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Abstract

Two spectroscopic techniques, attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) and
Raman microscopy (RM), were used to characterize transport of chlorhexidine digluconate (CHG) in Candida albicans (CA)
biofilms. Different (volumetric) regions of the biofilm are sampled by these two vibrational spectroscopies making them
complementary techniques. Simple mathematical models were developed to analyze ATR-FTIR and RM data to obtain an
effective diffusion coefficient describing transport through CA biofilms. CA biofilms were composed primarily of yeast and
hyphal forms, with some pseudohyphae. Upper regions of biofilms that had become confluent, (i.e., biofilms that completely
covered the germanium (Ge) substratum) were composed primarily of a tangled mass of hyphae with openings between
germtubes about 10 to 50 wm across. Quantitative analysis of ATR-FTIR kinetic data curves indicated that the effective
diffusion coefficient for transport of CHG through confluent biofilms about 200-wm thick was reduced 0.1 to 0.3 times
compared to the diffusion coefficient for CHG in water. Effective diffusion coefficients obtained from analysis of RM data
were consistently higher than those indicated by ATR-FTIR data suggesting that transport is more hindered in regions near
the base of the biofilm than in the outer layers. Analysis of both ATR-FTIR and RM data obtained from thicker films
indicated that adsorption of CHG to biofilm components was responsible for a substantial portion of the transport limitation
imposed by the biofilm. Comparison of ATR-FTIR and RM data for both types of biofilms indicated that sites of CHG
adsorption were more concentrated in the interfacial region than in the bulk biofilm. Comparison of results for ATR-FTIR
and RM measurements suggests that these relatively thick CA biofilms can be modeled, for purposes of predicting transport,
approximately as a homogeneous thin planar sheet. Thus, these biofilms offer a relatively tractable model system for initial
investigations of the relation between antimicrobial transport and kinetics of antimicrobia action. © 2001 Published by
Elsevier Science B.V.
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1. Introduction

Microbes associated with a surface, generally re-
ferred to asabiofilm, typically develop into adensely
packed community of cells interconnected by a
biopolymeric matrix. Interaction with cellular and
matrix components reduce rates of transport of sub-
stances in biofilms. Anaerobic microenvironmentsin
dental plaque that enable putative pathogens of peri-
odontal disease to survive (Listgarten, 1994), and
biological corrosion cells thought to be responsible
for microbia influenced corrosion (Costerton and
Boivin, 1987) are examples of the consequences of
limited transport that leads to establishment of chem-
ical gradients within the biofilm. Transport of an-
timicrobial agents (AA), introduced into the bulk
aqueous phase, is hindered to portions of at least
some biofilms by binding to biofilm components,
partitioning into cells and/or being degraded or
inactivated by extracellular enzymes (Dibdin et a.,
1996; Dunne et a., 1993, Gordon et al., 1991,
Nichols et al., 1989). The importance of these delays
in exposure of portions of biofilms to the cidal dose
of AA, in terms of enhancing the survival potential
of biofilm microbes, has not been determined.

A variety of techniques have been used to charac-
terize transport of substances in biofilms (Bryers and
Drummond, 1998; Chen and Stewart, 1996; De Beer
et al., 1997; Robinson et al., 1997). If the compound
of interest is fluorescent, a technique that exploits
this property is probably superior to any other due to
the inherent sensitivity and possibility of making
measurements in situ in rea time. Many AA of
interest are only weakly fluorescent or have excita-
tion or emission ranges that preclude using a given
fluorescence technique. Transport rates of a fluores-
cent analogue molecule, having approximately the
same size, may differ from those of the original AA
since functional group chemistry can determine ad-
sorption and partition coefficients.

Vibrational spectroscopies probe quantum state
transitions associated with molecular vibrations. In
general, they are less sensitive than fluorescence
spectroscopies. However, they have the advantage
that any organic molecule will produce a spectrum
having essentially unique, complex features enabling
positive identification. A methodology exploiting at-
tenuated total reflection Fourier transform infrared

spectroscopy (ATR-FTIR) was developed previously
to measure transport of AA in biofilms (Suci et al.,
1994). Raman microscopy (RM) is introduced here
as a complimentary technique that can furnish infor-
mation about the spatial and temporal distribution of
AA in the biofilm.

ATR-FTIR is a surface-sensitive technique that
measures the kinetics of appearance of AA at the
base of the biofilm, i.e., within less than a micron of
the substratum /biofilm interface. The signal is col-
lected from the entire area of the interfacial region.
Thus, it provides no lateral discrimination. The imag-
ing capability of RM provides lateral discrimination
in the plane of the substratum at the micron level.
Using conventional optics (i.e., not optics designed
to enhance confocality), the sampling volume in the
direction perpendicular to the substratum typically
extends for a distance substantially greater than a
micron. For experiments presented here, this distance
was comparable to the thickness of the biofilm.

Candida species are opportunistic pathogens. As-
sociated infections are found in a wide variety of
locations in the human body depending on the pre-
disposing condition (Odds, 1988). The rationale for
in vitro studies of Candida albicans biofilm recalci-
trance to AA, due to this organism’s involvement in
nosocomial infections, has been expressed in a recent
publication (Baillie and Douglas, 1998). More gener-
ally, even classical infections (e.g., thrush) manifest
as a complex biofilm comprised of yeast, hyphae and
desquamated epithelial cells. In vitro studies have
demonstrated that chlorhexidine may be an effective
treatment for oral candidosis (Giuliana et d., 1997,
MacNeill et al., 1997). Understanding which factors
limit chlorhexidine efficacy toward biofilms should
enhance interpretation of clinical results.

2. Materials and methods
2.1. Organisms

C. albicans (CA-1) (Han et al., 1998) is a clinical
isolate obtained from the culture collection of Dr.
Diane Brawner (Microbiology Department, Montana
State University). ATTC24433 (C. albicans) was
obtained from the culture collection of Dr. James
Cutler (Microbiology Department).
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2.2. Growth medium

Medium for batch cultures was (per liter): 50 g
glucose, 10 g Bacto-Peptone (Difco), and 6 g yeast
extract (Difco). Medium for biofilm growth was (per
liter): 0.05 g glucose, 0.1 g Bacto-peptone and 0.03 g
yeast extract (pH 6.5). Cells were suspended in 0.01
M phosphate buffered saline (PBS) to encourage
initial attachment to the substratum. PBS was (per
liter): 0.34 g monobasic sodium phosphate, 2.56 g
dibasic sodium phosphate and 8.50 g NaCl (pH 7.2).

2.3. Flow system

The flow system was similar to that described
(Vrany et d., 1997), except that inoculation of the
biofilm (seeding of the substratum) was from a cell
suspension in PBS instead of from a continuous
culture. The flow cell has been described (Suci et al.,
1997). The flow channel is approximately rectangu-
lar (45 X 10 x 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
coverdip and the internal reflection element (IRE).
The IRE was a single crystal, trapezoidal germanium
(Ge) prism (Harrick Scientific, Ossining, NY) (50 X
20 X 2 mm?®, 45°). The thin walls of the flow cell
cavity are composed of a sandwich of teflon and
viton spacers. The teflon spacer contacts the IRE.
For biofilm culturing, the entire flow system was
placed in an incubator at 37°C. Flow rate was main-
tained at 0.5 ml /min by making necessary adjust-
ments in the pump rotation speed with drop counts
per time in flow break tubes (calibrated by determi-
nation of the volume of liquid per drop) used as
feedback.

2.4. Surface preparation

The surface of the IRE was cleaned by a protocol
described, except that there was no fina rinse with
dichloromethane (Fralund et al., 1996).

2.5. Biofilm inoculum and culturing

A batch culture (100 ml), inoculated from a slant,
was grown overnight at 37°C with shaking at 160

rpm. A fresh batch culture (100 ml) was inoculated
with 3 ml of the first batch culture. In early station-
ary phase (approximately 10 h after inoculation), 1
ml of the culture was spun down and resuspended in
PBS. A 100 pl of this cell suspension (containing
approximately 2 X 108 cells/ml) was added to 35 ml
of PBS in a flask connected to the autoclave-steri-
lized flow system described. This dilute PBS cell
suspension was pumped through the flow cell for 30
min a 0.5 ml /min. The surface of the IRE was then
viewed at 200 X and two images acquired. Cell
counts on the surface were between 1.24 and 3.29
(X 10°/cm?) for al experiments. Biofilms were cul-
tured for approximately 16 h at 37°C.

2.6. Dosing with chlorhexidine

Appropriate dilutions were made of a 20% solu-
tion of chlorhexidine digluconate (CHG). CHG in
(biofilm) culture medium was introduced into the
flow cells by diverting the flow at the teflon valve
located proxima to the flow cell entrance port.
Rinsing was initiated by diverting the flow back to
pure culture medium using the same valve. The
period during which CHG was diverted into the flow
cell is referred to as the dosing period. CHG dosing
was at 0.2% for ATR-FTIR measurements and 5%
for RM measurements.

2.7. ATR-FTIR

During the course of dosing with CHG and subse-
quent rinsing infrared (IR), spectra were acquired
during 1-min intervals using a Nicolet 740 Fourier
transform infrared (FTIR) spectrometer equipped
with an ATR mirror assembly (Harrick Scientific).
Details pertaining to IR spectroscopy were described
(Suci and Geesey, 2000).

2.8. Microscope

The microscope was an Olympus BX60. Differen-
tial interference contrast (DIC) optics were used to
visuaize biofilms using either a 20 X (Olympus,
UPlanFl 20 x /0.50) or a 40X water immersion
(Olympus, LUMPlanFl 40 X /0.8 W) objective. A
black and white Photometrics CCD camera was used
to digitally capture the images, which were analyzed
using Media Cybernetics Image-Pro Plus software.
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2.9. Raman imaging system

The main components of the Raman imaging
system (Chemicon, Pittsburgh, PA) are the micro-
scope described above, a 2-W 532-nm laser coupled
to the microscope with a fiber optic cable and beam
couplers, a liquid crystal tunable filter (Split Evans
Design) for frequency discrimination, a CCD camera
and Chemimage V2.0 visualization and processing
software. All Raman images were acquired with the
40 X water immersion lens. The instrument is essen-
tially the same as one described (Morris et al., 1999),
except that laser plasma lines are excluded by rejec-
tion filters instead of holographic notch filters.

2.10. Estimation of biofilm thickness and surface
coverage

Thickness of the biofilms was estimated by taking
the difference in the vernier caliper reading between
the position of the substratum and cells (mostly
hyphae) at the top of the biofilm (biofilm /bulk-liquid
interface). The position of the substratum was deter-
mined by finding a location for which a scratch was
visible and then bringing the scratch into focus.
These locations were quite rare in confluent biofilms.
Thickness used to analyze ATR-FTIR data was based
on measurements at three locations, except for one
experiment (experiment 3 referred to below), which
was based on nine locations. Thickness used to
analyze RM measurements was evaluated by finding
a location at which the position of the substratum
could be determined that was as close as possible to
the RM sampling location (approximately the middle
of the flow cell). Thickness estimations were per-
formed at 400 X . With the focus on the top of the
biofilm at one location, it was possible to move the
field of view around in the plane of the substratum,
while retaining a focused image of the top of the
biofilm, giving the impression that the biofilm could
be approximated as a planar sheet.

Confluent biofilms exhibited no regions where the
Ge surface was completely free of cells. Data was
collected from a number of biofilms that were not
confluent. These biofilms displayed regions of vary-
ing size that were practicaly free of cells. Colonized
regions were not as thick as confluent biofilms. Data
from the biofilm having almost complete surface

coverage is presented here (experiment 5). Biofilm
surface coverage was estimated by visualizing the
biofilms using DIC microscopy. Surface coverage
was estimated from five images acquired from ran-
domly located fields (465 300 pm?) at 200 X
using the image analysis software with pixel bright-
ness as the criterion for distinguishing colonized
(dark) and cell-free areas (light). The Ge surface is
quite reflective and provides a high contrast back-
ground for visualization of cells.

2.11. ATR-FTIR and RM data acquisition

Use of ATR-FTIR difference spectra to follow
appearance of AA in the substratum interfacial re-
gion has been described previousy (Suci et al.,
1994, 1998; Vrany et d., 1997).

Raman images were acquired at 1.5 W laser
power. The 512 X 512 CCD array was binned 50 X
50 during collection resulting in a 10 X 10 array of
pixels. With this binning, each pixel has a dimension
of 10X 10 wm? in the plane of the substratum.
Although the term voxel was introduced to refer to
volume elements, pixel seems adequate for purposes
here. Acquisition time was 1 s per wavelength. For
CHG measurement, images were collected for wave-
lengths between 580.6 and 582.6 nm at 0.1-nm
intervals (1573.4 to 1629.6 cm™1). It required 59 s to
obtain the composite image composed of each of the
20 images obtained at each wavelength. Due to
non-uniform laser intensity, spectra collected from
pixels in the more central region of the image delin-
eated by the CCD array (approximately 100 X 100
wm? total size at 400 X ) provided more information
about CHG concentration than those on the periph-
ery.

Areas of spectral features for both ATR-FTIR and
RM data were computed for the region bounded by
the data points and a linear baseline drawn between
the two limits of the integration (baseline-subtracted
areas). Band areas are presented as unit-less quanti-
ties. Both ATR-FTIR and RM data were imported
into GRAMS /386 software for spectral manipula
tion and analysis (Galactic Industries, Salem, NH).
Area calculations for RM data were made on spectra
that had wavelength in units of nm, since this avoids
an importing inconvenience. The software supplied
by the manufacturer allows imaging using pixel
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brightness only. For the present application, this
provides little, if any, information on CHG concen-
tration, since differences in pixel brightness due to
signal originating from CHG are overwhelmed by
large differences in the baseline: a relatively large
signal that is fairly constant across the frequency
range of the measurement. Thus, baseline-subtracted
areas must be computed to obtain quantities that
correlate with CHG concentration.

For some experiments, both ATR-FTIR and RM
measurements were acquired from the same biofilm.
These measurements were performed sequentially by
first shuttling the flow system between instruments.

2.12. Sampling volumes of ATR-FTIR and RM

The evanescent field that samples the interfacial
region in ATR-FTIR has been well-characterized
(Knutzen and Lyman, 1985). The theoretical inten-
sity of the evanescent field versus distance from the
substratum surface is plotted in Fig. la for the
wavenumber corresponding to the maximum of the
CHG band used to follow CHG transport using
ATR-FTIR (see Fig. 2a). The evanescent field is
produced by multiple total reflections of the IR beam
within the IRE, a trapezoidal Ge prism. The sam-
pling area is constrained in the lengthwise direction
by the spacers that serve as the walls of the cavity of
the flow cell. In the widthwise direction, the sam-
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Fig. 2. (@ ATR-FTIR spectrum of 2% CHG. Area of the band
indicated (1479-1501 cm™1), originating from vibrational modes
associated with the chlorophenyl groups, was used to follow
transport to the Ge substratum. (b) Raman spectrum of CHG,
condensed by drying a 20-.1 drop of 5% CHG on the surface of a
Ge prism. Area of the band indicated (1585-1626 cm™1), origi-
nating from the guanidine groups, was used to follow transport.

pling area is constrained by the beam width which is
approximately 6 mm. In short, the ATR-FTIR yields
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Fig. 1. Sampling volumes of (@) ATR-FTIR and (b) RM. (a) Theoretical curve describing the intensity of the IR evanescent field at 1493
cm~! (CHG band in Fig. 2) versus distance. (b) Ge signal measured from a planar Ge surface with a 40 X objective normalized to 1 (filled
circles), fit with an inverse squared function (broken line) versus distance. Penetration depth is 0.213 pum for the evanescent field
(ATR-FTIR). An equivalent proportion of the signal (63%) detected by the RM originates from within 71 wm of the surface. Inserts indicate
cross-section of the sampling volume (lateral area) for each instrument.
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information from a relatively large lateral area (6 X
45 mm?) located quite near the interface (< 1 pum).
This sampling region is referred to as the evanescent
volume.

The effective sampling volume of RM is con-
strained by the S/N ratio and the sensitivity to
CHG. For these experiments the latera dimensions
of the sampling volume (i.e., dimensions in the plane
of the interface) were 10 X 10 wm?. RM sampling
efficiency in the direction perpendicular to the plane
of the substratum was estimated for the 40 X objec-
tive by acquiring the signal from a sterile, clean IRE
placed in the flow cell, filled with water. The result
of measuring the Raman signal from the Ge band at
300 cm™?! versus distance from the plane of focus is
shown in Fig. 1b. The curve is fit adequately (r? =
0.999) by an inverse squared function:

bandareag, = C(1/(d — k)?) (1)

where d is distance from the plane of focus and C
and k are found by a least squares fit (k=57 pm).
In short, with the focus at the substratum, the RM
sampling volume is a region that is relatively long
and thin with the long axis perpendicular to the plane
of interface and a sampling efficiency that decreases
approximately as the inverse square of the distance
from the substratum. All RM measurements were
performed with the vernier caliper reading set for
focus at the substratum.

2.13. Calibration using a sterile IRE

Fig. 2 shows IR and Raman spectra of CHG and
indicates the bands used to follow temporal changes
in CHG concentration. Fig. 3 shows ATR-FTIR (a)
and RM (b) (kinetic) data curves for a sterile, clean
IRE (no biofilm). These are constructed by plotting
band area versus time and are referred to as simply
ATR-FTIR or RM data curves. In each case, dosing
was for 10 min (dosing period) followed by a rinse
period. CHG dosing was at 0.2% (ATR-FTIR) or 5%
(RM). Data presented in Fig. 3 are actually mean
data curves. data are means and standard deviations
for three repetitions. For ATR-FTIR measurements,
the background spectrum was acquired immediately
before CHG was diverted into the flow cell. The
ATR-FTIR data curve in Fig. 3a rises above the

0.04
a)
© 0.03 }
S
©
B 0% 0 oo, NN
© O
S 0014 o 0
< Bescceescececccooss
0.00
T T T I T T T
0O 300 600 900 1200 1500 1800

time (s)

band area

0 300 600 900 1200

time (s)

Fig. 3. Transport of CHG into sampling volume for sterile IRE
(no biofilm). Points and error bars are means and standard devia-
tions for three data sets. (2) ATR-FTIR data curve (0.2% dosing
concentration in water); unconditioned surface (open circles);
conditioned surface (closed circles). IR signal expected from 0.2%
bulk CHG solution with no adsorption in the interfacial region is
indicated by the arrow. (b) Raman data curve (5% dosing concen-
tration).

signal expected from 0.2% CHG (the dosing level),
indicating that a substantial amount of CHG ad-
sorbed to the Ge substratum. The ATR-FTIR data
curves in Fig. 3a were acquired for CHG in water
(not culture medium). Exposing the Ge substratum to
culture medium for 30 min (i.e., conditioning with
culture medium) increases the amount of CHG ad-
sorbed in the interfacial region at the end of the
rinsing period by a factor of about 3, compared to an
unconditioned Ge substratum. RM data was acquired
from the pixel that appeared most bright in the
unprocessed images. The mean of the three Raman
data curves is negative at 1 min. All RM data curves
exhibit a relatively large negative signal (band area)
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at an early time point that corresponds to the time
expected for the CHG front to sweep across the field
of view. The spectra for this time point exhibit a
pronounced sloping baseline. This data pair in RM
data curves was set to zero (band area) at time zero
for purposes of modeling.

Fig. 4 shows ATR-FTIR (a) and RM (b) calibra-
tion curves constructed by dosing the flow cell with
increasing concentrations of CHG (sterile IRE, no
biofilm, unconditioned). The ATR-FTIR data are the
signal at the end of the dosing period. Both bulk
(solution-phase) CHG and CHG adsorbed to the IRE
contribute to the ATR-FTIR signal. At higher bulk
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Fig. 4. Dosing concentration of CHG in the flow cell versus band
area: (@) ATR-FTIR and (b) Raman. For each data set the slope,
intercept and R? of the regression line are indicated in brackets;
for (a) data for dosing concentrations 0.5% and above were used
for the regression since at these higher concentrations the adsorp-
tion binding curve approaches saturation (see text). Error bars in
(b) are standard deviations for five data points acquired in the
plateau region of the dosing portion of the data curve (time 5-10
min).

concentrations, the binding sites approach saturation.
Thus, the curve is farly linear for concentrations
above 0.5% (r2=0.998). The slope of this portion
of the curve was used to estimate the ATR-FTIR
signal expected from a 0.2% bulk CHG solution (i.e.,
with no adsorption to the interface). RM data (Fig.
4b) are means of five data points in the plateau
region of a data curve acquired at each CHG concen-
tration (time 5 to 10 min during dosing). The entire
RM data set in Fig. 4b was acquired at one location.
Although our instrument is able to discriminate 1%
CHG from background noise, the percent standard
deviation for this concentration is quite high. The
linear relation between the RM signal and the CHG
concentration is quite good within one experiment
(i.e., for a series of measurements taken in sequence
at one location). Between experiment correlation be-
tween RM signal and CHG concentration is not as
good (dlope= 77 (SD = 12); intercept = 18 (SD =
25); r2=0.8518) (data not shown). This poorer
correlation may be due to differences in laser inten-
sity distribution across the collection area between
experiments.

2.14. Modeling of transport

It was assumed that diffusion of CHG through the
biofilm could be described by Fick's law in one
dimension:

D(8°C/82%) = 5C/ 8t (2)

where D is the diffusion coefficient, C is concentra-
tion, z is distance from the substratum in the direc-
tion perpendicular to the plane of the interface, and t
is time. Effects of hindered transport due to adsorp-
tion to biofilm matrix components and partitioning
into cells were assumed to result in a decrease in D,
so that it can be considered an effective diffusion
coefficient (D,). This approach has been used previ-
ously to model transport in biofilms (Nichols et al.,
1989).

For modeling of ATR-FTIR data, it was assumed
that adsorption to sites in the interfacial region could
be described by a simple Langmuir process:

d(CA)/dt = ka( Cs,totCB) - (kaCB + kd)CA (3)
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where C, is the (surface) concentration of adsorbed
CHG, Cq,, is the density of total adsorption sites
(i.e., surface concentration), C; is concentration of
bulk CHG in the interfacial region predicted by Eq.
(2), and k, and k, are rate constants for adsorption
and desorption, respectively.

Initial estimates for Cg,,, k, and k; were ob-
tained by fitting the latter part of the dosing portion
of the data curve fit with an exponential expression:

ATR-FTIRsignal(bandarea) = c,(1 — exp[ —c,t])
(4)

where t istime and ¢, and c, are floating parame-
ters. Eq. (4) describes the shape of a theoretical
kinetic data curve obtained by measuring accumula-
tion of a substance at an interface where the adsorp-
tion process is described by Eq. (3) with bulk con-
centration held constant. Parameters Cg,,, K, and kg
that appear in Eq. (3) are related to ¢; and c, by:

Ka=(C; —ky)/Cg (5
Cs,tot = Clcz/kaCB' (6)

For modeling RM data, Eq. (2) was used to
predict the CHG concentration throughout the entire
biofilm thickness. The derived concentrations for
different lamella of the hiofilm were then weighted
by Eg. (1) in order to account for the RM sampling
efficiency perpendicular to the plane of the substra-
tum (Fig. 1b). (i.e.,, with the vernier caliper reading
set for focus at the substratum). The sum of these
values and the predicted signal from the bulk volume
was used to fit the data. It was assumed that the bulk
volume filled within 30 s. Thisis consistent with RM
data curves acquired with a sterile IRE (Fig. 3b). RM
sampling of the bulk volume was evaluated as the
integral of the sampling efficiency from the
biofilm /bulk-liquid interface to infinity.

Egs. (2) and (3) were evaluated by two software
programs developed independently. In the first pro-
gram, Eq. (2) was evaluated by a truncated infinite
series expression (Eq. (4.17), Crank, 1956) and used
to calculate the time dependence for appearance of
bulk CHG in the interfacial region (Nichols et a.,
1989). Eq. (3) was evaluated numerically. Software
was written in GRAMS /386 array basic. The second
program evaluates both Egs. (2) and (3) numerically.
It is available commercially (AQUASIM, 2.0, Peter

Reichert, Computer Systems Sciences Department,
EAWAG, Switzerland). Results with simulated data
were used to test the consistency between the two
programs and alowed checking for user and/or
programmer errors. The second program was particu-
larly useful since it allowed modeling of an entire
data curve (both dosing and rinsing portions), gave
confidence intervals for the fitted parameters, and
permitted least-squares-criterion optimization of D,,
Ko Ky, and Cg.

3. Results
3.1. Biofilm characteristics

Fig. 5 shows micrographs depicting the stages of
C. albicans biofilm development. The Ge substratum
is first seeded with yeast from a batch culture. A
proportion of the attached yeast form microcolonies
composed of clusters of yeast cells, pseudohyphae,
and hyphae. Hyphae, 50-100 pm in length, typi-
cally extend into void regions, along the substratum,
from the dense colonies. Hyphae and pseudohyphae
are also present in the outer layers of the dense
colonies, near the biofilm /bulk-liquid interface. Mi-
crocolonies coalesce into a biofilm that eventually
covers the substratum completely. Upper regions of
confluent biofilms consist primarily of hyphea with
openings between germtubes that are approximately
10 to 50 wm across (Fig. 6).

In general, exposure to either 0.2% CHG, 5%
CHG or even higher doses (biofilms were exposed to
20% in a preliminary experiment), caused no visible
changes in biofilm structure. Induced loss of single
cells or larger flocs was not apparent.

3.2. Data analysis

Fig. 7 is a schematic clarifying the terminology
used to refer to different regions of the in vitro
system.

Fig. 8a and b shows ATR-FTIR data acquired
during dosing of a biofilm with 0.2% CHG. The
estimated mean biofilm thickness was 187 p.m (ex-
periment 3). The shape of the curve described by the
data is sigmoidal. This is the approximate shape
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s

Fig. 5. DIC micrographs of CA biofilms: (a) biofilm is initiated by seeding yeast onto Ge substratum; (b) microcolonies develop exhibiting
yeast, pseudohyphal and hyphal forms after approximately 5 h; (c,d) as microcolonies coalesce hyphae grow both into void spaces aong
substratum (c), and into the bulk volume (d). Bars indicate 50 pm.

predicted for appearance of CHG in the ATR-FTIR the bulk volume through a thin planar sheet or film
evanescent volume via transport by diffusion from (Eg. (2)). Fig. 8c shows ATR-FTIR data for both the

bulk liquid

bulk biofilm

—
Ge substratum

bulk CHG () interfacial region/

evanescent volume
adsorbed CHG ()

VAV PO
Fig. 6. DIC micrograph of typical region of a confluent CA Fig. 7. Schematic clarifying terminology used to refer to different
biofilm (approximately 200 wm thick); focus is 120 wm from the regions of the in vitro system. Lower illustration is enlarged view
Ge substratum (80 pwm into the biofilm); both hyphal (h) and yeast of the region referred to as the interfacial region or evanescent
(y) forms can be distinguished. Square indicates pixel size (for volume, conventionally delineated by its penetration depth (broken
RM measurement) and location for this field of view. Bar indi- line). For simplicity, CHG is shown adsorbing only to the Ge

cates 50 pm. substratum.
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Fig. 8. (ab,c) ATR-FTIR data (filled circles); predicted curves are indicated by lines: (a) exponential fit (broken line); fit by method 1 (solid
line) (D, = 54); (b) fit by method 2 (solid line); D, = 34; (c) data for dosing portion (closed circles); data for rinsing portion (open circles);
fit by method 3 (solid line); broken line (dosing level) indicates signal expected from dosing concentration of CHG predicted by ATR-FTIR
calibration curve (Fig. 4a). Methods of analysis are described in the text and summarized in Table 1. (d) Predicted kinetics of delivery of
bulk CHG to the interfacial region for different estimated values of D, (see figure for key).

dosing and rinsing periods. During dosing the data
curve rises well above the signal expected for the
CHG dosing concentration, indicating that a substan-
tial portion of CHG is bound in the interfacial region
(i.e., in the evanescent volume—see Fig. 7). Even at
the end of the rinsing period, the CHG concentration
is maintained above the dosing concentration. To
account for adsorption of CHG within the evanescent
volume, Eqg. (2) has been coupled to Eq. (3). The
ATR-FTIR data curve is then fit with the predicted
sum of the bulk and adsorbed CHG concentration in
the interfacia region. Even with this relatively sim-
ple model, there are potentially four parameters to
optimize (i.e., four floating parameters), and the fina
value of each optimized parameter can be sensitive
to initial input (confirmed using simulated data sets).
Thus, a method to make initial estimates of k,, kg,

and C,,, has been formulated. The implicit assump-
tion is that for latter time points in the dosing portion
of the data curve, adsorption in the interfacial region
is the dominant process contributing to the shape of
the data curve. For an adsorption process described
by Eg. (3), with Cg held constant, the predicted
kinetics of increase in the adsorbed substance is
exponential (Eq. (4)). Fig. 8a shows the best fit of
Eqg. (4) to the latter time points of the dosing portion
of the data curve. Based on optimization of ¢, and
¢, (Eq. (4), initid estimates of k, and C;,, can be
caculated by Egs. (5) and (6), with the initia as-
sumption that k,=0. This leaves D, as the only
floating parameter. Fig. 8a shows the best fit of the
dosing portion of the data curve using this modeling
strategy. This is referred to as method 1 (Table 1).
The estimate of D, is 54. All estimates of D, are
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Table 1
Summary of methods for analysis of ATR-FTIR and RM data
Method® ATR-FTIR Raman
1 Ka» Kgs Coror fixed; brightest pixel

fit dose portion only
2 Ka» Kgs Coror float; mean of fits to data

fit dose portion only curves for row of pixels
3 Ka» Kgs Coror float; mean data curve

fit dose and rinse portions ~ for row of pixels

@Method of estimation of D, referred to in Table 2.

given in wm?/s. For perspective, the diffusion coef-
ficient of CHG in water is approximately 300 wm?/s.
Method 2 uses the k,, k; and C,,, values of method
1 as initia estimates that are then optimized (i.e.,
alowed to float). The best fit to the data using this
method is shown in Fig. 8b. Finaly, for method 3,
both the dosing and rinsing portions of the data
curve are fit, using values of the parameters found by
method 2 as initial estimates. Fig. 8d shows the bulk
interfacial CHG concentration (Cg of Eq. (3)) pre-
dicted by each method of fitting, aong with the
estimate of D,. CHG concentration is presented as a
proportion of the dosing concentration. For perspec-
tive, for transport through an equivalent layer of
water, CHG would attain 90% of dosing concentra-
tion in 115 s. The rationale for presenting results
from each of the methods of analysis is to give an
idea of the sensitivity of estimates of D, to the
model assumptions.

Fig. 9 shows RM data acquired by exposing the
biofilm of experiment 3 to 5% CHG. This measure-
ment was performed immediately after the ATR-
FTIR measurement described in Fig. 8. With the
present configuration (microscope objective, €tc.),
RM is much less sensitive to CHG adsorbed in the
interfacial region than the ATR-FTIR. This is be-
cause, whereas the evanescent volume sampled by
ATR-FTIR extends about a micron into the bulk
liquid, the collection volume for RM extends hun-
dreds of microns into the bulk (see Fig. 1b). Three
different predicted RM curves are shown in Fig. 9:
first, the RM curve predicted for transport into the
biofilm based on the estimate of D, obtained from
the ATR-FTIR data (method 1, D, = 54); secondly,
the predicted RM dosing curve with D, optimized
based on a fit to the dosing portion of the RM data

curve (D, = 90); finaly, the predicted total RM curve
(dosing and rinsing) with D, optimized based on a
fit to the entire RM data curve (D,=58). The
discontinuities in the predicted RM curves result
from the assumption that CHG reaches the dosing
concentration within 30 s in the bulk volume. The
estimate of D, based on the entire RM data set
(dosing and rinsing portions) is closer to the esti-
mates based on ATR-FTIR data (Fig. 8) than that
based on only the dosing portion of the RM data
curve. Despite this closer correspondence for this
data set, values of D, predicted by only the dosing
portion of the curve are considered to be more
accurate. Evidence for this assertion is presented
below with regard to data presented in Fig. 10.

band area

—e— data
— Dg=54
—— De =90

............ dose + rinse (Dg =58)

T T T T T T T
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O 150 }
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Fig. 9. (@ RM data (filled circles connected by lines); predicted
curves are indicated by lines (see figure for key). (b) Estimates of
D, with standard deviations for pixels 2—7. Insert shows approxi-
mate location of pixelsin 10X 10 array. Pixels are numbered from
left to right.
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and second exposure (see figure for key).

The ATR-FTIR data indicate that CHG adsorbs to
sites contained within the evanescent volume, but
provides no direct information with respect to ad-
sorption outside this evanescent volume. The RM
signal (band area) approaches the signal expected for
the dosing concentration (403(85) (mean(standard
deviation)) during dosing and is reduced to near
background level at the end of the rinsing period.

This indicates that CHG adsorption detected by
ATR-FTIR measurements is concentrated near the
substratum interface. RM is relatively insensitive to
CHG contained within the evanescent volume. For
example, 5% CHG contained entirely within the
evanescent volume would produce an RM signal of
less than 2 (band area).

The RM data curve in Fig. 9a was obtained from
the brightest pixel in the 10 X 10 array of pixels,
located approximately at the center of the array. Fig.
9b shows estimates of D, based on the dosing
portion of the RM curves obtained from other pixels
in the same row. Pixel 5 is the brightest. Pixels
further toward the edge of the periphery of the
10 X 10 array (i.e., pixels 1, 8, 9, and 10) yielded
RM data curves that appeared to be only background
noise and were not analyzed. In principle, the values
of D, in Fig. 9b provide a one-dimensional image
describing differences in transport properties for dif-
ferent (volumetric) regions of the biofilm. Although
Fig. 9b illustrates the potential information that the
RM measurement can provide, the level of uncer-
tainty in D, values, reflected in the relatively high
standard deviations, is quite high. With deference to
this relatively high level of noise in the RM data,
RM data acquired at different pixels have been
grouped for some data analysis as described below,
in order to increase the level of confidence in esti-
mates of D,.

Fig. 10 presents RM data curves obtained sequen-
tially from the same biofilm (experiment 4). The
biofilm was first exposed to 5% CHG and an RM
data curve was acquired. The biofilm was then ex-
posed to 0.2% CHG and an ATR-FTIR data curve
was acquired. Finaly, the biofilm was again exposed
to 5% CHG and another RM data curve was ac-
quired. The shape of the dosing portions of the RM
data curves in Fig. 10a suggest that transport into the
biofilm was less hindered during the second expo-
sure period to 5% CHG. In agreement with this,
vaues of D, for the first and second exposure are 56
and 154, respectively. However, values of D, ob-
tained by fitting the entire data set (dosing and
rinsing) are 54 and 49. This originates from the
similarity in the rinsing portions of the data curves.
The former D, estimates, obtained from fitting only
the dosing portion of the RM data curve, are more
consistent with ATR-FTIR data (presented below).
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More rapid transport into a biofilm previously ex-
posed to a CHG is expected if transport is hindered
primarily by adsorption to and/or partitioning into
biofilm components, since some adsorption sites may
be occupied from the previous exposure, reducing
the interaction. Rinsing portions of RM data curves
would be expected to be more gradual than predicted
curves (for a given D,) since release of CHG from
the biofilm downstream of the measurement location
would introduce a gradually decreasing CHG con-
centration into the bulk volume. Fig. 10b shows
mean data curves constructed from pixels 2 through
7. Differences, suggesting that transport is signifi-
cantly more hindered for the first exposure, appear to
be maintained in the dosing portions of these mean
data curves. Fits to these mean data curves yield 118
for the first exposure and 312 for the second expo-
sure. Means of D, obtained from fits to individual
RM data curves from each pixel (2-7) are 114 and
280 for the first and second exposures, respectively.
These means are significantly different at the 0.05
level according to an unpaired t-test ( p = 0.022).
Table 2 is a summary of the results of analysis of
ATR-FTIR and RM data for al the experiments.
Estimates of D, based on three methods of analysis
of both ATR-FTIR and RM data are reported. (Meth-

Table 2
Summary of analysis of ATR-FTIR and RM data

ods are summarized in Table 1). The brightest pixel
yields the most Raman signal and, for that reason,
might be expected to yield the most reliable data for
estimating D, based on a single pixel (RM method
1, Table 1). The standard deviations associated with
these estimates reflect noise originating from the
measurement process. In addition to the noise associ-
ated with the RM measurement, differences in D,
between pixels originating from spatial variation in
biofilm transport properties contribute to the stan-
dard deviations for the mean D, estimates based on
individual data curves (RM method 2, Table 1).
Thus, evidence for RM detection of this spatia
variation in biofilm transport properties would be
provided by a significantly larger proportional stan-
dard deviation associated with D, estimates obtained
by method 2 than by method 1. By this criterion,
there is no strong evidence in Table 2 that variation
in D, estimates for pixels located in a row, across an
image, reflect differences in biofilm transport proper-
ties. The noise associated with the RM measurement
appears to be correlated between pixels in a row,
since proportional standard deviations are similar for
RM methods 1 and 3. (Data presented in Fig. 10b
(first exposure) is an exception in this respect: i.e.,
experiment 4, firsst RM measurement, Table 2.)

Experiment? M easurement® Thickness® ATR-FTIR RM
De.q (DO Des (2) D, (3) D, (D D,, (2 D, (3

1 ATR-FTIR 180 (10)° 89 (5) 50 (19) 57 (10)
2 RM 185 135(85) 110 (51) 105 (50)
3 ATR-FTIR 187 (11) 54(2) 34(2) 32(1)

RM 200 90 (39) 135 (49) 124 (62)
4 RM 175 56 (47) 114 (70) 118 (43)

ATR-FTIR 180 (9) 216 (14) 174 (19) 99 (9)

RM 184 154 (56) 280 (148) 312 (101)
5f ATR-FTIR 68 (10) 17(< 1) 15(< 1) 16 (1)
69 ATR-FTIR 143 (13) 63 (9) 37(9) 32(6)

#Experiment number: measurements for each experiment were performed on the same biofilm.
PFor experiments with multiple measurements, the sequence was from top to bottom: e.g., for experiment 4, the order of measurements

was. RM, ATR-FTIR, RM.

Estimated biofilm thickness (nm). See text for method of estimation.
dEffective diffusion coefficient in pm?/s estimated from ATR-FTIR (Do) or RM (D) data. Method of estimation is in parenthesis

and is summarized in Table 1.
®Mean (standard deviation); used throughout table.
fBiofilm with 90(8)% surface coverage.
9Istrain ATTC24433 (all other values are for strain CA-1).
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4, Discussion

The RM instrument used for these experiments
was designed for rapid acquisition of images describ-
ing the chemistry of a specimen. This design offers
an outstanding potential for characterizing the spatial
and tempora distribution of substances in a biofilm.
A large portion of this paper has been devoted to
methods development, aimed at evaluating the qual-
ity of information that can be obtained from a fairly
small sampling volume in a reasonably short time
period. It is anticipated that improvements in sensi-
tivity and software will alow transport properties of
biofilms to be mapped with increasing efficiency and
accuracy. Development of software to alow auto-
mated computation of baseline-subtracted areas for
each pixel of an array, thus facilitating construction
and analysis of RM data curves, would be relatively
trivial. There is reason to believe that the sensitivity
of an imaging instrument of the type used in these
experiments can be substantially increased. For
example, in a recent paper Raman spectra were
obtained from single cells (Schuster et al., 2000).
Conservatively, this is approximately 1000 X the
sensitivity obtained with the instrument used for the
analysis presented here.

The C. albicans biofilms cultured for these stud-
ies offer an ideal model system for integrating analy-
sis of ATR-FTIR and RM data. Confluent biofilms
can be cultured reliably from C. albicans strain
CA-1. The biofilms exhibit no large-scale architec-
tural features, such as morphologicaly distinct mi-
crocolonies incorporating numerous, relatively
densely packed cells, as were observed for some
bacterial biofilms (De Beer et a., 1997), and aso
popularized as stereotypical of all biofilms (Potera,
1996). Although one obvious application of the RM
is to eventualy characterize biofilms displaying
complex, large-scale architectural features, for pur-
poses of this methods development, these more
planar, more homogeneous bhiofilms are optimal.
Although biofilms having this relatively simple ar-
chitecture were cultured reproducibly for five experi-
ments, experience dictates that this result be pre-
sented humbly. Determination of all the parameters
required to culture microbial biofilms reproducibly is
not trivial. Initial attachment and colonization are
influenced by a complex interplay of factors includ-

ing microbial physiology, culture medium conditions
and substratum properties, and dlight variation in
these initial events may provide a trajectory for
development of biofilms with quite divergent struc-
tures and/or properties.

CHG is known to have persistent activity in the
oral cavity after the mouth has been rinsed (substan-
tivity) (Elworthy et al., 1996). This is the result of
CHG adsorption to, and subsequent slow release
from available binding sites on biological compo-
nents (Tsuchiya et al., 1999). Results here indicate
that CHG adsorbs preferentially to sites located prox-
imal to the substratum interface in biofilms. Data
obtained from a sterile system (no biofilm) indicate
that there are sites for CHG adsorption on the IRE
surface itself, probably the Ge oxide adlayer, and
that a significant number of additiona sites are
introduced by exposure of the Ge substratum to
culture medium. Although no direct evidence is pre-
sented here, preferential adsorption in the interfacial
regions of biofilmsis likely to be both to sites on the
Ge substratum and to organic moieties. These or-
ganic moieties likely consist of a mixture of medium
and cell derived components, primarily consisting of
biopolymers. We demonstrated previously that
biopolymers of different classes tend to accumulate
at the Ge substratum (Frglund et al., 1996).

Estimates for D,, based on analysis of the ATR-
FTIR data curves for confluent biofilms not previ-
ously exposed to CHG (experiments 1, 3 and 6) fall
in the range of 32-89 um?/s or 3.2-8.9 (10™")
cm?/s. This is a significant reduction from the esti-
mated diffusion coefficient for CHG in water (3.05
(107°%) cm?/s (Treybal, 1981)). Estimates of the
magnitude of transport limitation imposed by biofilms
on various substances have varied over a consider-
able range. Diffusion coefficients for small, un-
charged molecules are reduced by about 2-fold in
dental plague (McNee et al., 1979), while diffusion
coefficients for small charged molecules are reduced
by 10- to 20- fold (Tatevossian and Newbrun, 1983).
Using fluorescence photobleach recovery coupled to
confocal scanning laser microscopy (CSLM), effec-
tive diffusion coefficients for fluorescein and fluo-
rescein conjugated dextrans were found to be
reduced by nearly two orders of magnitude in Pseu-
domonas biofilms (Lawrence et al., 1994). However,
diffusion coefficients for fluorescein, measured by
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following accretion of a microinjected plumb in a
three-species biofilm microcolony, using CSLM,
were closer to the value for agueous solution (De
Beer et d., 1997). The acidic polysaccharide, agi-
nate, is the primary extracellular biopolymer pro-
duced by mucoid strains of Pseudomonas aerugi-
nosa. Effective diffusion coefficients for transport of
cationic AA, such as aminoglycosides, through algi-
nate have been reported to be reduced by 20 X their
value in aqueous buffer (Gordon et al., 1991).

RM and ATR-FTIR data for experiment 4 (Table
2) suggest strongly that hindered transport is due
primarily to adsorption of CHG to binding sites in
the biofilm. This may be the first direct in situ
measurement that supports this hypothesis, posed
previously (Nichols et al., 1989). Since some CHG is
adsorbing to the biofilm, it might be expected that
the RM data curves obtained from biofilms would
rise to pseudo-plateau values significantly higher
than that obtained for a sterile system (Fig. 3b).
However, this is not the case. Preliminary results
indicate that binding of CHG to C. albicans yeast
saturates at about an equivalent of 5% intracellular
concentration (data not shown). Thus, it may be that
signa from CHG adsorbed to the cellular mem-
branes compensates approximately for the sampling
volume excluded by the cells.

Estimates of D, based on RM data are consider-
ably higher than those based on ATR-FTIR data
(Table 2). One possible explanation is that biofilms
are more dense near the substratum, thus hindering
CHG transport more than less dense regions located
further from the base of the biofilm. Our measure-
ments provided no direct evidence for this hypothe-
sis. However, there is some indirect evidence. Firgt,
during development, microcolonies appear more
densely populated with yeast than upper regions of
confluent biofilms. Secondly, the thin biofilm of
experiment 5 yielded a substantially higher D, than
the thicker confluent biofilms.

The mathematical model used to analyze the data
curves is essentially a starting point. Previously, a
model was used that optimized parameters associated
with the adsorption processes presumed to occur
within the biofilm (Vrany et a., 1997). Here, these
processes were subsumed in an effective diffusion
coefficient. This black-box approach has the advan-
tage that it yields a tractable model for which param-

eters can be optimized even when adsorption in the
interfacial regionisincluded in the ATR-FTIR model.
It provides a fairly straightforward link between the
analysis of ATR-FTIR and RM data curves. In addi-
tion, it results in a prediction for the kinetics of
delivery of bulk, solution phase CHG to the base of
the biofilm, so that, using this model system, kinetics
of CHG action can be compared with kinetics of
CHG transport.
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