
ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Nov. 2002, p. 3522–3531 Vol. 46, No. 11
0066-4804/02/$04.00�0 DOI: 10.1128/AAC.46.11.3522–3531.2002
Copyright © 2002, American Society for Microbiology. All Rights Reserved.

Action of Chlorhexidine Digluconate against Yeast and Filamentous
Forms in an Early-Stage Candida albicans Biofilm

Peter A. Suci1* and Bonnie J. Tyler2

Center for Biofilm Engineering and Microbiology Department, Montana State University, Bozeman, Montana 59717-3980,1

and Chemical and Fuels Engineering, University of Utah, Salt Lake City, Utah 841122

Received 17 June 2002/Returned for modification 28 July 2002/Accepted 14 August 2002

An in situ method for sensitive detection of differences in the action of chlorhexidine against subpopulations
of cells in Candida albicans biofilms is described. Detection relies on monitoring the kinetics of propidium
iodide (PI) penetration into the cytoplasm of individual cells during dosing with chlorhexidine. Accurate
estimation of the time for delivery of the dosing concentration to the substratum was facilitated by using a flow
cell system for which transport to the interfacial region was previously characterized. A model was developed
to quantify rates of PI penetration based on the shape of the kinetic data curves. Yeast were seeded onto the
substratum, and biofilm formation was monitored microscopically for 3 h. During this period a portion of the
yeast germinated, producing filamentous forms (both hyphae and pseudohyphae). When the population was
subdivided on the basis of cell morphology, rates of PI penetration into filamentous forms appeared to be
substantially higher than for yeast forms. Based on the model, rates of penetration were assigned to individual
cells. These data indicated that the difference in rates between the two subpopulations was statistically
significant (unpaired t test, P < 0.0001). A histogram of rates and analysis of variance indicated that rates were
approximately equally distributed among different filamentous forms and between apical and subapical
segments of filamentous forms.

Biofilms are communities of microbes colonizing a surface.
Biofilm formation has been implicated as a factor that contrib-
utes significantly to the difficulty encountered in treating a
number of infections. Classic examples include infections of
the lungs of cystic fibrosis patients (26) and of the oral cavity
(29) and those associated with medical implants (10). Biofilms
have been shown to be resistant to antimicrobial agents in
numerous in vitro studies, inspiring speculation that there are
general mechanisms of biofilm resistance (40).

Candida albicans is an opportunistic pathogen that infects
primarily immunocompromised hosts. It causes serious, life-
threatening systemic as well as discomforting superficial infec-
tions. Superficial C. albicans infections such as thrush manifest
as a complex biofilm consisting of yeast, hyphae, and desqua-
mated epithelial cells (35). Biofilms on oral surfaces (dental
plaque) are responsible for caries and periodontal disease. The
role of surface-associated C. albicans in denture stomatitis is
well documented, and it is possible that involvement of C.
albicans in oral infections commonly attributed to bacterial
biofilms, such as periodontitis, is underestimated (33).

Candida species are the principle etiological agent of noso-
comial fungal infections, with C. albicans being the most com-
mon species (13). Acquisition can occur via contaminated in-
fusates and biomedical devices (36). Use of indwelling
catheters, total parenteral nutrition, and hemodialysis in-
creases the risk of Candida infection (13). A relatively high
level of risk is associated with the use of urinary and intrave-
nous catheters (38, 44). C. albicans biofilms form readily on

biomaterials in vitro (19) and were shown to have similar
structures to those formed in vivo on catheters (8). Detach-
ment of microbes from biofilms growing under flowing condi-
tions occurs continuously. Thus, biofilms colonizing biomedical
devices provide a reservoir of persistent contamination of cath-
eter streams.

As both a former of biofilms and a commensal, C. albicans
shares traits with Staphylococcus aureus and S. epidermidis, the
bacteria found most frequently associated with medical im-
plant infections. In vitro studies show that C. albicans biofilms
are well adapted to survive in the low-iron environments found
in the vicinity of implant devices (1). Fungal infections of
prosthetic devices are less common than bacterial infections
but are more difficult to treat (12).

C. albicans has both a budding and a filamentous life cycle.
C. albicans biofilms incorporating both yeast and filamentous
forms may be optimal for colonization of inert surfaces, with
yeast forming an adhesive basal layer and the filaments pro-
viding the scaffolding for a multilayered architecture (2). C.
albicans communities observed in clinical specimens consist
typically of a pleomorphic mixture of budding and filamentous
forms (35). Therefore, although there is an emphasis on the
virulence of the filamentous form (30), successful pathogenesis
may be enhanced by a mixed community structure similar to
that typically observed in biofilms. C. albicans biofilms provide
an ideal in vitro model system for characterizing physiological
differences between morphological forms in these complex sys-
tems.

Chlorhexidine is a biocide used extensively as a topical an-
tiseptic in hospitals (11) and for treatment of periodontal dis-
eases (28). Chlorhexidine has a broad spectrum of activity
against a variety of organisms, including C. albicans. Suscepti-
bility of C. albicans biofilms to chlorhexidine was shown to be
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significantly reduced compared to its action against suspended
organisms (9).

It has been pointed out that the resistance of biofilms orig-
inates typically from the recalcitrance of a small subpopulation
(27). Analysis of the action of antimicrobial agents against
biofilms by methods that preserve and discriminate the spatial
arrangement of cells is needed to determine whether biofilms
develop protective niches that allow some organisms to survive
antimicrobial dosing. One method for in situ analysis is de-
scribed here. The assay is based on the rate of propidium
iodide (PI) penetration into the cytoplasm of cells as plasma
membrane integrity is compromised by the action of chlorhexi-
dine. PI was used previously as a C. albicans viability probe
with respect to the action of amphotericin B, a polyene that
disrupts the plasma membrane (17, 37).

MATERIALS AND METHODS

Growth media and chemicals. The medium for batch cultures was as follows
(per liter): 50 g of glucose, 10 g of Bacto Peptone (Difco), and 6 g of yeast extract
(Difco). The medium for biofilm growth was as follows (per liter): 0.05 g of
glucose, 0.1 g of Bacto Peptone, and 0.03 g of yeast extract (pH 6.5). Phosphate-
buffered saline (PBS) was as follows (per liter): 0.34 g of monobasic sodium
phosphate, 2.56 g of dibasic sodium phosphate, and 8.50 g of NaCl (pH 7.2). The
solid medium was Sabouraud dextrose agar (Difco). PI and chlorhexidine diglu-
conate (CHG) were from Sigma Chemical Co.

Organism. C. albicans (CA-1) (18) is a clinical isolate obtained from the
culture collection of Diane Brawner (Microbiology Department, Montana State
University). Frozen stocks were maintained in 50% glycerol at �40°C. Slants
were prepared from single 48-h colonies obtained from a streak of the frozen
stock on Sabouraud dextrose agar.

Flow system. The flow system enables analysis by conventional microscopy,
Raman microscopy (Raman microprobe spectroscopy), and attenuated total
reflection Fourier transform infrared (ATR-FTIR) spectroscopy (41, 42). The
spectroscopic techniques were used previously to characterize transport into the
interfacial region (ATR-FTIR) and into defined laterally discriminated regions
of biofilms (Raman). Knowledge of the kinetics of transport into the interfacial
region is necessary for interpretation of the data presented here. The flow
channel is approximately rectangular (45 by 10 by 0.86 mm), with entrance and
exit ports at each end of the long dimension. The top and bottom walls of the
flow channel are comprised of a window for microscopic observation made from
a coverslip and a single crystal, trapezoidal germanium (Ge) prism (Harrick
Scientific Corp., Ossining, N.Y.) (50 by 20 by 2 mm3 and 45°) compatible with
ATR-FTIR measurements, respectively. The thin walls of the flow cell cavity are
composed of a sandwich of Teflon and viton spacers (McMaster-Carr Supply
Co., Los Angeles, Calif.). The Teflon spacer contacts the prism. The Ge surface
was cleaned by a protocol described previously (14). The flow system was mod-
ified to allow thermostatic regulation of the temperature (maintained at 37°C).
This was accomplished by heating the aluminum base of the flow cell. A reservoir
of water over the coverslip also equilibrated to this set temperature. The reser-
voir was insulated by a viton sheet overlayer (McMaster-Carr Supply Co., Los
Angeles, Calif.) (except where the water immersion lens entered the water). Flow
rate was regulated to 0.5 ml/min by making necessary adjustments in the pump
rotation speed, with drop counts per time period in flow break tubes (calibrated
by determination of the volume of liquid per drop) used as feedback.

Microscopy. The microscope was an Olympus BX60. The stage was positioned
so that the field of view was centered laterally with respect to the flow channel for
all experiments. Differential interference contrast (DIC) optics was used to
visualize cellular structures. A 40� water immersion (LUMPlanFl 40x/0.8W;
Olympus) objective was used to monitor biofilm development (final magnifica-
tion, �400). It has a Teflon tip that minimizes heat conduction. Epi-illumination
through a U-MWIG filter set was used to observe PI fluorescence, using a 20�
objective (UPlanFl 20x/0.5W; Olympus) (final magnification, �200). The lower
magnification was used to increase the field of view (field size, 300 by 465 �m2).
A black and white Photometrics charge-coupled device camera was used to
digitally capture the images. Light from the Mercury lamp was reduced by a
factor of 1/16 by a stack of four neutral density filters for excitation of PI
fluorescence. In addition, a shutter was opened during a short period only (2 s)
to allow image acquisition. These steps were taken to reduce exposure to the
excitation light, thereby minimizing the effects of photobleaching. To provide a

criterion for this minimization, heat-killed yeast cells were exposed to 20 �g of
PI/ml in PBS. Under these conditions, all cells become maximally labeled in 1 to
2 min. The time course of decrease in PI fluorescence from individual cells was
measured for different illumination conditions. Light exposure was reduced until
this decrease was made negligible over a 10-min interval.

Data acquisition and image analysis. Images were acquired and analyzed
using Media Cybernetics Image-Pro Plus software (Media Cybernetics, Silver
Spring, Md.). Gain (5) and exposure (325 ms) settings were adjusted so that pixel
brightness was below saturation (pixel intensity value, 255) for all images. These
settings were determined in preliminary experiments with maximally PI-labeled
(heat-killed) yeast cells in a hemacytometer. Image acquisition for kinetic studies
was automated using a macro routine. For measurement of changes in brightness
of individual objects with respect to time, locations of objects were first acquired
by viewing the brightest epi-fluorescence image (i.e., typically the last image in
the time series). A square area (11 by 11 pixels) was demarcated that covered
each object. The sum of the pixel intensity values (0 to 255) within the area was
then calculated for each location in each image using a macro routine. For fields
in which the objects were yeast cells seeded onto the surface, the locations were
calculated automatically by identifying objects by using a brightness thresholding
procedure and then computing the centroid. For seeded yeast, 200 cells were
evaluated per field in all cases. For the 3-h biofilm, the locations were chosen
manually by moving the square area to different locations of the image and
recording these positions in a macro routine. Cell locations were stored and used
in another macro routine that indicated each position, numerically ordered, in a
DIC image acquired immediately before acquisition of the fluorescent images.
The appearances of cellular structures in the epi-fluorescence and DIC images
were compared on a one-to-one basis.

Seeding of yeast onto the substratum. Batch cultures were grown in 100 ml of
medium at 37°C with shaking at 160 rpm. An overnight batch culture, inoculated
from a slant, served as a starter culture. Fresh, sterile medium was inoculated
with 3 ml of the starter culture. After 14 h, 1 ml of the second batch culture was
spun down and resuspended in 1 ml of PBS. Under these conditions no filamen-
tous forms are present in batch cultures. A total of 100 �l of this cell suspension
(containing approximately 2 � 108 cells/ml) was added to 35 ml of PBS in a flask
connected to the autoclave-sterilized flow system described above. This dilute
PBS cell suspension was pumped through the flow cell for 30 min at 0.5 ml/min.
Flow was then diverted to introduce medium into the flow cell. This period of
exposure to culture medium was extended for culturing of the biofilm.

Dosing with CHG. Solutions were introduced into the flow cell by diverting the
flow at a Teflon valve located proximal to the flow cell entrance port. Opening of
this valve was clocked as time zero for timed experiments. Culture medium with
PBS was introduced into the flow cell for 10 min, followed by 20 �g of PI/ml for
5 to 7 min in the PBS-buffered culture medium. Finally, the flow cell was dosed
with CHG in this same PI-PBS culture medium solution. This final solution will
be referred to as a CHG-PI solution.

Data analysis. Kinetic data curves were fit with solutions to the partial differ-
ential equation (PDE) conventionally used to describe diffusion in one spatial
dimension:

�C
�t

� D
�2C
�x2

v

In this case, C is the PI fluorescence intensity as a function of time (t), and D
can be considered to be the rate constant for the observed increase in PI
fluorescence during CHG dosing. Initial conditions were C � 0 for 1� x �0, and
boundary conditions were C � C0 at x � 1 and �C/�x � 0 at x � 0. Each of the
curves in the family generated by the PDE has a sigmoidal shape that provides
an empirical fit to the kinetic data curves. D is used to compare relative rates and
is therefore not assigned a unit; i.e., it is considered to be a unitless constant. The
estimate of D depends on the shape of the kinetic data curves only and not on
the absolute intensities. Therefore, intensity values are normalized and are
presented as relative pixel intensities throughout. The data were fit to a numer-
ical solution of the PDE (equation 1) using a least-squares criterion to estimate
D. The fits were calculated using a commercially available software package
(AQUASIM 2.0; Peter Reichert, Computer Systems Sciences Department, Swiss
Federal Institute for Environmental Science and Technology, Dübendorf, Swit-
zerland). For some experiments, kinetic data curves from a number of cell
locations were averaged to simplify the analysis and presentation. These are
referred to as mean kinetic data curves.
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RESULTS

Characterization of the kinetics of CHG delivery to the
interface and CHG concentration dependence of PI penetra-
tion rates. For these experiments, yeast were seeded onto the
substratum and dosed with CHG as described in Materials and
Methods. There was essentially no intervening growth period
between seeding of the yeast onto the substratum and dosing
with CHG.

PI in aqueous solution produced detectable background flu-
orescence. For the flow cell experiments, this resulted in a
rapid (between 1 and 2 min), slight increase in fluorescence
upon introduction of PI into the sampling volume of the mi-
croscope. The mean increase in PI fluorescence, as acquired
from locations where cells were absent, is presented in Fig. 1a.
The intensity values were normalized and are presented as
relative pixel intensities. The estimated diffusion coefficient of
PI (319 �m2/s) is close to the estimated diffusion coefficient of
CHG (243 �m2/s) (45). Therefore, the kinetics of PI appear-
ance in the sampling volume of the objective is expected to be

similar to that of CHG. Thus, these data for PI suggest that
CHG filled the sampling volume in about 2 min.

During this preexposure to PI, a proportion of the cells
(approximately 5% for seeded yeast) were labeled with PI
immediately, as PI filled the sampling volume and saturated
the interfacial region. These were cells with membranes that
were compromised before exposure to CHG. The mean data
curve for the time course of the change in intensity of these
cells (13 yeast cells out a total of 285 cells in the field) is plotted
in Fig. 1a. As described above, the intensity values were nor-
malized and are presented as relative pixel intensities. The
relatively small background PI fluorescence value was sub-
tracted before the normalization. There was no trace of fluo-
rescence from other cells in the field, even in contrast-en-
hanced images, until CHG entered the interfacial region. This
preexposure to PI (with no CHG) was performed before each
experiment as outlined in the Methods section. The results
described above were typical for all experiments.

After exposure to PI, a CHG-PI solution with 0.2 mg of
CHG/ml was introduced into the flow cell. Figure 1b shows the
mean kinetic data curve for PI fluorescence values acquired
from positions of attached yeast cells. Cells that were labeled
during the preexposure to PI were omitted from the analysis.
(This was the case for all experiments). The rise in the data
curve originates from the increase in PI fluorescence as it
penetrates into the cytoplasm of the cells and binds to nucleic
acids. The arrow in Fig. 1b indicates the time at which, accord-
ing to spectroscopic measurements, the interfacial CHG is
expected to reach 90% of the dosing concentration under the
same flow regime (41). There was a relatively small dip in the
kinetic data curve just preceding this time point. This suggests
that the quantum yield of the background PI fluorescence
decreased due to the presence of 0.2 mg of CHG/ml in the
solution. The portion of the curve containing the dip in pixel
intensity exhibited in Fig. 1b was expanded and superimposed
on data presented in Fig. 1a. The coincidence of the dip with
the increase in PI background fluorescence is evident and is
consistent with the interpretation that PI and CHG enter the
sampling volume at approximately the same rate as expected.
In summary, the time at which CHG attains 90% of the dosing
concentration in the interfacial region can be estimated to be
about 2 min (	30 s) based on (i) the kinetics of PI penetration
into the sampling volume (Fig. 1a); (ii) the dip in PI back-
ground fluorescence upon introduction of the CHG-PI solu-
tion (Fig. 1a and b); and (iii) previous spectroscopic measure-
ments, using an identical flow cell and flow regime, of CHG
transport.

Fig. 1c shows mean kinetic data curves obtained from at-
tached yeast cells (seeded yeast) exposed to CHG-PI solutions
at three different CHG concentrations (0.1, 0.2, and 0.4 mg/
ml). Each data set was acquired from a separate flow cell
experiment. Time zero was adjusted to correspond to the time
at which interfacial CHG reached 90% of the dosing concen-
tration (2 min). The data curves have a similar sigmoidal
shape. Figure 1d shows the model approximations to the mean
data curves. Table 1 gives the D values for these data sets based
on these theoretical curves. The relation between CHG con-
centration and rate of increase in PI fluorescence (D) as esti-
mated by the model is nearly linear (r2 � 0.9834). Included in

FIG. 1. Yeast cells were seeded onto the substratum. PI was intro-
duced into the flow cell before the CHG-PI solution. (a) Appearance
of PI background fluorescence as PI fills the sampling volume (filled
circles). The increase in fluorescence intensity of the cells that were
labeled during the preexposure to PI (open squares) is shown. The
broken line shows the decrease of PI background fluorescence as the
CHG-PI solution fills the sampling volume, indicating that CHG and
PI fill the sampling volume at approximately the same rate. (b)
Changes in mean fluorescence intensity at positions of attached yeast
cells during exposure to the CHG-PI solution (0.2 mg of CHG/ml).
The arrow indicates the time at which CHG was expected to reach
90% of the dosing concentration, according to the findings of a previ-
ous study (41). (c) Increase in mean fluorescence intensity of yeast cells
exposed to CHG-PI solutions with different CHG concentrations, with
time zero set as the time when the interfacial region was saturated with
CHG (90% dosing). Circles, 0.1 mg/ml; squares, 0.2 mg/ml; triangles,
0.4 mg/ml. (d) Model fits to data (broken lines).
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Table 1 are data for the fraction of cells in the field that were
labeled during preexposure to PI (no CHG).

Development of the C. albicans biofilm on the Ge substratum
and rate of CHG-induced PI penetration into biofilm cells. Fig.
2 shows early stages of development of a C. albicans biofilm.

All yeast forms present in the field of view and that were
associated with filamentous forms appeared to be those of
yeast that had spawned germ tubes rather than those of yeast
that originated from budding of a filamentous form. (In more
mature biofilms, cultured under identical conditions, filaments
do acquire multiple yeast buds [41]). At 170 min, the biofilm
was dosed with 0.2 mg of CHG/ml, as described in Materials
and Methods. During preexposure to PI, two cells (yeast) in
the entire field were labeled. Figure 3 shows the time course of
increase in PI fluorescence in cellular structures as the biofilm
is exposed to the CHG-PI solution. Images were acquired at
�200 to increase the field of view (and sample size). Time zero
was adjusted to represent the estimated time of CHG satura-
tion of the interfacial region.

Figure 4a is an enlargement of the epi-fluorescence image

FIG. 2. Development of a C. albicans biofilm (�400 DIC images). Times (in minutes) after introduction of culture medium were as follows:
(a) 42, (b) 63, (c) 82, (d) 124. Scale bar, 25 �m. The arrow in panel d is used for reference (see Fig. 4 legend).

TABLE 1. D estimates for yeast seeded into the substratum

CHG (mg/ml) D (102) PIa

0.1 2.02 (0.08)b 0.050
0.2 7.15 (0.37) 0.046
0.2 8.76 (0.74) 0.055
0.4 25.12 (3.06) 0.047

a Fraction labeled during preexposure to PI.
b Values in parentheses indicate standard deviations for the fit.
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presented in Fig. 3f, the last of the time course images pre-
sented in that figure. PI binds to both DNA and RNA (43).
Since ribosomes are located in the cytoplasm, it labels the
cytoplasm generally. Regions indicated by squares indicate lo-

cations where intensities were evaluated to construct kinetic
data curves presented in Fig. 5. Figure 4b is a DIC image
(�200) of the corresponding area of the biofilm, as acquired
just previous to exposure to PI. Note the region of overlap

FIG. 3. Epi-fluorescent images (�200) of a C. albicans biofilm during exposure to a CHG-PI solution (0.2 mg of CHG/ml). Times (in minutes)
after interfacial saturation with CHG (90% dosing) were as follows: (a) 0.5, (b) 1.0, (c) 1.5, (d) 2.0, (e) 4.0, (f) 8.0. Scale bar, 50 �m. Only a portion
of the field of view is shown.
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FIG. 4. (a) Epi-fluorescence contrast-enhanced image of Fig. 3f, showing areas used to evaluate pixel intensities for kinetic data curves
presented in Fig. 5. Scale bar, 25 �m. (b) DIC image of corresponding area of C. albicans biofilm, taken 12 min before exposure to CHG, with
positions of cellular structures demarcated in the epi-fluorescence image indicated. Black arrows indicate yeast cells, and white arrows indicate
filamentous forms. The cell labeled “r” corresponds to the cell indicated by the arrow in Fig. 2.
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between the images presented in Fig. 2d and 4b. Some growth
occurred in the time interval (47 min) between the acquisitions
of the first and the second DIC images. Figure 4b is less
resolved than Fig. 2d due to the lower magnification (�200).
Constrictions indicate that some filamentous forms (e.g., those
numbered 2 and 3) were pseudohyphae. For some pseudohy-
phae, the PI fluorescence was distinctly dimmer in bands where
constrictions appear in the DIC image (e.g., cell 3). For fila-
mentous structures with no constrictions having lengths ex-
ceeding about 15 �m, PI fluorescence is sometimes more con-
centrated in certain regions of the cytoplasm (e.g., cell 5).
Subapical hyphal compartments contain large vacuoles, while
the occasional vacuoles that appear in apical compartments are
located near the septum (16). PI is expected not to label vacu-

oles, which are devoid of cytoplasm. This may explain the
nonuniform PI labeling. In that case, concentrated areas of PI
fluorescence distal from the apex demarcate subapical com-
partments.

For the data presented in Fig. 5, hyphal and pseudohyphal
forms were grouped into one category referred to as filamen-
tous forms. The kinetics of the penetration of PI into the
cellular structures shown in Fig. 4 as the structures are exposed
to CHG is shown in Fig. 5a and b. Rates of penetration into
filamentous forms appeared to be significantly greater than for
yeast forms. Mean kinetic data curves acquired from cellular
structures present in the entire field of view are shown in Fig.
5c (filamentous forms) and Fig. 5d (yeast forms). The inserts
show the entire data set. The analysis was limited to cellular

FIG. 5. (a and b) Kinetics of PI labeling of cellular structures indicated in Fig. 4 during exposure to the CHG-PI solution for filamentous forms
(a) and yeast forms (b). Legends indicate the correspondences between numbered arrows in Fig. 4b and the data symbols shown here. (c and d)
Mean kinetic data curves for filamentous forms (c) and yeast forms (d) acquired from the entire field of view. Broken lines indicate model fit to
the mean kinetic data curves. Inserts depict total data sets.
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forms that were clearly distinguishable from surrounding struc-
tures. To simplify the statistical analysis, one compartment of
each filament was evaluated. This resulted in analysis of the
compartments of 33 filamentous forms. Only yeast forms with
no visible germ tube were categorized as yeasts. Only one cell
in each small cluster (doublets or triplets) was evaluated. This
resulted in the location of 36 yeast cells. The model fit to the
data curves is displayed with the mean data curves. The D
values for fits to these mean data curves are 7.04 � 10�2 and
56.00 � 10�2 for yeast and filamentous forms, respectively.
The same trend of relatively rapid kinetics of PI labeling for
filamentous forms compared to that of yeast was maintained
for this larger sample. To evaluate the statistical significance of
this difference, kinetic data curves from each cell were fit with
the model individually. The means of the D values for yeast
and filamentous forms were 7.28 (4.90) � 10�2 and 60.20
(46.21) � 10�2, respectively, where standard deviations of the
mean are given in parentheses. The means were significantly
different, according to an unpaired t test (P 
 0.0001).

For filamentous forms, D values associated with four cate-
gories of cells were grouped together. The categories and
mean values of D for fits to kinetic data curves from individual
cells in the biofilms for filamentous types were as follows: for
the apical hyphal compartments (8 samples), 55.31 � 10�2

(standard deviation of the mean, 27.02 � 10�2); for the sub-
apical hyphal compartments (6 samples), 75.69 � 10�2 (stan-
dard deviation of the mean, 22.57 � 10�2); for the apical
pseudohyphal segments (12 samples), 56.49 � 10�2 (standard
deviation of the mean, 49.12 � 10�2); and for the subapical
pseudohyphal segments, where subapical hyphal compart-
ments were defined and identified by nonuniform PI labeling
as indicated above (7 samples), 47.52 � 10�2 (standard devi-
ation of the mean, 17.98 � 10�2). Figure 6 presents a histo-
gram of D values for the different filamentous forms. There is
no obvious grouping of D values for any of the categories.
One-way analysis of variance indicated that none of the pairs
of means were significantly different (F3,29 � 0.54, P � 0.66).
Grouping of the results into broader categories did not result
in statistically significant differences in pairs of means: means
of D values for all hyphal versus all pseudohyphal cells, or all
apical versus all subapical cells, were not significantly different
according to unpaired t tests (P � 0.40).

DISCUSSION

In previous key studies demonstrating resistance of C. albi-
cans biofilms to antimicrobial agents, biofilms were treated as
homogeneous entities (9, 20). It is important to obtain a de-
scription of interactions of antimicrobial agents with biofilms
at a level that can allow researchers to distinguish differential
responses that depend on the location within the biofilm, un-
der conditions in which transport of substances within the
biofilm can be characterized. This is a requirement for deter-
mining whether biofilm resistance originates from general bio-
film characteristics, since a fundamental difference between
biofilm communities and planktonic cultures is that biofilms
are not well-mixed systems. That concentration gradients of
both extrinsically and intrinsically derived substances can exist
within biofilm populations is a major characteristic that distin-
guishes biofilms from planktonic cultures. Thus, biofilm organ-

isms are likely to experience a variety of microniches depend-
ing on their positions within the biofilm, and this may, in turn,
influence their susceptibility to an antimicrobial agent.

The methodology that has been presented here is part of a
scheme to directly characterize the kinetics interaction of chlor-
hexidine with mature C. albicans biofilms, with both rate of
transport to local regions and fungicidal action of chlorhexi-
dine included in the description. The biofilm used as an exam-
ple was in the initial stages of development. Since the biofilm
coverage was relatively sparse, the rate of transport of chlor-
hexidine to all portions of the biofilm was identical to the rate
of transport to the interfacial region in the absence of the
biofilm. Thus, it provided a simple model system, which was
used to demonstrate the viability of the method. For mature
biofilms, transport to regions of the biofilm is expected to be
hindered. A methodology for characterizing transport to local
regions of a mature C. albicans biofilm, based on the experi-
mental setup used here, was presented previously (41).

It has been fairly well established that the primary mode of
chlorhexidine action in both bacteria and fungi is disruption of
the membrane followed by rapid permeabilization (3, 5, 22–25,
31, 39, 46). The simplest explanation for the concentration
dependence displayed in Fig. 1c and Table 1 is that the kinetics
of appearance of PI fluorescence reflects the rate, or at least
the extent, of membrane permeabilization that is a conse-
quence of membrane disruption by chlorhexidine. The ability
of the mathematical model to mimic the sigmoidal shape of the
kinetic data curves suggests, but does not prove, that diffusion
of PI through the permeabilized membrane, rather than the
process of membrane disruption, is rate limiting.

In the 3-h-old biofilm studied here, yeast organisms were
characteristically distinguishable from filamentous forms not

FIG. 6. Histogram of D values for filamentous forms. Legend key:
p-s, pseudohyphae, subapical; p-a, pseudohyphae, apical; h-s, hyphae,
subapical; h-a, hyphae, apical. See text for criterion used to identify
subapical hyphal compartments.
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only by the criterion of morphology but by the rate of devel-
opment; filamentous forms were in the process of extension,
while yeast did not appear to be actively replicating. It is
reasonable to expect cells more actively undergoing processes
necessary for growth and cell division to be more susceptible to
antimicrobial agents that disrupt the membrane, since growth
and division require synthesis and incorporation of new mem-
brane and cell wall material. Maintenance of C. albicans yeast
in stationary phase for prolonged periods (6 days) changes
susceptibility to chlorhexidine in a complex manner (21).
These changes in susceptibility were attributed to alteration in
cell wall chemistry, based primarily on results from extensive
investigation of membrane permeabilization by amphotericin
B of C. albicans yeast. In the latter studies, it was found that
the rate of potassium release induced by amphotericin B was
decreased dramatically as cells moved from the late exponen-
tial stage into later stages of stationary phase (15). This de-
crease in susceptibility to permeabilization was attributed to
changes in length and cross-linking of (1,3)-�-D-glucan chains
in the cell wall. The fungicidal action of an imidazole, micon-
azole, is primarily due to disruption of the plasma membrane
(4). For C. albicans yeast, susceptibility to miconazole de-
creases in the transition from exponential to early stationary
phase due to changes in membrane lipid composition (4).

The differences in rates of permeabilization between yeast
and filamentous forms in the biofilm may also originate from
cell wall or membrane compositional differences inherent to
the morphological forms, rather than from differences in
growth phase. Investigation into differences in cell wall com-
position and molecular organization that regulate cell mor-
phology is an active area of research (7). There are also dif-
ferences in composition of the plasma membranes of yeast and
filamentous forms of C. albicans (6, 32). Yeast organisms with
germ tubes were more susceptible to the action of amphoter-
icin B than nongerminated yeast organisms (34). However, it
could be argued that the yeast organisms in the process of
producing germ tubes were those more actively growing.

Figure 6 shows no obvious indication that a grouping of rates
of PI penetration into filamentous forms can be associated with
a particular morphology (pseudohyphal or hyphal) or spatial
location (apical or subapical). The analysis of variance test
indicated no significant difference in rates for the different
categories. These results imply that cell attributes responsible
for rate differences within the filamentous forms are not a
primary determinant of cell morphology. With respect to
growth, it is known that apical hyphal cells are more active than
subapical cells, with extension occurring throughout the cell
cycle (16). Since apical segments did not yield a higher mean
rate, this suggests that differences in CHG-induced PI pene-
tration rates within the filamentous population do not origi-
nate from cell wall or membrane characteristics that are highly
correlated with growth rate. However, as hyphal compartments
age, they may display decreased susceptibility similar to yeast.

In summary, the method described here enables identifica-
tion of individual cells in a C. albicans biofilm exhibiting rela-
tive phenotypic resistance with respect to the action of chlor-
hexidine. Development of phenotypic resistance is considered
to be a primary mechanism of biofilm resistance to both anti-
biotics (40) and antiseptics (31). The biofilm investigated here
was in an early stage of development and provided a simple

model system. Elucidating mechanisms of resistance of more
complex, mature biofilms will likely involve determining spatial
relationships between susceptible and resistant organisms.
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