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An important feature of microbial biofilms is the development of four-dimensional physical and chemical
gradients in space and time. There is need for novel approaches to probe these so-called microenvironments
to determine their effect on biofilm-specific processes. In this study, we describe the use of seminaphthor-
hodafluor-4F 5-(and-6) carboxylic acid (C-SNARF-4) for pH microenvironment analysis in Pseudomonas
aeruginosa biofilms. C-SNARF-4 is a fluorescent ratiometric probe that allows pH quantification independent
of probe concentration and/or laser intensity. By confocal scanning laser microscopy, C-SNARF-4 revealed pH
heterogeneity throughout the biofilm in both the x,y and x,z planes, with values ranging from pH 5.6 (within
the biofilm) to pH 7.0 (bulk fluid). pH values were typically remarkably different than those just a few
micrometers away. Although this probe has been successfully used in a number of eukaryotic systems,
problems have been reported which describe spectral emission changes as a result of macromolecular inter-
actions with the fluorophore. To assess how the biofilm environment may influence fluorescent properties of the
dye, fluorescence of C-SNARF-4 was quantified via spectrofluorometry while the probe was suspended in
various concentrations of representative biofilm matrix components (i.e., proteins, polysaccharides, and bac-
terial cells) and growth medium. Surprisingly, our data demonstrate that few changes in emission spectra
occur as a result of matrix interactions below pH 7. These studies suggest that C-SNARF-4 can be used as a
reliable indicator of pH microenvironments, which may help elucidate their influence on the medical and

geobiological roles of natural biofilms.

In natural environments, microbes preferentially live in ma-
trix-enclosed, complex, integrated communities known as bio-
films. The fully mature biofilm is typified by a three-dimen-
sional structure made up of bacterial cells, a microbe-derived
polymer matrix, and interstitial water channels that facilitate
the exchange of nutrients and wastes with the surrounding
environment. A most remarkable feature of these complex
biofilm communities is the development of chemical gradients
(ie., pH, redox potential, and ions) due to the differential
diffusion of nutrients, metabolic products, and oxygen through-
out the biofilm (1, 14, 49, 50, 54). These gradients are parti-
tioned into so-called microenvironments produced by the di-
verse microbial physiology and local physicochemical
properties found within a biofilm, so that the conditions within
a microenvironment can be profoundly different from those
encountered in the bulk phase.

This feature of biofilms has been recognized in a number of
natural and clinical environments. For example, the heteroge-
neous charge distribution of various matrix polymers is thought
to contribute to biofilm antimicrobial tolerance through sorp-
tion or deactivation of chemically reactive biocides (20, 24, 25,
31, 35). pH and redox gradients within biofilms have also been
implicated in driving global geochemical cycles by altering the
speciation of inorganic ions (9, 27, 30, 32). Although the con-
cept of the microenvironment is widely accepted, its dynamic
spatial and temporal complexity makes it difficult to define
precise associations between these gradients and specific bio-
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film processes. Accordingly, there is a need for novel ap-
proaches to define the physical and chemical properties of
biofilm microenvironments. Such approaches will help eluci-
date the environmental and clinical phenomena driven by
small aggregates of cells within microbial communities.

Gradients of ion concentrations have been extensively stud-
ied in the past, either at the micrometer scale by means of
microelectrodes (1, 6, 15, 37, 39, 41, 51, 54, 56) or at higher
resolution using fluorescent imaging in which probes exhibit
spectral emission changes in response to changing ion concen-
trations (12, 50). These techniques, however, are not without
their limitations—microelectrode resolution is restricted (i.e.,
based on electrode tip size), ion-sensitive probes are not always
suitable for quantitative microscopy (due to compartmental-
ization and photobleaching of the probe) (2, 50), and highly
advanced technologies (such as multiphoton microscopy) (40,
45) are not accessible to all laboratories. Ratiometric imaging
has been recently introduced (47); here, protonation of specific
fluorophores shifts their emission spectra so that increasing ion
concentration increases fluorescent intensity at one wavelength
and decreases it at another. The ratio of intensities obtained at
both wavelengths serves as a quantitative measure of pH. This
method has previously been applied to biofilm systems (4, 16)
but not with the probes used in our report; the older probes
used previously have been discontinued. 5-(and-6)-Carboxy-
seminaphthorhodafluor-1 (C-SNARF-1) is a ratiometric dye
that has seen considerable use in studying [H"] in eukaryotic
systems (2, 3, 33, 34, 52). To our knowledge, however, its use
in microbial systems has not been reported.

This study assesses the potential of a fluorinated derivative
of C-SNARF-1, seminaphthorhodafluor-4F 5-(and-6)-carbox-
ylic acid (C-SNARF-4), as a quantitative indicator of pH mi-
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croenvironments in microbial biofilms. C-SNARF-4 has dual-
emission properties but has a slightly lower pH sensitivity
maximum (pK, ~6.4) relative to its other C-SNAREF relatives,
making it more suitable for use in the slightly acidic environ-
ments expected in our biofilms (21). We have used
C-SNARF-4 in combination with confocal scanning laser mi-
croscopy (CSLM) to study single-species Pseudomonas aerugi-
nosa communities and the pH of their microenvironments.
Since there have been recent reports suggesting C-SNARF
emission characteristics can be influenced by the probe’s inter-
action with various cell components (7, 23, 38, 48, 55), we
wanted to determine the extent to which biofilm components
(i.e., proteins, exopolymers, and bacterial cells) influence C-
SNARF-4 emission properties. Accordingly, spectrofluoromet-
ric analyses were used to determine the effect of representative
matrix components (alginate, bovine serum albumin, P. aerugi-
nosa cells, and growth medium) on the spectral emission prop-
erties of the fluorophore. Novel fluorescent techniques such as
this are required to fully understand the contributions of pH
microenvironments to biofilm-specific processes.

MATERIALS AND METHODS

Bacterial strains, culture conditions, and biofilm development. Pseudomonas
aeruginosa PAO1 was used throughout this study and was obtained from J. Lam
(University of Guelph). To visualize biofilm growth, a gfp-tagged PAO1 was used
possessing plasmid pMF230 (36), which contained the gene for green fluorescent
protein (GFP) containing the mut2 mutation (13). GFP was expressed constitu-
tively. Strains were maintained on Trypticase soy agar (Becton Dickinson). When
required, carbenicillin was added at 300 pg per ml. A dilute broth medium
(Trypticase soy broth [TSB]) was used for the flow system to grow biofilms at a
concentration of 3 g per liter (dTSB), which is 1/10 the recommended concen-
tration. The pH of dTSB was adjusted to 6.8. When bacteria containing pMF230
were analyzed, 50 pg of carbenicillin per ml was added to the dTSB.

Biofilms were cultivated at room temperature in single-channel flow cells (1 by
10 by 40 mm; Biosurface Technologies Inc., Bozeman, MT) supplied with dTSB
at a flow rate of 0.1 ml/min for 7 days using a Manostat Carter multichannel
peristaltic pump (Barnant, Barrington, IL). Flow cells were sterilized using 75%
(vol/vol) ethanol. Once sterile, flow cells were conditioned with dTSB for 24 h,
at which point the flow system was inoculated with an overnight culture of PAO1
(optical density at 600 nm = 0.6) through an upstream injection port. After
inoculation, flow was arrested to facilitate bacterial adhesion for 1 h. Following
attachment, flow was resumed and the substrate was pumped through at a
constant rate of 0.1 ml/min for 7 days.

Spectrofluorometric assays. To calibrate C-SNARF-4 photon emissions and to
assess the dye’s potential use in probing biofilm microenvironments, small vol-
umes of a 1 mM stock solution of C-SNARF-4 in dimethyl sulfoxide were added
to pH-adjusted 50 mM HEPES. Final pHs were 5.6, 6.0, 6.4, 6.8, 7.2, and 7.6. The
final probe concentration ranged from 1 uM to 10 uM to determine the effects
of compartmentalization on emission intensity. Samples were mixed, allowed to
equilibrate for 15 min, and transferred to a quartz cuvette (path length, 0.5 cm).
C-SNARF-4 emission spectra were recorded on a Quantamaster C-61 steady-
state spectrofluorometer (Photon Technology International, Lawrenceville, NJ)
using an excitation wavelength of 488 nm, emission wavelengths of 580 nm and
640 nm, and a slit width of 2 nm. To determine the C-SNARF-4 fluorescence
ratio, background fluorescence (bkgd) was subtracted at each emission wave-
length 640 and 580 nm) as calculated in equation 1.

Ratio = (Emgyy — Emgygpea)/(Emsgg — Emsggpiea) 1

Titration curves were calculated and used to convert fluorescence emission
ratios to pH. To assess the influence of matrix components on C-SNARF-4
emissions, samples were prepared by adding C-SNARF-4 (10 wM) to pH-ad-
justed dTSB or characteristic matrix components (10° cells; 1% or 2% [wt/vol]
alginic acid or 1% or 2% [wt/vol] bovine serum albumin [BSA]) in pH-adjusted
HEPES. All samples were mixed, allowed to equilibrate for 15 min, and quan-
tified via spectrofluorometry using the calibration sample settings. Emission
ratios were determined according to equation 1.
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Confocal scanning laser microscopy. All biofilm images were collected using a
Leica TCS SP2 CSLM (Leica) equipped with an Ar/Kr 488-nm laser, and a
488/514 dichroic beam splitter which provided optimal signal analysis from the
GFP and C-SNARF-4. A 40%/1.00 positive low Fluotar oil immersion lens was
used to collect 2,056- by 2,056-bit resolution images in the x,y and x,z planes.
Depths quoted in this paper are the distances from the substratum to the focal
plane.

GFP-tagged biofilms were excited at 488 nm and emission was detected at 510
nm. Since our CSLM does not lend itself to continuous monitoring of biofilm
growth, flow cells were clamped to stop dTSB flow and imaged within 15 min.
GFP intensity was quantified using LCS confocal software.

To determine the spatial distribution of pH microenvironments, biofilms were
treated with 1 ml of dTSB supplemented with C-SNARF-4 at a final concentra-
tion of 10 wM. Once biofilms reached maturity (7 days), flow cell inputs were
clamped, and spent medium was carefully removed via a syringe through the
upstream injection port. The fresh dTSB-C-SNARF-4 solution was carefully
introduced through the same injection port to minimize structural damage to the
biofilm. Flow cells were clamped, and biofilms were imaged within 15 min of flow
stoppage to minimize the accumulation of acidic metabolites, which may artifi-
cially modify local pH microenvironments. C-SNARF-4-treated biofilms were
excited at 488 nm, and emission was detected in two channels at 580 nm and 640
nm. pH microenvironments were determined from a series of two-channel op-
tical sections by calculating the ratio of emission intensity (i.e., pixel values)
between the two channels (Emgg m/Emsgg nm)- All intensities were determined
using LCS software. Images were enhanced using Photoshop software (Adobe,
Mountain View, Calif.) for presentation purposes only.

Identical calibration standards were used for CSLM as they were for spec-
trofluorometry, though only 10 uM C-SNARF-4 was used. Samples were mixed
and imaged in 200-pl sample wells and imaged using settings identical to those
for the biofilm samples. Titration curves of ratios versus pH were calculated
using LCS software according to equation 1 and were used to convert
C-SNARF-4 emissions ratios to biofilm pH values. As a control, untreated
biofilms were also imaged to ensure that autofluorescence of biological material
would not interfere with pH quantification.

Image analysis. C-SNARF-4 emissions within the biofilm were evaluated with
LCS software by selecting 20 regions of interest from the image pairs (580 nm
and 640 nm). Each region of interest was ~50 um? of biofilm area, providing an
average measure of pH within each region. The regions of interest were selected
from the bulk fluid phase and microcolony fringes and throughout the centers of
microcolonies. Emission ratios between the two image pairs were determined,
and pHs were determined based on calibration titration curves.

RESULTS

Fluorescence spectra in buffer. C-SNARF-4 was calibrated
in a series of pH-adjusted buffers (pH 5.6 to 7.6, the expected
pH levels in the biofilm) at various concentrations. As our data
were obtained spectrofluorometrically, as well as by quantita-
tive CSLM imaging, we measured an identical set of calibra-
tion solutions by both techniques. The calibrated emission
spectra (540 nm to 680 nm) for C-SNARF-4 (10 wM) obtained
in pH-adjusted HEPES solutions are shown in Fig. 1a and b.
When samples were excited in the fluorometer at 488 nm, the
emission spectrum of the probe exhibited peaks of fluores-
cence emission at 580 nm and ~650 nm (Fig. 1a). As the pH of
the solution increased from 5.6 to 7.6, emission intensities
recorded at 580 nm decreased, whereas the emission intensi-
ties recorded at 640 nm increased. The intensities of the two
channels were equal at approximately pH 6.4. When quantified
by CSLM, the emission bands also had their maxima close to
580 nm and 640 nm, and intensities at both wavelengths un-
derwent similar changes in response to increasing pH levels
(Fig. 1b). However, in this system, emission intensities were
significantly greater at the shorter wavelength (580 nm) than
the spectrofluorometry data, while they remained relatively
consistent at the higher wavelength (640 nm). This suggests
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FIG. 1. Emission spectra of C-SNARF-4 in various pH-adjusted
HEPES solutions, buffered to pH 5.6, 6.0, 6.4, 6.8, 7.2, and 7.6. Iden-
tical samples were excited at 488 nm and fluorescence emission levels
(arbitrary units [a.u.]) were recorded by spectrofluorometry (a) or
CSLM (b). (c) Corresponding emission intensity ratios (640 nm/580
nm) for spectrofluorometric data (CJ) and CSLM emissions (m). Note
that emission ratios remained constant, although emission spectra var-
ied according to probe concentrations (1 pM, 2 uM, and 10 uM).

that C-SNARF-4 probe fluorescence ratios can be influenced
by the spectral sensitivity of the instrument used.

To use these data to determine pH in biofilm systems, the
ratio of emission intensities at 640 to 580 nm were determined
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and shown in Fig. lc. Standard deviations of fluorometry-
derived calibration ratios ranged from ~0.3 pH units at near-
neutral pH values (i.e., pH 7.6) to less than 0.1 pH unit at more
acidic pH values (pH 5.6). CSLM ratios showed a standard
deviation of less than 0.2 pH units at all pH levels used in this
experiment. When decreasing fluorophore concentrations
were used (1 uM and 5 pM), emission intensities decreased
significantly in both systems; however, the emission intensity
ratios seen here remained constant for each instrument at all
concentrations (data not shown). These observations corrobo-
rate that emission ratios are proportional to pH and will not be
affected by compartmentalization of the probe throughout the
matrix.

CSLM micrographs depicting SNARF fluorescence inten-
sity in 50 mM HEPES adjusted to pH 5.6 and 7.2 are shown
in Fig. 2. Image pairs at 580 nm (green) and 640 nm (red) are
combined in each micrograph. These two images clearly show
a difference in green and red pixel intensity at acidic and
neutral pH values, suggesting that SNARF-4 can be used in
combination with confocal microscopy to visually identify pH
microenvironments that exist within PAO1 biofilms.

SNAREF interaction with matrix components. To assess po-
tential interactions of CSNARF-4 with components of the bio-
film matrix and the growth medium, the probe was incubated
with various concentrations of exopolysaccharides (alginate),
protein (BSA), bacterial cells (P. aeruginosa PAO1), and
growth medium (dTSB). Spectrofluorometric analysis revealed
that from pH 5.6 to 7.0, there was little difference in
C-SNARF-4 emissions whether in pH-adjusted buffer or in the
presence of matrix components (Fig. 3a). Above pH 7.2, how-
ever, bacterial cell/C-SNARF-4 samples revealed an increase
in fluorescent intensity ratio (640 nm/580 nm), and showed
even greater variation at pH 7.6. This was not surprising,
though, since some of our images showed internalization of the
pH probe by P. aeruginosa cells (Fig. 3b), which likely regu-
lated their internal pH at a level more alkaline than that of the
surrounding environment. Internalization would lead to pro-
tonation-deprotonation of the probe, thus influencing its emis-
sion intensity. At pH 7.6, emission ratios were slightly higher in
alginic acid and BSA samples, though this variation translated
into a difference of only 0.2 pH units. (It is possible that the
higher concentration of ionizable carboxylate groups on the
alginic acid somehow affected the emission characteristics of
C-SNARF-4.) These results suggest that even if the fluoro-
phore does become bound or interacts with biofilm compo-
nents, particularly alginate and BSA, C-SNARF-4 is still highly
sensitive to pH changes and alters its emission spectra accord-
ingly.

When various concentrations of BSA and alginate were used
(0.5, 1.0, and 2%), emission ratios below pH 7.0 remained
constant, while fluorescence above 7.0 showed a concentra-
tion-dependent change in emission intensity (data not shown).
This indicated that a heterogeneous distribution of matrix
components throughout the biofilm could result in emission
ratio variation of C-SNARF-4 in slightly alkaline microenvi-
ronments.

Biofilm growth and microbiology. Due to the dynamic na-
ture of a microenvironment, it is important to establish a point
in time when the biofilm has matured to a quasi-steady state in
terms of its three-dimensional architecture before characteriz-
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pH 7.0

FIG. 2. CSLM image slices of SNARF-4 suspended in pH-adjusted 50 mM HEPES buffer. Samples were imaged in 200-pl sample wells, and
fluorescence intensity was independent of depth throughout the sample. The ratio of intensity of the red channel to green (640 nm/580 nm) is
indicative of the ambient pH. Although concentration changes can affect pixel intensities, C-SNARF-4 concentrations in these two micrographs
are identical (10 wM).

ing the gradients that have developed within it. GFP-labeled this probe gave an accurate representation of biofilm structure
PAOL1 provided easy monitoring of biofilms over the course of in CSLM. Early biofilm development (24 to 48 h) frequently
7 days, by allowing us to visualize cells as they reconfigured revealed individual cells colonizing the flow cell surface, while
their community. Though GFP did not reveal the distribution only a few small clusters of cells were observed (data not
of extracellular polymers throughout the biofilm, we felt that shown). Only after 60 h did the microcolonies start to develop

Ratio (640/580)

54 5.8 6.2 6.6 7 74 7.8

a) b)

FIG. 3. (a) Fluorescence ratios of C-SNARF-4 from stained suspensions of representative matrix components (A, 1% alginic acid; ¢, 1% BSA;
m, 10° CFU/ml P. aeruginosa; O, dTSB; [J, 50 mM HEPES). Above pH 7, bacterial cells, alginic acid, and BSA showed a concentration-dependent
increase in emission ratios, suggesting an interaction of biofilm matrix components with C-SNARF-4. (b) C-SNARF-treated Pseudomonas
aeruginosa planktonic cells. Some microbes show internalization of the probe, which can alter fluorescence emission levels due to intracellular pH
differences.
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FIG. 4. CSLM micrograph of GFP-labeled PAO1 showing biofilm
morphology after 7 days of growth. Subsequent biofilm development
maintained an average thickness of ~40 wm and an average diameter
of ~90 pm, indicating a pseudo-steady state. Bar, 40 pm.

vertically into structures typical of P. aeruginosa biofilms. After
72 h of cultivation, biofilm communities began to show distinct
structural features, typified by cell clusters (microcolonies) or-
ganized into 80- to 100-pwm-diameter pillar structures that were
separated by large areas of uncolonized substratum (Fig. 4). As
biofilms continued to grow past this point, microcolonies main-
tained an average thickness of ~40 um and an average diam-
eter of ~90 wm. Based on the consistency of these structural
features (thickness and diameter), it was determined that after
96 h of flow-cell cultivation, biofilms had reached maturity (i.e.,
quasi-steady state). It was likely that pH microenvironments at
this point were most representative of natural conditions in
mature biofilms. As a result, it was these biofilms that were
subjected to further C-SNARF-4 analysis.

pH microenvironments in PAO1 biofilms. C-SNARF-4 al-
lowed us to visualize acidic microenvironments in P. aeruginosa
PAO1 biofilms. Figures 5b, ¢, and d reveal a typical C-SNARF-
4-treated biofilm at three different focal planes inx and y of the
microcolony that is shown in the bright-field micrograph in Fig.
5a. The thickness of the microcolony was approximately 50 pm
and focal planes are shown at 40-pm (5b), 20-pm (5c), and
5-pm (5d) distances from the substratum. pH values were
determined for 5 to 10 regions of interest within three different
areas of the biofilm (bulk fluid, microcolony edges, and center
of the microcolony). By determining the ratio of pixel intensity
(red/green) in these regions, we were able to distinguish the
presence of distinct horizontal pH heterogeneity throughout
the biofilm. pH imaging at the 40-pm plane (Fig. 5b) revealed
a nearly homogenous pH profile, with an average pH of 6.7 =
0.1. pH values in the bulk fluid and within the microcolony
tended to be within 0.2 pH units of the growth medium (pH
6.8). Some areas appeared to have lower fluorescence intensity
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than the rest of the region within the micrograph, which may
indicate restricted diffusion of the probe into the microcolony.
However, ratiometric calculations account for a lower concen-
tration of probe within the biofilm. pH profiles obtained closer
to the substratum (i.e., deeper in the biofilm) (Fig. 5S¢ and d)
showed much more pH variation relative to the microcolony at
the fluid-biofilm interface. The pH values shown at 20 pwm from
the substratum (Fig. 5¢) ranged from 6.1 = 0.3 at the center of
the microcolony to 6.3 = 0.2 at the edges of the biofilm. More
alkaline microenvironments tended to be located in areas to-
wards the edge of the biofilm, although this varied depending
on sampling location. C-SNARF-4 emissions nearest the sub-
stratum (Fig. 5d) also showed remarkable variation in pH
relative to higher regions of the biofilm. At this depth, average
pH values towards the center of the microcolony (6.0 = 0.3)
were also more acidic than the surrounding areas (6.3 * 0.2),
although this also varied depending on location. In virtually all
regions of the biofilm, pH values were often quite different
from regions of the same biofilm just a few micrometers away.
In all focal planes, bulk fluid pH generally remained near
neutral, although a slight drop in pH was observed (0.2 U) in
some areas, typically nearest the substratum (not shown).
These data suggest a significant heterogeneous environmental
chemistry throughout and on the exterior of the biofilm matrix.

A typical x,z profile also shows distinct pH variation (Fig. 6).
As seen in the horizontal cross-sections, pH values in the
center of the microcolony were generally more acidic than
those in the bulk fluid phase (~6.8, the pH of the growth
medium). Average values near the biofilm-fluid interface were
6.4 = 0.2, whereas average pH levels deeper in the biofilm
were 6.1 = 0.3. In some areas, however, pH was more alkaline
in deeper regions of the biofilm than in surrounding areas, and
no identifiable pH gradients (i.e., top to bottom) were seen
throughout this study.

The highest pH detected in this study was 7.0, and this was
found in the bulk fluid phase, whereas the most acidic envi-
ronment detected (pH 5.6) was located in the center of a
microcolony (values not shown). No detectable levels of fluo-
rescence were present in untreated biofilms, which confirmed
that autofluorescence of biological material did not contribute
to pH measurements (data not shown).

DISCUSSION

As microbial communities mature, the heterogeneous con-
sumption of nutrients and production of metabolic wastes, in
combination with diffusion limitations on chemical species
throughout the biofilm matrix, generate so-called microenvi-
ronments (i.e., those minute regions associated with biofilms
that are a few micrometers in diameter). These become re-
markably different from the physical and chemical conditions
that exist in the surrounding bulk fluid phase. Although this
heterogeneity is well recognized, the direct implications of
these microenvironments (notably pH and redox potential) on
biofilm-specific phenomena have been elusive and difficult to
detect at high spatial resolution in real time. For example,
microelectrodes have difficulty monitoring regions <10 to 25
wm?, and their physical insertion can perturb the biofilm, af-
fecting cell growth and matrix physicochemistry. For this rea-
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FIG. 5. Bright-field (a) and ratiometric CSLM image slices (b, ¢, and d) of a C-SNARF-4-treated biofilm at 5 pm (b), 20 um (c), and 40 pm
(d) from the biofilm-bulk fluid interface. Data shown represent average pH levels over an area of 50 pm?. pH was determined in the bulk fluid
(white), the biofilm-fluid interface (yellow), and deep within the biofilm (red). Although fluorescence intensity may appear different in areas of
similar pH, the ratio of red/green intensity is constant, giving a quantitative measure of pH. Frequently, pH values are remarkably different in areas
located just a few micrometers away from each other, indicating discrete pH microenvironments throughout the biofilm. Bar, 40 pum.

son, other approaches have been highly sought after to define
the physicochemical properties of these microenvironments.
In this work, we describe the use of C-SNARF-4, a single-
excitation, dual-emission fluorescent pH indicator in probing
pH microenvironments that exist within the P. aeruginosa
PAOL1 biofilm matrix. The pH-sensitive chemical structure of
the C-SNARF-4 probe is shown in Fig. 7. Above pH 5, it is

assumed that the dye exists as a mixture of two forms, the
monoanionic (naphthol) and dianionic (naphtholate) states,
between which a pH-sensitive equilibrium is established de-
pending on the acidity or alkalinity of the solution (21, 22). In
basic aqueous solutions above pH 9, the phenol and carboxylic
acid groups of the probe become completely ionized. It is
believed that acidification of a solution first protonates the
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FIG. 6. x,z CSLM image section of a C-SNARF-4-treated biofilm.
The top represents the biofilm-bulk fluid interface, while the bottom of
the image represents the substratum. Average pH values were ob-
tained from 50-wm? areas in the bulk fluid (white text), the biofilm-
fluid interface (yellow text), and within the microcolony (red text). Bar,
20 pm.

phenol group (pK, ~6.4) of the dianion to yield the
C-SNARF-4 monoanion. Though further acidification below
pH 5 generates neutral and cationic forms of the dye, these
forms are nonfluorescent and contribute little to the emission
properties of the dye molecule (Molecular Probes Technical
Support, personal communication). Generation of the naph-
thol species through acidification alters the emission spectrum
of the probe, so that acidic conditions increase the intensity of
the probe at 580 nm and decrease it (or keep it constant,
depending on instrumentation sensitivity) at 640 nm. As shown
here, the ratio between both wavelengths (640 nm/580 nm) is
independent of probe concentration, which is consistent with
previous studies (34). This allows the relative concentrations of
the protonated and unprotonated forms to be quantified, pro-
viding an accurate and reliable measure of pH in a given
environment. These pH-sensitive properties of C-SNARF
probes have been used successfully in quantifying pH in per-
fused myocardium (34), mitochondria (46), internal pH in Sac-
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charomyces cerevisiae (2), and several other eukaryotic systems.
To our knowledge, this is the first time that the use of a
C-SNARF probe has been applied to the study of biofilms.
The use of C-SNARF probes has several advantages over
other available techniques. Most importantly, spectral charac-
teristics of these fluorophores permit dual-emission ratiomet-
ric imaging. As a result, fluorescent intensity in a given envi-
ronment is independent of probe concentration, overcoming
theoretical problems due to compartmentalization or seques-
tration of the probe. Another potential limitation of fluores-
cent pH imaging is the loss of fluorescence intensity due to the
inner filter effect of thick samples. It has previously been
shown, however, that SNARF emissions are not affected in
semisolid media up to 200 pm in thickness (much thicker than
P. aeruginosa biofilms) (34). C-SNAREF probes have also been
found to become photosensitive over lengthy experiments (11),
which could be a significant limitation. However, one study
suggests that C-SNARF probes are only sensitive to photo-
bleaching above pH 7.3 (i.e., the protonated form), since most
light is absorbed by the protonated dye (5). As the pH is
increased above the pK, of the probe, the unprotonated form
absorbs the bulk of the incident light, and bleach rates are
increased. Since the pK, of C-SNARF-4 is lower than that of
other SNARF probes, it may be sensitive to photobleaching at
lower pH levels. However, it has been noted that in short-term
experiments such as this one, pH equilibration of the probe
occurs much faster than photobleaching, otherwise, emission
ratios would be homogeneous throughout the sample.
Although fluorescent imaging with C-SNARF-4 may con-
tribute to our understanding of biofilm physiology, inherent
restrictions of the probe may preclude its use in some environ-
ments. For example, the pK, (~6.4) of C-SNARF-4 may limit
its use in some acidophilic biofilms such as dental biofilms,
where pH levels have been shown to drop down below pH 3
following fermentation of dietary carbohydrates (50). Photon
absorption and scatter may also restrict their use in thick bio-
films or deep microbial mats, which often exceed 10 cm in
thickness. Microelectrodes remain a more attractive option in
these applications. Another minor drawback of C-SNARF

{CHy),N

FIG. 7. Chemical structure and pH-dependent equilibrium of C-SNARF-4. As pH is lowered, protonation of the phenol group (pK, = 6.4) of
the monoanion (naphthol form) yields the dianion (naphtholate form). The concentration of each is determined by the acidity or alkalinity of the
microenvironment. Since each form has a characteristic emission maximum at different wavelengths (580 nm and 640 nm), fluorescence emission

ratios can reliably be used to quantitatively determine pH.
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probes would be when the pH of the system is near that of the
surrounding milieu (46). Here, pH-dependent emission inten-
sity may make it difficult to distinguish boundary layers of the
biofilm (i.e., biofilm-fluid interface), requiring localization in-
formation to be obtained at the same time (i.e., phase-contrast
light microscopy). Finally, even though the spatial organization
of pH microenvironments may be such that they approach
smaller so-called nanoenvironments or beyond, quantification
of pH using these techniques is limited by the resolution of the
digital image. As can be expected, detector resolution of the
confocal microscope surpasses what can be represented in a
micrograph.

Interactions of fluorescent probes with matrix components
could also potentially complicate usage of any indicator. For
example, Vecet et al. (48), House (23), and Seksek et al. (42)
have all described non-pH related interactions of SNARF
probes with eukaryotic intracellular compounds, presumably
by charge-charge interaction. Our study, however, shows that
the interaction of C-SNARF-4 with alginic acid, BSA, or
growth medium at natural pH and below does not seem to
influence fluorescence emission characteristics of the probe.
Alginic acid (alginate), a heteropolymer of mannuronic and
guluronic acids, is often suggested to be the dominant extra-
cellular polymeric substance component in mucoid P. aerugi-
nosa biofilms. It should be noted, however, that this polymer is
not normally produced by common laboratory strains such as
PAOL (43, 53). Yet, highly charged polymers such as alginate
are frequently encountered in natural biofilms of all sorts. For
this reason, we feel that alginate provides a suitable control
polymer due to its highly anionic nature, while providing a
convenient model compound to mimic interactions between
C-SNARF-4 and microbial polymers. Interestingly, no delete-
rious interactions were observed between alginate and
C-SNARF-4 at pH 7.0 or below. Only at pH 7.2 and above did
emission ratios slightly change. Though BSA is not a compo-
nent of biofilm matrices, it provides a well-characterized model
macromolecule to assess interactions of C-SNARF-4 with bio-
film matrix proteins. BSA contains a high content of charged
amino acids (Asp, Gln, Lys, and Arg) and cystine residues, is
able to reversibly bind a wide variety of ligands, and undergoes
conformational isomerization with changes in pH (26), making
this protein a likely candidate to influence the fluorescence
properties of C-SNARF-4. Surprisingly, at neutral pH and
below, no change in ratio was observed when C-SNARF-4 was
incubated with various concentrations of BSA. These results
differ from those previously reported (42), which show a sig-
nificant alteration in emission spectra. More recently, however,
it was determined that the SNARF variant used in that study
(C-SNARF-1) contained a contaminant able to bind to BSA,
which led to discrepancies between intracellular and cell-free
spectral properties (55). C-SNARF-4 differs from the probe
used in that study as it has a lower pKa value (6.4 compared to
7.5) due to a fluorine atom, and it lacks the acetoxymethylester
substituent. These may contribute to different interactions with
BSA. Lipid-associated molecules (i.e., lipoproteins) and nu-
cleic acids are also known to be common components of bio-
film matrices, although they were not investigated in this study.
It has been established, however, that lipids (42, 48) and dou-
ble-stranded and heat-denatured DNA (42) induce no change
in SNARF-1 fluorescence.

APPL. ENVIRON. MICROBIOL.

When C-SNARF-4 was incubated with alginate and BSA
above pH 7, it showed a concentration dependent change in
ratio, which translated into a pH difference of 0.2 to 0.3 units.
It is likely that at higher concentrations of alginate and BSA
there would be even greater discrepancies. However, EPS fre-
quently exists at a concentration of 1 to 2% (wt/vol) in natural
biofilms (18, 19). It is possible that some microenvironments
may be less hydrated and contain a higher concentration of
EPSs, but in our opinion, under most circumstances, natural
EPS and protein (and presumably other exopolymer) concen-
trations should not be a hindrance with C-SNARF-4 ratiomet-
ric staining. Yet, alkaline systems may generate significant er-
rors in pH measurements when this probe is used to determine
microenvironment pH. This would be especially true if there is
a heterogeneous distribution of EPS throughout the matrix.

The principal findings of this research demonstrate that CS-
NARF-4 can be used as a reliable quantitative indicator of pH
in microenvironments of P. aeruginosa biofilms in situ. At low
matrix densities, there is so little interaction between probe
and exopolymer that emission spectra are not altered. With a
calibration curve obtained in cell-free pH-adjusted buffer so-
lutions and once fluorescence ratios in C-SNARF-4-treated
biofilms were converted to [H*], this probe revealed significant
pH heterogeneity in microenvironments at all x, y, and z zones
of the biofilm matrix, suggesting diverse microbial metabolic
rates and restricted diffusion of nutrients, wastes, and other
acidic metabolites throughout the biofilm.

The spatial variation in pH shown in this study may have
several implications for biofilm structure and function. For
example, Stoodley et al. (44) revealed that changes in bulk
fluid pH alter the physical properties of a biofilm, reducing the
thickness of a biofilm by 30% when grown in pH 3 buffer,
relative to those grown at neutral pH. This is to be expected
with matrix biopolymers that are ionizable and depend on
electrostatic interaction. pH should contribute to most physi-
cochemical properties such as polymer-polymer, ion-polymer,
and macromolecule-polymer interactions, and even polymer
motion, gyration, and polymer-polymer entwining. From a
clinical perspective, a pH gradient that ranges from 5.6 to 7.0
could potentially alter such rheological properties so that the
biofilm matrix could serve as a significant physical barrier to
antibiotic penetration through size-dependent exclusion of
molecules from the EPS matrix (29). A change in matrix chem-
istry (as a result of pH) may also lead to protonation-depro-
tonation of an incoming antibiotic such that matrix polymers
inhibit the action of these biocides through sorption and/or
inactivation.

Biofilm biogeochemistry is also highly sensitive to changes in
pH. For example, Barker et al. (4) have identified a strong
dependence of mineral dissolution and bioweathering rates on
pH, which are likely affected by pH microenvironments. Ferris
et al. (17) also showed that metal uptake by wastewater bio-
films was 12-fold greater at pH 7.0 than at pH 3.1. Since
biofilms have been explored in potential bioremediative appli-
cations, understanding the effect of microenvironments on bio-
film-metal uptake processes is highly desirable, so as to ma-
nipulate these systems to our advantage. Other previous
studies (8, 9, 27, 28, 30) have proposed that pH and redox
fluctuations in microenvironments could cause a heteroge-
neous distribution of mineral phases within natural biofilms.
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On a geological time scale, it is believed that by locally medi-
ating solution chemistry, subpopulations of microbes within a
biofilm can ultimately determine the state and availability of a
metal, so that different mineral phases that form only under
discrete geochemical conditions (pH and E,; e.g., goethite,
hematite, and magnetite) form within micrometers of one an-
other. The pH distribution in our study (pH 5.6 to pH 7.0) may
not be sufficient to explain mineral distributions described in
previous studies; however, iron Pourbaix diagrams suggest that
if the differential diffusion or metabolism of oxygen generates
regions of low E,, pH gradients observed in this study may
indeed create localized geochemistry that promotes the forma-
tion of discrete mineral phases. The spatial distribution of
these mineral precipitates may serve as a micrometer-scale
analogue to larger sedimentary deposits such as banded iron
formations (10).

Our present study should help in the understanding of the
role pH in microenvironments plays in the medical and geo-
biological role of natural biofilms. We are currently exploring
the geobiological aspects.
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