
APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Feb. 2002, p. 901–909 Vol. 68, No. 2
0099-2240/02/$04.00�0 DOI: 10.1128/AEM.68.2.901–909.2002
Copyright © 2002, American Society for Microbiology. All Rights Reserved.

Assessment of Fluorochromes for Two-Photon Laser Scanning
Microscopy of Biofilms

Thomas R. Neu,1* Ute Kuhlicke,1 and John R. Lawrence2

Department of Inland Water Research Magdeburg, UFZ Centre for Environmental Research Leipzig-Halle, Magdeburg, Germany,1

and National Water Research Institute, Saskatoon, Saskatchewan, Canada2

Received 13 August 2001/Accepted 16 November 2001

A major limitation for the use of two-proton laser scanning microscopy (2P-LSM) in biofilm and other
studies is the lack of a thorough understanding of the excitation-emission responses of potential fluoro-
chromes. In order to use 2P-LSM, the utility of various fluorochromes and probes specific for a range of biofilm
constituents must be evaluated. The fluorochromes tested in this study included classical nucleic acid-specific
stains, such as acridine orange (AO) and 4�,6�-diamidino-2-phenylindole (DAPI), as well as recently developed
stains. In addition, stains specific for biofilm extracellular polymeric substances (EPS matrix components)
were tested. Two-photon excitation with a Ti/Sapphire laser was carried out at wavelengths from 760 to 900 nm
in 10-nm steps. It was found that autofluorescence of phototrophic organisms (cyanobacteria and green algae)
resulted in strong signals for the entire excitation range. In addition, the coenzyme F420-related autofluores-
cence of methanogenic bacteria could be used to obtain images of dense aggregates (excitation wavelength, 780
nm). The intensities of the emission signals for the nucleic acid-specific fluorochromes varied. For example, the
intensities were similar for excitation wavelengths ranging from 780 to 900 nm for AO but were higher for a
narrower range, 780 to 810 nm, for DAPI. In selective excitation, fading, multiple staining, and combined
single-photon–two-photon studies, the recently developed nucleic acid-specific fluorochromes proved to be
more suitable regardless of whether they are intended for living or fixed samples. Probes specific for proteins
and glycoconjugates allowed two-photon imaging of polymeric biofilm constituents. Selective excitation-emis-
sion was observed for Calcofluor White M2R (780 to 800 nm) and SyproOrange (880 to 900 nm). In addition,
fluor-conjugated concanavalin A lectins were examined and provided acceptable two-photon emission signals
at wavelengths ranging from 780 to 800 nm. Finally, CellTracker, a fluorochrome suitable for long-term
labeling of microbial eucaryote cells, was found to give strong emission at wavelengths ranging from 770 to 810
nm. If fluorochromes have the same two-photon excitation cross section, they are suitable for multiple staining
and multichannel recording. Generally, if an appropriate excitation wavelength and fluorochrome were used,
it was possible to obtain more highly resolved images for thick biofilm samples with two-photon laser
microscopy than with conventional single-photon laser microscopy. Due to its potential for higher resolution
in light-scattering tissue-like material, such as biofilms, and extremely localized excitation, 2P-LSM is a
valuable addition to conventional confocal laser scanning microscopy with single-photon excitation. However,
further development of the method and basic research are necessary to take full advantage of nonlinear
excitation in studies of interfacial microbial ecology.

Since the first description of the applicability of confocal
laser scanning microscopy (CLSM) in biofilm research (10),
CLSM performed with single-photon excitation has become a
standard tool for investigation of interfacial microbial commu-
nities (11, 12, 14). The advantages of CLSM compared with
conventional epifluorescence light microscopy have been sum-
marized elsewhere (11, 12). Laser scanning microscopes with
two-photon excitation have been commercially available since
1997. In two-photon laser scanning microscopy (2P-LSM) a
high-power infrared laser with an extremely short pulse (in the
femto- or picosecond range) is used to produce a high photon
density, and two or more photons are able to interact simul-
taneously with a fluorescent dye molecule. Thus, the effect is
the same as the effect achieved if the fluorescent molecule is
excited with a photon with higher energy. The features and

advantages of 2P-LSM have been summarized elsewhere (11,
15).

The use of two-photon excitation in laser scanning micros-
copy was first described in 1990 by Denk et al. (6). A general
overview of 2P-LSM is found in the Handbook of Biological
Confocal Microscopy (5). A comparison of single-photon mi-
croscopy and two-photon microscopy revealed the improved
imaging performance of two-photon excitation in terms of the
three-dimensional point spread function and the three-dimen-
sional optical transfer function (8). In the last decade several
articles on technical progress in this area have been published.
An extensive list of multiphoton references up to 1999 was
collected by Steve Potter and may be found at http://www
.caltech.edu/�pinelab/2-photonRefs.html. The properties of
fluorochromes with respect to their two-photon cross sections
have been the subject of cell biology studies. In two review
articles the two-photon imaging technique was critically dis-
cussed with an emphasis on the use of this technique in cell
biology studies (9, 21). The suitabilities of some well-estab-
lished fluorochromes for two- and three-photon excitation
have been described (22, 23). Nevertheless, new fluorochromes
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with large two-photon cross sections are being developed and
are constantly being introduced (1, 3) without clear definitions
of their applicability for biological samples.

To our knowledge, 2P-LSM has been applied to interfacial
microbial communities in only a few previous studies per-
formed with a very limited range of fluorochromes. These
studies included imaging of oral biofilms with acridine orange
(AO) (19). In a subsequent study the authors determined
depth of penetration and detected pH gradients in a mixed-
culture biofilm of oral bacteria grown in a constant-depth film
fermentor after staining with rhodamine B (20). In another
study images of fixed and Nanoplast-embedded stromatolites
were obtained by CLSM and 2P-LSM after staining with 4�,6�-
diamidino-2-phenylindole (DAPI), whereas images of exopo-
lysaccharide components were obtained by CLSM after label-
ing with concanavalin A (ConA)-fluorescein isothiocyanate
(4).

The aim of this investigation was to evaluate the suitability
of two-photon excitation of fluorochromes and fluor-conju-
gated probes originally developed for single-photon excitation.
The stains were examined for single staining, as well as for
possible combinations by using the multichannel mode. Several
types of biofilms were employed to assess the two-photon emis-
sion of fluorochromes under in situ conditions.

MATERIALS AND METHODS

Biofilm systems. Biofilms were grown in different reactor systems. River bio-
films were grown in rotating annular reactors as described previously (13, 16).
Biofilms in fluidized bed reactors were developed from activated sludge as
enrichment cultures grown on glucose or EDTA (17). Anaerobic methanogenic
aggregates were cultured in a modified Postgate medium B with methanol as the
substrate (18). Aggregates of aquatic fungi (Heliscus lugdunensis) were cultivated
in liquid media with malt extract (2). Except for the samples stained with Sytox
stains, all samples were directly used for laser scanning microscopy, and no
fixation or embedding procedure was employed. Samples were mounted on slides
with coverslips and spacers (fungi), in coverslip chambers (aggregates), and in
petri dishes (reactor biofilms).

Staining. Bacterial cell distribution was determined after staining with nucleic
acid-specific fluorochromes, such as AO (Molecular Probes, Eugene, Oreg.) and
DAPI (Sigma, St. Louis, Mo.), as well as selected stains belonging to the Syto
series (S9, S13, S40), SybrGreen, SybrGold, SytoxGreen, and SytoxBlue (all
obtained from Molecular Probes). Other biofilm constituents were visualized by
employing lectins conjugated with different fluorochromes, including fluorescein,
OregonGreen, AMCA, MarinaBlue, and Alexa350 (all obtained from Molecular
Probes), as well as Calcofluor White M2R (Sigma) and SyproOrange (Molecular
Probes). CellTracker Green CMFDA (Molecular Probes) was used as a probe
for eucaryotic biofilm organisms. Nucleic acid-specific stains were used as sup-
plied and were diluted to obtain the following concentrations: AO, 10 �l in 1 ml;
DAPI, 1 mg in 10 ml; all other nucleic acid-specific stains, 5 �l in 5 ml of
demineralized water. Lectins were diluted to a concentration of 0.1 mg of protein
per ml. The other stains were used as follows: Calcofluor White M2R, 0.048 mg
in 10 ml; SyproOrange, 10 �l in 1 ml. The bacterial biofilms were stained with
Syto40 and SybrGreen. The fungi were stained with Calcofluor White M2R and
Syto13. CellTracker was used at a concentration of 5 �l in 5 ml of demineralized
water. Aggregates of methanogens were visualized by their autofluorescence due
to the presence of coenzyme F420. The autofluorescence of chlorophyll was used
to obtain images of algae and cyanobacteria.

Laser microscopy. The following two microscopes were available. First, a TCS
4D that could be attached to an upright or inverted microscope (Leica, Heidel-
berg, Germany) was used for conventional CLSM. The CLSM was equipped with
an Ar-Kr laser source (488, 567, and 647 nm) and a UV laser source (351 to 364
nm) and had a fixed set of filters on the detection side. The microscope was
controlled by ScanWare, version 5.10. Second, a TCS SP/MP that also could be
attached to an upright or inverted microscope (Leica) was set up with three
visible light lasers, an Ar laser (458, 476, 488, and 514 nm), a Kr laser (568 nm),
and an He-Ne laser (633 nm), and a Ti/Sapphire infrared laser equipped with a
midwave mirror set (760 to 900 nm). Thus, this instrument could be employed for

both conventional CLSM and 2P-LSM. In addition, the spectral photometer
feature allowed flexible and optimal adjustment of sliders on the detector side.
The software available for the 2P-LSM included Leica TCS NT, version 1.6.587,
and Leica Confocal software, version 2.00 Build 0477. For both instruments
biofilm samples were observed with 63� 0.9 NA and 63� 1.2 NA water-immers-
ible lenses. In addition a coverslip-corrected 63� 1.2 NA water immersion lens
was available. The output power of the Ti/Sapphire infrared laser was recorded
by using the power meter of the 2P-LSM.

Imaging. Images were presented and analyzed by using the microscope soft-
ware and IMARIS, version 3.06 (Bitplane, Zürich, Switzerland). Images were
edited with Photoshop, version 5.5 (Adobe, San Jose, Calif.), and were printed
with a DP8800 digital printer (Sony, Tokyo, Japan).

RESULTS

Fluorochrome evaluation. The excitation and emission of a
fluorochrome were related to output power of the Ti/Sapphire
laser. As the output power was not the same across the entire
tuning range, it was recorded at wavelengths from 760 to 900
nm just in front of the glass fiber cable. When our results were
compared with the values supplied by the manufacturer, they
were slightly lower (Fig. 1). This was probably due to the
critical alignment of the glass fiber and the efficiency of trans-
fer of the beam into the glass fiber cable. In order to measure
the two-photon signal intensities of fluorochromes and fluor-
conjugated probes, the Ti/Sapphire laser was adjusted to wave-
lengths ranging from 760 to 900 nm in 10-nm steps. Series of
three independent measurements were taken at random loca-
tions within the biofilms or hyphae. To obtain optimal intensity
and contrast adjustment and to obtain comparable measure-
ments, the glow-over-under option was used. The background
value was set at zero, and the two-photon emission signal was
set at a level so that just a few saturated pixels with an intensity
of 255 became visible. In this procedure the voltage or sensi-
tivity value for the photomultiplier (PMT) was considered a
relative value for the two-photon signal of a fluorochrome.

Figures 2 to 4 show the results obtained with traditional
nucleic acid-specific fluorochromes, such as AO and DAPI,
and recently developed nucleic acid-specific fluorochromes. In
addition, the results obtained with probes specific for other
biofilm constituents (e.g., proteins and glycoconjugates) are
shown. The excitation wavelength of the Ti/Sapphire laser is
plotted versus the voltage of the PMT. A low PMT voltage
value means that there was a strong two-photon signal and vice
versa. Most fluorochromes could be excited with several set-

FIG. 1. Signal output of the Ti/Sapphire laser with the midwave
mirror set before the signal entered the glass fiber. IR, infrared.
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FIG. 2. Two-photon emission signals for several nucleic acid-specific fluorochromes in living complex biofilm samples. The CellTracker signal
specific for eucaryotic cells was determined by using aquatic fungi. The different symbols indicate data for three measurements made at random
locations in the biofilms or on hyphae. IR, infrared.
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FIG. 3. Two-photon emission signals for highly sensitive nucleic acid-specific fluorochromes in living biofilms (SybrGreen, SybrGold), for
fluorochromes developed for fixed bacterial samples (SytoxGreen, SytoxBlue), and for fluorochromes specific for other biofilm constituents
(SyproOrange, Calcofluor White M2R). The different symbols indicate data for three measurements made at random locations in the biofilms. IR,
infrared.
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FIG. 4. Two-photon emission signals for fluor-conjugated ConA-lectins bound to biofilm glycoconjugates. The different symbols indicate data
for three measurements made at random locations in the biofilms. IR, infrared.
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tings of the Ti/Sapphire laser that included several tens of
nanometers. In general, each of the fluorochromes showed a
maximum signal intensity in a specific area. The rule of thumb
that in contrast to single-photon excitation a double wave-
length is required for two-photon excitation could not always
be confirmed.

First, the two classical nucleic acid stains AO and DAPI
were tested. AO was found to be excitable across the entire
excitation range (780 to 900 nm) (Fig. 2). Because this fluoro-
chrome can also be excited with different visible light lasers and
because there is a signal in every possible channel on the
detector side, it may not be suitable for multiple staining of
biofilms. DAPI exhibited more selective excitation; it was ex-
citable at wavelengths of 780 to 800 nm (Fig. 2). DAPI is a stain
that is widely used for cell counting and is also used as a
counterstain after in situ hybridization. Nevertheless, due to its
broad emission signal it is not suitable for multiple staining
because it may interfere with the emission signals in the green
channel.

In a second series of experiments recently developed nucleic
acid stains were assessed. Syto13 gave the strongest signal in
the range from 860 to 890 nm (Fig. 2). A similar two-photon
emission signal was obtained for Syto9 (Fig. 2). However, com-
pared to the signal for Syto13, the signal for Syto9 exhibited a
more well-defined maximum. Syto40 was found to have strong
emission at wavelengths from 830 to 860 nm (Fig. 2). All three
of these fluorochromes are suitable for multiple labeling in
2P-LSM imaging.

Sytox stains were developed for fixed samples in order to
avoid having to use an expensive UV laser to obtain images of
DAPI-stained cells. SytoxBlue showed the highest signal inten-
sity at wavelengths from 840 to 870 nm (Fig. 3). SytoxGreen
was found to have one signal maximum at 780 nm and a second
signal maximum at 880 to 900 nm (Fig. 3).

The other two nucleic acid-specific stains tested were origi-
nally developed as extremely sensitive fluorochromes for stain-
ing gels but were also used to stain virus-like particles. Like
SytoxGreen, SybrGreen had a double maximum. However,
there was a clear major maximum at 870 to 900 nm (Fig. 3).
Very recently, an even more sensitive fluorochrome, SybrGold,
became available. It also had a double maximum, at 760 nm
and at 850 to 890 nm (Fig. 3).

The lectin ConA conjugated with different fluorochromes
was used to stain glycoconjugates in biofilm systems, and the
results were assessed. ConA-fluorescein had a signal maximum
at 780 to 820 nm (Fig. 4). Similarly, ConA-OregonGreen was
found to have a maximum at 780 to 840 nm (Fig. 4). However,
the OregonGreen conjugate produced a higher signal intensity.
The three UV conjugates of ConA had similar two-photon
emission maxima, at 760 to780 nm (AMCA), at 760 to 800 nm
(MarinaBlue), and at 780 to 800 nm (Alexa350). All three of
these conjugates had an increasing maximum towards the
shorter wavelengths of the infrared region (Fig. 4).

Two of the other fluorochromes evaluated also have the
potential to stain various other biofilm constituents. Calcofluor
White M2R, which is specific for (134)- and (133)-beta-D-
glucan polysaccharides, was found to have a maximum at 780
to 810 nm (Fig. 3). A maximum at 840 to 900 nm was found for
the protein-specific stain SyproOrange (Fig. 3).

Finally, a stain which may be used for long-term labeling of

eucaryotic biofilm cells was tested by using aquatic fungi. Cell-
Tracker, which passes through the cell membrane and inside
the cell undergoes a glutathione S-transferase reaction that
produces a membrane-impermeant product, had a two-photon
emission maximum at 770 to 810 nm (Fig. 2).

Two-photon imaging. 2P-LSM of biofilms exposed to light
immediately showed a strong emission signal without any stain-
ing. The signal originated from phototrophic biofilm microor-
ganisms, such as algae and cyanobacteria. The two-photon
signal was strong at wavelengths from 760 to 900 nm (data not
shown). The autofluorescence of coenzyme F420 from metha-
nogenic bacteria was also used to obtain images of dense ag-
gregates. Surprisingly, these aggregates could be subjected to
two-photon imaging without a neutral-density filter and were
not subject to fading or photodamage (data not shown).

Two-photon excitation at a specific wavelength with mul-
tichannel imaging of different biofilm constituents was also
observed. For example, a lotic biofilm stained with DAPI was
examined at an excitation wavelength of 790 nm. The DAPI
signal was recorded at 400 to 550 nm, and the algal autofluo-
rescence signal was recorded at 650 to 750 nm (Fig. 5A). A
second example revealed the autofluorescence of algae in com-
bination with lectin staining. The Canavalia ensiformis-AMCA
lectin allowed imaging of glycoconjugates in the surface layer
of a Scenedesmus colony (Fig. 5B). Two-photon excitation at
800 nm was used, and signals were detected at 400 to 530 nm
(ConA-AMCA), as well as at 545 to 630 and 650 to 750 nm
(both autofluorescence signals). A third example consisted of
aquatic fungi stained with Calcofluor White M2R and Syto13.
The sample was excited at 820 nm, and signals were detected
at 400 to 493 nm (Calcofluor White M2R) and 499 to 602 nm
(Syto13). When this combination was used, the cell surfaces
and septa of fungi and the presence of a nucleus could be
recorded (Fig. 5C). These three examples clearly showed the
potential of 2P-LSM for obtaining images of multiple biofilm
components.

DISCUSSION

CSLM has become a fundamental tool for investigation of
interfacial microbial communities. 2P-LSM has certain advan-
tages; however, its use requires an understanding of the be-
havior of fluorochromes in biological material. Here we describe
an evaluation of several fluorochromes and fluor-conjugated
probes that was performed to determine the suitability of these
probes for 2P-LSM. The applicability of the 2P-LSM technique
for complex systems was demonstrated by using different types
of biofilms, including river biofilms, reactor biofilms, metha-
nogenic aggregates, and aquatic fungal aggregates.

In this study the 2P-LSM system was used to evaluate the
behavior of the fluorochromes, and the results are presented as
PMT sensitivities. The precise PMT setting used may vary not
only between instruments but also between samples. However,
the pattern of excitation and emission should not vary. There-
fore, the PMT values shown here are not absolute values but
are relative guides to instrument settings when particular fluo-
rochromes and infrared wavelengths are used.

Evaluation of fluorochromes. In order to examine fluoro-
chromes, they should be tested in situ by using the biological
samples to be stained (e.g., environmental biofilm systems).
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Therefore, we assessed two-photon emission directly in com-
plex biofilm samples. We found that most existing fluoro-
chromes may be used for two-photon excitation of various
biofilm constituents. This includes recently developed nucleic
acid-specific stains which, compared to AO and DAPI, have a
narrow emission signal and consequently are more suitable for
multiple labeling and multichannel imaging of cell distribution
in biofilms. In addition, we evaluated stains for glycoconju-
gates, specific polysaccharide types, proteins, and intracellular
enzymes, all of which have potential for two-photon imaging of
biofilm constituents. To our knowledge, such an evaluation has
not been reported before. The fluorochromes evaluated pre-
viously were the fluorochromes usually employed in cell biol-
ogy. In two reports the multiphoton cross sections of several
cellular molecules, as well as popular cell biological stains,
were measured at 700 to 900 nm and at 690 to 1,050 nm (22,
23). The values were expressed as the product of the fluores-
cence emission quantum efficiency and the two-photon absorp-
tion cross section in GM units (named after the scientist who
predicted two-photon absorption processes in 1931, Göppert-
Mayer [7]). Despite the suitability of existing fluorochromes
for 2P-LSM, new molecules with large two-photon cross sec-
tions have been developed (1, 3). However, so far no specific
two-photon fluorochromes are commercially available.

Due to the performance of the midwave mirror set, the
output signal of the Ti/Sapphire laser is low at both ends of the
usable infrared spectrum (760 to 900 nm). When the midwave
mirror was set at 760 nm, a value of 640 mW was obtained for
the output signal, and when the midwave mirror was set at 900
nm, a value of 500 mW was obtained for the output signal (Fig.
1). Despite the fact that the two-photon excitation signal is
equal to the square of the illumination intensity, some fluoro-
chromes (e.g., Calcofluor White and ConA-lectins conjugated
with UV fluorochromes) exhibit maximum emission at 760 nm,
whereas others (e.g., SybrGreen and SyproOrange) exhibit
maximum emission at 900 nm. Nevertheless, the signal inten-
sity obtained for a fluorochrome is a relative measure of its
excitation with two photons.

Most of the fluorochromes tested in this study had a single
maximum either at the lower end (e.g., Calcofluor White), at
the high end (e.g., Syto9), or in the middle (e.g., Syto40) (Fig.
2 to 4 and Tables 1 and 2). Three of the fluorochromes (Sy-
toxGreen, SybrGreen, SbyrGold) had two emission maxima,
one in the lower excitation region (760 to 780 nm) and one in
the higher excitation region (860 to 900 nm) (Fig. 3). For
SybrGreen and SybrGold two single-photon excitation maxima
at 497 and 254 nm and at 495 and 300 nm, respectively, have
been reported. Consequently, the second emission maximum
for both of these fluorochromes in the 760- to 790-nm region
may be due to the second single-photon excitation maximum in
the deep UV region.

In general, it was found that the rule of thumb, that doubling

FIG. 5. Two-photon excitation and dual-channel recording of sig-
nals from different biofilm constituents. Scale bars � 20 �m. (A) Lotic
biofilm image showing chlorophyll autofluorescence (blue) and DAPI-
stained bacteria (green). (B) Lotic biofilm image showing algal
autofluorescence (blue) and cell surface glycoconjugates of a Scenedes-
mus colony after lectin staining with ConA-AMCA (green).
(C) Aquatic fungi with the cell surfaces stained with Calcofluor White
M2R (green) and the nuclei stained with Syto13 (red).
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the wavelength of one-photon excitation results in optimal
signal for two-photon excitation, is not an absolute rule. In
several cases, as shown in our study, it was possible to obtain
two-photon excitation with wavelengths which were not equal
to double the single-photon excitation wavelength (Tables 1
and 2). Regardless of the excitation source, fading is a problem
with all fluorochromes and may have to be addressed through
the use of fade retardants and through limiting exposure of the
sample.

For multiple staining in single-photon laser scanning micros-
copy it is essential to have well-separated excitation-emission
peaks for the different fluorochromes. However, when fluoro-
chromes are used together for 2P-LSM, only one excitation
wavelength is available. Therefore, the fluorochromes must
have the same excitation cross section. Figure 5 shows images
obtained for autofluorescence and nucleic acid staining (Fig.
5A) or lectin staining (Fig. 5B), as well as for double staining
with two fluorochromes (Fig. 5C). Therefore, if combinations
of fluorochromes are chosen carefully, 2P-LSM may be used
for colocalization and multiple fluorochrome staining.

Conclusions. Different types of phototrophic microorgan-
isms (algae, cyanobacteria) produced strong two-photon
autofluorescence signals at excitation wavelengths of 760 to
900 nm. These broad signals could be useful or could interfere
with other fluorochromes. Furthermore, autofluorescence of
methanogens could be obtained by using an excitation wave-

length of 780 nm. Most of the fluorochromes originally devel-
oped for single-photon excitation may be used for two-photon
excitation. However, many of these fluorochromes may be ex-
cited with wavelengths that are not equal to double the wave-
length calculated for single-photon excitation. The two-photon
emission signals of traditional nucleic acid-specific stains, such
as AO, were similar for the entire excitation range, whereas
DAPI had maximum emission at wavelengths between 780 and
810 nm. The recently developed nucleic acid-specific stains
intended for living samples (e.g., Syto and Sybr) and fixed
samples (e.g., Sytox) may be used for two-photon excitation.
For excitation, fading, multiple staining, and combined single-
proton laser scanning microscopy–2P-LSM, various stains with
narrow two-photon emission signals were suitable fluoro-
chromes.
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TABLE 1. Excitation wavelengths for single-photon laser scanning
microscopy and 2P-LSM for various nucleic acid-specific

fluorochromes for staining of bacteria in biofilms

Fluorochrome
Excitation wavelength(s) (nm)

Single photona Two photon

DAPI 358 (360) 780–800
Syto40 420 (442) 830–860
SytoxBlue 436 (442) 840–870
Syto9 480 (488) 860–890
Syto13 481 (488) 860–890
SybrGreen 497 (488) 790, 870–900
SybrGold 495 (488) 760, 850–890
SytoxGreen 500 (488) 780, 880–900
AO 500 (488) 780–900

a The values for single-photon excitation are the optimal wavelengths; the
values in parentheses are the usual wavelengths of lasers that are available.

TABLE 2. Excitation wavelengths for single-photon laser scanning
microscopy and 2P-LSM for various fluorochromes for

other biofilm constituents

Fluorochrome
Excitation wavelength (nm)

Single photona Two photon [nm]

ConA-Alexa350 346 (360) 780–800
ConA-AMCA 346 (360) 760–780
ConA-MarinaBlue 365 (360) 760–800
ConA-fluorescein 494 (488) 780–820
ConA-OregonGreen 496 (488) 780–840
Calcofluor White 350 (360) 780–810
SyproOrange 470 (488) 840–900
CellTracker 492 (488) 770–810

a The values for single-photon excitation are the optimal wavelengths; the
values in parentheses are the usual wavelengths of matching lasers that are
available.
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