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Abstract
Background: To date, the detection of live microorganisms present in the environment or involved in infections is 
carried out by enumeration of colony forming units on agar plates, which is time consuming, laborious and limited to 
readily cultivable microorganisms. Although cultivation-independent methods are available, they involve multiple 
incubation steps and do mostly not discriminate between dead or live microorganisms. We present a novel generic 
method that is able to specifically monitor living microorganisms in a real-time manner.

Results: The developed method includes exposure of cells to a weak acid probe at low pH. The neutral probe rapidly 
permeates the membrane and enters the cytosol. In dead cells no signal is obtained, as the cytosolic pH reflects that of 
the acidic extracellular environment. In live cells with a neutral internal pH, the probe dissociates into a fluorescent 
phototautomeric anion. After reaching peak fluorescence, the population of live cells decays. This decay can be 
followed real-time as cell death coincides with intracellular acidification and return of the probe to its uncharged non-
fluorescent state. The rise and decay of the fluorescence signal depends on the probe structure and appears 
discriminative for bacteria, fungi, and spores. We identified 13 unique probes, which can be applied in the real-time 
viability method described here. Under the experimental conditions used in a microplate reader, the reported method 
shows a detection limit of 106 bacteria ml-1, while the frequently used LIVE/DEAD BacLight™ Syto9 and propidium 
iodide stains show detection down to 106 and 107 bacteria ml-1, respectively.

Conclusions: We present a novel fluorescence-based method for viability assessment, which is applicable to all 
bacteria and eukaryotic cell types tested so far. The RTV method will have a significant impact in many areas of applied 
microbiology including research on biocidal activity, improvement of preservation strategies and membrane 
permeation and stability. The assay allows for high-throughput applications and has great potential for rapid 
monitoring of microbial content in air, liquids or on surfaces.

Background
Ever since the pioneering work by Louis Pasteur and Rob-
ert Koch at the end of the nineteenth century, the detec-
tion of viable microorganisms has been carried out by
cultivation and enumeration of colony forming units
(CFU's). Almost all judgments on hygiene, food safety,
drinking water quality, infections of pathogens, and effi-
cacy of antimicrobials are based on growth on solid agar
medium followed by CFU counts. However, the assess-
ment of cell viability on agar plates is laborious, requires

at least an overnight incubation, and is limited to micro-
organisms that are readily culturable under laboratory
conditions [1]. These difficulties to directly measure the
number of viable cells renders increasing importance to
methods that measure indirect parameters (viability indi-
cators) that live cells should possess. Such assays have
been developed for the assessment of a variety of viability
indicators, including membrane integrity [2], membrane
potential [3,4], redox activity [5,6], ATP content [7,8],
enzymatic activity [9,10], release of intracellular compo-
nents [11], and presence of specific gene transcripts [12].
In this study, we present a novel and generic principle for
the real-time viable (RTV) cell detection [13] based on
intracellular phototautomerism that exclusively occurs in
live cells exposed to a specific probe.
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Phototautomerism [14] involves photo-excitation to
the lowest excited singlet state, which results in the
"simultaneous" loss of a proton from one moiety and gain
of a proton by the other. This phenomenon, also known
as excited state intramolecular proton transfer (ESIPT), is
the very essence of the RTV assay reported here, as it
results in a significant increase in fluorescence emission
in the pH neutral cytoplasmic environment of live cells.
Phototautomerism causes an anomalously large Stokes
shift of fluorescence, in other words the excitation-emis-
sion shift is much higher than would be anticipated on
the basis of the electronic structure of the neutral mole-
cule, allowing fluorescence measurements with relatively
high signal to background ratios.

The smallest and by far best-known phototautomeric
compound described in this study is salicylic acid con-
taining an aromatic hydroxyl as proton-donating and a
carboxyl group as proton-accepting moiety. ESIPT in sal-
icylic acid was first demonstrated by Weller [15], who
noted that the fluorescence of salicylic acid occurred at
much longer wavelength (~ 410 nm) than that of o-anisic
acid (~ 340 nm), the latter containing an aromatic meth-
oxyl group rather than a hydroxyl group, disabling the
required intramolecular proton transfer.

Salicylic acid has been applied in a number of
(bio)assays, including the detection of hydroxyl radicals
by aromatic hydroxylation [16], the presence of Fe(III)-
ions by complex formation [17], and the estimation of the
intracellular pH by the use of radioactively labelled salicy-
late [18]. However, salicylic acid or other phototauto-
meric compounds have not been applied to date for
fluorescence-based assessments of cell viability. The dis-
covery of the novel application for salicylic acid reported
here prompted us to screen in vitro for other phototauto-
meric compounds that efficiently permeate the cell mem-
brane. This screening led to the identification of a
number of probes, mostly aromatic carboxylic acids,
which all show unique kinetic properties that greatly
improve the versatility of the assay. Besides its ability to
measure viability, the RTV assay shows different kinetics
for fungi and bacteria and can be applied to spores, a
major advantage over currently used methods. As the
RTV assay rapidly discriminates between live and dead
cells or organic material, the method holds great poten-
tial for rapid and high-throughput detection of microor-
ganisms in air, in suspensions or on surfaces.

Results
Principles of the RTV assay
A schematic drawing of the assay principle is depicted in
Figure 1. The uncharged probe is administered to live and
dead cells in a low pH buffer and rapidly permeates the
cell membranes independent of the cell's viability status
[19]. The probe dissociates only in the neutral cytoplas-
mic environment of live cells to form an anion, which is

highly fluorescent as a result of phototautomerism [14].
The probe does not dissociate in dead cells, where the
cytoplasmic pH has equilibrated with the acidic environ-
ment.

The generic principles for the RTV assay are illustrated
with salicylic acid as the model phototautomeric probe in
Figure 2. Salicylic acid predominantly exists in the fully
protonated form at pH values below the pKa value of its
aromatic carboxylic group (pKa = 2.9). At pH values
exceeding the pKa, this species converts into the singly
charged anion (Figure 2A). Upon photoexcitation, the
proton transfers intramolecularly from the phenolic
group to the carboxylic group, changing the fluorescence
emission to that of the excited phenolate anion (Figure
2B). This change results in an anomalously large Stokes
shift of 115 nm (i.e. an excitation maximum at 295 nm
and emission maximum at 410 nm; Figure 2C). As the flu-
orescence emission depends on the presence of the singly
charged anion species, the signal intensity strongly
depends on the pH (Figure 2D).

Accordingly, the probe can emit two types of fluores-
cence. At "low pH" the protonated acid is responsible for
the fluorescence emission, whereas at "high pH" the phe-
nolate-anion form is responsible for the fluorescence
emission. Titration of this transition shows a pK of
around 3 (Figure 2D). "High pH" conditions are typically
found in the cytosol of living microbes where the intrac-
ellular pH is in the range between 5.6 and 9 [20,21]. Thus,
if a membrane-permeable phototautomeric probe is
added to living cells at low pH, the probe molecules will
become fluorescent when entering the cells (Figure 3).
The rapid membrane transfer of the probe goes along
with intracellular acidification resulting from protons co-
transferred with the weak acid probe, and (probe-
enhanced) leakage of protons over the membrane. This
continuous influx of protons along the pH gradient leads
to a non-fluorescent "low pH" condition in the cell. In this
way two parameters indicate the presence of living or via-

Figure 1 Conceptual drawing of the RTV assay principle. Live and 
dead cells are exposed to a probe in a low pH environment. The probe 
enters both cell types, but only emits a fluorescence signal in live cells 
which have maintained their neutral, intracellular pH. The pH in dead 
cells reflects the extracellular acidic conditions leading to signal sup-
pression.
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Figure 2 Acid-base equilibrium and fluorescence properties of salicylic acid. (A) Chemical structures of salicylic acid in its fully protonated form 
(at pH < pKa) and in its singly charged anion form (at pH > pKa). (B) Upon excitation, intramolecular electron rearrangements enable the proton which 
is associated with the phenolic group to be transferred to the carboxylic group, changing the fluorescence to that of the excited singly charged anion, 
ionized at the phenolic group; this phenomenon known as phototautomerism or excited state intramolecular proton transfer (ESIPT). (C) Fluorescence 
excitation and emission spectra of salicylic acid at pH 7.5. (D) Titration curve showing the pH-dependence of salicylic acid fluorescence emission.
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Figure 3 Effect of phototautomeric probe structures on the RTV assay kinetics. The RTV assay was performed with live and heat-killed Staphylo-
coccus aureus cells using (A) salicylic acid, (B) 2-hydroxy-cinnamic acid, and (C) 5-hydroxy-salicylic acid as probes. Optimal excitation and emission 
properties were selected for the probes as outlined in table 1. Probes were dissolved in 100 mM phosphate buffer pH 2 at a concentration of 2 mM.
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Table 1: Selected probes for the RTV assay

code name exc.
max.
(nm)

em.
max.
(nm)

Stokes
shift
(nm)

pKf pH ratio uptake

S. aur S. cer

V1 salicylic acid 295 405 110 2.9 122 + +

V2 4-amino salicylic acid (PAS) 295 (265) 400 105 2.2 (3.5) 22 (74) + -

V3 5-amino salicylic acid (mesalamine) 335 495 160 5.8 331 - -

V4 5-hydroxy salicylic acid (gentisic acid) 322 448 126 2.9 77 + -

V5 4-hydroxy salicylic acid (β-resorcylic acid) 290 395 105 3.0 52 + -

V6 1-hydroxy-2-naphtoic acid 340 420 80 3.0 3 + +

V7 3-amino-2-naphtoic acid 360 (285) 470 110 4.5 88 (42) + +

V8 2-hydroxycinnamic acid (o-coumaric acid) 320 (360) 500 180 5.5 (>9) 30 (400) + -

V9 2-Hydroxy-dibenzofuran-3-carboxylic acid 340 (300) 450 110 2.3 4.3 (3.7) + +

V10 6-Amino-1,3-dimethyl-2-oxo-2,3
-dihydro-1H-benzoimidazole-5-carboxylic 

acid

241 396 155 nd 1.4* - +

V11 5-(2-Ethyl-butyrylamino)-2-hydroxy-benzoic acid 311 426 115 nd 22.8* + -

V12 2-Hydroxy-5-[(tetrahydro-furan-2-carbonyl)-amino]-benzoic acid 307 417 110 nd 17* + -

V13 7-Amino-2,3-dihydro-benzodioxine-6-carboxylic acid 323 401 78 nd 359* + -

V14 2-Hydroxy-5-tetrazol-1-yl-benzoic acid 296 395 99 nd 5* + -

Overview of fluorescent compounds used for real-time monitoring of cell viability. Abbreviations: exc. max., excitation maximum; em. max., emission maximum; S.aur, Staphyloccus aureus; S. 
cer, Saccharomyces cerevisiae. The ratio of emission intensity was monitored at pH 7.5 and 1 as well as at pH 7 and 2 (indicated by the asterisk). Uptake of compounds by viable S. aureus and S. 
cerevisiae cells was monitored in a Tecan microplate fluorometer at optimal excitation and emission wavelengths.
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ble cells: (1) the peak intensity of the fluorescence signal,
and (2) the decay rate of the fluorescence of the cells in
the acidic medium (Figure 3). The latter parameter
reflects cytoplasmic acidification.

Selection of phototautomeric probes
Identification of phototautomeric compounds with prop-
erties similar to salicylic acid was carried out by in silico
screening and subsequent application of 3 different selec-
tion criteria (see Methods and Additional file 1 Tables S1
and S2). This led to the identification of 13 additional
phototautomeric probes (compounds V2-V14, Table 1),
none of which have, as far as we are aware, ever been
applied as fluorescent probes for viability assessments or
detection of live microorganisms. All of the selected pho-
totautomeric compounds show an excitation maximum
in the UV-region (ranging from 295-360 nm) and a rela-
tively large Stokes shift in the range from 80 nm for 1-
hydroxy-2-naphthoic acid (V6) to 160 nm for 5-amino
salicylic acid (V3). In a next step we experimentally deter-
mined the fluorescence properties at acidic and neutral
pH. For this purpose, we used the parameter pKf (Table
1), which represents the pH of the solution where both
fluorescent species exist at the same concentration. Most
of the selected phototautomeric compounds show an
acidic pKf between pH 2 and pH 3, close to the pKa for
aromatic carboxylic acids (Table 1). Notably, a large ratio
between the fluorescence emission at high and low pH
results in high signal to noise ratios for the assay. Salicylic
acid (V1), 5-amino-salicylic acid (V3) and 7-amino-2,3-
dihydro-benzo[1,4]dioxine-6-carboxylic acid (V13) show
relatively high ratios ranging from 122 to 359. As a final
probe selection criterion, we checked for efficient mem-
brane permeation at low pH and identified phototauto-
meric compounds that permeate bacteria and yeast (V1,
V6, V9), exclusively bacteria (V2, V4, V5, V11-V14),
exclusively yeast (V10) or neither bacteria nor yeast (V3).
Thus, the use of a combination of these compounds in
one assay, whereby detection takes place at two or more
wavelengths, allows discrimination of the above microor-
ganisms.

Assay kinetics for phototautomeric probes
The kinetics of the fluorescence signal depend on the
nature of the probe being used. This is exemplified for
Staphylococcus aureus (live and heat-killed cells) sub-
jected to the RTV test using three different probes at a
concentration of 25 μM at pH 2 (Figure 3). After addition
of salicylic acid at t = 20 s, the signal maximum is reached
very rapidly on a sub-second time scale (time constant k
= 1.4 s-1) and subsequently decays relatively slowly (time
constant k = 0.015 s-1) due to intracellular acidification
(Figure 3A). The control sample containing heat-killed
cells shows a small rise in fluorescence after probe addi-
tion resulting from fluorescent mono-anions present at
pH 2 (Figure 3). The background obtained from samples

with dead cells remains constant over time like the con-
trol sample without cells (not shown). Similar kinetics
can be observed upon addition of the 2-hydroxy-cin-
namic acid probe (Figure 3B). However, the fluorescence
signal maximum is only about a tenth of that of salicylic
acid, is reached more slowly than with salicylic acid, and
occurs in a more confined collection of microbial species,
as membrane transfer of this probe has not been
observed in yeast cells (Table 1). Both the rise and decay
rates of the fluorescent signal are lower than those
observed for salicylic acid when the analogue 5-hydroxy
salicylic acid is used as a probe (Figure 3C). As for sali-
cylic acid, dead cells do not emit a rise and decay of the
fluorescence signal with either of these probes.

Assay kinetics for bacteria, fungi and spores
In principle, the RTV assay can be carried out with any
phototautomeric compound that fulfils the three criteria
described above. To further substantiate the general
applicability of the RTV assay we determined the kinetics
of the fluorescence signal upon exposure of the salicylic
acid probe to a wide range of microbial species. Besides
the bacterium Staphylococcus aureus and the yeast Sac-
charomyces cerevisiae used for screening of the fluores-
cent probes, we have tested a variety of vegetative cells of
Gram-positive bacteria, Gram-negative bacteria, yeasts,
filamentous fungi, bacterial spores and fungal spores
(data not shown). The RTV assay principles were success-
fully applied to each of these microorganisms, even to
robust cells types like bacterial- and fungal spores. Nota-
bly, the kinetics of the assay change dramatically, depend-
ing on the type of microorganism and its physiological
state. In general, the rate of the rise and decay of the fluo-
rescence signal varies in the order bacteria > fungi > bac-
terial spores > fungal spores. An overview of fluorescence
signals from three representative live microbial species is
presented in Figure 4. The typical kinetics for 1 mM sali-
cylic acid probe concentration, transferred into bacteria
at pH 2, are represented by a rapid rise of the fluores-
cence signal on a sub-second time scale, followed by a
decay varying from a few seconds to 1 minute; the fluo-
rescence decay for the Gram-positive bacterium Bacillus
subtilis (Figure 4A) was fit with a mono-exponential
function with a time constant τ of 18 s. Under these con-
ditions, probe fluorescence decay was very slow for bac-
terial and fungal spores. Therefore, we carried out the
assay at pH 1 to accelerate the process. For the tested B.
subtilis spore suspension, the fluorescence signal maxi-
mum was reached after approximately 2 min with a rise
time τ of 24 s and the signal decay took place over a
period of 20 min. (Figure 4B). The rise of the fluorescence
signal took longer than 30 minutes for spores of the fun-
gus Aspergillus niger (rise time τ of 240 s) and the decay
more than 10 hours - the most robust cell type identified
for the RTV assay described here (Figure 4C). The RTV
assay on a composite test sample of vegetative cells and
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spores of B. subtilis shows that the assay kinetics are
highly discriminative for the different cell types, taking
place in approximately the first 102 seconds for vegetative
cells and 103 seconds for bacterial spores (Figure 4D).
Apparently, the time it takes to reach the maximum of
fluorescence emission differs significantly among spore
batches of of B. subtilis (compare 4B and 4D). This vari-
ability is attributed to differences in properties of the
spore batches, possibly resulting from differences in the
duration of storage in water at 4°C. The percentages of
vegetative cells and spores were calculated, based on the
peak maxima of fluorescence signals at the earliest time
point of 1.3 s after probe injection for vegetative cells and
~ 600 s for this batch of spores. After background correc-
tions, these calculations show good predictions for the
numbers of viable cells and spores present, with errors
ranging from 2 to 11% (data not shown).

Detection limit
The RTV assay was carried out with 2 mM, 500 μM and
50 μM of salicylic acid at pH 2 using a dilution series of a
stationary phase culture of Staphylococcus aureus. The
detection limit for RTV was defined here as the number
of bacteria ml-1 (extrapolated from a calibration curve) at
twice the standard deviation of the blank signal (Figure 5,
2× SD, dashed lines), as determined by 24 assay measure-
ments in the absence of bacteria (Figure 5A, B). The opti-
mal concentration of salicylic acid was 500 μM, showing
sufficient uptake of the dye and a minimum background
signal. Interestingly, at pH 1 the detection limit signifi-
cantly improves as result of reduced background fluores-
cence, which is below 20 arbitrary units at pH 2 and
below 3 arbitrary units at pH 1, leading to detection limits
of 3 × 106 bacteria ml-1 and 6 × 105 bacteria ml-1 (Figure
5A, B). This can be explained by the notion that at pH 1

Figure 4 RTV assay kinetics obtained with different microorganisms. Salicylic acid (2 mM) was dissolved in 100 mM phosphate buffer and added 
to either live cells. Excitation was performed at 295 nm, emission at 405 nm. Fluorescence signals are shown for representatives of (A) bacterial cells 
at pH 2, (B) bacterial spores at pH 1 and (C) fungal spores at pH 1, and (D) a composite sample of B. subtilis spores and vegetative cells at pH 1.
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the concentration of fluorescent anions of salicylic acid is
significantly reduced (see also Figure 2D). The observed
increase of the signal at high cell concentrations can be
explained by the more efficient uptake of dye at pH 1.
Clearly, the RTV assay allows detection of viable cells for
at least 3 orders of magnitude, from 109 to 106 cells (Fig-
ure 5B). The background of fluorescence emission is rela-
tively high (> 600) for Syto9 and propidium iodide dyes
(Figure 5C, D). This background emission results from
the fluorescence of these dyes in the absence of bacteria;
the concentrations applied (10 μM Syto9 and 60 μM PI)
were used as prescribed by the manufacturer; further
optimization of the DEAD/LIVE BacLight™ assay could
be achieved by lowering the concentrations of these dyes.
This may also improve the linear range of this assay, as

under the instrument settings applied, no read out was
obtained for 109 bacteria ml-1 for Syto9, resulting from
detector saturation at this concentration of bacteria.

Discussion
Unique features
The RTV assay described here is based on fluorescence
signals generated in living cells by intracellular phototau-
tomerism of membrane-permeable probes. The increase
in the fluorescence signal correlates with the number of
living cells present. This fast and culture-independent
assay can be performed in a high-throughput format. At
least one of the phototautomeric probes reported here
(salicylic acid) efficiently permeates bacterial and fungal
spores. This unique trait of the assay has a large potential

Figure 5 The detection limit of the RTV assay and comparison to DEAD/LIVE BacLight™. The detection limit was assessed for the salicylic acid 
dye of the RTV assay and the Syto9 and propidium iodide dyes of the DEAD/LIVE BacLight™ method [2] in the Infinite F500 Tecan microplate reader. 
Bars indicate the fluorescence intensities in arbitrary units at a range of cell concentrations. All assays were carried out with suspensions of Staphylo-
coccus aureus bacteria diluted in physiological salt solution (PSS) ranging from 109 to 103 bacteria ml-1 and were performed 6 times on PSS in the ab-
sence of cells to determine the average and 2× the standard deviation of the blank signal, as indicated by the dashed lines. (A) Measurements on live 
cells in quadruplicate, 500 μM salicylic acid, pH 2, excitation wavelength, 280 nm; emission wavelength, 400 nm (B) Measurements on live cells in qua-
druplicate, 500 μM salicylic acid, pH 1, excitation wavelength, 280 nm; emission wavelength, 400 nm (C) Measurements on live cells in triplicate (sig-
nals at 109 bacteria ml-1 were omitted because of saturation), 10 μM Syto9 and 60 μM propidium iodide, pH 7 excitation wavelength, 485 nm; emission 
wavelength, 535 nm (D) Measurements on dead cells (heat-treated for 5 min at 95°C) in triplicate, 10 μM Syto9 and 60 μM propidium iodide, pH 7, 
excitation wavelength, 485 nm; emission wavelength, 612 nm.
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for applications, considering the current lack of cultiva-
tion-independent viability assays for these, often
extremely resistant, cell types and the strong interest of
industry for monitoring the viable spore load in different
environments.

Salicylic acid turned out to be a generally applicable
probe and was successfully applied to a number of differ-
ent bacteria, fungi and spores. Whereas the signal maxi-
mum is reached almost instantaneously in bacteria, the
kinetics of signal rise and decay are typically slower for
fungi and much slower for bacterial and fungal spores.
The uptake and decay rate kinetics thus appear unique
for different microorganisms and offer the possibility to
discriminate between bacteria, bacterial and fungal
spores. The observed differences between the different
cell types are not surprising considering that the probe
uptake kinetics and fluorescence intensity are likely to
depend on the intracellular pH, cell volume, water con-
tent, membrane composition and expression of specific
uptake- and/or extrusion systems.

The information provided by RTV is twofold: The max-
imal signal intensity after probe addition and uptake by
the cells correlates with the number of cells as well as
with their viability status. In addition, RTV measures the
ability of these live cells to maintain their cytosolic pH
homeostasis when exposed to acidic conditions. The
decay of the signal, which results from intracellular acidi-
fication, can be measured real-time and is a novel viabil-
ity indicator.

Mechanism
The phototautomeric probes used in this study permeate
the cell membrane at relatively high rates in the range of a
sub-second time scale for bacteria to the minute scale for
spores. The efficient uptake can be explained by the rela-

tively lipophilic nature of the probes and their net charge,
as the entry of any molecule into a cell is governed by its
lipid solubility according to the Overton Rule [22]. Diffu-
sion of weak acids across membranes is further influ-
enced by multiple proton transfer reactions in the
aqueous layers adjacent to the membrane [23]. Such
chemical reactions in unstirred layers adjacent to the
membrane and their effects on the diffusion of solutes
across that membrane were also demonstrated for sali-
cylic acid [24]. Adsorption of salicylate anions to the lipid
bilayer would increase a negative electrostatic surface
potential, which would modify the interfacial ion concen-
trations and thus give rise to differences in transfer rates
[25].

A model describing the possible mechanism of pH-
dependent salicylic acid diffusion across membranes was
presented previously [26]. It is in line with the diffusion of
other weak acids like benzoic acid, acetic acid, lactic acid
and sorbic acid. The efficient membrane permeation
characteristics and their role as protonophores are the
reason for the widespread use of these compounds as pre-
servatives. Influx of these acids into cells and the accom-
panying proton transport across the cell membrane result
in cytosolic acidification and uncoupling of the cellular
proton motive force. The membrane permeation of these
acids and their preservative effect is especially strong at
an extracellular pH below the pKa of the acid. In contrast
to the typical preservatives like benzoic acid or sorbic
acid, the probes used in this study display pH-dependent
phototautomerism allowing the monitoring of transfer
over the membrane.

Conclusions
We present here a novel method for viability assessment,
which is applicable to all bacteria (bacilli, enterobacteria,
streptococci, etc.) and eukaryotic cell types (yeasts, fila-
mentous fungi) tested so far. The RTV method is likely to
have a significant impact in many areas of biology includ-
ing research on (i) biocidal activity, (ii) improvement of
preservation strategies, (iii) membrane permeation and
stability. Based on our experience so far, the assay can
successfully monitor stress and biocidal conditions
affecting the cell membrane. However, we anticipate that
for killing regimes that do not affect the membrane (UV,
genotoxic compounds, or most antibiotics), the assay will
not be predictive on short time scales after exposure. The
assay reported here shows a detection limit of 106 bacte-
ria ml-1, while the frequently used LIVE/DEAD BacLight™
Syto9 and propidium iodide stains show detection down
to 106 and 107 bacteria ml-1, respectively. Immediate ben-
efit of the assay was demonstrated in our lab for high-cell
density applications, for example for assessing the viabil-
ity of probiotic bacteria and starter cultures. In particular,

Figure 6 Fluorescence micrograph of Saccharomyces cerevisiae 
cells exposed to the RTV probe 1-hydroxy-2-naphtoic acid.
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the detection of viable bacterial and fungal spores is a
unique and valuable feature of the assay. The assay can be
performed very fast and in a high-throughput automated
manner. The current drawback lies mainly in the limited
sensitivity, and the requirement for environmental sus-
pensions of relatively low optical density, a well-known
limitation of fluorescence viability assays available. This
problem might be overcome in the future by translation
of the assay principles from a microplate fluorescence
reader to flow cytometer-based or fluorescence micros-
copy-based platforms (Figure 6).

Methods
In silico screening of phototautomeric probes
In order to assess the exact requirements for the primary
selection, three mechanisms [27] that have been identi-
fied for phototautomerism were first scrutinized: (i)
(excited state) intramolecular proton transfer, (ii) simul-
taneous transfer of two protons, (iii) acid/base catalyzed
proton transfer. Compounds were selected for which the
presence of any one of these mechanisms for phototau-
tomerism by performing extended (sub)structure
searches in an in-house built "Global Supplier Database",
consisting of 11 million commercially available com-
pounds from approximately 200 suppliers (see http://
www.pyxis-discovery.com). The 50 selected compounds
are shown in Additional file 1 Table S1. In order to maxi-
mize the likelihood that only compounds would be tested
that would display reasonable cell membrane permeation,
cut-off values were used for both the calculated cLogP, a
measure for the octanol/water partition coefficient, and
cLogSW, the calculated water solubility at pH 7 (Addi-
tional file 1 Tables S1 and S2). Both these properties were
calculated using CSpredict software from Chemsilico
http://www.chemsilico.com. After the first round of
screening, 9 compounds (V1 to V9; Table 1) were identi-
fied that displayed a relatively large Stokes shift, high pH
dependence (ratio between fluorescence at pH 7/7.5 and
pH 2/1), and were capable of permeating cells. The aim
for the second round of screening was to improve fluores-
cence properties and cell permeation. Thus, 56 com-
pounds were selected (Additional file 1 Table S2) using
the same searching methodology and the same database
that was used for the primary selection. Screening of
these 56 compounds yielded an additional 5 compounds
displaying favorable properties (V10 to V14; Table 1).

In vitro screening of phototautomeric compounds
The selected compounds were screened in vitro by the
following steps: (i) all compounds were dissolved in
DMSO and diluted to 100 mM of phosphate buffers of
pH 2 and pH 7 to a final concentration of 50 μM; (ii) exci-
tation and emission maxima at pH 7 and pH 2 were deter-
mined by wavelength scans in the Tecan M200
fluorescence microplate reader, followed by selection of

compounds with emission signal ratios at pH 7 and pH 2
of larger than 1; (iii) selected compounds were screened
for permeation of Staphylococcus aureas ATCC 6538 and
Saccharomyces cerevisiae cells ATCC 9763 as described
for the RTV assay below.

The RTV assay
Cells were grown overnight and were resuspended in
0.9% NaCl to reach an OD600 of 1.0. Aliquots of 100 μl of
cell suspension were transferred into the wells of a 96-
well microtiter plate (Greiner, flat bottom, UV-star
plates) and inserted into the Tecan Infinite M200 plate
reader. An identical volume (100 μl) of acidic probe solu-
tion was injected into the sample right before measure-
ment. Probes were typically dissolved in 100 mM
phosphate buffer pH 2 with a probe concentration of 2
mM. The plate reader settings for probe injection and
measurement were as follows: injection mode; injection
speed, 300 μl sec-1; manual gain, 100; number of flashes,
minimal 10; bottom measurement; integration time, 20
μs; time interval, 1 s; total reading time, 180 s; probe
injection at t = 20 seconds. Heat-inactivated cells (5 min
at 95°C for vegetative cells) and compound and cell-free
0.9% NaCl solution served as controls. Measurements
including salicylic acid were performed with excitation at
295 nm and emission reading at 405 nm. For other probes
emission and excitation wavelength were selected based
on the spectral properties as shown in Table 1.

The composite sample of bacterial spores and cells was
prepared by addition of a suspension of B. subtilis spores
of OD600 ~ 1.5 to a suspension of vegetative cells of the
same species of OD600 ~ 1.5 in mixtures containing 0, 25,
50, 75 and 100% of spores (based on the OD600 values).
The RTV assay was carried out as described above with 2
mM salicylic acid at pH 1 in the Infinite F500 Tecan
microplate reader. All experiments were carried out in
duplicate. For the calculations of percentages of spores
and cells from the fluorescence signals, the peak maxima
were determined, expressed in arbitrary fluorescence
units and set to 100% for 100% spores and 100% vegeta-
tive cell-suspensions, respectively.

The detection limit
The detection limit was assessed for the salicylic acid dye
of the RTV assay and the Syto9 and propidium iodide (PI)
dyes of BacLight™ method [2] with dilutions of cell sus-
pensions (109 to 103 bacteria ml-1) of overnight cultures of
S. aureus ATCC 6538 by fluorescence bottom readings in
the Infinite F500 Tecan microplate reader. All measure-
ments were carried out in triplicate or quadruplicate. The
detection limit was determined by the number of bacteria
ml-1 in the calibration curve at twice the standard devia-
tion of blank signals, as determined by 16-24 assay mea-
surements in the absence of bacteria. The BacLight™
method was used according to the supplier's protocol.

http://www.pyxis-discovery.com
http://www.pyxis-discovery.com
http://www.chemsilico.com
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Briefly, volumes of 100 μl of live and heat-treated (5 min
at 95°C) S. aureus cell suspensions were mixed with 100
μl of diluted BacLight™ dyes (10 μM Syto9 and 60 μM PI)
and incubated for 15 min in the dark prior to the mea-
surements. The RTV assay was carried out as described
above for 2 mM, 500 μM and 50 μM of salicylic acid at pH
2 and pH 1. The plate reader settings were as follows for
all dyes: manual gain, 50; number of flashes, minimal 10;
integration time 20 μs; for salicylic acid: excitation wave-
length, 280 nm; emission wavelength, 400 nm; excitation
bandwidth, 20 nm; emission bandwidth, 25 nm; for Syto9
(live cells): excitation wavelength, 485 nm; emission
wavelength, 535 nm; excitation bandwidth, 20 nm; emis-
sion bandwidth, 25 nm; and for PI (heat-treated cells):
excitation wavelength, 485 nm; emission wavelength, 612
nm; excitation bandwidth, 20 nm; emission bandwidth,
10 nm.
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