential phase of growth. The
cells were allowed to grow batchwise until the late exponential phase. Medium
flow was then initiated, and the production of a steady state was monitored by
determining the optical density of the outflow at 540 nm. Air was pumped
through the culture at a rate of 1 liter min21, and the pH was maintained at a
value of between 5.2 and 5.6. The dissolved oxygen in the medium was controlled
by the stirring speed (routinely, 250 rpm) and was kept at 80 to 100% saturation.
Cultures were tested daily for yeast morphology and bacterial contamination. At
steady state, the growth rate (m) equals the dilution rate (D). Values for D were
calculated according to the equation D 5 F/V, where F is the flow rate of the
medium and V is the volume of the culture in the vessel.

Growth of biofilms. Biofilms of C. albicans were grown on cellulose acetate
filters in a perfused biofilm fermentor as described by Gilbert et al. (17) for
Escherichia coli. A portion (10 ml) of an overnight shake culture of C. albicans
was added to fresh prewarmed medium (40 ml) and was incubated at 37°C in an
orbital shaker at 60 rpm for 3 h until the exponential growth phase had been
reached (an optical density of approximately 1 at 540 nm). The cells (4.5 3 108

6 0.6 3 108 [standard error {SE}]) were collected by pressure filtration on a
cellulose acetate membrane (0.2-mm pore size; 47-mm diameter; Whatman), and
the membrane was inverted into the base of a perfused biofilm fermentor. Fresh
medium was passed into the fermentation chamber at controlled flow rates (18
to 138 ml h21) via a peristaltic pump. A hydrostatic head develops above the
membrane filter and under steady-state conditions perfuses the filter at the rate
of medium addition to the vessel (17). The eluate passing through the filter was
collected at various time intervals, and viable counts were made by serial dilution
in 0.15 M phosphate-buffered saline (pH 7.2) and plating in triplicate on Sab-
ouraud dextrose agar. The plates were incubated at 37°C for 16 h before count-
ing. This gave an estimate of the numbers of newly formed daughter cells.
Growth rates of biofilms (divisions hour21) were calculated by dividing the
number of daughter cells produced per hour at steady state by the estimated
adherent cell population (determined by obtaining the viable counts of the
resuspended biofilms). All biofilms were grown for at least 20 h under steady-
state conditions before drug treatment.

SEM. The freeze-drying procedure of Hawser et al. (21) was used. Biofilms
formed on cellulose acetate filters were removed from the fermentor and were
fixed with 2.5% (vol/vol) glutaraldehyde in 0.1 M cacodylate buffer (pH 7.0). The
filters were washed gently three times with distilled water and were then plunged
into a liquid propane-isopentane mixture (2:1; vol/vol) at 2196°C before freeze-
drying under vacuum (1026 Torr). Pieces of each filter were mounted on alumi-
num stubs and coated with gold before they were viewed under a Philips 500
scanning electron microscope.

Perfusion of biofilms with antifungal agents. The susceptibilities of C. albicans
biofilms to amphotericin B (Sigma), flucytosine (Sigma), fluconazole (Pfizer),
and ketoconazole (Janssen) were tested by perfusing adherent cell populations
with yeast nitrogen base medium containing the drugs. Stock solutions of these
antifungal agents were prepared as described previously (20). When the biofilms
had reached steady state (3 h) at a growth rate of approximately 0.2 h21, medium
containing a high concentration of the test drug (20 times the MIC) was pumped
into the vessel for a further 3 h. The MICs used were those previously deter-
mined (20) for C. albicans GDH 2346 (amphotericin B, 1.3 mg ml21; flucytosine,
0.2 mg ml21; fluconazole, 0.4 mg ml21; ketoconazole, 0.025 mg ml21). At inter-
vals, the number of viable daughter cells in the perfusate was determined by
serial dilution and plating onto Sabouraud dextrose agar.

Susceptibility of planktonic cells to amphotericin B. Steady-state cultures
from a conventional chemostat were used. Preliminary experiments were carried
out to determine the concentration of amphotericin B which gave an appropriate
survival rate following a 1-h contact period. Cells were grown at a rate of 0.23
h21, which represented a value toward the middle of the growth-rate range
tested later. Samples of culture (100 ml; approximately 2 3 107 CFU ml21) were
removed directly from the chemostat and were added to prewarmed distilled
water (9.9 ml) containing various concentrations of amphotericin B. These test
mixtures were incubated at 37°C for 1 h, and then viable counts were made by
serial dilution and plating in triplicate on Sabouraud dextrose agar. The plates
were incubated at 37°C for 16 h before counting. Figures for percent survival
were calculated by using the counts for untreated control samples processed
similarly. An amphotericin B concentration of 0.1 mg ml21 gave a reduction in
viability of over 80% with these planktonic cells. This concentration of ampho-
tericin B was used in subsequent experiments in which the susceptibilities of cells
grown in the chemostat at rates up to 0.7 h21 were tested by the same procedure.

Susceptibilities of biofilm cells to amphotericin B. The susceptibilities of
biofilm cells, resuspended biofilm cells, and newly formed daughter cells to
amphotericin B were tested by the method of Evans et al. (15), as follows. After
growth of the organism in the perfused biofilm fermentor at rates up to 0.7 h21,
cellulose acetate filters with adherent biofilms were removed from the apparatus
and cut in half. One half of each filter was immersed in amphotericin B solution
(0.1 mg ml21; 10 ml) for 1 h at 37°C, and the adherent cells were then resus-

pended by vigorous shaking for 10 min. The cells on the other half of the filter
were first resuspended by shaking in sterile water (10 ml) in an identical fashion,
samples of the suspension (100 ml; approximately 2 3 106 CFU ml21) were
added to an amphotericin B solution (9.9 ml; final concentration, 0.1 mg ml21),
and the mixtures were incubated at 37°C for 1 h. Samples of the perfusate (1 ml)
containing newly formed daughter cells (approximately 2 3 105 CFU ml21) were
also added to an amphotericin B solution (9 ml; final concentration, 0.1 mg ml21)
and were incubated similarly for 1 h. Viable counts were made for all samples by
serial dilution in 0.15 M phosphate-buffered saline (pH 7.2) and plating in
triplicate on Sabouraud dextrose agar. The plates were incubated at 37°C for 16 h
before the colonies were counted. Values of percent survival were calculated by
using counts for untreated control samples processed similarly. Colony counts for
control samples before and after the 1-h incubation period showed only very
small increases in cell numbers.

RESULTS

Growth of C. albicans biofilms using a perfused biofilm fer-
mentor. Controlled biofilm growth was produced with a per-
fused biofilm fermentor in which a biofilm is formed on the un-
derside of a cellulose acetate membrane inserted into the base
of the vessel. The membrane is perfused with medium from the
sterile side. A steady state is developed when the size of the bio-
film population remains constant and dispersed cells are col-
lected in the spent medium. At steady state, the rate of perfu-
sion with fresh medium controls the overall growth rate of the
culture (17).

Since studies of fungal biofilms with a perfused biofilm fer-
mentor have not been reported previously, a preliminary inves-
tigation of the suitability of this technique for work with C. al-
bicans was performed. Exponential-phase organisms growing
in yeast nitrogen base medium containing a limiting glucose con-
centration (4 mM) were collected on a prewashed cellulose
acetate membrane filter (0.2-mm pore size). The cell-impregnat-
ed membrane was then inverted and was carefully placed in the
base of the fermentor, which was maintained at 37°C with a
water jacket. Initially, all filters were perfused at a rate of 1.12
ml min21. Eluate passing through the filter was periodically
collected, and viable counts were determined by serial dilution
and plating. Loosely attached cells were dislodged from the
membrane by the perfusing medium for up to 80 min after the
initiation of flow (Fig. 1); this also occurs with bacterial bio-
films (17). More than 90% of the cells added to the filter were
removed during this period. After the initial cell loss, organ-
isms were eluted from the filter at a constant rate. These
represent newly formed daughter cells budding from the bio-
film. Steady state could be maintained for approximately 30 h,
after which the organism appeared to grow through the cellu-
lose acetate support. The mean population size of a C. albicans
biofilm was 3.5 3 107 6 0.3 3 107 (SE) cells, which represented
7.8% of the cell number originally added to the membrane
(4.5 3 108 cells). As expected, C. albicans biofilms contained
fewer organisms than those of E. coli or Staphylococcus epider-
midis (108 and 109, respectively) (10, 17) due to their greater
cell size. Consequently, the number of daughter cells shed
from the biofilm during steady state was also reduced com-
pared with the number of cells shed from bacterial systems.

In subsequent experiments, the rate of flow of fresh medium
through the biofilm was altered after steady state had been
reached, and the number of viable cells in the eluate was
estimated 24 h later. As in a conventional chemostat, increas-
ing the medium flow rate and hence the availability of the
limiting nutrient resulted in a greater yield of newly formed
daughter cells. This was demonstrated up to a flow rate of 1.7
ml min21 (the critical medium flow rate), above which the
production of daughter cells decreased and growth rate control
under steady-state conditions was lost (Fig. 2). Calculation of
specific growth rates for different medium flow rates showed
that there was a significant correlation (r 5 0.85) between the
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two (Fig. 3). As expected, the maximum specific growth rate
(mmax) of 0.70 h21 was reached at the critical medium flow rate
(1.7 ml min21), after which there was a decrease. This value is
comparable to that obtained for mmax with the same strain
under steady-state conditions in a conventional chemostat

(0.73 h21), suggesting that the entire adherent population is
under growth rate control.

SEM. Scanning electron micrographs of steady-state bio-
films on filters revealed a complex mixture of yeasts and hy-
phae enmeshed in a dense matrix material (Fig. 4). Each bio-
film consisted mainly of a cell monolayer, but in some areas
biofilms were three cells deep. There were also small regions
where the underlying filter could be seen due to the complete
absence of cells (Fig. 4).

FIG. 1. Elution of C. albicans from a cellulose acetate filter perfused with
medium in the biofilm fermentor at a rate of 1.12 ml min21. Organisms eluted
during the initial 80 min correspond to loosely attached cells. Thereafter, newly
formed daughter cells are eluted under steady-state conditions. The results are
from a representative experiment repeated at least three times.

FIG. 2. Determination of the critical medium flow rate for a C. albicans
biofilm in the perfused biofilm fermentor. The number of daughter cells released
from the biofilm increased with flow up to 1.7 ml min21. This represents the
critical medium flow rate at which the growth rate is maximum (mmax). The
results are from a typical experiment repeated at least three times.

FIG. 3. Relationship between flow rate and growth rate for a C. albicans
biofilm in the perfused biofilm fermentor up to the critical medium flow rate (1.7
ml min21).

FIG. 4. Scanning electron micrograph of a C. albicans biofilm grown on a
cellulose acetate filter in a perfused biofilm fermentor. The growth rate was 0.2
h21. Bar, 10 mm.
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Perfusion of biofilms with antifungal agents. Initially, the
susceptibilities of the C. albicans biofilms to antifungal agents
were assessed by perfusing the biofilms with the drugs. Four
agents in common clinical use were added separately to the
growth medium at a high concentration (20 times the MIC)
and were allowed to perfuse steady-state biofilms maintained at a
growth rate of approximately 0.2 h21. Ketoconazole appeared
to be more effective than either fluconazole or flucytosine at
reducing the number of viable daughter cells in the eluate (Fig.
5), but the differences were not statistically significant. Expo-
sure to amphotericin B for 1 h resulted in a decrease in the
viable count from 3.2 3 104 to 1.6 3 102 CFU ml21; after 225
min, no viable cells were detected in the eluate (Fig. 5).

Subsequent experiments were confined to investigating the
effect of amphotericin B on biofilms. By adjusting the flow rate,
the biofilm growth rate was varied from approximately 0.02 to
0.2 h21 and 0.4 h21. Following exposure to amphotericin B at
a high concentration (20 times the MIC), there were similar
decreases in the numbers of viable daughter cells eluted at all
three growth rates (Fig. 6). At a growth rate of 0.02 h21, however,
the biofilm continued to shed steady-state numbers of daugh-
ter cells for up to 30 min after drug addition, suggesting a de-
layed effect with very slow growth.

Susceptibility of biofilms and planktonic cells to amphoter-
icin B at equivalent growth rates. Our perfusion experiments
yielded only preliminary information on the production of vi-
able daughter cells by biofilms treated with amphotericin B at
different growth rates. No results on the viability of the biofilm
cells on the filter were obtained. To investigate possible growth-
rate effects in detail, biofilms formed at different growth rates
were removed from the fermentor and were exposed to ampho-
tericin B at a concentration of 0.1 mg ml21 for 1 h at 37°C. Cells
resuspended from biofilms and daughter cells eluted from bio-
films were treated similarly. For comparison, C. albicans cells
grown planktonically at equivalent growth rates in a chemostat
were also exposed to the drug. In all cases, viable counts were

determined, and the percent survival of treated cells was cal-
culated by reference to the counts obtained with unexposed,
control cells.

Biofilm organisms were resistant to amphotericin B at all
growth rates tested. By contrast, the susceptibility of plank-
tonic cultures to the drug was highly dependent on growth rate
(Fig. 7). At very low growth rates, planktonic cells were just as
resistant as biofilm cells, but their sensitivity increased sharply
at growth rates above 0.13 h21. Cells resuspended from bio-
films were more resistant than planktonic organisms at growth
rates in excess of 0.2 h21 but were less resistant than intact
biofilm populations. The daughter cells eluted from the bio-
films, on the other hand, were more susceptible than either
biofilm organisms or organisms resuspended from biofilms
(Fig. 7). These findings indicate that the amphotericin B resis-
tance of Candida biofilms is attributable not simply to a low
growth rate but also to the biofilm mode of growth at a surface.

DISCUSSION

A number of experimental systems for studying bacterial
biofilms have been devised. Continuous-growth models which
have been widely used with bacteria include the Robbins de-
vice (23) and submerged test-piece systems (22). However,
these systems lack effective growth-rate control and therefore
do not differentiate between microbial properties attributable
to growth rate and those associated with adhesion (3). With the
perfused biofilm fermentor, on the other hand, a biofilm is
established on the underside of a cellulose membrane, and a
steady state develops in which the rate of perfusion with fresh
medium controls the rate of biofilm growth (17). Although this
model has been used to investigate a variety of bacterial bio-
films (10, 11, 13–15, 17), the present report describes its first
successful application to a study of fungal biofilms. A complex
network of yeasts and hyphae was generated on each cellulose
membrane; these biofilms lacked the overall depth of those

FIG. 5. Perfusion of C. albicans biofilms with antifungal agents. Biofilms
were maintained at a growth rate of 0.2 h21 and were perfused with medium
containing amphotericin B (E), flucytosine (■), ketoconazole (h), fluconazole
(Œ), or no antifungal agent (F). The antifungal agents were used at the following
concentrations (20 times the MIC): amphotericin B, 26 mg ml21; flucytosine,
4 mg ml21; fluconazole, 8 mg ml21; and ketoconazole, 0.5 mg ml21. Results
represent mean values from two independent experiments carried out with du-
plicate samples. SEs were less than 10% of the mean values. The viable counts
of eluates from biofilms perfused with amphotericin B were zero after 225 min.

FIG. 6. Perfusion of C. albicans biofilms grown at different rates with am-
photericin B. Biofilms were maintained at a growth rate of 0.02 h21 (E), 0.2 h21

(■), or 0.4 h21 (h). Control biofilms (F) were grown at a rate of 0.2 h21 in
medium without amphotericin B. Results represent mean values from two inde-
pendent experiments carried out with duplicate samples. SEs were less than 10%
of the mean values.
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formed on discs of catheter material in previous investigations
(19–21) but were otherwise similar in appearance. A substan-
tial amount of matrix material was present, which is consistent
with earlier findings that synthesis of the matrix increases when
developing Candida biofilms are subjected to a liquid flow (21).

Our initial approach to investigating drug resistance in-
volved the perfusion of biofilms with medium containing dif-
ferent antifungal agents at concentrations representing 20
times the MIC. Of the drugs tested, amphotericin B proved to
be the most effective at reducing the number of daughter cells
shed from steady-state biofilms. The apparent failure of two
azole compounds (ketoconazole and fluconazole) and flucy-
tosine to reduce greatly the numbers of eluted cells may be a
consequence of the relatively short contact time used, in con-
junction with the fungistatic nature of these drugs.

Similar perfusion experiments were carried out by Ashby et
al. (1) to study the effects of various antibiotics on biofilms of
E. coli. They found that two compounds, imipenem and cipro-
floxacin, which were active against nongrowing planktonic cells
also showed some activity against steady-state biofilms when
the compounds were tested at 20 times the MIC. However,
neither antibiotic completely eradicated the biofilms. Only one
flow rate was used in that study (1). Here, the flow rate was
adjusted to allow the effect of perfused amphotericin B to be
investigated at three biofilm growth rates. These experiments
suggested that growth rate did not have a major influence on
the susceptibilities of the biofilms to the drug.

More detailed studies on the effect of biofilm growth rate on
resistance to amphotericin B were performed by using the
approach taken by Evans et al. (15), in which biofilms, resus-
pended biofilm cells, and daughter cells are separately tested
for drug susceptibility after growth at different rates in the
perfused biofilm fermentor. The results are then compared
with those obtained for planktonic cells grown at identical

rates in a chemostat. Our findings demonstrated that intact
C. albicans biofilms are resistant to the drug over a range of
growth rates, whereas planktonic cells are resistant only at very
low growth rates. Very similar results have been reported for
biofilms and planktonic cells of a mucoid strain of Pseudomo-
nas aeruginosa tested by the same protocol for susceptibility to
the quinolone ciprofloxacin (14). By contrast, analogous stud-
ies with E. coli (13–15), S. epidermidis (10, 11), and nonmucoid
P. aeruginosa (14) do suggest some relationship between growth
rate and biofilm susceptibility to antimicrobial agents.

With P. aeruginosa biofilms, extensive production of matrix
material or glycocalyx by mucoid strains may mask growth-rate
effects (14). Drug exclusion by the matrix is regarded as an-
other possible resistance mechanism for bacterial biofilms. The
potential of the matrix to act as a physical barrier to penetra-
tion will depend on a number of factors, including the nature
of the drug and the binding capacity of the matrix toward it (3,
24). Substantial amounts of matrix material were observed in
electron micrographs of perfused C. albicans biofilms in this
study (Fig. 4). Moreover, resuspended biofilm cells (which
presumably have lost most of their matrix) were some 20% less
resistant to amphotericin B than intact biofilms. The matrix
may therefore play a relatively minor role in the drug resis-
tance of Candida biofilms. However, it is unlikely to mask any
growth-rate effect since the resistance of resuspended biofilm
cells to amphotericin B was largely independent of growth rate.

Newly formed daughter cells eluted from Candida biofilms
also displayed a susceptibility to amphotericin B that was in-
dependent of growth rate. These cells were significantly more
susceptible to the drug than either intact biofilms or resus-
pended biofilm cells. Daughter cells dislodged from bacterial
biofilms grown in the perfused biofilm fermentor are known to
be even more drug sensitive. Such cells eluted from biofilms of
P. aeruginosa or E. coli, for example, showed a susceptibility to
ciprofloxacin equal to that of planktonic cells grown at the
maximum rate in a chemostat (14). Again, drug sensitivity was
unaffected by the growth rate of the daughter cells.

The drug sensitivity of daughter cells in this system, coupled
with the drug resistance of the biofilms, suggests that the per-
fused biofilm fermentor represents a useful model for Candida
implant infections in vivo. Implant-associated microorganisms
often cause systemic infections by releasing daughter cells
into the bloodstream. Although the septicemia can often be
successfully treated with antibiotics, the source of the infec-
tion—the biofilm—is difficult to eliminate. One drawback of
the perfused biofilm fermentor as applied to C. albicans is the
relatively short period of continuous biofilm growth possible
due to hyphal penetration of the cellulose acetate filter. Growth
of Candida hyphae over a membrane surface and through the
pores has been reported previously (26). This behavior was
attributed to contact guidance (thigmotropism), an important
property which allows the organism to sense changes in surface
topography and is likely to facilitate hyphal penetration of
epithelia in vivo.

Overall, the results of this study have confirmed earlier find-
ings (20) that biofilms of C. albicans are resistant to the actions
of antifungal agents and have established that resistance is not
simply attributable to the low growth rate typical of biofilms.
The resistance mechanism(s) remains unknown. There is some
indication from our experiments on the drug sensitivity of
resuspended biofilms that the matrix may play a minor role in
excluding antifungal agents from the biofilm. Further studies
are required to explore this possibility. Work with bacterial
systems points increasingly to specific contact-induced gene
expression as the mechanism by which biofilms acquire their
characteristic properties (6, 8). The same may be true for

FIG. 7. Survival of planktonic and biofilm cells of C. albicans grown at dif-
ferent rates after treatment with amphotericin B. Intact biofilms (h), resus-
pended biofilm cells (■), biofilm daughter cells (E), and planktonic cells (F)
were exposed to amphotericin B for 1 h, and the percent survival was estimated
by determining the viable counts. Results represent mean values (6 standard
error of the mean) from two independent experiments with viable counts deter-
mined in triplicate.
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C. albicans since it is already known that synthesis of new
proteins occurs following attachment of the yeast to certain
surfaces (2).
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