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For more than a century, colorimetric and fluorescence staining have been the foundation of a broad range of key
bioanalytical techniques. The dynamics of such staining processes, however, still remains largely unexplored. We investigated
the kinetics of fluorescence staining of two Gram-negative and two Gram-positive species with 3,3’ -diethylthiacyanine (THIA)
iodide. An increase in the THIA fluorescence quantum yield, induced by the bacterial dye uptake, was the principal reason for
the observed emission enhancement. The fluorescence quantum yield of THIA depended on the media viscosity and not on
the media polarity, which suggested that the microenvironment of the dye molecules taken up by the cells was restrictive. The
kinetics of fluorescence staining did not manifest a statistically significant dependence neither on the dye concentration,
nor on the cell count. In the presence of surfactant additives, however, the fluorescence-enhancement kinetic patterns
manifested species specificity with statistically significant discernibility.

Introduction

This article describes the dynamics of fluorescence enhance-
ment induced in 3,3'-diethylthiacyanine iodide (THIA) upon up-
take by bacterial cells (Scheme 1). Although it did not show a
statistically significant dependence on the dye concentration and
on the bacterial cell count, the kinetics of fluorescence enhance-
ment differed for different bacterial species when they were
pretreated with a surfactant additive, TWEEN 40.

Bacterial infectious diseases remain one of the major health
hazards worldwide. A quarter of worldwide deaths are a
corollary of bacterial infections.'™* Annually, pneumococcal
diseases, for example, claim close to a million children’s lives
worldwide.> In the United States, food-borne bacterial infec-
tions cause millions of illnesses, thousands of which are
fatal.>"® The expedience of the detection and identification of
such pathogens determines how early the diagnosis is made
and hence establish the treatment and the outcome of the
illness."1

Because of their simplicity and operational expedience, colori-
metric and fluorescence/luminescence staining are the basis of
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Because of its inherent sensitivity, fluorescence staining is
a central component of bioanalytical assays and imaging
methodologies.**™*°
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Scheme 1. Structural Formula of 3,3'-Diethylthiacyanine (THIA)
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Ever since the first reports from Carl Friedlinder and Hans
Christian Joachim Gram, published in 1883 and 1884, respec-
tively,***” the identification of bacterial species using staining
techniques has been based solely on the appearance of the stained
cells.**® Hence, the staining analyses yield Boolean outcomes
(i.e., in principle, the reagents either stain or do not stain the
analyzed bacteria). As a result, each analysis affords a classifica-
tion of species into only two groups on the basis of the staining
patterns. Morphology analysis, for example, is required for fur-
ther identification.”>* Similarly, Boolean assays with improved
specificity (such as immunofluorescence staining)*®* provide
information solely about species that are sought. Thus analytes,
which are present in the sample but not targeted by the particular
stain, may remain undetected.

For more than a century, bacterial staining has been estab-
lished as a benchmark for analytical and diagnostic techni-
ques.”*? The dynamics of such staining processes, however, still
remains largely unexplored. Recently, we demonstrated that the
dynamics of staining has the potential to discriminate between
species that would be classified within the same group on the basis
of a “traditional” stain analysis.*

Herein, we describe our investigation of the interaction of a
cyanine dye, THIA, with two Gram-negative bacteria, Escherichia
coli (E. coli) and Enterobacter aerogenes (E. aerogenes), and two
Gram-positive bacteria, Bacillus subtilis (B. subtilis) and Bacillus
sphaericus (B. sphaericus). When taken up by bacterial cells,
THIA manifested an increase in its florescence quantum yield.
This fluorescence enhancement resulted in a significant contrast,
allowing for imaging of the stained cells without the removal of
the cyanine dye that remained free in the surrounding solution
media (Figure 1). An investigation of the solvent dependence of
the photophysical properties of THIA revealed that the media
viscosity caused the observed emission enhancement. The obser-
ved lack of concentration dependence of the species-specific
staining kinetics was a principal feature of the dynamics of
bacterial staining with THIA.

Results and Discussion

Interaction between Bacterial Cells and THIA. Similar to
other cyanine dyes, THIA (Scheme 1) manifested a pronounced
affinity for bacterial cells (Figure 1).>'7>* When taken up by
bacterial cells, THIA exhibited (1) a decrease in the molar
extinction coefficient and a change in the shape of the absorption
spectrum (Figure 2a); (2) an increase in the emission intensity
and about a 10 nm red shift in the emission maximum (Figure 2b);
and (3) the appearance of emission bands at wavelengths longer
than the spectral maxima (Figure 2b). The relative intensities
of the long-wavelength emission bands were sensitive to the
conditions of staining. These long-wavelength emission bands
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Figure 1. Fluorescent image of E. coli in 60 uM THIA solution,
recorded with a confocal microscope (Acx = 364 nm). The bacterial
suspension was deposited on an aminated glass slide with THIA
solution (60 uM) and allowed to incubate for 10 min prior to
imaging.

were more pronounced in the absence of surfactant and, in
general, for cases exhibiting a smaller fluorescence enhancement
at 480 nm.

The observed changes in the THIA absorption spectra sug-
gested for ground-state processes that perturbed the electronic
structure of the dye upon bacterial uptake. Ground-state isomer-
ization from trans to cis could cause spectral red shifts in THIA
upon bacterial uptake.>* Although such isomerization could be
the reason for the observed red shift in the principal fluorescence
band of THIA (from ~470 to ~480 nm), the formation of the cis
isomer would not be likely to account for the 600 nm emission
band (i.e., implied for an ~140 nm Stokes shift of the cis isomer).

As prevalently observed for pyrene derivatives, for example,
ground-state aggregation could be a plausible source of the
observed metachromasy.” °' A negatively charged microenvir-
onment combined with hydrophobic interfaces, such as the minor
groove in the DNA double strand,** ** binds thiacyanine dyes
and propends their aggregation, resulting in pronounced spectral
changes.65 ~70 Furthermore, the observed bacterium-induced
spectral trends (Figure 2) were in agreement with the reported

(54) Vogt, G.; Krampert, G.; Niklaus, P.; Nuernberger, P.; Gerber, G. Phys.
Rev. Lett. 2005, 94, 068305/068301-068305/068304.

(55) Michaelis, L.; Granick, S. J. Am. Chem. Soc. 1945, 67, 1212-1219.

(56) Jones, G., II; Vullev, V.; Braswell, E. H.; Zhu, D. J. Am. Chem. Soc. 2000,
122, 388-389.

(57) Jones, G., IT; Vullev, V. L. Org. Lett. 2001, 3, 2457-2460.

(58) Jones, G., IT; Vullev, V. L. J. Phys. Chem. A 2001, 105, 6402-6406.

(59) Jones, G., IT; Vullev, V. I. Org. Lett. 2002, 4, 4001-4004.

(60) Vullev, V. 1; Jones, G. Tetrahedron Lett. 2002, 43, 8611-8615.

(61) Vullev, V. L; Jiang, H.; Jones, G., II. Top. Fluoresc. Spectrosc. 2005, 10,
211-239.

(62) Patel, M. M.; Anchordoquy, T. J. Biophys. J. 2005, 88, 2089-2103.

(63) Tolstorukov, M. Y.; Jernigan, R. L.; Zhurkin, V. B. J. Mol. Biol. 2004, 337,
65-76.

(64) Bostock-Smith, C. E.; Searle, M. S. Nucleic Acids Res. 1999, 27, 1619-1624.

(65) Benvin, A. L.; Creeger, Y.; Fisher, G. W.; Ballou, B.; Waggoner, A. S.;
Armitage, B. A. J. Am. Chem. Soc. 2007, 129, 2025-2034.

(66) Tomlinson, A.; Frezza, B.; Kofke, M.; Wang, M.; Armitage, B. A.; Yaron,
D. Chem. Phys. 2006, 325, 36—47.

(67) Hannah, K. C.; Gil, R. R.; Armitage, B. A. Biochemistry 2005, 44,
15924-15929.

(68) Wang, M.; Silva, G. L.; Armitage, B. A. J. Am. Chem. Soc. 2000, 122,
9977-9986.

(69) Smith, J. O.; Olson, D. A.; Armitage, B. A. J. Am. Chem. Soc. 1999, 121,
2686-2695.

(70) Seifert, J. L.; Connor, R. E.; Kushon, S. A.; Wang, M.; Armitage, B. A.
J. Am. Chem. Soc. 1999, 121, 2987-2995.

DOI: 10.1021/1a1013279 9757



Article
j = no cells L
0.9 --= B. sphaericus[
7 === B. subtilis =
i === E. coli [
@ 1 4 N E. aerogenes |
S 06 L
& E [
< . L
(s} B L
2 -1 -
Q
© B L
0.3 L
0.0 ] : —— " o e e e |
400 450 500
a nm
> ]
(7]
I~
5
ES
S === no cells C
2 d . =-= B. sphaericus|
$ ] ii na --= B.subtilis [
] Qoo . ===« E. coli L
] 7 'n";iaa' ----- E. aerogenes [
i ... r
-M‘n._-
i T T T T T T T T T T T T T T T T T ~
b 450 500 550 600 650
A/ nm

Figure 2. Absorption and fluorescence of THIA (6 uM) in the
presence and absence of bacterial cells (cell count, CC = 5 x
107 cell mL™"). All samples were prepared with 2 mM aqueous
Tris buffer at pH 8.5 containing 0.5 mM TWEEN 40. The spectra
in the presence of bacteria were recorded after 15 min of incubation
of the cell suspension with THIA. (a) Absorption spectra. Base-
line corrections, using cell suspensions with no dye, were applied.
(b) Emission spectra (Aex = 420 nm).

metachromic behavior of THIA.”"”> Thus, the 600 nm emission
peak could be ascribed to a J-like aggregate of THIA taken up by
the bacterial cells.”"

We abstain, however, from using the terms H aggregate and
J aggregate because they imply a prior knowledge of the relative
orientation of the electric transition dipole moments of excitonically
coupled dye molecules. Whereas stacked parallel arrangements of
the transition dipole moments (i.e., H aggregation) results in blue-
shifted spectral features, the head-to-tail arrangement (i.e., J aggre-
gation) results in red-shifted spectral features.”*~”> These chromo-
phore arrangements, however, are not unique for producing such
spectral shifts. Energy shifts in the electronic states of oblique aggre-
gates, for example, can accommodate transitions resulting J- and
H-like (red- and blue-shifted) absorption and emission bands.”*~"

Because of a lack of structural information on the binding
environment for the staining fluorophores, the observed spectral
shifts (Figure 2) could not be unambiguously ascribed to J and
H structures of THIA aggregates. In fact, each absorption and
emission spectrum of the thiacyanine dye in the presence of bac-
terial cells (Figure 2) represented overlapped spectra from THIA
molecules in the environment of different chromotropes (e.g.,
spectra of monomeric and aggregated THIA bound to bacterial
cells overlapped with the spectra of THIA remaining in the
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Figure 3. Interaction between THIA and carboxylate-terminated
polystyrene beads (5 um diameter). (a) Kinetic curve (Aex = 420 nm,
Aem = 480 nm) and emission spectrum (4., = 420 nm) of THIA (6 uM)
in the presence of beads (1.5 x 107 beads mL™"). (b) Phase-contrast
image of beads immersed in THIA solution (600 #M). (c) Fluorescent
image of beads immersed in THIA solution (600 uM, A, = 364 nm).

aqueous solution). Furthermore, whereas for most examined
species we have observed 600 nm fluorescence bands of different
relative intensities, which is in accordance with the previously
reported metachromic behavior of THIA,”! E. aerogenes induced
a fluorescence band at about 540 nm (Figure 2b).

To examine the phenomena responsible for cell staining and the
observed imaging contrast (Figure 1), we investigated the interac-
tion of THIA with negatively charged polystyrene beads. The addi-
tion of a bead suspension to the dye solution did not cause emission
enhancement (Figure 3a). Fluorescent images, however, revealed
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Figure 4. Absorption and emission spectra of THIA (6 uM) for water and different alcohols: (a) absorption spectra and (b) emission spectra
(Aex = 400 nm). The inset represents the same spectra plotted against logarithmic ordinate.

that THIA stains the beads, producing moderate contrast ratios
(Figure 3c).

This finding demonstrated that binding of the dye to micro-
meter-sized objects, such as cells and beads, was a necessary but not
sufficient condition for the observed fluorescence enhancement
(Figure 2b). The bacteria induced an increase in the emission inten-
sity (Figure 2a), which was accompanied by a decrease in the absor-
bance of the dye (Figure 2a). Therefore, the dye uptake by the bacteria
caused an increase in its fluorescence quantum yield, which along with
the increase in the local dye concentration in the cells was a principal
reason for the imaging contrast of the stained bacteria (Figure 1).

Solvent Dependence of the Spectral Properties of THIA.
Solvent-dependence measurements of the emission properties of
THIA indicated that it is the viscosity, rather than the polarity, of
the environment that induced the observed increase in the fluore-
scence quantum yields (Figure 4).7 In fact, in comparison with
aqueous media, the fluorescence quantum yield, @, of THIA
increased 1 to 2 orders of magnitude when the dye was placed in
solvents more viscous than water (Table 1). For viscous solvents
with moderate polarity, glycerol and ethylene glycol, the dye
fluorescence quantum yields were &y = 0.32 and ®; = 0.012,
respectively. In comparison, the @ of THIA did not manifest
such a dependence on the polarity of the media (i.e., for a polar
medium, water, ®; = 2.0 x 10>, and for a nonpolar protic
solvent, 1-butanol, ®; = 2.4 x 107°).

In addition, we observed relatively weak solvatochromism,
which depended on the excitation wavelength. When excited at
420 nm, for example, THIA exhibited red-shifted fluorescence for
relatively low-polarity solvents. Excitation at 410 nm did not
produce the same effect. This observation suggested that the

(76) Vasquez, J. M.; Vu, A.; Schultz, J. S.; Vullev, V. 1. Biotechnol. Prog. 2009,
25,906-914.
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Table 1. Fluorescence Quantum Yield of THIA, ®, for Solvents with
Different Dielectric Constants, &, and Different Dynamic Viscosities, 7*

solvent @ x 10° e 1/cP
water 2.0 81 0.89
ethylene glycol 12 41 17
glycerol 320 43 930
methanol 0.67 33 0.55
ethanol 1.0 24 1.2
1-butanol 2.4 18 2.5

“A solution of coumarin 151 in ethanol was used as a standard
((I)f(coumarm 151) _ 049, }'ex = 400 1’11'1’1).

underlying effect resulting in bacterium-induced fluorescence red
shifts could be a corollary of a decrease in the polarity of the
binding microenvironment for THIA. Such wavelength depen-
dence of the fluorescence spectra indicated the heterogeneity of
the ground-state population of THIA molecules.

The molecular structure of THIA elucidates the sensitivity of
its fluorescence quantum yield to the viscosity of the environment.
For cyanine dyes and other molecular rotors with extended &
conjugation, the viscosity of the surrounding microenvironment
modulates the kinetics of non-radiative decay, which is reflected
by changes in the fluorescence quantum yields.””
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buffered with 2 mM Tris buffer at pH 8.5 with no TWEEN added at 37 °C. (a) (Top curve) normalized absorption change monitored at
420 nm (4., = Ay — AA, eq 1b); (middle curve) normalized fluorescence change monitored at 480 nm (A.x = 420 nm; eq la); and (bottom
curve) normalized fluorescence change monitored at 600 nm (A, = 420 nm; eq la). (b) The same spectral changes plotted against a
logarithmic ordinate. The normalized emission rise features were inverted and represented as decays in order to discern the exponential

components with different time constants (F.. = F, + AF, eq la).

THIA has a symmetric molecular structure in which extended
ot conjugation, spanning over the bonds connecting the two ring
systems, propends its planar conformation (Scheme 1). Rota-
tional motions around these two bonds, connecting the ring
systems, provide pathways for non-radiative decay. An increase
in the media viscosity slows down such molecular motions that
allow for exploration of the conformational space. As a corollary
of the increase in the media viscosity, a decrease in the likelihood
of conformational changes leading to non-radiative deactivation
results in an increase in the fluorescence quantum yield of the
cyanine dye.”””®’

The observed viscosity dependence of the emission quantum
yield suggested that the fluorescent stain, THIA, migrated from
the relatively nonviscous aqueous media into the cell microenvi-
ronment with increased viscosity. Upon bacterial uptake, binding
of THIA to cell components, which restricted its molecular
motion (i.e., providing a microenvironment with a relatively large
effective viscosity), resulted in an increase in the dye emission
quantum yield causing the observed fluorescence enhancement.

The spectral features of the fluorescence enhancement of THIA
induced by bacteria (Figure 2) and by the solvent viscosity
(Figure 4) manifested differences that indicated that the cell
uptake of the cyanine dye involves more than just binding to a
microenvironment that restricts molecular motion. Unlike bac-
terial cells, viscous solvents did not considerably perturb the absorp-
tion spectra of THIA (i.e., glycerol and ethylene glycol caused a
slight red shift in the absorption maximum of THIA rather than a

(83) Kasatani, K.; Sato, H. Bull. Chem. Soc. Jpn. 1996, 69, 3455-3460.

(84) Kasatani, K.; Kawasaki, M.; Sato, H. Chem. Phys. 1984, 83, 461-469.

(85) Humphry-Baker, R.; Graetzel, M.; Steiger, R. J. Am. Chem. Soc. 1980, 102,
847-848.

(86) Sanchez-Galvez, A.; Hunt, P.; Robb, M. A.; Olivucci, M.; Vreven, T.;
Schlegel, H. B. J. 4m. Chem. Soc. 2000, 122, 2911-2924.

(87) Aberg, U.; Akesson, E.; Alvarez, J. L.; Fedchenia, I.; Sundstrom, V. Chem.
Phys. 1994, 183, 269-288.
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decrease in the molar extinction coefficient (Figure 4a)). Further-
more, neither the red shift of the principal band at 470 nm nor the
appearance of new fluorescence bands accompanied the emission
enhancement induced by the viscous solvents (Figure 4b).

Dynamics of Bacterium-Induced Spectral Changes. The
appearance of the red-shifted emission bands was a feature that set
apart the bacterium induced from the solvent-viscosity-induced
THIA fluorescence enhancement (Figures 2b and 4b). As we
already discussed, such red-shifted fluorescence, along with the
observed perturbation of the THIA absorption spectrum upon
cell uptake could be ascribed to ground-state aggregation.”"’

To elucidate the relation between the absorption and emission
spectral features, we examined the dynamics of their alterations.
The time constants, 7;, representing the kinetics of the bacterium-
induced fluorescence enhancement monitored at wavelength
A were extracted from the fit to exponential rise functions,

n [_l
F(0),54 = AF<1 - Za,» exp(—ﬁ)) + Fy,  (la)

i=1

where F(7) is the measured fluorescence intensity over time, 7; Fy is
the initial fluorescence intensity of the dye without bacteria; AF'is
the total increase in the fluorescence intensity; the pre-exponential
factors, oy, sum to unity (i.e., /- ; a; = 1); and ¢ is the initial time
of mixing.

Concurrently, we used a similar exponential decay function to
analyze the bacterium-induced changes in the absorption of
THIA, A(f), monitored at A:

2 It
A1), 2, = AA(—I + Z(X,— exp(— - 0)) + Ao (1b)

i=1

We recorded the changes in the absorption of THIA upon
addition of E. coli (Figure 5). Under identical conditions, we
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Figure 6. Spectral properties of THIA in the presence and absence of TWEEN. (a) Absorption and emission spectra of THIA (5 uM, Aex =
420 nm) in the absence and presence of TWEEN 40 (27 uM). (b) Kinetics of the THIA emission enhancement (6 uM, Aex = 420 nm, Aey, =
480 nm) induced by E. coli (5 x 107 cell mL™") in the absence and presence of TWEEN 40 (0.5 mM). The blue markers, x, represent the data
points; the solid red lines represent the corresponding exponential fits (eq 1a).

recorded the THIA fluorescence enhancement induced by the
bacterial cells (Figure 5). The evolution of the absorption and
fluorescence kinetic curves exhibited multiexponential patterns.
Biexponential functions (n = 2, eq 1), however, proved to be the
simplest that produced satisfactory data fits (Figure 5). For the
absorption decay at 420 nm and for the fluorescence rise at 600 nm,
the slow components dominated the kinetics (with time constants
ranging between 150 and 250 s). The fast components from the
biexponential fits (with time constants of about 30 s) did not
conspicuously contribute to the shapes of the kinetic curves
and could be visualized solely in plots against logarithmic
ordinates (Figure 5b). For the fluorescence enhancement moni-
tored at 480 nm, however, the fast component dominated the
kinetics (Figure 5, middle curves). The time constant of the
predominant fast components for the 480 nm fluorescence
enhancement did not exceed 10 s. It was several-fold faster than
the fastest components for the 600 nm emission and the 420 nm
absorprion kinetics.

The fluorescence enhancement, monitored at 480 nm, exhibits
a fast increase within the first 10—20 s of mixing, followed by an
additional 25% intensity increase that is considerably slower than
the initial jump. The absorption decay at 420 nm and the fluo-
rescence rise at 600 nm, however, exhibited a steady change with
kinetic patterns differing from the kinetic pattern observed for
the 480 nm fluorescence enhancement (Figure 5). The bacte-
rium-induced perturbation of the absorption spectra and the
growth of the long-wavelength emission bands hence appeared
to be related. Similar kinetics indicated that they could be a
corollary of the same underlying process, reasonably ascribed to
THIA aggregation.”""”* The minor slow component of the 480 nm
fluorescence enhancement could plausibly be ascribed to a similar
concurrent aggregation of THIA exhibiting H-like-aggregate
emission.”"

The initial fast jump in the fluorescence intensity, monitored at
480 nm, represented the principal emission enhancement induced by
the bacterium uptake. The time constant, representing the initial
480 nm fluorescence-intensity increase, was more than 4 times
shorter than the shortest time constants for the absorption decay
(Figure 5). Therefore, the fast 480 nm fluorescence enhancement did
not result from the same processes that caused the perturbation of
the absorption spectra (i.e., the principal component of the 480 nm
emission enhancement was not caused by dye aggregation). In
accordance with the viscosity-dependence quantum-yield findings,
we ascribed the fast increase in the THIA fluorescence intensity at
~480 nm to initial binding of the dye to a cellular chromotropic
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microenvironment, which restricted the molecular motion (i.e., the
chromotropes provide a fluorogenic microenvironment for THIA).

Effects of TWEEN on the Behavior of THIA. Additives
such as mild surfactants modulated the spectral and kinetic
features of the bacterium-induced emission enhancement. TWEEN
is a mild oligoethylene glycol amphipath that is regularly
employed to prevent cell and protein adhesion without compro-
mising their viability and integrity. In the presence of TWEEN,
THIA exhibited spectral changes similar to the changes that we
observed for THIA induced by viscous solvents (Figures 4 and 6a)
(i.e., the addition of TWEEN 40 to THIA solution caused (1) a
slight red shift in the absorption maximum without many other
spectral perturbations and (2) an increase in the fluorescence
intensity without shifts of the 470 nm maximum (Figure 6a)). The
TWEEN 40 surfactant also suppressed the appearance of the
long-wavelength emission bands of THIA in the presence of
bacteria (Figure 6b).

Furthermore, TWEEN increased the rates of fluorescence
enhancement monitored at 430 nm. In the presence of TWEEN,
we also observed a fast followed by a slow intensity increase
(Figures 6b and 7a). In the presence of TWEEN 40, however, the
slow intensity increase was a principal component of the 480 nm
kinetics. Monoexponential fits, limited to the time spans of the
intensity increase that followed the few-second initial jump of the
480 nm fluorescence, yielded time constants similar to the time
constant representing the slow components from the biexponen-
tial analyses (Figure 7a). B. subtilis in the presence of TWEEN,
however, induced an emission enhancement that exhibited solely
monoexponential behavior (Figure 7b) (i.e., a fast fluorescence
intensity increase (in less than 10 s), which was not followed by a
slow kinetic component).

Kinetics of Fluorescence Enhancement for Different
Species. For samples containing 0.5 mM TWEEN 40, we examined
the kinetics of the fluorescence enhancement for dye concentra-
tion Cryra, and cell count CC spreading over 2 orders of mag-
nitude (i.e., THIA concentrations of Ctyia = 0.6, 6, and 60 uM
and cell counts of CC = 5x 10°, 5% 10, and 5 x 10% cell mL™).
We focused on the 480 nm steady emission enhancement kinetics
that followed the initial intensity jump upon mixing (Figure 7a).
For each of the examined species, the obtained values of the
emission-enhancement time constants did not significantly vary
over the investigated dye concentration and cell-count ranges
(Table 2). The time constant, however, differed for the four
investigated species (Table 2). The values of the time constants
for E. coli were clustered around 30 s: for E. aerogenes, around

DOI: 10.1021/1a1013279 9761
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Figure 7. Fluorescence-enhancement kinetic curves (Aox = 420 nm, Aoy, = 480 nm, 37 °C) for bacilli samples injected into 6 uM THIA
solution (at 7o & 5's, eq 1a). All samples were prepared with 2 mM aqueous Tris buffer at pH 8.5 containing 0.5 mM TWEEN 40. (a) Kinetic
curve for 5 x 107 cell mL ™" B. sphaericus (top and middle curves) and B. subtilis (bottom curve). (The fast rise prior to the slow intensity
increase, asymptotically approaching the maximum fluorescence intensity, was characteristic of pretreatment with TWEEN surfactant for
B. sphaericus, E. coli, and E. aerogenes.) For B. sphaericus, the monoexponential analysis yielded a time constant almost identical to the time
constant corresponding to the slow component of the biexponential rise. (b) Kinetic curves for different cell counts of B. subtilis with the
corresponding monoexponential fits (n = 1, eq 1). The error values represent the standard deviations yielded by the least-squares algorithms

for each data fit.

20 s; for B. subtilis, around 3 s; and for B. sphaericus, around 50 s
(Table 2).

Analysis of variance (ANOVA) allowed us to examine the
observed trends in the concentration and species dependence of
the emission-enhancement time constants. For each species, we
employed two-factor ANOVA tests. The two null hypotheses for
each of the tests stated that the time constants for the different cell
counts and for the different dye concentrations were identical.
The obtained p values for the cells and for the dye were large
enough to prevent the reasonable rejection of either of the null
hypotheses (Table 2).

To examine the discernibility between the time constants for
the different species, we employed one-factor ANOVA tests. Each
test compared the emission-enhancement kinetics for two differ-
ent species with the null hypothesis (H,) that the time constants
for these two bacteria are identical. Neither of the six p values for
the possible combination between the four investigated species
exceeded 1077, corresponding to minute probabilities (i.e., <
0.001%) for experiments to yield the values of 7, which we
observed, if Hy was true (Table 3). Therefore, we could con-
fidently reject the null hypothesis for all comparisons between the
bacterial species (i.e., the kinetics of staining with THIA in the
presence of TWEEN 40 was species-specific).

One of the most important implications of these findings
(i.e., important for assay developments) was that the staining
kinetic curves for two closely related species, B. subtilis and
B. sphaericus, were different (Figure 7). Furthermore, whereas
B. sphaericus exhibited the slowest kinetic features, B. subtilis
showed the fastest staining kinetics among the examined
species (Table 2).

9762 DOI: 10.1021/1a1013279

This discernibility between the staining kinetics for the different
investigated bacterial species, however, was induced by surfactant
additive TWEEN 40. In the absence of a surfactant, the sub-10-s
initial rise dominated the emission-enhancement kinetics at 480 nm
(Figures 5 and 6c¢). This kinetics analysis, obtained in the absence
of TWEEN 40, revealed that for each species the time constants
were not statistically dependent on the dye concentration and on
the cell count. The values of the obtained time constants for the
different bacteria, however, were not sufficiently segregated from
one another to serve as a handle for species-specific kinetics
(Supporting Information). Therefore, the lack of a surfactant
additive did not cause the dependence of the staining kinetics
on the dye concentration and on the cell count. The lack of
TWEEN 40, however, compromised the kinetics-based discernibi-
lity between species.

The species-specific concentration-independent trends that we
observed for the emission enhancement time constants (Table 1)
applied to samples pretreated with TWEEN 40. We observed
similar trends when only the cells were pretreated with TWEEN
40 and added to THIA solution without any surfactant.*® Even
under such different experimental conditions, we still observed
concentration-independent emission-enhancement time cons-
tants. For B. sphaericus, these time constants were larger than
the time constants for E. coli, which were larger than the time
constants for B. subtilis.>® Our findings demonstrated that
TWEEN 40 considerably modulates the dynamics of uptake of
a cationic dye by bacterial cells to provide discernible kinetics for
species as similar as the two investigated bacilli (Table 2).

Gram-positive species B. subtilis and B. sphaericus have cell
walls that are significantly thicker than the cell walls of the
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Table 2. Time Constants, 7/s“, for the Enhancement of the Fluorescence of THIA Induced by Four Vegetative Bacteria for Different
Dye Concentrations, Ctpya, and Cell Counts, CC, in the Presence of TWEEN Surfactant?

Gram-negative, CC/cell mL ™" Gram-positive, CC/cell mL ™!
Craia/uM 5% 10° 5% 107 5% 108 5% 10° 5% 107 5% 10°
E. coli B. subtilis”
0.6 34+4 33+6 22+6 31+1.7 22408 38+14
6 27+2 27+6 29+4 39+1.0 39+1.6 28+1.1
60 31+ 6 365 ‘ 26+1 51+1.1 2.6+0.4 - 29+03
DPeell = 0.07% pcelI(NR) = 030f Deell = 0.03% pcel](NR) = 040/
Paye = 0.08 paye ™ = 0.67 Paye = 0.45% paye ™ = 0.77
E. aerogenes® B. sphaericus®
0.6 21+7 19+5 20+10 52+9 59+6 58+7
6 16 +3 17+2 2243 28 +£13 52+8 38+12
60 20+3 17+4 20+6 5447 52+8 -~ 51+3
Peatt = 030% pear ™R = 0.30/ Peatr = 0.01% pea ™% = 0.35
Paye = 0.53% paye ™ = 0.50/ Paye = 0.08% paye ™ = 0.10/

“In bold. ” Aqueous Tris buffer (2 mM, pH 8.5) with 0.5 mM TWEEN 40; 37 °C; and 4., = 420 nm, 4., = 480 nm. The bacterial samples were from
cultures in their exponential growth phase. ¢ The time constants represent the slower components from biexponential fits (Figure 2a).  The time constants
were obtained from monoexponential fits. “ The p values were obtained from two-factor ANOVA analysis of the time constants for the same species with
THIA considering all measurement repeats.” The nonrepeated p values, p™®, were obtained from two-factor ANOVA considering solely the average
values for each concentration/cell density data point.

Table 3. Results from One-Factor ANOVA Analysis Comparing the Time Constants Obtained for the Four Investigated Species (Table 2)*

E. coli E. aerogenes B. subtilis
E. aerogenes p=51x10"" (F = 79y
PR =87 % 107° (F = 41)°
B. subtilis p < 1071 (F = 730y p < 10719 (F = 510)
PR =78 % 10712 (F = 300)° PO = 14x10" (F = 510)°
B. sphaericus p=17x% 10*‘0(F 63) p < 1071 (F = 160) p < 1071 (F = 390)°
PR =56 % 1075 (F = 29)° PN = 15x 1077 (F = 78)° PR =28 % 1071 (F = 190)°

“For the comparison of the species from each column w1th the species from each row, the p values were estimated from the F ratios (shown in
parentheses), obtained from one-factor ANOVA analysis. ” For the p values comparmg each set of two species, the time constants for all measured
repeats, for all THIA concentrations, and for all cell counts were considered. ¢ For the nonrepeated p values, p™®, comparing each set of two species,
solely the average time constants for all THIA concentrations and for all cell counts were considered.

Gram-negative species. (The Gram-negative cell walls contain a lipo- sheet of permeable media (Scheme 2)*

polysaccharide-coated outer membrane enclosing the peptidogly-

can-filled periplasmic space). The Gram-positive cell walls, however, M(1) _ m(1)
t=t 7\

contain only one membrane (i.e., the plasma membrane), and the
periplasmic space is coated with a thick peptidoglycan layer. The )
kinetic patterns for the two TWEEN-pretreated Gram-positive Z exp (_ Dg,” (1= lo)) 2)
cells manifested the most drastic difference (Figure 4a, Tables 2 1 + o+ azqn

and 3). Therefore, the generic chemical composition and the

thickness of the cell walls cannot account for the observed kine-

tic differences. The TWEEN inhibition of the staining rates, M (z),< y = 0
observed for B. sphaericus but not for B. subtilis, suggested
that either (1) B. subtilis provided more binding sites for where the cell wall was modeled as a sheet of media with thickness
THIA, the access to which could not be visibly restricted by L; D, thus, is the THIA diffusion coefficient in the cell-wall media;
the surfactant or (2) B. sphaericus had a stronger affinity for m(t) is the total mass of THIA in the cell wall at time #; ¢,
TWEEN 40, increasing its inhibiting potency against the uptake represents the nth nonzero positive root of tan(g,) = —og,; and
of staining dye. o represents the THIA distribution (i.e., & = A/KL). In the latter,
Diffusion-Driven Dye Uptake. The monoexponential and Kis the partition coefficient of THIA between the cell wall and the
biexponential data fits allowed for quantitative analysis of the aqueous medium and A is the characteristic length of the bulk
emission-enhancement kinetics. Such monoexponential and biex- solution that can be expressed in terms of cell count, CC, cell
ponential treatments, however, were not informative about the volume, V¢, unit volume, V/;, and surface area of a cell, Sc (i.e.,
lack of a statistically significant dependence of the kinetics on the A=TV1/(CCx Sc) — Ve/Sc.
dye concentration and on the cell count. The time-dependent normalized amount of dye taken up, M(7),
Following reports that, upon staining, the taken up cyanine was indicative of the emission-enhancement kinetics
dyes collect in the bacterial cell walls,’>> we modeled the
dynamics of fluorescence enhancement as a diffusion-driven M(1) o+ 1 - M®)
migration of the dye from the aqueous environment into a thin (1) c DPw ©)
o+ 1 o+ 1
(88) Crank, J. Diffusion in a Plane Sheet. In The Mathematics of Diffusion, 2nd where ®c and ®yy are the fluorescence quantum yields of the dye
ed.; Clarendon Press: Oxford, U.K., 1975; pp 44—68. in the cells and in the aqueous medium, respectively. Equation 3
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Scheme 2. Fluorescence Enhancement Due to the Migration of
THIA from the Aqueous Surroundings into the Fluorogenic
Cell-Wall Medium”

weakly
PGl — - P
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“The cell wall is modeled as a sheet of permeable medium over a
membrane, which is not permeable to the dye. The thickness of the
permeable sheet is L, and the diffusion coefficient of the dye in the sheet
is D. For Gram-positive species, the permeability is a simplified repre-
sentation of the peptidoglycan coating of the periplasmic side of the
cytoplasmic membrane. For Gram-negative species, this representation
of the cell wall is indeed a further oversimplification approximating the
periplasmic space with the peptidoglycan layer, the outer membrane,
and the lipopolysaccharide layer as a homogeneous permeable sheet
layer. Nevertheless, this simplistic model allows us to elucidate the
kinetic trends of emission enhancement for THIA in the presence of
bacterial species.

assumes that (1) the fluorescence intensity is linearly proportional
to the fluorophore concetration®” and (2) the molar extinction
coefficient (at the excitation wavelength) for the solution-free dye
and for the cell-bound dye are the same (i.e., the perturbation of
the absorption spectrum of THIA (Figure 2a) is due to the
relatively slow processes producing the emission at 600 nm rather
than to the initial dye—cell interaction ascribed to the enhance-
ment at 480 nm).

Via the exponential terms of the mass-transport relation (eq 2),
D and L determine the time constant of the fluorescence enhance-
ment. These exponential terms, at the same time, do not depend
on the dye concentration and depend on the cell count via ¢, (eq 2)
only indirectly.

To analyze the diffusion-driven kinetics (eqs 2 and 3) in a
manner similar to that for the cell-induced emission enhancement,
we fit the curves calculated from eq 3 to a monoexponential rise
function (n = 1, eq 1a). The time constants, 7, obtained from the
monoexponential fits, manifested a strong dependence on the
sheet (i.e., cell—wall) thickness, L, and on the diffusion coefficient,
D, rather than on the cell count (Figure 8).

For identical values of D and L, simulations of fluorescence
enhancement using eqs 2 and 3 indeed revealed only about a 10%
change in the time constant, 7, when the cell count was altered by
2 orders of magnitude (Figure §). Concurrently, the time constant
of fluorescence enhancement, 7, manifested a substantial depen-
dence on the diffusion coefficient of the dye in the permeable media,
D, and on the thickness of the permeable sheet, L (Figure 8). This
model reveals the sensitivity of the staining kinetics to the type of
species (via D and L) and to the type of staining agent (via D)
rather than to their concentrations.

The diffusion-driven model of fluorescence enhancement (eqs 2
and 3) represented the observed lack of concentration dependence
for the species-specific staining kinetics. This model, however,
failed to provide a physically feasible quantification of the diffu-
sivity of the stain. A diffusion coefficient of THIA on the order of
10~ em?®s ™! was suggested for media with viscosity considerably
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Figure 8. Simulated curves for fluorescence enhancement (eqs 2
and 3) resulting from the diffusion-driven migration of weakly
fluorescent dye into the fluorgenic environment of the cell walls
(Scheme 2). The blue squares represent the calculated values for
different cell counts, different cell—wall thickness, L, and different
diffusion coefficients, D. The solid red lines represent the corre-
sponding monoexponential data fits (n = 1, eq la) that produced
the different time constants, 7. For all calculations, ®- = 0.2,
@y = 0.001,K =2x 10* 1y = 35, Ve = 111, S¢c = 6 um”, and the
number of exponential terms for the sum of (eq 2) was 10°.

exceeding the plausible viscosity of any material composing the
bacterial cell wall. This finding implied the retention of the THIA
migration, for example, as a result of binding processes.

A rough approximation of the characteristic diffusion time, 7p,
to an emission-enhancement time constant, 7, confirmed the
unfeasibly small values of diffusion coefficients required to quan-
tify the observed cell-staining kinetics. (The characteristic diffu-
sion time depends on the characteristic diffusion length, /, and on
the diffusion coefficient: 7 = /p>/D.”®) For the cell wall thickness,
Ip ~ L, ranging between 10 and 100 nm, to ensure diffusion times
as short as 1 s; for example, D had to range from 10> to 107'°
ecm?s ™. For 7, compatible to the measured time constants on the
order of 10 s, the values of D are even an order of magnitude
smaller (i.e., 10~ and 107" cm?s™1).

(89) Wan, J.; Thomas, M. S.; Guthrie, S.; Vullev, V. I. Ann. Biomed. Eng. 2009,
37, 1190-1205.

9764 DOI: 10.1021/1a1013279

(90) Thomas, M. S.; Clift, J. M.; Millare, B.; Vullev, V. I. Langmuir 2010, 26,
2951-2957.

Langmuir 2010, 26(12), 9756-9765



Thomas et al.

An important assumption for this diffusion-driven model was
that the dye accumulated in the cell wall.>> Assuming that the
THIA readily penetrated the intact cell membranes, a 1 um
diffusion length for the dye to migrate into the cell would require
D to range from 10% to 107 cm? s™! for 7y, ranging from 1 to
10 s, respectively. These latter values of D still exceeded the
reported diffusivities of ionic fluorophores in cytosol.”**

Representing the complex structure of bacterial cell walls of
Gram-negative and Gram-positive species as a homogeneous gel-
like sheet (Scheme 2) was indeed an oversimplification. Further-
more, such a two-state model (i.e., the dye is either in the cell or in
the solution, eq 3) failed to account for aggregation processes that
we ascribed as the potential reason for the observed perturba-
tions of the shapes of the abortion and emission THIA spectra
(Figure 2).

Nevertheless, such a model allowed for the demonstration of a
negligible to nonexistent dependence of the staining kinetics on
the cell count and on the dye concentration. Parameters L and
D could be viewed as semiquantitative characteristics of the
species and of their interactions with the staining agents repre-
senting effective thickness and effective diffusivity, respectively.

Conclusions

The kinetics of fluorescence staining of bacterium with
3,3'-diethylthiacyanine iodide manifested a lack of dependence
on the dye concentration and on the cell count. An oversimplified
model, based on diffusion-driven dye uptake, confirmed the lack
of concentration dependence of the staining kinetics and was
suggested for species and dye specificity. A surfactant additive,
TWEEN 40, however, was required to obtain kinetic patterns that

(91) Mastro, A. M.; Babich, M. A.; Taylor, W. D.; Keith, A. D. Proc. Natl.
Acad. Sci. U.S.A. 1984, 81, 3414-3418.

(92) Swaminathan, R.; Bicknese, S.; Periasamy, N.; Verkman, A. S. Biophys. J.
1996, 71, 1140-1151.
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were statistically different for the four different species that we
studied. We believed that the lack of a statistically significant
concentration dependence of species-specific and dye-specific
staining kinetics has the potential to bring about a broad range
of easily administrable bioanalytical assays beyond their Boolean
nature.
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