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Research about the reactional and structural dynamics of biofilms at the molecular level has made great
strides, owing to efficient fluorescence imaging methods in terms of spatial resolution and fast acquisition time
but also to noninvasive conditions of observation consistent with in sifu biofilm studies. In addition to
conventional fluorescence intensity imaging, the fluorescence recovery after photobleaching (FRAP) module
can now be routinely implemented on commercial confocal laser scanning microscopes (CLSMs). This method
allows measuring of local diffusion coefficients in biofilms and could become an alternative to fluorescence
correlation spectroscopy (FCS). We present here an image-based FRAP protocol to improve the accuracy of
FRAP measurements inside “live” biofilms and the corresponding analysis. An original kymogram represen-
tation allows control of the absence of perturbing bacterial movement during image acquisition. FRAP data
analysis takes into account molecular diffusion during the bleach phase and uses the image information to
extract molecular diffusion coefficients. The fluorescence spatial intensity profile analysis used here for the first
time with biofilms is supported both by our own mathematical model and by a previously published one. This
approach was validated to FRAP experiments on fluorescent-dextran diffusion inside Lactoccocus lactis and
Stenotrophomonas maltophilia biofilms, and the results were compared to previously published FCS

measurements.

Biofilms are spatially organized populations of microorgan-
isms associated with surfaces in any natural or man-made en-
vironment and embedded in a highly hydrated matrix made up
of extracellular polymeric substances (EPS). This intercellular
matrix constitutes the true interface between the cells and their
environment. Convergent evidences suggest a permanent re-
organization of the matrix as an adaptive response of the
microbial community toward a changing environment (2, 12,
14). In response to external changes, bacteria may metabolize
and/or produce a variety of organic exopolymers (polysaccha-
rides, DNA, proteins, etc.) with different physicochemical
properties. These EPS may act as a defensive barrier against
aggressive environmental parameters (e.g., antimicrobials or
predation by bacteriophages, protists, or phagocytes) (6, 8). A
deeper understanding of the interrelations between the struc-
ture, the reactivity, and the variability of the extracellular poly-
meric matrix fastening together surface-associated bacteria is
of major importance in the comprehension of the biofilm mode
of life. For this purpose, the use of specific microelectrodes or
ex situ analysis following extraction of polymers has been re-
ported (7, 21). However, these approaches are invasive and
poorly resolutive and do not allow dynamic observations of
biofilms over time. In recent years, it has been shown that
analysis of EPS properties could be greatly improved by using
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optical-microscopy methods that allow noninvasive in situ ob-
servations.

Confocal laser scanning microscopy (CLSM), in conjunction
with the use of fluorescence reporters, allows direct visualiza-
tion of the three-dimensional structure of spatiotemporal bio-
film and its evolution under environmental stress (e.g., antimi-
crobials, phages, and protists). Using time lapse imaging, it is
possible to track over time the mobility of free molecules in
such spatially organized biosystems (16, 19). However, only
average diffusion coefficients over the macrostructure are ob-
tained, and the method is not appropriate for fast molecular
diffusion. In contrast, fluorescence correlation spectroscopy
(FCS) is now a well-established method of characterization of
the local and fast diffusion of fluorescently labeled molecules
through the depth of a biofilm (4, 10, 11). Early on, FCS was
explored by means of homemade equipment by those with
specialized knowledge (9, 17). Now the method can be adapted
to CLSM but requires dedicated and expensive experimental
setup.

To access a local resolution similar to that of FCS diffusion
processes in conjunction with CLSM convenience, fluores-
cence recovery after photobleaching (FRAP) appears to be a
good technique when the fluorophore concentration is too
high for correlation measurements and sufficient for imaging.
The basic principle of FRAP is to photobleach a small, spa-
tially confined area by high-intensity laser pulses and then to
observe the recovery of fluorescence inside the photobleached
area as a function of time. The method has hardly ever been
applied to measurements in biofilms (5, 13), and the results
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present some limitations. In the first approach (13), due to the
low-frequency image acquisition of the CLSM setup, a very
large biofilm area (800 pwm?) was photobleached, leading to
average diffusion coefficients over the macrostructure, includ-
ing water channels and clusters. In contrast, Bryers and Drum-
mond (5) determined local diffusion coefficients in biofilm
(with a photobleached surface of ~80 wm?), using the Axelrod
mathematical model (1), which precludes any molecular diffu-
sion during the photobleaching time and is not well adapted
for very common mobile molecules (e.g., fluorophores and
antibacterial molecules).

We present and analyze here an image-based FRAP proto-
col that can be readily applied by anyone familiar with a CLSM
to improve the accuracy of FRAP measurements of the mo-
lecular diffusion inside bacterial biofilms. This protocol in-
cludes (i) image acquisition of photobleached areas acquired
with a commercial CLSM at high frequency, allowing bleach
zones smaller than 1 wm?; (ii) an original FRAP analysis used
for the first time for measurements in biofilms that takes into
account molecular diffusion during the bleach phase, which is
based on fluorescence intensity profiles (18) to extract molec-
ular diffusion coefficients; and (iii) a comparison of these re-
sults with those obtained by numerical calculation of fluores-
cence recovery curves, using our own analytical model and the
one proposed by Braga et al. (3). This approach was validated
by experiments with fluorescent-dextran diffusion inside regu-
lar Lactoccocus lactis biofilms and mucoid Stenotrophomonas
maltophilia biofilms, and the results were compared to FCS
data previously published. However, the proposed protocol
may not lead to correct estimation of molecular diffusion co-
efficients if no consideration of bacterial movements is taken.
Indeed, such cellular dynamics may invalidate FRAP anal-
ysis and thus indicate a need for using an appropriate visu-
alization tool like kymogram representation. Kymograms
are two-dimensional graphs of fluorescence intensity mea-
sured along a line (here a straight line drawn on the full
width of the images) for each image of a time lapse acqui-
sition. It can thus be used to show fluorescence intensity
fluctuations over time along a chosen trajectory and to char-
acterize the motion of structures present in the sample (bac-
teria in the present study) (15). We show for the first time
that kymogram representation is a powerful tool to deter-
mine the global trends of biofilm dynamics.

MATERIALS AND METHODS

Biofilm growth. Two bacterial strains were used: Stenotrophomonas malto-
philia 114N-Sm, a Gram-negative spoilage bacterium isolated on a surface in a
dairy plant, and the Gram-positive dairy starter Lactoccocus lactis subsp. cremoris
14N-LI (10). Stock cultures were prepared by mixing stationary-growth-phase
cultures with a 40% (volivol) glycerol solution. S. maltophilia 114N-Sm was
cultivated in trypticase soy broth ([TSB] bioMérieux, France), and L. lactis
strains were cultivated in M17 broth (BD-Difco, France) supplemented with
0.5% glucose. All bacteria were grown at 30°C, and two subcultures were realized
before a last overnight culture. Bacterial cultures were harvested by centrifuga-
tion (7,000 X g; 4°C; 10 min.) and washed twice in NaCl 150 mM. The bacterial
concentration was fitted to 105 CFU/ml by adjusting absorbance at 400 nm.
Biofilm formation was performed on a glass surface of 4-well sterile microscopic
chambers (Lab-Tek; Nalge Nunc, Naperville, IL). Two milliliters of the suspen-
sion was poured into each sterile well of the chambers and incubated for 1 h at
30°C to allow initial attachment. Planktonic nonadherent cells were then washed
out by refilling the wells three times with NaCl 150 mM. Contaminated wells
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FIG. 1. Experimental conditions for image-based FRAP on bio-
films, using a confocal microscope. (a) Left panel: typical image for
acquisitions on FITC-dextrans in water. The white circle represents the
region over which fluorescence intensity is averaged along the time
series for extraction of fluorescence recovery curves. Right panel: the
same conditions on a S. maltophilia biofilm, showing the importance of
spatial information gained by the use of images. The white rectangle
shows the size of the image used in Braga et al. (3), too small to be
useful for biofilm experiments. (b) Left panel: xz image of the photo-
bleaching pattern on fluorescent plastic. Intensity profiles in xy (upper
right panel) and in z (lower right panel) were measured along the
crossed lines. The scale bar represents 5 wm. a.u., arbitrary units.

were then filled with 2 ml of growth media and incubated at 30°C for 24 h to
allow biofilm development.

FRAP measurements of FITC-dextrans in biofilms. Dextrans (polymers of
anhydroglucose) labeled with fluorescein isothiocyanate (FITC) were used as
follows in the experiments (FITC is conjugated randomly to hydroxyl groups of
dextrans at a frequency of 0.003 to 0.020 mol of FITC per mole of glucose). One
hundred fifty kilodaltons of FITC-dextrans (Sigma Aldrich, Saint-Quentin Fal-
lavier, France) were dissolved to 15 mg/ml in water, which corresponds to a
concentration of 10~* mol - liter~'. For FRAP experiments, 100 pl of this
solution was then added to previously rinsed biofilms. They were then imaged on
an inverted Leica TCS SP5 confocal microscope (Leica Microsystems, Wetzlar,
Germany) with an oil-immersion 63X objective of numerical aperture (NA) of
1.4. FITC-dextran fluorescence was excited with the 488-nm laser line of an
argon laser and detected on a 500- to 650-nm spectral bandwidth. All experi-
ments were performed at ~20°C.

The conditions of FRAP experiments were optimized, using 150 kDa of free
FITC-dextran in water. Fluorescence intensity image size was fixed to 512 by 128
pixels with an 80-nm pixel size to ensure usable spatial information on the biofilm
(~40 X 10 wm?) (Fig. 1a). For a 1,400-Hz line scan rate, the total time between
frames was ~205 ms. Fluorescence intensity images were recorded, using 16-bit
resolution to improve image analysis.

For imaging the three-dimensional bleached volume, a green fluorescent plas-
tic slide sample was bleached for 5 s at the maximum laser intensity; a z-stack of
326 images was then acquired in the bleached area, with a distance between each
image of 0.1 pm. The two-dimensional image size was 128 by 128 pixels, with a
pixel size of 114 nm. The full widths at half maximum (FWHM) inxy and z (along
the optical axis) of the bleached profile were then estimated at 0.8 um and 14
wm, respectively (Fig. 1b).

Each FRAP experiment started with the acquisition of 50 image scans ac-
quired at 10% of the maximum laser intensity (which was measured to be ~350
wW at the object level), followed by a bleach pulse of 50 ms at 100% laser
intensity on a 0.8-wm-diameter spot. A series of 300 single-section images were
then collected at 205-ms intervals, the first image being acquired 630 ms after the
beginning of bleaching. For imaging after photobleaching, the laser power was
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attenuated to its initial value (10% of the bleach intensity). Under these image
acquisition conditions, FRAP measurements could be acquired in 70 s, and
bacterial viability was controlled with live-dead stain labeling.

It must be noted that the goal is to reach the best compromise between
two-dimensional image size and time resolution. In consequence, image acqui-
sition frame rates are constrained. Increasing acquisition frame rates would
require reducing the region size and therefore precludes the acquisition of large
biofilm sections, as illustrated in Fig. 1a.

FRAP analysis. In order to define a well-adapted theoretical model for FRAP
analysis, we first investigated the influence of the presence of bacteria on flu-
orophore diffusion (a nonhomogenous medium) by Monte Carlo simulations
(data not shown). Simulated fluorescence recovery curves were similar in the
absence and in the presence of obstacles corresponding to the bacteria. Thus, as
for most previously reported data (5, 13), in this study we considered pure
isotropic diffusion in a homogenous medium.

Furthermore, considering the ratio between the axial (14 pm) and the lateral
(0.8 wm) extent of the photobleaching pattern, diffusion along the axial/vertical
axis can be neglected; thus, only two-dimensional diffusion was considered.

Fluorescence recovery curves were extracted, using the circular region of 25
wm? inside the photobleached region, as shown in Fig. 1a.

Intensity profile analysis method. During the photobleaching phase, diffusion
occurred and led to the widening of the photobleached region (see Fig. 4). The
profile width of this zone was extracted by fitting a series of intensity profiles
obtained from images taken during the recovery process with a Gaussian func-
tion:

2(x — x0)

Ix) = Ie & +K

where K is a constant and x, is the center of the profile. The width d is related
to the diffusion coefficient by the formula d*> = 8Dt for a two-dimensional
diffusion process. Therewith it is possible to determine the diffusion coefficient by
plotting d? as a function of time and using linear regression to estimate the slope
of the graph, keeping only the first 6 to 10 images (corresponding to the first 2 s
of recovery). This procedure was implemented with the macro language included
in ImagelJ software version 1.43 (http://rsbweb.nih.gov/ij/) and is available upon
request (Francois.Waharte@curie.fr).

The speed-optimized image acquisition conditions gave noisy images. To re-
duce noise, we measured an azimuthally averaged line profile centered on the
photobleached region of the few first images of the series (typically 20 images)
after the photobleaching phase. This process consists of measuring intensity
profiles along a rotating line centered on the photobleached area and calculating
the mean of each pixel of the line for all angles. For the data presented here, we
used a 30° rotation with a 180-pixel line length (on images of 512 by 128 pixels).

This intensity profile analysis method was validated by using synthetic data
generated by calculation of an analytical solution of a two-dimensional diffusion
equation, as described below (equation 5; see Fig. 4a and b). A large range of
diffusion coefficients named Dy, was applied. Using the procedure described
above, we extracted the square of the intensity profile width and showed that it
varied linearly with time (see Fig. 4c). Furthermore, we also verified that the
diffusion coefficient thus estimated [slope of the curve, d* = f(f); see Fig. 4c]
corresponds to the Dy, values.

Analytical models and data fitting. Postbleach fluorescence recovery in FRAP
experiments using an analytical solution of the diffusion equation was simulated
for both the validation of intensity profile analysis (see above) and the fitting of
fluorescence recovery curves.

Considering free and isotropic diffusion on an infinite xy plane, the evolution
of the unbleached fluorophore concentration (C) follows the classical diffusion
equation:

ac
S @ws) = DACGy,0) 1)

This diffusion equation can be solved by convolution of the initial concentration,
C,(x,y), with the Green function, G(xy,t):

Clry,t) = Colxy) - Glxy,p), 2)

Considering a Gaussian intensity profile of the laser, C,(x,y) is defined as:

202 +y?)

Coley)=Coe ™~ , (3)

and G(x,,t) by:
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D being the diffusion coefficient and w the laser width.

According to equations 3 and 4, the diffusion equation can be written as
follows:

262 +y2)
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We implemented the calculation of FRAP recovery image sequences by using
expression (5) in a custom-written C++ software based on the CImg image
manipulation library (http://cimg.sourceforge.net/).

Fluorescence recovery curves were extracted from the simulated data by mea-
suring the mean fluorescence intensity in the region defined in Fig. la, using
ImageJ software. Data fitting using our model was obtained by manually com-
paring these theoretical curves to experimental data after normalization of both
curves between 0 (start of recovery) and 1 (end of recovery), using plotting
software (Plot 0.997; http://plot.micw.eu/).

Data were also analyzed according to the model from Braga et al. (3). Equa-
tion 9 from Braga et al. was implemented in Excel spreadsheet software (Mi-
crosoft, Inc.), keeping only the first three terms of the series in the expression.
Data fitting was done using the Excel solver tool.

RESULTS

Acquisition of FRAP time series images with a confocal
microscope. Some typical FRAP experiments with FITC-dex-
trans in both L. lactis and S. maltophilia biofilms are presented
in Fig. 2a and d, respectively. Images of the biofilms were taken
before and after bleaching, with a 205-ms time interval be-
tween images. On these images, unlabeled bacterial cells were
visible in dark gray, and the photobleached area at the centers
of the images appeared darker. These images later disap-
peared progressively in-line with the diffusion of FITC-dex-
trans in the biofilms. The quantification of fluorescence recov-
ery in the photobleached area can be visualized over time as
presented in Fig. 2b and e. In these graphs, the fluorescence
stabilization in the photobleached areas reached a value at
least 95% of the initial value after ~30 s. A control experiment
was performed, using the same experimental conditions but
without the photobleaching phase; a very slight decrease in
fluorescence was observed during the acquisition time (the
final value was >95% of the initial value) due to probe pho-
tobleaching. As nearly complete fluorescence recovery of all
the FITC-dextrans was observed (>95% of the initial fluores-
cence), we assume that the immobile fraction of FITC-dex-
trans is negligible (there was no measurable interaction of
dextrans with bacterial cell walls in our conditions) and that all
the molecules were diffusing.

Even if these fluorescence recovery curves appear to have a
correct shape (Fig. 2b and e), they are not sufficient to check
biofilm stability during the measurements. We thus show the
corresponding kymograms in Fig. 2c and f. When bacteria do
not move, this representation leads to continuous adjacent
vertical lines, as observed in both fields presented in Fig. 2c
and f. When a motion of the biomass occurs during FRAP
acquisitions, the corresponding kymograms are distorted (Fig.
3c, f, and i). This movement can induce fluctuations of the
fluorescence intensity in the bleached region, impairing quan-
titative analysis (Fig. 3b, e, and h).

Different cases may be observed. (i) Lateral global move-
ment of the biofilm cells as revealed by the distorted kymo-
gram presented in Fig. 3g. In this kymogram, lines are clearly
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FIG. 2. Examples of correct FRAP acquisitions on both types of biofilms. (a and d) Image sequence starting just before photobleaching and
showing the beginning of the recovery phase for L. lactis (a) and S. maltophilia (d). (b and e) Corresponding fluorescence recovery curve (over the
full sequence) for L. lactis (b) and S. maltophilia (¢). (c and f) Kymogram representation (xt) of the same sequence (black arrows indicate the start
of the recovery) for L. lactis (c) and S. maltophilia (f). The time interval between two images is 205 ms. The scale bar represents 5 pm.

deviated from verticality after photobleaching; apparently sat-
isfactory fluorescence recovery curves (Fig. 3h) are observed
with almost total fluorescence recovery, but the diffusion co-
efficient can be significantly altered. Using the Braga model,
we obtained from this curve a coefficient diffusion (D) value of
~1 pm?'s™!, compared to ~8 um?'s™ ' (see latter) in the
absence of biomass movements.

(ii) Appearance or detachment of cells or clusters during
acquisition due to immigration from or emigration to neigh-
boring fields, as presented in Fig. 3d and Fig. 3a, respectively.
In this case, both kymograms (Fig. 3¢ and f) and fluorescence
recovery curves (Fig. 3b and e) are strongly altered. Kymo-
grams are not continuous; new lines appear or disappear dur-
ing the time series after photobleaching. The chaotic structures

of these fluorescence intensity curves stress out the sample
disturbance during the acquisition.

Visualization of kymograms from raw FRAP time series
data appears to be a more powerful tool than the conventional
fluorescence recovery curves. Furthermore, it is in some cases
essential in order to discard distorted acquisitions (Fig. 3 h).
Once the quality of the data are validated by such pretreat-
ments, the series can be used to calculate the local diffusion
coefficients. Different methods were used and compared to the
published Braga model for intracellular macromolecular mo-
bility (3).

Determination of the local diffusion coefficient by intensity
profile analysis. The first method implemented relies on anal-
ysis of photobleached-region spreading by the measurement of
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FIG. 3. Image sequences during FRAP experiments, showing potential difficulties for data exploitation. (a through c) Sequence with global drift
of the biofilm. (d through f) Influence of bacterial motion on FRAP sequence. (g through i) Photo-induced contraction of biofilm The image size

is about 40 by 10 pum?.

fluorescence intensity profiles. The method developed by Se-
iffert and Oppermann (18) allows consideration of only the
postbleaching phase of FRAP experiments and takes into ac-
count the spreading of the photobleached area due to diffusion
during the bleaching phase.

We first validated this approach and our analysis tools on
calculated image sequences (Fig. 4a, b, and c), as explained in
the Materials and Methods section. We then applied the in-
tensity profile analysis method on fluorescent dextrans (150
kDa) in aqueous solution (Fig. 4d, e, and f) and estimated a
diffusion coefficient of ~14 wm? - s~' from the line slope de-
rived from the representation of the square of the intensity
profile width as a function of time. This value was underesti-
mated in comparison to the theoretical prediction from the
Stokes Einstein equation (D = 24 um?-s~ ' at 20°C with a
hydrodynamic radius of 150 kDa of FITC-dextrans; R = 8.5
nm) with respect to a relatively low frequency of image acqui-
sition, as discussed below.

This analysis was extended to FITC-dextrans inside L. lactis
and S. maltophilia biofilms (Fig. 5). With kymogram represen-
tation showing no biomass movement during FRAP experi-
ments (data not shown), it was possible to almost eliminate the
spatial heterogeneities in the fluorescence images due to the
presence of bacteria (Fig. 5a and c). For this purpose, we
divided all postbleach images by the mean prebleach images
and then applied a smoothing filter on the resulting image
stack (Fig. 5b and d). The image stack obtained after this

treatment shows more clearly the photobleached area than the
original image stack. The intensity profiles extracted from this
treated image sequence are smoothed, are far less noisy, and
hence are better fitted by a Gaussian function (compare pro-
files in Fig. 5a and ¢ with those in Fig. 5b and d).

In all cases, we observed a linear variation of the squared
width of the intensity profile over time, as observed with free
FITC-dextrans (Fig. 4f), that validated the assumption of a
pure diffusion process despite the presence of bacteria.

The diffusion coefficient values of different experimental
data sets from both types of biofilms were estimated, and the
dispersion result is given in Fig. Se. From all these experi-
ments, we obtained mean diffusion coefficient values of 10 = 5
um? - s~ " and 20 = 4 wm? - s~ ! for FITC-dextrans in S. mal-
tophilia and L. lactis, respectively, revealing mobility impair-
ment in S. maltophilia biofilms.

Determination of the local diffusion coefficient by mathe-
matical modeling. We also used mathematical models to per-
form quantitative analysis of FRAP measurements. First, we
extracted the fluorescence recovery curves from image se-
quences for both types of biofilms and normalized all curves to
1 for the prebleach intensity (Fig. 6). This allowed direct com-
parison of every curve and checks for artifacts. For example,
curves with a marked decrease in intensity at the end of the
recovery indicate significant photobleaching of the sample
(Fig. 6¢c, arrowed curve). On others, irregular curves with
sometimes higher intensity than the initial values likely reflect
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FIG. 4. Determination of the diffusion coefficients by image analysis using the intensity profile method. (a) Image sequence after photobleach-
ing, showing the beginning of recovery for calculated images from equation 2. (d) Image sequence of FITC-dextrans in water. (b) Successive
intensity profiles across the photobleached region. (e) Successive intensity profiles of FITC-dextrans in water. (c¢) Graph of the squared profile
width as a function of time. (f) Graph of the squared profile width of FITC-dextrans in water. The time interval between two images is 205 ms.
The image size is about 40 by 10 wm?.
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FIG. 5. Application of the intensity profile method to biofilm data. (a and c) Left panel: raw image sequence after photobleaching on S.
maltophilia (a) and L. lactis (c) biofilms. Right panel: corresponding intensity profiles with Gaussian fit used to extract the profile width. (b and
d) Same sequence and intensity profiles after image treatment to reduce heterogeneity on S. maltophilia (b) and L. lactis (d) biofilms. (e)
Representation of dispersion of estimated diffusion coefficients for both types of biofilms. Results for L. lactis are shown in black and for S.
maltophilia in gray. The time interval between two images is 205 ms. The image size is about 40 by 10 wm?.

laser fluctuations (Fig. 6b, arrowed curve). In both cases, the al. (3) were used to determine the diffusion coefficients of 150
curves were rejected. kDa of FITC-dextrans in aqueous solution. Both methods always

As a first application, our own calculations (see Materials and gave very close D values of 10 to 11 um? - s*, similar to those
Methods, equation 5) and the two-dimensional model of Braga et obtained with intensity profile analysis (Fig. 6a).
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FIG. 6. Diffusion coefficient estimation by analytical models. Summary of fluorescence recovery curves for FITC-dextrans in water (a),

FITC-dextrans in L. lactis biofilms (b), and FITC-dextrans in S. maltophilia biofilms (c). Selected curves were adjusted, using our model (inset).
Arrows in panels b and c indicate fluorescence recovery curves that were rejected, as explained in Results.
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Normalized FITC-dextran fluorescence recovery curves in
L. lactis biofilms are poorly dispersed (Fig. 6b). Their fitting
gave diffusion coefficient values rather similar to those in pure
water, with D values of 10 to 13 wm?- s~ ' (Fig. 6b, inset),
regardless of the analytical expression used (our model or the
Braga model).

There was greater variability between the different FITC-
dextran fluorescence recovery curves of S. maltophilia biofilms
(Fig. 6c) than between those of the L. lactis biofilms. This
variability was likely due to the structural heterogeneity of the
biofilm and/or variations in the local concentration of fluoro-
phores that leads to different photobleaching amplitudes be-
tween 50 and 70% (compared to 30 to 40% for L. lactis).
Nevertheless, from selected curves (showing monotonous vari-
ation with maximal values below the initial fluorescence inten-
sity and sufficient signal quality) we could estimate a diffusion
coefficient value, D, of 7 to 8 pm? + s~ ! with both models.

DISCUSSION

The improvement in quality of commercial CLSMs in terms
of sensitivity and image acquisition rate and the development
of dedicated analysis methods allow increases in the perfor-
mance of FRAP experiments and have renewed interest in the
method to characterize molecular mobility in various biologi-
cal systems.

A classical FRAP experiment is followed only on a time
scale and viewed as fluorescence recovery curves. But using
CLSM, FRAP can also be analyzed on a spatial scale, exploit-
ing information included in image-time series, which implies
reaching a compromise between the spatial extent of images
and the temporal resolution of data acquisition. In our case, we
worked on image sequences of 512 by 128 pixels, with a 205-ms
time interval, which gave already satisfactory information on
the biofilm structure and dynamics essential for validation of
diffusion process quantification. Indeed, inside biofilms, intrin-
sic or artifactual bacterial motion (individual active or passive
motion or global drift) can occur. We demonstrated that the
application of a kymogram representation gives access to such
bacterial motion and allows elimination of some fluorescence
recovery curves that correspond to unworkable acquisitions
(Fig. 3a and g). These motions were not taken into account in
previous FRAP studies of biofilms, due to a lower image ac-
quisition rate or lack of image analysis tools (5, 13).

Interest in performing FRAP experiments based on image
sequences is also due to the ability to extract information on
molecular diffusion directly from the evolution of the tempo-
ral-intensity profile. Then the evaluation of diffusion coeffi-
cients in biofilms, based only on experimental support without
any calibration measurements, is easy and straightforward.
Furthermore, in comparison to analytical models, this ap-
proach does not require a strong mathematical background
and can be readily implemented on any workstation, using, for
example, Image]J software and the dedicated macro program
that we developed and provided to the community. The reli-
ability of this image-based method was supported by compar-
ison of the coefficient diffusion values thus determined with
those obtained with our analytical model and with the one
proposed by Braga et al. (3). Indeed, regardless of which model
was used, the values were of the same order of magnitude and

APPL. ENVIRON. MICROBIOL.

showed the same trend: diffusion is always slower in S. malto-
philia biofilms than in water or in L. lactis biofilms.

Analyzing the fluorescence intensity profile by the method
presented here also provides the possibility of obtaining, as a
complement to the kymogram representations, information on
the spatial evolution of the photobleached region. Indeed, any
fluorophore convection (flow) would lead to a displacement of
the profile center and fluorophore diffusion anisotropy to a
change in profile symmetry, which was not observed in these
biofilm measurements (Fig. 5). In other biological systems,
such intensity profile distortions could be quantified to obtain
information on local heterogeneity that would require a ded-
icated analytical model.

Nevertheless, this approach to FRAP measurement analysis
presents some limitations, one being its sensitivity to the signal-
to-noise ratio of the images. This can be less apparent when
analyzing fluorescence recovery curves extracted by averaging
the intensity over a whole area (tens of pixels in this study).
Another limitation is the necessity of making a compromise
between the image acquisition rate and the image size to retain
spatial information on the biofilm structure. In respect to these
conditions, in the present experiments, the time interval be-
tween frames was fixed to 205 ms; thus, fluorescence recovery
was observable only on the first five images (Fig. 4). Moreover,
due to constraints of the microscope, there was a long delay
(630 ms) between the last prebleached and the first post-
bleached images, leading to loss of the beginning of the fluo-
rescence recovery. Thus, for such image sequencing, the time
of origin of the analysis is significantly delayed relative to the
end of bleaching, leading to underestimated diffusion coeffi-
cients. This is also true of FRAP data analysis using mathe-
matical models. For example, we obtained a value of ~10 to 14
pwm? - s~ ! for 150 kDa of FITC-dextrans in water (depending
on the analysis method), which must be compared to the the-
oretical and previous FCS values (10) of 24 wm?-s~'. This
problem could be countered by using a different CLSM instru-
ment with better performance for image acquisition or, in our
case, by reducing the image size, leading to an increase in
image acquisition frequency. However, even if diffusion coef-
ficients are underestimated, qualitative comparison of the val-
ues in different environments can be done successfully.

In addition to the intensity profile method, the fluorescence
recovery curves were fitted by using a simple analytical expres-
sion for spatiotemporal fluorophore concentration evolution
that considers a Gaussian postbleach profile. This approach
has a major advantage over classical models (1) in that it takes
into account diffusion during the photobleaching phase, which
often occurs under the usual experimental conditions (3, 20). It
must be noted that even for an arbitrary profile shape, the
convolution approach by the Green function can be used
(equation 2), but in this case, an analytical solution cannot be
obtained; only a numerical solution can.

As a biological application, the image-based FRAP protocol
and its corresponding analysis described in this paper were
used to compare the diffusion rates of 150 kDa of FITC-
dextrans inside L. lactis and S. maltophilia biofilms. The results
can be directly compared to previous ones obtained by FCS (4,
10, 11) and help to provide an answer to the question, Does
FRAP give the same information as FCS? Both methods re-
vealed that the probe diffusion coefficient value was lower and

1sanb Agq GT0Z ‘S Areniga- uo /Bio wse war//:dny wol) papeojumod


http://aem.asm.org/

VoL. 76, 2010

more dispersed for S. maltophilia biofilms than for L. lactis
biofilms (D = ~10 um? - s~ ! and 20 um? - s~ !, respectively).
As mentioned previously (10), this difference in FITC-dextran
behavior between the two biofilms is in accordance with their
dissimilarity in spatial architecture. S. maltophilia biofilms con-
sist of a basal layer of cells decorated with heterogeneous,
three-dimensional, compact aggregates rich in EPS that could
be compared to the “mushroom-like” structure frequently de-
scribed for other Gram-negative strains. In contrast, L. lactis
biofilms are a regular assembly of cells embedded in a highly
hydrated uniform matrix. With respect to these results, FRAP
appears to be a more accessible, easier, and more attractive
method than FCS to study such in situ diffusion processes.
Furthermore, contrary to common belief, FRAP was not de-
structive to the biological molecules under our experimental
conditions. We have also validated that FRAP allows collec-
tion of images of the sample with all the benefits already
discussed. Another important feature concerns the difficulty
sometimes encountered in acquiring FCS measurements due
to the necessity of using very low concentrations (leading to a
low level of fluorescence signals and thus a low level of per-
formance of the fluorescence detection system), a problem
which can be avoided with the FRAP method. However, in this
high-concentration regimen, the sensitivity to processes other
than pure diffusion is reduced because only the average behav-
ior of a set of molecules is observed. For example, since the
single-molecule level can be reached with FCS, we have ob-
served and pointed out cases in which no correlation signal was
recorded in S. maltophilia biofilms due to the interaction of
FITC-dextrans with a component of the EPS matrix (10),
whereas with FRAP, we always observed a fluorescence recov-
ery signal. However, this signal deviated from ideal behavior in
an aqueous environment (D = ~10 to 11 wm? - s~ ' in water
and D = ~7 to 8 um? - s~ ! in the biofilm, as determined by the
mathematical models), even in the context of a simple diffusion
model. Molecular interactions with the biofilm components
could be better characterized and quantified with an extended
model (reaction-diffusion) for FRAP analysis. This would be of
great interest, in particular for highly reactive compounds such
as antimicrobial agents; the use of a model containing both
diffusion and reaction processes could help distinguish two
agents with the same diffusivity but different antimicrobial ac-
tivities.

In conclusion, we described an experimental protocol (im-
age acquisition, data sorting, and dedicated analysis tools)
based on the analysis of image sequences after fluorescence
photobleaching (FRAP), which is accessible using any com-
mercial CLSM. This protocol allows study of molecular diffu-
sion inside biofilms in a nondestructive manner.

The spreading of a method that is so simple to set up and
that gives biologically relevant information should facilitate the
analysis of dynamic processes inside such spatially structured
biological systems and be used as an initial and/or complemen-
tary method to FCS.
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