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ABSTRACT OF THE THESIS

Fluorescence-Enhancement Based Detection and Identification of Bacterial Contaminants

by

Srigokul Upadhyayula

Master of Science, Graduate Program in Bioengineering
University of California, Riverside, December 2012
Dr. Valentine Vullev, Chairperson

Due to the considerable challenges for reliable and expedient detection of virulent
vegetative bacterial, bacterial endospores and other hazardous biological agents,
accidental exposure is a principal cause of fatality due to wound infection or slow
diagnosis. Staining techniques, due to their simplicity, form a set of important tools for
pathogen monitoring and control. The staining assays, such as immunoassays, however,
provide only Boolean information: i.e., stain vs. does not stain. As a result, only the
species being sought may have a chance to be identified, leaving key determining factors

for the diagnosis quite susceptible to human error.

Our principle motivation for this project is to expand the current analytical
techniques beyond their Boolean nature, and to address the apparent need for simple,
expedient and inexpensive assays. We describe the development of an assay system

based on the dynamics of fluorophore uptake that will serve as a robust platform for

vii



detection of both vegetative and endospore bacterial contaminants. The kinetics of
fluorescence staining depends on the coatings and protein content, which reflect the
species phenotype. Hence, such kinetic measurements gain access to genetic information,

in less than a minute, without conducting amplification procedures such as PCR.

We have demonstrated for the first time that the kinetics of emission enhancement,
caused by cell uptake of fluorophores, provides statistically significant discernibility
between different and closely related vegetative bacteria and bacterial endospore species
respectively. We observed that the time course of the fluorescence signal provides a
unique species-specific signature that can prove indispensible for the identification of

dangerous and life-threatening spores.
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n 5 _5 2
Watson test statistics: DW= Zizz( ,,l l_])
28

points 7, and 7 is the total number of data points.

, where §; are the residual values at data
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Chapter 1

Kinetics of Bacterial Fluorescence Staining with 3,3’-Diethylthiacyanine

ABSTRACT

For more than a century, colorimetric and fluorescence staining has 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 iodide (THIA). An increase in the THIA fluorescence quantum yield,
induced by the bacterial 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 for the dye
molecules taken up by the cells was restrictive. The kinetics of fluorescence staining did
not manifest statistically significant dependence on the dye concentration and on the cell
count. In the presence of surfactant additives, however, the fluorescence-enhancement

kinetic patterns manifested species specificity with statistically significant discernibility.



1.1 Introduction

This article describes the dynamics of fluorescence enhancement induced on 3,3’-
diethylthiacyanine iodide (THIA) upon uptake by bacterial cells (Scheme 1). While it did
not manifest statistically significant dependence on the dye concentration and on the
bacterial cell count, the kinetics of fluorescence enhancement differed for the different
bacterial species when pretreated with a surfactant additive, TWEEN® 40.

Bacterial infectious diseases remain one of the major heath hazards nation- and
worldwide. A quarter of worldwide deaths are a corollary of bacterial infections (4, 13,
45, 57). Annually, pneumococcal diseases, for example, claim close to a million
children’s lives worldwide (70). In the United States, as another example, food-borne
bacterial infections cause millions of illnesses, thousands of which are fatal (67, 72, 95).
The expedience of the detection and identification of such pathogens determines how
early the diagnosis is, and hence, what the treatment and the outcome of the illness would
be (48, 57, 62).

Due to their simplicity and operational expedience, colorimetric and
fluorescence/luminescence staining are the basis of broadly used analytical techniques for
biomolecules (9, 10, 16, 20, 35, 58, 64, 65, 75, 90), bacterial species (11, 24, 38, 43, 61,
66, 84), eukaryotic cells (5, 15,21, 37, 86, 87), and tissue samples (26,27, 30, 52, 82). In
particular, because of its inherent sensitivity, fluorescence staining is a central component

of bioanalytical assays and imaging methodologies (29, 44,47, 54,74,76).



Ever since the first reports from Carl Friedldnder and Hans Christian Joachim
Gram, published in 1883 and 1884, respectively (19, 23), the identification of bacterial
species using staining techniques has been based solely on the appearance of the stained
cells (24, 66). 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 classification of species only into two groups, based on the staining patterns.
Morphology analysis, for example, is required for further identification (24, 43).
Similarly, Boolean assays with improved specificity (such as immunofluorescence
staining) (7, 46) are informative 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 established as a benchmark
for analytical and diagnostic techniques (24, 66). 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 based on a “traditional” stain analysis (96).

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 of 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 the stained cells without the removal of the



cyanine dye that remained free in the surrounding solution media (Figure 1).
Investigation of the solvent-dependence of the photophysical properties of THIA revealed
that the media viscosity caused the observed emission enhancement. The observed lack
of concentration dependence of the species-specific staining kinetics was a principal

feature of the dynamics of bacterial staining with THIA.

1.2 Results and Discussion

1.2.1 Interaction between bacterial cells and THIA

Similar to other cyanine dyes, THIA (Scheme 1) manifested a pronounced affinity
for bacterial cells (Figure 1) (3, 59, 68). 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
ten-nanometer red shift of the emission maximum from ~ 470 to ~ 480 nm (Figure 2b);
and (3) 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 were more
pronounced in the absence of surfactant and in general, for cases exhibiting lesser
fluorescence enhancement at 480 nm.

The observed changes in the THIA absorption spectra suggested for ground-state

processes that perturbed the electronic structure of the dye upon bacterial uptake.



Ground-state isomerization from trans to cis could cause spectral red shifts of THIA
upon bacterial uptake (85). While such isomerization could be the reason for the observed
red shift of 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., implying for ~ 140-nm Stokes shift of the cis isomer).

As prevalently observed for pyrene derivatives, for example, ground-state
aggregation could be a plausible source for the observed metachromasy (32-34, 36, 56,
88, 89). Negatively charged microenvironment, combined with hydrophobic interfaces,
such as the minor groove of the DNA double strand (8, 63, 80), binds thiacyanine dyes
and propends their aggregation resulting in pronounced spectral changes (6, 25, 71, 73,
81, 94). Furthermore, the observed bacterium-induced spectral trends (Figure 2) were,
indeed, in agreement with the reported metachromic behavior of THIA (49, 50). Thus,
the 600-nm emission peak could be ascribed to a J-like aggregate of THIA taken up by
the bacterial cells (50).

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. While 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-aggregation, results in red shifted spectral
features (41, 42, 55). These chromophore arrangements, however, are not unique for

producing such spectral shifts. Energy shifts in the electronic states of oblique aggregates,



for example, can accommodate transitions resulting J- and H-like (red and blue shifted)
absorption and emission bands (41, 42, 55).

Due to lack of structural information of 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 bacterial 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 aqueous solution. Furthermore, while for most examined
species we have observed 600-nm fluorescence bands of different relative intensities,
which is in accordance with previously reported metachromic behavior of THIA (50), E.
aerogenes induced a fluorescence band at about 540 nm (Figure 2b).

To examine the phenomena, responsible for the cell staining and the observed
imaging contrast (Figure 1), we investigated the interaction if THIA with negatively-
charged polystyrene beads. Addition of bead suspension to the dyes solution did not
cause emission enhancement (Figure 3a). Fluorescence images, however, revealed that
THIA stains the beads producing moderate contrast ratios (Figure 3b).

This finding demonstrated that binding of the dye to the micrometer-size objects,
such as cells and beads, was a necessary but not a sufficient condition for the observed
fluorescence enhancement (Figure 2b). The bacteria induced an increase in the emission
intensity (Figure 2a), which was accompanied by a decrease in the absorbance 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 for the stained bacteria

(Figure 1).

1.2.2 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 fluorescence quantum yields (Figure 4) (83). In fact, in
comparison with aqueous media, the fluorescence quantum yield, ®,, of THIA increased
one-to-two orders of magnitude when the dye was placed in solvents more viscous than
water (Table 1): i.e., for viscous solvents with moderate polarity, ®; = 0.32 and ®; =
0.012 for glycerol and ethylene glycol, respectively. In comparison, the @, of THIA did
not manifest such a dependence on the polarity of the media: i.e., for polar media, water,
@, =2.0x107; and for a non-polar protic solvent, 1-butanol, @, = 2.4x107.

In addition, we observed a slight 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 underlying effect resultant on the
bacterium-induced fluorescence red shifts could be a corollary of a decrease in the

polarity of the binding microenvironment for THIA. Such wavelength dependence of the



fluorescence spectra indicated for heterogeneity of the ground-state population of the
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 m-conjugation, the viscosity of the surrounding microenvironment
modulates the kinetics of non-radiative decay, which is reflected by changes in the
fluorescence quantum yields (1,12, 18,22,28,31, 39,40, 77).

THIA has a symmetric molecular structure, in which extended m-conjugation,
spanning over the bonds connecting the two ring systems, propends its planar
conformation (Scheme 1). Rotational 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, the 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 (1, 2, 18, 22, 28, 31,
39,40, 69).

The observed viscosity dependence of the emission quantum yield suggested that
the fluorescence stain, THIA, migrated from the relatively non-viscous aqueous media
into the cell microenvironment with increased viscosity. Upon bacterial uptake, binding
of THIA to cell components, which restricted its molecular motion (i.e., providing a
microenvironment with 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
microenvironment that restricts the molecular motions. Unlike bacterial cells, viscous
solvents did not considerably perturb the absorption spectra of THIA: i.e., glycerol and
ethylene glycol caused solely a slight red shift in the absorption maximum of THIA,
rather than a decrease in the molar extinction coefficient (Figure 4a). Furthermore,
neither a red shift of the principal band at 470 nm, nor an appearance of new fluorescence

bands, accompanied the emission enhancement induced by the viscous solvents (Figure

4b).

1.2.3 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
(Figure 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 (49, 50).

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 fit to exponential rise functions:



N t—t .
F(t)/l,;gto =AF 1—20‘; exp[— . 0] +F, Equation (1a)
i=l1 i

where F is the measured fluorescence intensity over time, t; F, is the initial fluorescence

intensity of the dye without bacteria; AF is the total increase in the fluorescence intensity;

n
the pre-exponential factors, ¢;, sum to unity, i.e., 20‘,' =1; and ¢, is the initial time of
i=1

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:

A1)

A.t2t,

N t—t .
=AA -1+ Y0, exp(— . J +A, Equation (1b)
T

i=1 i

We recorded the changes in the absorption of THIA upon addition of E. coli
(Figure 5). Under identical conditions, we 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, equation 1), however, proved to be the simplest to produce 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 s
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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 monitored at 480 nm, on the other hand, 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-emssion and 420-nm-absorprion kinetics.

The fluorescence enhancement, monitored at 480 nm, exhibits a fast increase
within the first 10 — 20 s of the mixing, followed by an addition 25% intensity increase
considerably slower than the initial jump. The absorption decay at 420 nm and the
fluorescence rise at 600 nm, on the other hand, exhibited a steady change with kinetic
patterns differing from the kinetic pattern observed for the 480-nm fluorescence
enhancement (Figure 5). The bacterium-induced perturbation of the absorption spectra
and the growth of the long-wavelength emission bands, hence, appeared related. The
similar kinetics indicated that they could be a corollary of the same underlying process,
reasonably ascribed to THIA aggregation (49, 50). The minor slow component of the
480-nm fluorescence enhancement cold plausibly be ascribed to a similar concurrent
aggregation of THIA exhibiting an H-like-aggregate emission (50).

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 four-times shorter than the shortest time constants for the absorption decay (Figure
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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
cellular chromotropic microenvironment, which restricting the molecular motion (i.e., the

chromotropes provide fluorogenic microenvironment for THIA.)

1.2.4 The 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
amphipat that is regularly employed for preventing cell and protein adhesion without
compromising their viability and integrity. In the presence of TWEEN®, THIA exhibited
spectral changes similar to the changes we observed for THIA induced by viscous
solvents (Figure 4 and 6a): i.e., the addition of TWEEN® 40 to THIA solution caused: (1)
a slight red shift of the absorption maximum without much 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 the fluorescence enhancement,

monitored at 480 nm. In the presence of TWEEN®, we also observed a fast, followed by a
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slow, intensity increase (Figure 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 biexponential analyses (Figure
7a). B. subtilis in the presence of TWEEN®, however, induced 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.

1.2.5 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 concentration, Cyyy ., and cell count, CC, spreading
over two orders of magnitude: i.e., THIA concentrations, Cpy, = 0.6, 6 and 60 uM; and
cell counts, CC = 5x10°, 5x10” and 5x10® cell mI™'. 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 20 s, for B. subtilis — around 3 s, and for

B. sphaericus — around 50 s (Table 2).
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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 from reasonably rejecting either of the null hypotheses
(Table 2).

For examining 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 different 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 107, corresponding to
minute probabilities, i.e., < 0.001 %, for experiments to yield the values of 7, which we
observed, if H, was true (Table 3). Therefore, we could confidently 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.
subltilis and B. sphaericus, were different (Figure 7). Furthermore, while B. spharicus
exhibited the slowest kinetic features, B. subtilis showed the fastest staining kinetics

among the examined species (Table 2).
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This discernibility between the staining kinetics for the different investigated
bacterial species, however, was induced by the surfactant additive, TWEEN® 40. In the
absence of a surfactant, the sub-10-second initial rise dominated the emission-
enhancement kinetics at 480 nm (Figure 5, 6¢). Analysis of this kinetics, obtained in the
absence of TWEEN®, 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 (see
Supporting Information). Therefore, the lack of the surfactant additive did not cause
dependence of the stinging kinetics on the dye concentration and on the cell count. The
lack of TWEEN®, however, compromised the kinetics-based discernibility between the
species.

The species-specific concentration independence trends that we observed for the
emission enhancement time constants (Table 1), were conducted for samples pretreated
with TWEEN® 40. We observed similar trends when only the cells were pre-treated with
TWEEN® 40 and added to THIA solution without any surfactant (96). Even under such
different experimental conditions, we still observed concentration independent emission-
enhancement time constants. 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 (96).
Our findings demonstrated that TWEEN® considerably modulates the dynamics of uptake
of a cationic dye by bacterial cells to provide discernable kinetics for species as similar as

the two investigated bacilli (Table 2).
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The Gram-positive species, B. subtilis and B. sphaericus, have cell walls
significantly thicker than the cell walls of the Gram-negative species. (The Gram-
negative cell walls contain lipopolysaccharide-coated outer membrane enclosing the
peptidoglycan-filled periplasmic space. The Gram-positive cell walls, on the other hand,
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 cells manifested the most drastic difference (Figure 4a, Table 2,
3). Therefore, the generic chemical composition and the thickness of the cell walls cannot
account for the observed kinetic differences. The TWEEN® inhibition of the staining
rates, observed for B. sphaericus, but not for B. subtilis, suggested that either (1) B.
subtilis provided more binding sites for THIA, the access to which could not be visibly
restricted by the surfactant, or (2) B. sphaericus had a stronger affinity for TWEEN®

increasing its inhibiting potency against the staining dye uptake.

1.2.6 Diffusion-driven dye uptake

The mono- and biexponential data fits allowed for quantitative analysis of the emission-
enhancement kinetics. Such mono- and biexponential treatments, however, were not
informative about the lack of statistically significant dependence of the kinetics on the
dye concentration and on the cell count.

Following on reports that, upon staining, the taken up cyanine dyes collect in the

bacterial cell walls (3, 68), we modeled the dynamics of fluorescence enhancement as a
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diffusion-driven migration of the dye from the aqueous environment into a thin sheet of

permeable media (Scheme 2):(14)

1+a+a’q, L

n=1

M()mlzup[wl Equation ()

where the cell wall was modeled as a sheet of media with thickness L; D, thus, is the
THIA diffusion coefficient in the cell-wall media; m() is the total mass of THIA in the
cell wall at time t; g, is the n™ non-zero positive roots of tan(g,) = — ¢g,; and o represents
the THIA distribution, i.e., @ = A/ KL. In the latter, K is the partition coefficient of THIA
between the cell-wall and the aqueous media; and A is a characteristic length of the bulk
solution that can be expressed in terms of cell count, CC, cell volume, V., unit volume,
V., and surface area of a cell, S.:ie., A=V, /(CCS,) —V./Sc.

The time-dependent normalized amount of the taken up dye, M(¥), was indicative

for the emission-enhancement kinetics:

F(t)oc —=®, + ——>O, Equation (3)

where @ and ®,, are the fluorescence quantum yields of the dye in the cells and in the

aqueous media, respectively. Equation 3 assumes that: (1) the fluroescence intensity is
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linearly proportional to the fluorophore concetration (92); and (2) the molar extinction
coefficient (at the excitation wavelength) for the solution-free 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 enhancement at 480 nm.

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

To analyze the diffusion-driven kinetics (equation 2 and 3) in a similar manner as
the cell-induced emission enhancement, we fit the curves calculated from equation 3 to a
monoexponential rise function (n = 1, equation 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
(equation 2 and 3), indeed, revealed only about 10 % change in the time constant, 7, when
the cell count was altered two orders of magnitude (Figure 8). Concurrently, the time
constant of fluorescence enhancement, 7, manifested substantial dependence 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.
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The diffusion-driven model of the fluorescence enhancement (equation 2 and 3)
represented the observed lack of concentration dependence for the species-specific
staining kinetics. This model, however, failed to provide physically feasible
quantification for the diffusivity of the stain. A diffusion coefficient of THIA in the order
of 107° cm® s, suggested for media with viscosity considerably exceeding the plausible
viscosity of any material composing the bacterial cell wall. This finding implied for
retention of the THIA migration, for example, due to binding processes.

A rough approximation of the characteristic diffusion time, 7,, to an emission-
enhancement time constant, 7, confirmed the unfeasibly small values of diffusion
coefficients required for quantifying the observed cell-staining kinetics. (The
characteristic diffusion time depends on the characteristic diffusion length, /, and on the
diffusion coefficient: 7, = 1,>/ D(79)). For cell wall thickness, /,, = L, ranging between 10
and 100 nm, to assure diffusion times as short as 1 s, for example, D had to range
between 107> and 10™"° cm® s™'. For 7,,, compatible to the measured time constants in the

order of 10 s, the values of D are even an order of magnitude smaller: i.e., 10" and 107"

An important assumption for this diffusion-driven model was that the dye

accumulated into the cell wall (3). Assuming that the THIA readily penetrated the intact
cell membranes, 1-pum diffusion length for the dye to migrate into the cell, would require
D ranging between 10 and 10~ cm® s™' for 7, ranging between 1 and 10 s, respectively.

These latter values of D still exceeded the reported diffusivities of ionic fluorophores in

cytosol (53, 78).
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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. Furthermore, such a two-state model (i.e., the dye is either in the cell
or in the solution, equation 3) failed to account for aggregation processes that we ascribed
as the potential reason for the observed perturbations of the shapes of the abortion and
emission THIA spectra (Figure 2).

Nevertheless, such a model allowed for demonstrating the negligible-to-no
dependence of the staining kinetics on the cell count and on the dye concentration. The
parameters L and D could be viewed as semi-quantitative characteristics for the species
and for their interactions with the staining agents representing: i.e., as “effective

thickness” and “effective diffusivity,” respectively.

1.3 Conclusions

The kinetics of fluorescence staining of bacteria with 3,3’-diethylthiacyanine
iodide manifested a lack of dependence on the dye concentration and on the cell count.
An oversimplified model, based on a diffusion-driven dye uptake, confirmed the lack of
concentration dependence of the staining kinetics and suggested for species and dye
specificity. A surfactant additive, TWEEN® 40, however, was required for obtaining
kinetic patterns that were statistically different for the four different species we studied.

We believed that the lack of statistically significant concentration dependence of species-
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specific and dye-specific staining kinetics has the potential for bringing a broad range of

easily administrable bioanalytical assays beyond their Boolean nature.

1.4 Experimental

The E. coli TOP 10 cells were obtained from Invitrogen (Carlsbad, CA).
Propidium iodide and SYTO 9 were obtained from Invitrogen. LB broth, 3,3’-
diethylthiacyanine iodide, eosin Y disodium salt, methylviologen dichloride hydrate, and
alcohols (methanol, ethanol, 1-propanol, 1-butanol, ethylene glycol and glycerol: all
spectroscopic grade) were purchased from Sigma-Aldrich. Tris(hydroxylmethyl)
aminomethane was obtained from Acros Organics. Sodium hydroxide was purchased
from Fisher Scientific. For all aqueous solutions, we used Milli-Q water (from an in-
house purification system).

The bacterial cultures were grown at 37 °C in sterilized LB broth liquid media,
under aerobic conditions and constant shaking (at 200 rpm on Forma Orbital Shaker,
Thermo), as we have previously described (91). For sample preparation, the bacterial
cultures were subjected to a sequence of centrifugation/wash steps (using Eppendorf
5415D centrifuge) and finally suspended in 2 mM Tris buffer, pH = 8.5. Cell counting
was performed using an improved Neubauer counting chamber (Paul Marienfeld GmbH
& Co. KG) and a MicroMaster microscope (Fisher Scientific) equipped with a 40x (0.40

NA) objective.
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To ensure that the bacterial cultures, which we used for the sample preparation,
were in their exponential growth phase, we constructed growth curves for the
investigated bacterial species. The curves revealed that the investigated bacteria, cultured
for 18-24 hours, are still in their active growth phase.

We conducted viability tests by adding bacterial suspensions to a centrifuge tube
containing a solution of 1 uM Propidium iodide and 5 uM SYTO 9. Propidium iodide is
a DNA binding dye that is not membrane permeant, and hence, it stains only cells with
permeabilized membranes. SYTO 9 is a membrane permeant nucleic acid stain that stains
both live and dead cells alike. While all cells are stained green from SYTO 9, only
nonviable cells are stained red from propidium.

The absorption spectra were recorded using a Varian Cary 50 UV/Visible
spectrophotometer. The steady-state and kinetic fluorescence measurements were
performed using a Horiba Jobin Yvon Fluorolog-3-22 spectrofluorometer (93).

The fluorescence quantum yields of THIA, ®,, were determined by comparing the
integrated emission intensities of the samples with the integrated fluorescence of a

reference sample with a known fluorescence quantum yield, ®,:(17)

o | F(2)ar L0 Equation (4)

=0 X
P R (ydA " 1-1070) T2

where F(A) is the fluorescence intensity at wavelength A; A(4,,) is the absorbance at the
excitation wavelength; n is the refractive index of the media; and the suffix “0” indicates
the quantities for the reference sample used. For a reference sample we used a solution of

9-phenyl-coumarin 151 in ethanol (®, = 0.49)(60).
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For the kinetic measurements, cuvettes with four-polished sides, containing the
dye solutions, were placed in the sample holder equipped with a magnetic stirrer and
thermostated at 37 °C. Under constant stirring, small volumes of concentrated bacterial
suspensions were added quickly, allowing for subsecond (i.e., < 100 ms) mixing and
homogenization of the samples. The excitation wavelength was set at 420 nm. The
recording at the emission wavelength (480 nm or 600 nm) was initiated before addition of
the bacterial suspension and continued for at least 5 to 10 minutes.

To examine the contribution of rate of mixing toward the kinetics of fluorescence
enhancement, we utilized the quenching of eosin Y with methyl viologen. Setting the

excitation wavelengths to 490 nm, the change in the fluorescence intensity of 1 uM Eosin

Y upon addition of methyl viologen (final concentration 100 uM) was monitored at 550
nm under identical stirring conditions.

Replicating the addition and mixing of the bacterial suspensions to the THIA
solutions, we introduced methyl viologen (MV*") to solutions of eosin Y (EY”), under
identical mixing conditions. The quenching of the fluorescence of EY”, due the
formation of charge-transfer complexes with MV*(51), exhibited time constants smaller
than ~100 ms. The measured time constants for the bacterium-induced fluorescence
enhancement of THIA, on the other hand, were in the order of seconds (Tables 1 and 2).
Therefore, the sample mixing and the diffusion of the cyanine dye to the bacterial
exterior are not the rate-limiting steps of the observed fluorescence-enhancement

processes.
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The data fits, the statistical ANOVA analyses, and the mass-transport
computations (equations 2 and 3) were performed using IgorPro v. 6 (WaveMetrics, Inc.,
Lake Oswego, OR) on Mac OS X workstations. The sum in equation 2 was carried for n

=1 to 1000.
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1.6 SCHEMES

Scheme 1. Structural formula of 3,3’-diethylthiacyanine (THIA).
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Scheme 2. Fluorescence enhancement due to migration of THIA from the aqueous

surrounding into the fluorogenic cell-wall media.

weakly
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The cell wall is modeled as a sheet of permeable media over a membrane, which is not
permeable for the dye. The thickness of the permeable sheet is L and the diffusion
coefficient of the dye in it is D. For Gram-positive species the permeable is a simplified
representation 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.
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1.7 TABLES

Table 1. Fluorescence quantum yield of THIA, ®,, for solvents with different dielectric
constants, &, and different dynamic viscosity, n.*

solvent ®, x 10° £ n / cP
water 20 81 0.89
ethylene glycol 12 41 17
glycerol 320 43 930
methanol 0.67 33 0.55
ethanol 10 24 1.2
1-butanol 24 18 25

* Solution of coumarin 151 in ethanol was used as a standard (& "™ *) = 0.49; A =
400 nm).

35



Table 2. Time constants, 7 / s (represented in bold), for the enhancement of the
fluorescence of THIA induced by four vegetative bacteria for different dye concentration,
Coua» and cell count, CC, in the presence of TWEEN® surfactant.*

CTHIA /

mM

Gram-negative, CC/ cell ml™’

Gram-positive, CC/ cell ml™'

5%10° 5%10’ 5%10°

5%10° 5%10’ 5%10°

0.6

60

0.6

60

Escherichia coli ®
34+ 4 33+6 22+6
27+ 2 276 29+ 4
31+ 6 365 261

Peet = 0.07% per™ =0.30°
Page =0.08% pa, ™ =0.67°

Enterobacter aerogenes b
21+ 7 195 20+ 10
16+ 3 1712 22+3
20+ 3 17+ 4 206

Peet = 0.30%; peer™® =0.30°
Page = 0.53% paye™® =0.50°

Bacillus subtilis ©
31+1.7 22+08 38*+14
39+1.0 39+16 28+*1.1
51+11 26+x04 29103

Pcell = 0.03 d; pcell(NR) =0.40 ¢
Paye = 0459 pa, M =0.77°¢

Bacillus sphaericus "
52+9 59+6 58+ 7
28+13 52+8 38+ 12
54+ 7 52+8 51+3

pcell = 0~01 d; pcell(NR) = 0.35 ¢
Paye =0.089%; pa, ™ =0.10°

* Aqueous Tris buffer (2 mM, pH = 8.5) with 0.5 mM TWEEN® 40; 37 °C; A, = 420 nm, A, =
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 non-repeat p-values, p

(NR)

, were obtained from two-factor ANOVA considering solely the

average values for each concentration / cell density data point.
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Table 3. Results from one-factor ANOVA analysis comparing between the time
constants obtained for the four investigated species (Table 2)."

E. coli E. aerogenes B. subtilis
E. aerogenes p=51x 107" — —
(F=79)°
P =87x10"°
(F=41)°¢
B. subtilis p<107' p<10' —
(F=1730)" (F=510)°
P =78x10" pM=14x10"
(F=300)° (F=510)°
B. sphaericus p=17x10" p< 10_16b p< 10_16b
(F=63)° (F = 160) (F = 390)
M —56%x10° p™MM=15x10"7 pM™=28x10"°
p p
(F=29)°¢ (F=178)°¢ (F=190)°

* For the comparison of the species from each column with 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 comparing between each two species, the time constants for all measured

repeats, for all THIA concentrations, and for all cell counts were considered.

¢ For the non-repeat p-values, p®, comparing between each two species, solely the average

time constants, for all THIA concentrations, and for all cell counts were considered.
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1.8 FIGURES

Figure 1. Fluorescence image of E. coli in 60 uM THIA solution, recorded with a
confocal microscope (4., = 364 nm). The bacterial suspension was deposited on aminated
glass slide with the THIA solution (60 uM), and allowed to incubate for 10 minutes prior
the imaging.
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Figure 2. Absorption and fluorescence of THIA (6 UM) in the presence and absence of
bacterial cells (cell count, CC = 5x10" cell ml™"). All samples were prepared with 2 mM
aqueous Tris buffer, pH = 8.5, containing 0.5 mM TWEEN® 40. The spectra in the
presence of bacteria were recorded after 15 min incubation of the cell suspension with
THIA. (a) Absorption spectra. Baseline corrections, using cell suspensions with no dye,
were applied. (b) Emission spectra (4, = 420 nm).
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Figure 3. Interaction between THIA and carboxylate-terminated polystyrene beads (5 um
diameter). (a) Kinetic curve (4,, = 420 nm, A, = 480 nm) and emission spectrum (4,, =
420 nm) of THIA (6 uM) in the presence of the beads (1.5x10” beads ml™"). (b) Phase-
contrast image of the beads immersed in THIA solution (600 uM). (¢) Fluorescence
image of the beads immersed in THIA solution (600 uM; A, = 364 nm).

40



} = Water
05 === glycerol |
' ===ux ethylene
g | glycol
S ] ===2= methanol |
g ] ===== 1-butanol |
@ 0.4+ —
Q
© ] L
0.0 -
I T T T T I T T T T I T T T T I
350 400 450 500
a A/ nm
7x10°
= water
6 == glycerol
5 ===== ethylene
glycol
4 ===2= methanol

===2= 1-butanol

2 f B—
450 500 550 600 650 700

corrected intensity / CPS MA'1
w

450 500 550 600 650 700
b A/ nm

Figure 4. Absorption and emission spectra of THIA (6 uM) for water and different

alcohols: (a) absorption spectra; (b) emission spectra (4,, = 400 nm). Inset represents the
same spectra plotted against logarithmic ordinate.
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Figure 5. Kinetics of changes induced on the absorption and emission of THIA (6 uM)
by E. coli (2x107 cell ml™") for aqueous media buffered with 2 mM Tris buffer, pH = 8.5,
with no TWEEN® added, at 37 °C. (a) Top curve: normalized absorption change,
monitored at 420 nm (A, = A, — AA, equation 1b). Middle curve: normalized fluorescence
change, monitored at 480 nm (A, = 420 nm; equation la). Bottom curve: normalized
fluorescence change, monitored at 600 nm (A,, = 420 nm; equation la). (b) The same
spectral changes plotted against 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., = Fy + DF, equation 1a).
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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 mM; Aex = 420 nm) in the absence and
presence of TWEEN® 40 (27 mM). (b) Kinetics of the THIA emission enhancement (6
UM Aex = 420 nm; A = 480 nm) induced by E. coli (5x10” cell mI™") in the absence and
presence of TWEEN® 40 (0.5 mM). The blue markers, X, represent the data points; the
red solid lines, —, represent the corresponding exponential fits (equation 1a).
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Figure 7. Fluorescence-enhancement kinetic curves (Adex = 420 nm, Ae, = 480 nm, 37 °C)
for bacilli samples injected into 6 uM THIA solution (at # = 5 s, equation la). All
samples were prepared with 2 mM aqueous Tris buffer, pH = 8.5, containing 0.5 mM
TWEEN" 40. (a) Kinetic curve for 5x10’ 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 for
pretreatment with TWEEN" surfactant of 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, equation 1). The error values represent the standard deviations yielded by the least
square algorithms for each data fit.
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Figure 8. Simulated curves for fluorescence enhancement (equation 2 and 3) resultant
from the diffusion-driven migration of weakly-fluorescent dye into the fluorgenic
environment of 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 red solid lines represent the corresponding monoexponential data fits
(n =1, equation la) that produced the different time constants, z. For all calculations, F¢
=0.2, Fy=0.001, K=2x10% t=3's, Vc =1 fl, Sc = 6 mm’, and the number of
exponential terms for the sum of (equation 2) was 10°.
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Chapter 2

Amyloid Histology Stain for Rapid Bacterial Endospore Imaging

ABSTRACT

Bacterial endospores are some of the most resilient forms of life known to us, with their
persistent survival capability resulting from a complex and effective structural
organization. The outer membrane of the endospores is surrounded by the densely packed
endospore coat and exosporium, containing amyloid or amyloid-like proteins. In fact, it is
the impenetrable composition of the endospore coat and the exosporium that makes
staining methodologies for endospore detection complex and challenging. Therefore, a
plausible strategy for facile and expedient staining would be to target components of the
protective surface layers of the endospores. That is, instead of targeting endogenous
markers encapsulated in the spores, here we demonstrated staining of these dormant life
entities that target the amyloid domains: i.e., the very surface components that make the
coats of these species impenetrable. Using an amyloid staining dye, thioflavin T (ThT),
we examined this strategy. Short incubation of bacilli endospore suspensions with ThT,
under ambient conditions, resulted in: (i) an enhancement of the fluorescence of ThT; and
(i1) accumulation of ThT in the endospores, affording fluorescence images with excellent

contrast ratios. Fluorescence images revealed that ThT tends to accumulate in the surface
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regions of the endospores. The observed fluorescence enhancement and dye
accumulation, coupled with the sensitivity of emission techniques, provide an effective
and rapid means of staining endospores without the inconvenience of pre- or post-

treatment of samples.
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2.1 Introduction

This chapter describes the use of a benzothiazole dye, thioflavin T (ThT) (Scheme
3), for expedient and facile fluorescence staining of bacilli endospores. Using
fluorescence microscopy and spectroscopy, we examined the capabilities of ThT to stain
the endospores of four bacterial species. Our findings showed that the observed efficient
staining resulted from: (i) an increase in the emission quantum yield of ThT upon its
uptake by endospores; and (ii) a high propensity of ThT to accumulate in the endospores.

Bacterial endospores are some of the most resilient living entities known (8, 14,
59). Although the majority of the sporulating species are not virulent, spore-forming
bacteria produce the most potent toxins known to humans, such as botulinum toxin (2,
57). This potential threat of highly virulent biohazards, along with their resistance to
treatment, places a demand for rapid and simple bioanalytical methods for detection of
bacterial endospores. Such robust bioanalytical methods are not only essential for
biodefense, but also relevant to clinical and microbiological applications (1, 31, 69, 73).

The classical technique of endospore detection uses malachite green dye to stain
the endospore coat via thermal treatment or long incubation periods (74). Genetic
bioassays have since evolved utilizing polymerase chain reaction (PCR) to provide the
specificity required for identification of certain sporulating pathogens (5, 21, 54, 71).
Employing these techniques for detection of bacterial endospores, however, is a multistep

process and requires prior sequence knowledge for the design of the primer (32, 45, 92).
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Other signal-amplification techniques, such as enzyme-linked immunosorbent
assay (ELISA), provide sensitivity for detection of endospore pathogens with potentially
high specificity, without tedious sample pretreatment (81, 84). Endospore immunoassays,
however, require: (i) identification of a protein or another biomarker at the surface of the
endospore particles; and (ii) development of immunoglobulins (i.e., antibodies) for that
surface biomarker (32, 67, 92). In order to reliably identify endospores, the
immunoassays often require several fold higher concentration than the infectious dose or
several distinct antibodies to detect one of several strains of the same sporulating
pathogenic species (20, 49, 67, 101).

A variety of optical and mass-spectrometry techniques have been explored for
detection of bacterial endospores without requiring signal-amplification biochemical
reactions. For example, surface-enhanced Raman spectroscopy (SERS) brings the
detection to relatively low spore count, and even to a single-spore level (66, 106). Mass
spectrometry provides means for identification of macromolecular markers based on their
exact masses (6, 82). The specialized equipment needed, along with the complexity of the
data analysis, has proven prohibitive for the wide deployment of such bioanalytical
methodologies into the clinical field.

For the last decade, dipicolinic acid (DPA) has gained considerable popularity as
a marker for detection of bacterial endospores (17, 24, 27, 61, 68, 87, 98, 104).
Emission-enhancement assays for DPA and bacterial endospores, utilizing lanthanide
ions, were developed in Army Research Laboratory in the end of the 20" century (61, 70)

and recently improved by a research team in the Jet Propulsion Laboratory (9, 10). Up to
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about 20% of the weight of bacterial endospores can be attributed to calcium dipicolinate:
i.e., DPA is a natural product observed solely in sporulated bacterial species (79, 80).
Furthermore, DPA has high affinity for chelating lanthanide metal ions, such as terbium
(III) (37, 38). Excitation of the DPA ligands at about 270 nm to 280 nm, at which the
lanthanides do not have allowed spectral transitions, permits selective photoexcitation of
the DPA-chelated ions. This selective photoexcitation of DPA, followed by a fast energy
transfer from the DPA ligands to the chelated ions, results in luminescence
predominantly from the lanthanides that are in a complex with DPA.

These lanthanide emission assays are general for all bacterial endospores and do
not provide discernibility between virulent and benign sporulated species. The simplicity,
cost efficiency and relative sensitivity, however, make these emission-enhancement
techniques a preferred choice for the first line of defense: i.e., for monitoring the
environmental endospore content. Abnormal fluctuations, i.e., an increase in the spore
count in the environment would call for deployment of more costly bioanalytical
technologies with higher specificity. Due to the expedience and relative simplicity,
lanthanide emission-enhancement approaches are also deployed for assaying alternative
biomarkers with clinical importance (17).

The use of DPA as an endogenous biomarker requires sample pretreatment to lyse
the endospores for extracting their content without chemically deteriorating it. The
resilience of bacterial endospores, however, makes the DPA extraction step, which
requires heat treatment, surfactant additives, or microwaving, a source of potential

irreproducibility in the quantification of the results. Furthermore, the lysing of the
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endospores, as a pre-treatment for extraction of the DPA, makes this bioanalytical
approach unfeasible for imaging applications.

Alternative biomarkers, which are in abundance on the surface of the endospore
particulates, will provide venues for facile detection without requirement for lysing
pretreatment of the samples. High-resolution scanning-probe images, for example,
revealed significant abundance of [-sheet amyloid-like proteins on the surface of
bacterial endospores (62-65). Amyloid folds are, indeed, intricate components of
bacterial cell walls and of endospore coatings (19, 22, 25, 43, 62-65).

Amyloid fibrils are aggregated filamentous protein structures found in more than
20 diseases, including the amyloidosis and several neurodegenerative disorders, such as
Alzheimer’s disease and Parkinson’s disease (13, 25, 33, 53, 103). The structural
properties of amyloid fibrils and the kinetics of their formation have been objects of
intensive investigation. Among techniques developed in the field, amyloid fluorescence
stains served as the dominant method. Among the amyloid stains, thioflavin T (ThT) is
the most widely used (7). Furthermore, ThT does not interact with folded or partially
folded monomeric proteins, soluble oligomers, or amorphous aggregates.(50) Changes in
ThT fluorescence are imperceptible even if interactions with such impurities in the
sample occur (44, 46, 50, 55, 58, 60, 94).

Due to the relatively high inherent sensitivity of emission techniques,
fluorescence staining and imaging are the foundation for widely preferred bioanalytical
methodologies (48, 51). Herein, we explored the possibility for fluorescence staining of

bacterial endospores with ThT (Scheme 3). For this study we focused on Bacillus subtilis
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(B. subtilis) and Bacillus globigii (B. globigii), which are phylogenetically related
organisms and are frequently explored as models for virulent bacilli. In addition, we also
used Bacillus atrophaeus (B. atrophaeus) and Geobacillus stearothermophilus (G.
stearothermophilus), which form relatively large endospores, suitable for optical
imaging.

For the staining, we relied on the specificity of ThT for amyloid folds as
endogenous markers occurring on bacterial endospore surfaces and in the cell walls of
vegetative bacteria. The lack of requirements for sample pretreatment not only provided
expedience, but also allowed for preserving the bacterial entities intact, which is essential
for imaging. We observed high contrast between the ThT-stained bacterial endospores
and the free dye remaining in the surrounding solution (Figure 9). Therefore, sample
wash was not required after the staining and prior to imaging, which was another
important factor contributing to the expedience of this approach. Our analysis revealed
that the reasons for the observed high contrast of the fluorescence images of the bacterial
species are: (i) an increase in emission quantum yield of ThT upon binding to bacterial
endospores; and (ii) high-affinity of ThT for components of the examined bacterial
species, leading to accumulation of the dye in the imaged bacteria: i.e., the concentration
of ThT in the stained endospores was more than three orders of magnitude larger than the

concentration of ThT in the surrounding staining solution.
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2.2 Results

2.2.1 Staining of bacterial endospores with ThT

Treatment of bacterial samples with ThT allows for visualization of the
endospores via fluorescence microscopy, employing excitation wavelength shorter than
about 450 nm (Figure 9). For the staining, which tends to complete in less than five
minutes as we previously reported (90), we incubated the bacterial samples in dye
solutions with micromolar concentrations. The background fluorescence from the ThT
(free in solution) was significantly less intense in comparison with the fluorescence from
the stained endospores (Figure 10). Therefore, no washing of the staining dye, which was
left over in the sample solution, was required in order to attain good quality images.

In fluorescence microscope images, the noise has direct current, DC, and
alternative current, AC, components. The AC and DC contributions to S/N were
estimated separately using the noise amplitudes and the average heights, (4), of the peaks

on the traces crossing over imaged spores (Figure 10):

S/N,.[dB] = 20 Ig @ Equation (5a)
ADC
A

S/N,-[dB] = 20 lg(%) Equation (5b)

where the multiple of 10 in front of the logarithms converts the units to dB; and

(Ah) = h) — Apc.

54



Signal-to-noise analysis revealed key trends in the quality of the images recorded

under different settings and staining conditions. As expected, S/N increased with the
prolongation of the exposure time, i.e., S/ N o< /exposure time . A five-fold increase in

the exposure time doubled S/Npc and caused about a 30% increase in S/N,¢ of images of
spores suspended in 100 uM ThT.

Imaging of relatively large bacterial endospores (i.e., endospores larger than
about 1 pm) revealed their contours and provided information about their shapes and
dimensions (Figure 9). For organisms that form endospores with sub-micrometer
dimensions, however, the size of the imaged endospores approached the diffraction-limit
of optical microscopy and their shapes and dimensions could not be always extracted
with sufficient precision (Figure 11).

Examination of the fluorescence images of the stained bacterial endospores,
which were large enough for visualizing their shapes via optical microscopy, revealed
(Figure 9): (i) consistently bright pixels following the contours of the endospores; and
(i1) bright spots distributed throughout the endospore images. The latter observation
suggested a heterogencous distribution of the endogenous biomarkers (e.g., B-sheet
proteins) that are targeted by the amyloid-stain. The former finding suggested that the
coating layers of the endospores had a pronounced propensity for accumulating the
staining dye. Our observation for surface accumulation of ThT was consistent with the
abundance of B-sheet proteins found on the endospore surfaces (25, 62-65).

Amyloid type proteins, however, are native not only to the endospore surfaces but

also to the cell walls of vegetative bacteria (including the Gram-positive spore-forming
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species) (19, 22, 25, 43). While ThT provided an excellent basis for staining bacterial
endospores with considerable ease (at ambient temperature and with no sample pre-
treatment or post-treatment), it also stained vegetative bacteria: Gram positive (Figure
11c) and Gram negative (Figure 1le and f). The morphologies of vegetative bacterial
cells and their endospores, however, are quite different and they can be readily discerned
from each other by comparing their shapes and sizes even when they are in the same

sample (Figure 11d, sporulating bacteria).

2.2.2 Spore-induced emission enhancement of ThT

The brightness of a fluorescence image depends on the number of dye molecules at the
focal plane (or in the vicinity of the focal plane), and on the emission quantum yield of
the dye. The number of molecules within the focal volume of illumination (i.e., the local
concentration of the dye) determines how much of the excitation light is absorbed.
Concurrently, the emission quantum yield determines how much of the absorbed light is
emitted by the dye (at wavelengths longer than the excitation wavelength, Acx). Therefore,
potential reasons for the observed fluorescence staining of the bacterial endospores with
ThT include: (i) an increase in the emission quantum yield of ThT upon binding to the
endospores; and (ii) accumulation of ThT in the endospores.

Upon addition of endospores to ThT solution, we observed an increase in its
emission intensity without significant change in its optical density at the excitation

wavelength (Figure 12). This finding was indicative that an increase in the ThT emission
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quantum yield was one of the factors governing the observed emission enhancement upon
endospore uptake of the dye.

The observed emission enhancement phenomenon, induced by the endospore
uptake, is consistent with the sensitivity of the photo-physical properties of ThT to the
viscosity of the environment: i.e., the emission quantum yield of ThT increases with the
increase in the medium viscosity (76, 78, 85, 86, 93, 95). Due to the single carbon-carbon
bond between the two ring systems and the single carbon nitrogen bond between the
phenyl ring and the dimethyl amine (Scheme 3) ThT is a molecular rotor(26, 77, 78, 85).
Similar to other chromophores that are molecular rotors (3, 4, 30, 40), within the lifetime
of the lowest singlet-excited state of the dye, viscous microenvironment slows down
and/or completely restrains the attainment of ThT conformers (i.e., rotamers) that have
the density of vibrational states allowing efficient internal conversion to the ground state.
Such viscosity-induced suppression of efficient non-radiative deactivation, indeed, results
in an increase in the emission quantum yield of ThT, as demonstrated by photophysical
studies of this staining agent for solvent media with varying viscosity (86). Binding of
ThT to protein aggregates (or other macromolecular assemblies) has restrictive effect on
its modes of molecular motion that is similar to the effect of increased medium viscosity:
i.e., the binding sites provide microenvironment with relatively large effective viscosity
and causes an increase in the fluorescence quantum yield of ThT (86).

For uM dye concentrations, the extent of emission enhancement steadily
increased with the increase in the spore count (SC) in the suspension (Figure 13). This

SC-dependence of the emission intensity was consistent with an increase in the
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concentration of the spore-bound ThT, which has larger fluorescence quantum yield than
the free ThT in the aqueous media. The power law representing the relation between
fluorescence intensity and fluorophore concentration (100) provided an excellent fit for
the dependence of the observed emission enhancement on the spore count (Figure 13c):
F(SC)=AF(1-107°)+F, Equation (6)
where F(SC) is the emission intensity of ThT for spore count SC; Fj is the
emission intensity of ThT in the absence of endospores; and AF and ¢ depend on the
photo-physical properties of the dye. As depicted by the Bouguert-Lambert-Beer law
(also known as Beer’s law), while absorbance at the excitation wavelength, A(Aey), is
linearly proportional to the fluorophore concentration, 4(Ae) is logarithmically related
with the intensity of the absorbed light. Therefore, broadly used linear correlations
between florescence intensity and fluorophore concentration are approximation of a
power law: i.e., F(SC) o< o SC is an approximation of equation 6. The fluorescence
intensity, F(SC), depends on the concentration of ThT taken up by the endospores. Hence,
for the spore count range, in which F(SC) vs. SC follows the power law (equation 6), SC
had to be linearly proportional to the concentration of ThT bound to the endospores.
Statistical tests for the presence of autocorrelation features, not depicted by the
data fits, provide the means for examining the appropriateness of the fitting models for
the examined data sets. An ideal model for data analysis results in random distribution of
the data points around the regressed values for the data-fit function: i.e., the data-fit
residuals should not exhibit autocorrelation. Durbin-Watson statistics, DWW, provides the

means for examining the presence of autocorrelation. DWW can assume values between 0
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and 4, and DW close to 2 signifies no autocorrelation, DI close to 0 indicates for positive

autocorrelation (15, 28, 72, 99). In particular, DW smaller than a critical value with
statistical significance o, dwL ., indicates for positive autocorrelation in the residuals
from data fits with k regression parameters in addition to the intercept. Concurrently, DW

> dwU, indicates for no autocorrelation. For linear fits, £ = 1, and for the nonlinear

power-function fits (equation 6), k = 2. (The critical values dwL,; and dwU,; are

obtained from Durbin-Watson significance tables for ¢, k&, and for the number of

examined data points n.) For the data set presented on Figure 13b and 13c¢, for o= 0.01
and n =9, dwlLoo1,1 = 0.554 and dwUy 01,1 = 0.998 (for linear fits); and dwLo 12 = 0.408
and dwUy 012 = 1.39. For linear analysis, DWW = 0.841 (Figure 13b) and dwL 1,1 < DW <
dwUp 1,1 indicated for inconclusiveness in rejecting the presence of autocorrelation.
Employing nonlinear analysis yielded DW = 1.75 (Figure 13c) and DW > dwUj 12
proving a lack of autocorrelation with at least 99% certainty. This statistical analysis
demonstrated the preferred feasibility for using a power law (equation 6), instead of

linear relation, for correlating emission intensity with chromophore concentration.

2.2.3 Binding affinity of ThT for endospores

In addition to the increase in the emission quantum yield of ThT upon binding to the

endospores, accumulation of the dye in the endospores will also enhance the imaging
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contrast of the fluorescently stained species. The distribution coefficient, Kp, for ThT

allowed us to quantify the propensity of the dye to accumulate in bacterial endospores:

K, = Corons Equation (7)

CS OLUTION

where Cspore and Csoruron are the concentrations of ThT in the endospore and in
the aqueous solution, respectively, after completion of the staining process.

We incubated known amounts of endospores in ThT solutions with preset
concentrations and absorbance (Figure 14a). After the incubation, we centrifuged the
endospores and collected the supernatant. From the absorbance of the supernatant we
determined Csorumon (Figure 14a). The difference between the absorbance of the ThT
prior to the endospore treatment and the absorbance of the supernatant allowed us to
estimate the amount of dye that was bound to the endospores and removed from the
solution via the centrifugation step. Therefore, Cspore = nnr / ns Vs, where nyyr is the
moles of ThT bound to the endospores, ns is the number of endospores, and Vs is the
volume of a single endospore estimated from their images.

For B. globigii, we obtained Kp, = 4x10° (Figure 14a). For G. stearothermophilus,
a similar approach of incubating 2x10” spore ml™' in 17 uM solution of ThT, yielded Kp
= 7x10°. The measured distribution coefficient, Kp, however, exhibited dependence on
the spore count, SC, and on the initial dye contrition, Cry'”, in which the spores were
incubated. An increase in Cryr'® and a decrease in SC caused an increase in Kp (Figure
14b). This concentration dependence of K reflected the fact that a two-state/two-phase

model (equation 7) did not encompass the complexity of the dye uptake by the
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endospores. Nevertheless, the estimated Kp ranged between about 10° and 10*, and these
values were indicative for the high propensity of ThT to accumulate in bacterial
endospores: i.e., the average concentration of ThT in the endospores exceeded three
orders of magnitude the dye concentration in the surrounding aqueous media. Therefore,
the fluorescence staining of endospores with ThT is driven not only by the increase in the
emission quantum yield of ThT upon uptake, but also by the high propensity of

endospores to uptake ThT.

2.2.4 Imaging in the presence of contaminants

Despite the established pronounced affinity of ThT for B-amyloid types of protein
structures prevalent in endospores and in the cell walls of vegetative bacteria (19, 22, 43,
62-65), binding of the positively charged chromophore (Scheme 3) to a range of other
macromolecular structures presents a limitation for employing ThT as a stain for
biomedical and environmental samples.

We examined the capability of ThT to selectively stain bacterial endospores in the
presence of: a biochemical contaminant, deoxyribonucleic acid, DNA; a biomedical
contaminant, fetal bovine serum, FBS; and an environmental contaminant, humic acid,
HA (42, 83). The presence of these contaminants, indeed, increased the level of
background fluorescence as reflected by the decrease in the DC component of the signal-
to-noise ratios (equation 5a): i.e., S/Npc was 5.5 dB £ 1.7 dB, 2.5 dB £ 0.2 dB and 1.8 dB

+ 1.5 dB for the endospore containing DNA, FBS and HA samples, respectively.
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While phase-contrast and differential interference contrast (DIC) microscopy
provide means for visualization of bacterial endospores in relatively pure samples (12, 47,
105), they fail when substantial amounts of particulate contaminants are present.
Fluorescence microscopy of ThT-stained samples, on the other hand, appears to have the
potential for visualizing bacterial endospores even when such contaminants are

prevalently present.

2.2.5 Signal to noise of staining bacterial endospores with ThT

The dynamic range of the recording equipment, however, placed limits on the S/N
improvement resultant from extending the exposure time. Indeed, an increase in the
exposure time increased not only the signal, but also the noise. For spore samples treated
with 100 pM ThT, exposure time of 5 to 7 s allowed for attaining the maximum signal
intensity, i.c., (k) ~ 6x10" (Figure 18a). Extending the exposure time beyond 7 s, thus, did
not increase the signal (i.e., led to saturation), but increased the noise, i.e., 44¢c and RMS
(Figure 18a). As a result, extended exposure times (beyond ~7 s) resulted in deterioration
of the measured S/N (Figure 18b).

The ThT concentration, Crur, had a less pronounced effect on the S/N, especially
for short exposure times (Figure 18c). For 0.5-s exposure time, varying Crpr Over six
orders of magnitude affected neither S/N,¢, nor S/Npc (Figure 18c). For relatively short
exposure times (e.g., 1 s), the baseline RMS manifested no dependence on Cryr; and the

background fluorescence from the free ThT, A/, contributed less than ~15 % to the
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intensity of Apc (Figure 10c, e). Conversely, for exposure times extending to 5 s, the
optimal S/N4c and S/Npc appeared optimal for Crpr in the range of tens and hundred mM
(Figure 18c).

In aqueous media, ThT aggregates as its concentration increases above about 1
uM (44, 75). An improved staining ability of aggregated ThT (44), therefore, can be an
underlying plausible reason for the observed improvement in the image S/N as Crur is
raised above 10°° M.

It should be emphasized that it is S/Nc that presents limitation for improving the
quality of images. For processing of small signals on large DC background, inherent for
numerous spectroscopic and imaging techniques (39, 96-98), analogue or digital
subtraction of Apc from the whole data set immensely improves S/Npc, and the overall
S/N. Improving S/N4c, however, is considerably more challenging and less straight-
forward than the relatively facile optimization of S/Npc. The images of the fluorescently
stained endospores manifested Apc >> RMS, and hence S/Nyc > S/Npc, revealing the

promising potentials of ThT for facile visualization of dormant bacterial cells.

2.2.6 Signal to noise analysis of staining with contaminants

Despite the relatively low S/Npc values, the stained spores were still visualizable in the

presence of the contaminants (Figure 15e, j, o). Although the presence of the

contaminants also compromised the AC component of S/N (equation 6b), the S/Nyc

values were still large enough to allow for visualization of the endospores. The signals
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from the stained endospores noticeably surpassed the background baseline noise, and
S/N4c was 40 dB + 4 dB, 35 dB £ 1 dB and 28 dB + 10 dB for the endospore containing
DNS, FBA and HA samples, respectively.

The presence of DNA had no detectable effect on S/N4c and a mildly noticeable effect on
S/Npc. Among the three contaminants, however, HA proved to be the most challenging
for the ThT staining and the fluorescence imaging of the endospores. Nevertheless, S/N,4c
exceeding 10 dB (even for the HA samples) still provide means for achieving acceptable

image contrasts for visualizing the endospores.

2.3 Discussion

In this study, we hypothesized that an amyloid histology stain, thioflavin T
(Scheme 3), allows for visualization of bacterial endospores via the means of
fluorescence imaging. To test this hypothesis, we employed a range optical spectroscopy
and microscopy techniques. The experimental evidence not only allows for accepting the
hypothesis, but also elucidates some of the governing processes leading to the desirable
staining outcomes.

What is the relationship between the observations from the three different
techniques: i.e., between spectroscopy, imaging, and dye-distribution analysis? To
answer this question, it is essential to consider the heterogeneous nature of the samples.
The fluorescence spectra present the intensity of the light emitted from all dye molecules

that are in the sample volume illuminated by the excitation beam. Therefore, the spectra
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encompass the emission from the weakly fluorescent ThT free in solution and from the
strongly fluorescent ThT taken up by the endospores. By far, most of the dye molecules
in the stained samples are free in solution (Figure 14). As previously reported, an increase
in the medium viscosity causes an increase in the ThT fluorescence quantum yield (86),
which is expected for the properties of chromophores, such as ThT, classified as
molecular rotors (4, 85). A viscosity-induced increase in the emission quantum yield of
ThT amounts to about three orders of magnitude (86). Therefore, due to the relatively
viscous microenvironment of the dye molecules bound within the endospores, the free
ThT in the aqueous media has emission quantum yield that is about two-to-three orders of
magnitude smaller than the quantum yield of ThT taken up by the spores.

For example, in samples containing 10° spore ml™', the total volume of the spores
is about 10° times smaller than the volume of the aqueous media (i.e., a volume of a
single spores is in the order of a femtoliter). Considering the measured distribution
coefficients, Kp, of about 10° —10%, indicates that in such samples, only about 0.1% to 1%
of the dye is taken up by the endospores. While the number of dye molecules in the
aqueous media is about 100 to 1,000 larger than the number of dye molecules in the
endospores, the dye in the aqueous media has about two to three orders of magnitude
smaller fluorescence quantum yield than the endospore-bound dye, which explains the
relatively “moderate” emission enhancement (less than an order of magnitude for 10°
spore ml ') spectroscopically observed (Figure 12 and 13). For this discussion, we
considered negligible perturbation in the absorption of ThT when binding to the spores

(as evident from the absorption and excitation spectra, Figure 12a and 13a, respectively),
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and we did not include the multiple pathways of excitation and emitted light due to the
scattering nature of the samples.

Because an increase in Cryr'” (within the UM range) tends to decrease Kp (Figure
14b), the endospore-induced enhancement of the emission of ThT is more pronounced for
lower dye concentrations (Figure 12b vs. Figure 13b and 13c¢). Diluting the ThT staining
solutions, thus, tends to improve the extent of the endospore-induced emission
enhancement essential for spectroscopic and imaging applications. The sensitivity of the
measurements, the background emission from endogenous fluorophores (no matter how
weak it might be), the photostability of ThT, and the upper limit of Kp, imposes
limitations on how low Cryr'® feasibly can be.

We readily imaged endospores using 1 nM ThT, and we demonstrated excellent
correlations between spore count and emission intensity for 1 uM ThT (Figure 13b).
These findings demonstrate an immensely wide working range of ThT concentrations,
providing the basis for a broad applicability and optimization for each specific
application that might resort to ThT-aided spectrofluorometry and imaging.

How do the images relate to the spectroscopic findings? The imaged contrast ratio
between the fluorescence intensity corresponding to ThT-stained endospores, (Ah) + Al
and the emission intensity from the free ThT in the background, Al (Figure 10),
considerably exceeds one and even two orders of magnitude. The endospores, however,
occupy only a few percent (or less) of the total area of the images. As a result, the
cumulative intensity from the pixels corresponding to the stained endospores does not

exceed with more than about an order of magnitude the cumulative intensity from the
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pixels corresponding to the image background. This trend is, indeed, in agreement with
the fluorescence enhancement observed from the spectral data.

Overall, the accumulation of ThT in the bacterial endospores increases the dye
local concentration, followed by increasing the amount of light absorbed and emitted by
the stained endospores. The increase in the ThT emission quantum yield upon endospore
uptake further enhances the intensity of the emitted light from the stained regions. The
synergy between these two effects is essential for attaining images with sufficiently large
signal-to-noise ratios, essential for visualization of bacterial endospores with acceptable
contrast, especially when the background autofluorescence signal is prevalent.

Where does ThT bind? This study does not provide a direct answer. Indeed, ThT
targets B-amyloid-type proteins with high affinity (44), and bacterial endospores are
coated with B-strand proteins as evident, for example, from high-resolution AFM images
(62-65). These facts provide the rational of this study for staining endospores with ThT
targeting their endogenous protein structures. The images of the ThT-stained endospores
showed bright contours outlining their elliptical shapes, which is consistent with the dye
collecting in the surface regions of the spores (where the high B-protein content has been
demonstrated) (62-65), and with an increase in the fluorescence quantum yield of the dye
bound to these endospores surface regions. Our evidence does not rule out the possibility
for weakly fluorescent ThT present in the interior of the stained endospores. The
pronounced density of intact endospores, however, suppresses facile diffusion of
molecular species with the size of ThT into their interior (contributing to the resilience of

these dormant species). Furthermore, unless endogenous fluorescence quenchers are
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present, the rigid interior of endospores entrapping the dye and restraining its molecular
motions will cause an increase in its fluorescence quantum yield (86). Therefore, most
probably, the emission intensity of the ThT-stained endospore images represents the dye
distribution throughout these dormant bacterial entities.

Furthermore, ThT staining did not noticeably affect the viability of bacterial
endospores. Cell-culture tests of endospores incubated in various concentrations of ThT
revealed that staining with this dye does not compromise their ability to germinate. Thus,
ThT either does not bind to key components of the endospores essential for their
germination, or does not negatively affect these molecular components even if it binds to
them.

What are the practical implications of the endospore-induced ThT fluorescence
enhancement? The tight correlations between the emission enhancement and the spore
count (Figure 12b and 13b) illustrate the applicability for the use of ThT for
spectroscopic quantification of endospore suspensions. Such spectroscopic measurements,
however, are immensely susceptible to the presence of contaminants, such as vegetative
bacterial cells, environmental polymers and blood proteins. Such restrictions, therefore,
limits the ThT spectrofluorometry to pure endospore samples.

For imaging, on the other hand, ThT presents unexplored potentials. Based on
their morphology, ThT-stained bacterial endospores are readily discernible in the
presence of vegetative bacterial cells (Figure 11). Debris of lysed cells (due to sporulation,
for example) does not compromise the visualization of the endospores (Figure 11d).

Furthermore, staining with ThT provides means for facile visualization of bacterial
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endospores in the presence of macromolecular contaminants that not only enhance the
ThT fluorescence, but also contribute to the autofluorescence of the sample.

Speed and ease are the principal advantages of using amyloid stains for imaging
bacterial endospores. The mild ambient conditions, under which the administration of
such stains is conducted along with the absence of any pre- and/or post-treatment steps,
provide important and unique capabilities for this approach of fluorescence imaging.
Therefore, while classical methods for staining endospores, such as Schaeffer-Fulton
stain, require a series of thermal fixing and wash steps, mixing of ThT solution with the
bacterial sample without any further treatment allowed for simultaneous staining of
vegetative bacteria and endospores during sporulation, for example (Figure 10d). ThT
amyloid stain, indeed, provides an unprecedented facility for fluorescence imaging of

bacterial endospores.

2.4 Conclusions

The ability of ThT to stain bacterial endospores was driven by its binding affinity,
and by the increase in its fluorescence quantum yield upon uptake. While a variety of
stains for vegetative cells are available for bioanalytical assays and imaging with minimal
treatment, the choice of methodologies for enhancement and visualization of bacterial
endospores is somewhat limited. Our demonstration of fluorescence imaging with an

amyloid histology stain exhibits venues for utilization of alternative endogenous markers
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(such as B-folded protein aggregates) for facile and expedient bioanalytical applications

targeting bacterial endospores, known for their resilience and structural stability.

2.5 Experimental

2.5.1 Materials

The reagents and solvents (spectroscopic grade) were purchased from VWR,
Fisher Scientific and Sigma-Aldrich. Bacterial endospore cultures: (i) B. subtilis, B.
globigii and Bacillus thuringiensis (B. thuringiensis) were obtained from U.S. Army
Research Laboratory facility, as desiccated powders. (ii) B. atrophaeus and G.
stearothermophilus were purchased from SPS Medical (Rush, NY) in the form of 20%
ethanol aqueous suspension. Vegetative bacteria cultures: Escherichia coli (E. coli), TOP
10 cells, were obtained from Invitrogen (Carlsbad, CA); and wild type B. subtilis were
obtained from ATCC (Manassas, VA). (Details on sample preparation and handling are
detailed in the experimental material section.)

For the imaging studies, thioflavin T (>95 % purity, Aldrich, Milwakee, WI) was
used as received. For some of the spectroscopy studies, the dye was further purified via
recrystallization as a hexafluorophosphate salt. Comparison of the UV/visible absorption
and emission spectra of the purified and the commercial-purity dye, however, did not

reveal any detectable differences.
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All other reagents, spectroscopic grade, were purchased from VWR and from
Fisher Scientific. The buffered aqueous solutions were prepared using Millipore HO and
filtered through 0.2 wm polycarbonate syringe filters (Corning) before use. The notion of
lowered protein binding affinity of ThT in acidic media (23), along with improved
protein-induced fluorescence enhancement in slightly alkaline media (16), governed our
choice of buffering the samples for this study at pH between 8.5 and 9. The absorption
and excitation spectra showed that under the employed conditions, the used weakly
alkaline media does not induce hydroxylation of ThT, as previously reported for elevated
temperatures and prolonged exposure to aqueous media (18).

For contaminant studies, the deoxyribonucleic acid (DNA) was extracted from
and purified using QIAGEN Plasmid Maxi Kit (purchased from QIAGEN Inc., Valencia,

CA), humic acid and fetal bovine serum were purchased from Fischer Scientific.

2.5.2 Optical imaging

Bright field and fluorescence images were acquired using a Nikon Ti-U inverted
microscope (Nikon Inc., Melville, NY), equipped with a 100x Nikon oil immersion
objective (N.A. = 1.49, WD = 120 um) and a Hamamatsu EM-CCD digital camera
(model C9100-13, Hamamatsu Corp., Bridgewater, NJ). A 100-watt Xenon arc lamp
(LUDL Electronic products, Hawthorne, NY), in combination with a FITC filter set (Aex =
482, Aem = 536 nm, band widths = 25 nm, Chroma Technology, Bellows Falls, VT), was

used for fluorescence imaging. The images were recorded with a Hamamatsu EM-CCD
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digital camera (model C9100-13, Hamamatsu Corp., Bridgewater, NJ) controlled by
HCImage application software; and saved in a 16-bit gray-scale format: i.e., 2'° = 65,536
hues of gray for each pixel, where 0 corresponds to black (no signal) and 65,535
corresponds to white (maximum light intensity / saturation). Image analysis of the gray-
scale distribution was performed using Wavemetrics Igor Pro software v.6.02A installed
on Windows and Mac OS workstations as we have previously demonstrated (11, 29, 56,

88, 89).

2.5.3 Spectroscopy

Absorption spectra were recorded using DU-640B Beckman spectrophotometer
and JASCO V-670 UV/Vis/NIR spectrophotometer. Steady-state emission spectra were
recorded using Felix/Timemaster spectrofluorometer (Photon Technology International,
Inc.), using slit width 10 nm; and Fluorolog-3-22 spectrofluorometer (Horiba Jobin
Yvon) using slit widths between 2 and 5 nm (3, 4, 30, 52, 93, 99). All measurements
were performed at ambient temperature, in polystyrene 2-sided and 4-sided cuvettes, with
1 cm optical paths (unless stated otherwise), after 10 — 15 min. pre-incubation in dark.
Calibration and purity confirmation measurements of thioflavin T were reproduced in
quartz cuvettes. The thioflavin T concentrations for all samples were estimated from its

apparent molar absorption coefficient at peak wavelength 412 nm (36,000 + 500 M ' cm™

H.(23)
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Microplate reader fluorescence measurements with thioflavin T were performed
in triplicates in black 96-well plates (Greiner), using SpectraMax Gemini XS
fluorescence plate reader (Molecular Devices), at excitation wavelengths 430 nm and
emission wavelength 495 nm, with filter cutoff 475 nm, after 2 min. shaking and 15 min.
pre-incubation in dark. The pH of the aqueous solutions was monitored using an Orion
420A pH meter. Data analysis and calculations were performed using Igor Pro software
v.6.02A (Wavemetrics) installed on Windows and Mac OS workstations (11, 29, 34-36,

40, 41, 56).

2.5.4 Bacterial samples

Bacterial endospore cultures: (i) B. subtilis, B. globigii and Bacillus thuringiensis
(B. thuringiensis) were obtained from U.S. Army Research Laboratory facility, as
desiccated powders. (ii) B. atrophaeus and G. stearothermophilus were purchased from
SPS Medical (Rush, NY) in the form of 20% ethanol aqueous suspension. They were
stored at 2°C suspended in deionized double distilled water (DDW) or in 40 % ethanol —
DDW.

Before assays, all suspended cultures were washed with ice-cold DDW at least 5
times. They were then kept at 2°C or on ice until use. Lyophilized endospores were
resuspended and repeatedly washed with ice-cold deionized double distilled water. Prior
to measurements, endospores or particles were transferred to the corresponding buffered

dye-free solution, resuspended, sonicated 2-3 times (15 sec. per pulse) and kept on ice.
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After mixing with the dye stock solutions (in the same buffer or in water), the samples
were sonicated 1-2 times. In several comparative experiments, Tween® 20 or Tween®
40 (91) (0.1 % w/v) or alcohol (20 — 40 % v/v) was used to facilitate handling
(resuspension washing and centrifugation) of several endospore samples; no essential
difference was observed in the thioflavin T reactivity of the samples thus treated, as
compared with the control.

Endospores were counted under a phase contrast microscope (Nikon,
magnification x 400), using a Petroff-Hausser chamber (VWR). Concentrated endospore
stocks were diluted toward final count 5x10° — 3x10° per ml and stored up to one week at
2°C in the dark until use. Standard count error was 10 — 20 %. Phase-contrast
microscopic appearance of the water-washed endospore samples before purification
confirmed them as essentially pure (90 — 97 % endospores). Large (about 4 - 10 um)
endospore aggregates and other organic particles of uncertain origin (apparently
resembling large particulates reported in previously examined endospore
specimens)(102) occurred in the lyophilized endospore samples in minor quantities. No
vegetative cells were observed in endospore cultures studied.

Vegetative bacteria cultures: Escherichia coli (E. coli), TOP 10 cells, were
obtained from Invitrogen (Carlsbad, CA); and wild type B. subtilis were obtained from
ATCC (Manassas, VA). Primary Bacillus cultures (18 hrs) of vegetative bacteria were
outgrown from endospores in 2 % LB medium (Sigma) at 30°C. The cultures were then
washed with plenty of cold DDW. They appeared under microscope as viable colonies of

average size 2-10 cells, characteristic of Bacillus. These bacteria were then treated,
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counted, and directly assayed. For sporulation, the Bacillus vegetative cells were plated
and grown on thin layers of LB Agar for 10 days at 37 °C, and the growth was swabbed

to collect the formed endospores (36).

2.5.5 Contaminant samples

Large quantities of plasmid DNA were extracted from E. coli cells strain DH5a
(transformed with NSP1 gene; Clone Id: YJLO41W) using a standard QIAGEN maxi
prep kit, and methods described in the Quick-Start protocol handbook. Buffer volumes
used were adjusted based on the size of the cell pellet. Concentration of the purified
plasmid DNA was obtained spectroscopically via pre-calibrated standard curve. Plasmid
DNA contaminant was used at a final concentration of 1 mg ml™ in the presence of ThT
and/or spores.

Humic acid contaminants were prepared at a final concentration of 1 mg ml™,
without additional processing, in the presence of ThT and/or spores. Using stock fetal
bovine serum, a 1:1 v/v dilution was made with 2 mM Tris buffer, pH 8.5, containing

ThT and/or spores.

2.5.6 Signal-to-noise ratios of images

The signal-to-noise ratios, S/N, were calculated from the horizontal or vertical

gray-scale traces across each of the imaged spores (Figure 10). While S/N is defined as a
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decimal logarithm of the ratio between the power of the signal and the power of the noise
(that for the same image can be estimated from the square of the ratio between the
amplitude of the signal and the amplitude of the noise), in the fluorescence microscope
images the noise has direct current, DC, and alternative current, AC, components. The
amplitude of the DC noise, 4Apc, is extracted from the dark background of the image
(Figure 10b); and the amplitude of the AC noise, A4c, is estimated from the root-mean-

square of the fluctuations of the background (Figure 10c):

n

2
(I i ADC)
i=1 Equation (8a)

S | =

A,. =RMS =J

1 n
Ape = _21 i
nig Equation (8b)

where 7 is the number of “background” pixels analyzed and /; is the intensity of pixel i.
The AC and DC contributions to S/N were estimated separately using the noise
amplitudes and the average heights, (%), of the peaks on the traces crossing over imaged

spores (Figure 10b, c):

h
S/N,.[dB] =20 1g < >J
Apc Equation (9a)
A
S/N,.[dB] = 20 g <—h>]
RMS Equation (9b)

where the multiple of 10 in front of the logarithms converts the units to dB; and (Akh) =

(h) = Apc.
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For each set of imaging conditions, we obtained the S/N values as an average of
the gray-scale trace analysis (Figure 10) of at least ten imaged spores from multiple

images, located in different quadrants of the images.

2.5.7 Dye distribution

The distribution coefficients, Kp, are defined as the concentration ratios between the dye

taken up by the spores and the dye remained in solution:

K, = Cspore
Csorurion Equation (10)

where Cspore and Csorurion are the concentrations of ThT in the endospore and in the
aqueous solution, respectively, after completion of the staining process. The values of
Cspore and Csoryrion were extracted from spectroscopic data.

The samples were prepared by incubating a 1 ml solution of varying
concentrations of thioflavin T (ThT) with known count of bacterial endospores for 10
minutes under constant stirring. (The 10-minute period ensured completion of the
staining processes, which we determined using kinetic measurements as we previously
demonstrated(90, 107).) The ThT-endospore mixture was centrifuged for two minutes at
12,000 rpm, using Eppendorf Centrifuge 5415 with a rotational radius of 7.5 cm, and the
supernatant was collected. (The spectra were averaged from at least three different
experiments for the same species and spore counts.) Using the molar extinction

coefficient values, ThT concentrations were estimated from the absorption spectra. For
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these studies, we selected dye concentrations and cuvette thicknesses that yielded
absorbance values in the range between 0.10 and 1.0. For 4 < 0.1, less than 20 % of the
light is absorbed by the sample; and for 4 > 1, the sample absorbs more than 90% of the
light permitting analysis based on changes only within less than 10% of the incident light
intensity.

Approximating the shape of the endospores to an ellipsoid (i.e., prolate spheroid),
allowed us to estimate the volume of a single endospore, Vs = (4/3)na’h, where a and b
are the short and long elliptic radii, respectively, estimated from the images of the
endospores. The decrease in the absorbance at 412 nm, after the incubation and
centrifugation steps, provided information about the amount (moles) of dye taken up by
the endospores. Dividing the amount of taken up dye by the endospore volume, yielded
the average ThT concentration in the endospores, Cspore (equation 5). Csoryrion needed
for calculating the distribution coefficient (equation 5) was obtained from the absorption

of the supernatant.
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2.7 SCHEMES

Scheme 3. Thioflavin T (ThT).
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2.8 FIGURES

Figure 9. Epifluorescence microscopy images of bacterial endospores, (a, b) B.
atrophaeus and (¢) G. stearothermophilus. All endospore samples were imaged while
suspended in 150 uM ThT aqueous solution (2 mM Tris buffer, pH 8.5, exposure time =
5's). The spores were incubated in the ThT solution for 10 min prior to imaging.
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Figure 10. Gray-scale analysis (88) of epifluorescence microscopy images of B.
atrophaeus endospores suspended in solutions with various concentrations of ThT (2 mM
Tris buffer, pH 8.5). (a, b) Fluorescence images (exposure time = 5 s): (a) in the presence
of 1 uM ThT and (b) with no dye present. (¢, d) Traces from images of spores suspended
in different concentrations of ThT recorded at exposure time = (¢) 1 s, and (d) 5 s. (e, f)
The same traces plotted against expanded ordinates, demonstrating the differences
between the baselines of the images with and without dye, Al. Al represents the
contribution of the fluorescence from the free ThT to the backgrounds of the microscope
images, Apc. (Al = 490, 240, 60 and <20 for 100 uM, 25uM, 5 uM and 1 uM ThT at
exposure time = 1 s; and Al = 4,100, 3,300, 460 and <50 for 100 uM, 25uM, 5 uM and 1
UM ThT at exposure time = 5 s.) The peak signals corresponding to the spores labeled
with ThT (i.e., to the dye taken up by the spores) exceed the background fluorescence, Al,
by more than an order of magnitude: i.e., ((Ah) + Al) / Al > 10. For 1-s exposure time, the
baseline RMS = 35, 24, 32, 25 and 35 for 0 uM, 1 uM, 5uM, 25 uM and 100 uM ThT;
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and for 5-s exposure time, RMS = 75, 65, 92, 96 and 120 for 0 uM, 1 uM, 5uM, 25 uM
and 100 uM ThT.
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Figure 11. Epifluorescence microscopy images of: (a) B. globigii endospores; (b) B.
subtilis endospores; (¢) B. subtilis vegetative cells; (d) B. subtilis during sporulation; and
(e, f) E. coli cells. All bacterial samples were imaged while suspended in 150 uM ThT
aqueous solution (2 mM Tris buffer, pH 8.5). The bacteria were incubated in the ThT
solution for 10 min prior to imaging.
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Figure 12. Absorption and fluorescence properties of ThT (11 pM) dissolved in aqueous
solutions (2 mM Tris buffer, pH 8.5, absorption and excitation optical path length = 0.5
cm) in the absence and the presence of different amounts bacterial endospores (SC =
spore count): (a) absorption and emission (Aex = 430 nm) spectra of ThT samples
containing B. atrophaeus with different SC (for SC exceeding 10" spore ml™' the baseline
of the absorption spectra in the blue and UV region shifts due to scattering);
(b) dependence of the absorbance (Aus = 415 nm) and emission intensity (Aex = 415 nm;
Aem = 490 nm) on the spore count; and (¢) emission spectra of ThT in the presence and
absence of B. globigii endospores (Aex = 430 nm).
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Figure 13. Fluorescence properties of ThT (1 uM) dissolved in aqueous solution (4 mM
glycine buffer, pH 9.0) in the presence of different amounts of B. subtilis endospores: (a)
excitation (Aem = 480 nm) and emission (Aex = 430 nm) spectra; and (b, ¢) dependence of
the emission intensity (Aex = 430 nm) on the spore count (SC). The circles represent the
emission intensity at 480 nm, and the dotted lines are data fits. The residuals from the
data fits are plotted against a separate ordinate above the data. (b) Linear analysis of the
fluorescence dependence on the spore count: F(SC) = F + AF SC. (¢) Nonlinear analysis
employing a power-law function (equation 6) to fit the fluorescence dependence on SC.
The appropriateness of the function used for data fits was examined using the Durbin-

n 6 _6 2
Watson test statistics: DW= 2,»:2( ,,l 1_1)
Zi:16i2

points 7, and 7 is the total number of data points.

, where O; are the residual values at data
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Figure 14. Distribution coefficient, Kp (equation 7), of ThT for endospores of B. globigii
and B. thuringiensis. (a) Absorption spectra of ThT dissolved in aqueous media (2 mM

Tris buffer, pH 8.5, optical path length = 0.5 cm). The dotted line represents the spectrum
of ThT recorded before any treatment (Cryr'® =

35 uM). The solid line corresponds to a
spectrum of the supernatant after the dye solution was incubated with B. globigii

endospores (8x10” spores ml') for 10 min and the spores were removed using
centrifugation. The decrease in the absorbance corresponds to an 8-uM decrease in the
ThT concentration: i.c., the concentration of ThT, which remained free in the solution
after the spore uptake, was 28 + 2 uM. (The error bar represents + one single standard
deviation.) Considering that the volume of a single B. globigii spore is about 8x10"> ml,
the average ThT concentration in the stained spores was 0.11 M, yielding distribution
coefficient Kp = 3.9x10° £ 0.4x10°. (b) Contour plot depicting the dependence of ThT K)
for B. thuringiensis endospores on the initial dye concentration, Cryr'®, and on the spore

count, SC. The lines represent Kp(Crur'”, SC) with the identical values as designated by
the corresponding numbers tagged to the lines.
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Figure 15. Imaging of endospores of B. atrophaeus suspended in solution of biological
and environmental contaminants: (a-e) 1 mg ml"' DNA extract from E. coli; (f-j) 50%
v/v fetal bovine serum (FBS); and (k-0) I mg ml"' humic acid (HA); dissolved in
aqueous buffer (2 mM Tris buffer, pH 8.5; exposure time = 0.5 s). The ThT concentration
for the stained samples (c-e, h-j, and m-0) was 150 pM. The heterogeneity and the
pronounced fluorescence of HA (overlapping with the ThT fluorescence range) presented
challenges for imaging of the added endospores. We do not have a proof if any of the
structures depicted on the bright-field images (k) belong to the suspended spores.
Staining the sample with ThT, however, allowed for visualization of the spores (0) and
focusing the objective on them, provided means for observing them even in a bright-field
mode (n). Such fluorescence structures were not present in the HA samples without
endospores (m).

DNA
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Figure 16. Solid cultures of B. atrophaeus plated from endospore suspensions (10° spore
ml ™', 2 mM Tris buffer, pH 8.5) in 7.5-cm Petri dishes. The endospores were suspended
in a solution of (a) 0 uM, (b) 100 uM and (¢) 3 mM ThT for > 10 min prior to plating.
Similar plating with endospore-free buffer solutions containing: (d) no ThT (e) 100 uM
and (f) 3 mM, did not produce detectable colonies.
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Figure 17. Signal-to-noise analysis of epifluorescence microscopy image of B.
atrophaeus endospores suspended in a 100 uM solution of ThT (2 mM Tris buffer, pH
8.5). (a) Microscopy image with corresponding horizontal and vertical traces crossing
through the fluorescent spores (exposure time = 4 s). (b) Designation of trace parameters:
Apc = 7.7 x 10%; (h) = 3.2 x 10*% (Ah) = 2.4 x 10", (c) The trace baseline with average
value of Apc and RMS = 90. The data for the trace on (b) and (¢) yield S/Nyc = 69 dB,
and S/Npc = 12 dB (equation 6).
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Figure 18. Dependence of signal-to-noise ratios, S/N, on exposure time and on dye
concentration, Cryr, for epifluorescence images of B. atrophaeus suspended in ThT
solution (2 mM Tris buffer, pH 8.5). (a) Dependence of the amplitude of the signal, (A),
and the amplitudes of the DC and AC noise, Apc and RMS, respectively, on the exposure
time for Cryr = 100 uM. (b) Dependence of the AC and DC noise on the exposure time
for Crur = 100 pM. (¢) Dependence of the AC and DC noise on the ThT concentration
for exposure time = 0.5 s and 5 s.
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Chapter 3

Dynamic Staining of Bacillus Endospores with Thioflavin T

ABSTRACT

This study examines the discernibility between kinetics of fluorescence staining of
endospores of Bacillus atrophaeus and Bacillus thuringiensis. This study demonstrates
avenues for expanding the applicability of dynamic staining to intact endospores, and
thus, at furthering the field beyond the previously demonstrated examples with vegetative
bacteria. Dynamic staining utilized the time-course of the increase in the fluorescence
intensity of an amyloid-staining dye, Thioflavin T (ThT), after mixing with intact
endospores. The time constants, 7, for Bacillus atrophaeus and Bacillus thuringiensis
clustered around 7 s and 3 s respectively for the different dye and endospore
concentrations. The rates of staining of intact endospores with ThT were statistically
different for the two Bacilli. Rapid detection and identification of endospores presents a
range of complex challenges, and our results from dynamic staining demonstrate a venue
for attaining information about the sporulated bacterial species without lysing,

germinating or other pretreatment steps.
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3.1 Introduction

This report demonstrates the use of thioflavin T (ThT) for dynamic staining of
intact endospores of Bacillus atrophaeus (B. atrophaeus) and Bacillus thuringiensis (B.
thuringiensis). While the fluorescence images of the ThT-stained endospores of the two
species had similar appearances (Figure 19a, 19b), the kinetics of the staining process
were different for the two Bacilli (Figure 19c).

Endospores are packed and resilient entities, and spore-forming bacteria are
responsible for the production of some of the most puissant toxins. Despite numerous
advances in biomedical technology, the rapid detection and identification of bacterial
endospores remains challenging. Assays for bacterial endospores require a range of
sample pretreatment steps, such as lysing to extract their content for analysis or allowing
them to germinate and analyzing the resulting cultures of vegetative bacteria (4).

The endospore coats contain a wealth of information about the bacterial species (1,
3, 5, 6, 9). Therefore, analytical techniques, targeting components of exosporium,
provide the means for rapid endospore biosensing with certain species-specificity.

We previously demonstrated the use of ThT, an amyloid fluorescent stain, for the
rapid visualization of endospores (10). ThT binds with a high affinity to proteins with
amyloid-like B-sheet motifs—Ilike those that constitute the exosporium of the endospores.
Furthermore, upon binding to endospores, the fluorescence quantum yield of ThT

increases, resulting in the ability to image endospores in the presence of the leftover
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unbound dye. This emission enhancement effectively eliminates the necessity for pre- or
post-treatment steps for the visualization of endospores (10).

Recently, we demonstrated that the kinetics of fluorescence enhancement of
cyanine stains, when applied to different vegetative bacteria, are characteristic of the
species, regardless of whether the bacteria are Gram positive or Gram negative (7). The
timed progression of staining, monitored via the enhancement of the fluorescence of the
staining dye, differed for different species, which, in turn, provided venues for

statistically significant discernibility among microbial organisms (7).

3.2 Results and Discussion

Herein, we proceed to demonstrate the application of this dynamic approach to
intact bacterial endospores by utilizing the emission enhancement of ThT. We observed
that the rates of fluorescence staining of B. thuringiensis were faster than the rates of
staining of B. atrophaeus, which can be representative of the composition of the
endospore coats of the two species.

The experimental data was fit to a monoexponential rise function showing the
increase in the emission intensity with time, F(¢). This analysis allowed us to determine
the characteristic time constants, 7, for the quantification of the dynamics of the

fluorescence staining (Figure 19¢):(7)
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F(t) =F(®)-AF exp(— =k ) Equation (11)
0 T

where F(o0) is the fluorescence intensity upon completion of the staining, AF is the
maximum change in the fluorescence intensity, and ¢ is the starting time of endospore-
stain interaction initiated by rapid mixing of the sample with the dye.

The intensity change, AF, varies with the dye concentration, Cryr, and with the
endospore density, represented as spore count, SC (Figure 19d). Doubling the density
from 7.5x10* to 15x10* spores ml™' caused an increase in AF that exceeded twofold.
Concurrently, a fivefold increase in Cryr from 1 to 5 umol I caused an increase in AF
that was less than a factor of two. A further increase in Cryr from 5 to 10 pmol I
marginally affected AF (Figure 19d). These trends were similar for the endospores of
both species (Figure 19d), indicating that static measurements of fluorescence intensity of
the stained samples (i.e., F() or AF) could not provide sufficient information for
discerning between the two Bacilli.

Conversely, the dynamic characteristic of the straining processes, 7, manifested
distinctly different trends in comparison with the static characteristic, AF' (Figure 19e).
For endospore densities varying around 10° spores ml ™, the time constants for each of the
two Bacilli did not manifest a statistically significant dependence on the dye
concentration in the range between 1 and 10 umol I"'. (For two-factor analysis of variance
(ANOVA2), the two null hypotheses were: Ho: the values of 7 do not depend on Cryr;

and Hop: the values of 7 do not depend on the spore count, SC. For B. atrophaeus,
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ANOVA2 produced psc = 0.97, prur = 0.75, and pscnr = 0.38, i.e., neither Hy ;, nor Hy,
can be rejected. For B. thuringiensis, ANOVA2 produced psc = 0.36, ptar = 0.29, and
pscat = 0.53, i.e., neither of the null hypotheses can be rejected.) Such a lack of
statistically significant concentration dependence of the time constants agreed with the
kinetic trends we have observed for vegetative bacterial cells (7).

For B. atrophaeus endospores, the 7 values for staining with ThT clustered around
7 s, while B. thuringiensis T values clustered around 3 s for the same dye. This difference
constitutes a statistically significant discernibility in the respective 7 values of the Bacilli.
(Comparing all values of 7 measured for B. atrophaeus with all values of 7 for B.
thuringiensis, using one-factor ANOVA (Hy: the values of 7 do not depend on the
endospore species), produced p = 1.8x10'*. Therefore, Hy can be rejected at any
reasonable level of confidence.) The faster rate of staining of B. thuringiensis, in
comparison with B. atrophaeus, was attributed to the reduced amount of proteins on B.
thuringiensis’ surface to be stained, as reflected by its genotype (6).

The absolute values of fluorescence intensities, representing static characteristics
such as F(), which is the sum of the initial fluorescence intensity and AF, depend on:
(1) sample properties, such as the partition coefficient of ThT between the aqueous media
and the endospores, the fluorescence quantum yield of the free and the bound dye, and
the scattering properties of the endospore suspension; and (2) instrumental settings, such
as the manners of sample photoexcitation and emission measurement. Therefore, AF

manifests dependence on SC and Cryr, which is not necessarily linear (Figure 19d).
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Conversely, the dynamic characteristics of staining, such as the time constants, 7,
depend solely on the internal sample properties. Because 7 characterizes the rates of
fluorescence changes, the emission intensities prior to staining (unbound ThT) and after
the completion of the staining process served as an internal standard, allowing for
compensating for potential changes in the instrumental settings.

Based on a diffusion model of staining, 7 should exhibit negligible concentration
dependence and, concurrently, a strong dependence on the cell or endospore media that
takes up the staining dye (2, 7). This simplified view appears to be in accord with the
staining dynamic of species and stains that we currently report and previously

investigated (7).

3.3 Conclusions

These findings show the species discernibility between intact bacterial endospores
produced by the dynamic staining approach. Moreover, the observed trends demonstrate
the advantages of applying dynamic, instead of static, approaches to bioanalysis. We
believe that dynamic staining provides an avenue of unprecedented simplicity and facility

for endospore assays.
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3.4 Experimental

Following the methods we previously reported (8, 10), we inoculated the Bacilli,
sporulated the cells, and purified the endospores. Bright field and epifluorescence
microscopy allowed us to examine the samples (Figure 19a, b) (8, 10). We recorded the

kinetics of fluorescence staining with ThT using protocols developed in our lab (7).
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Figure 19. Fluorescence staining of endospores of B. atrophaeus and B. thuringiensis
with ThT. (a, b) Epifluorescence microscope images of endospores of (a) B. atrophaeus
and (b) B. thuringiensis stained by mixing with a ThT aqueous solution (Cryr = 1 umol I’
' 2 mM Tris buffer, pH 8.5, with | mM TWEEN® 40; A, 482 nm, Aen 536 nm, the band
widths of the imaging filters were 25 nm; scale bar corresponds to 3 um). (c¢) Kinetics of
the enhancement of the emission of 1 pmol I ThT upon mixing with endospores,
1.5x10° spores ml ', at time #, with the monoexponential data fits (2 mM Tris buffer, pH
8.5, with 1 mM TWEEN® 40; ey 430 nm, Acy, 480 nm). Category plots of: (d) static, AF,
and (e) dynamic, 7, characteristics of staining of B. atrophaeus and B. thuringiensis with
ThT. The time constants, 7, and the change in the fluorescence intensity, AF, were
extracted from least-square data fits of kinetic emission data using Equation 11 for
different dye contraptions, Crur, and endospore densities of: A = 7.5x10* spores ml™, and
B = 15x10" spores ml"". (d, ¢) The average values and standard deviations of 7 and AF
shown in the category plots were obtained from four repeats. AF values represent the
maximum difference between the average final emission intensity (~120s after the
addition of endospores) and the average initial emission intensity (before the addition of
endospores).
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Chapter 4

Dynamic Staining of Bacteria at a Single-Cell Level

ABSTRACT

Bacterial infectious diseases remain one of the major health hazards nation- and
worldwide. The expedience of detection and identification of bacterial pathogens
determines how early the diagnosis is, and hence, what the treatment and the outcome of
the illness would be. As we have previously reported, the dynamics of fluorescence
staining provides venues for the development of expedient assays for detection and
identification of bacterial species (19). We measured the kinetics of bacterial staining
with cyanine and thioflavin dyes and investigated their photophysical properties. We
demonstrated that the pseudo first-order kinetic constants of the fluorescence staining
processes have species specificity without contrition dependence. Combining the
dynamics of staining with real-time fluorescence microscopy we characterized the
fluorescence staining process at the single-cell level with improved sensitivity and

contrast.
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4.1 Introduction

This chapter describes the investigation of the dynamic staining (DS) of bacteria
with fluorescent dyes: 3,3’-diethylthiacyanine (THIA) and thioflavin T (ThT) (Scheme
& 3 respectively)(19, 24). We recorded the kinetics of staining of suspensions of
vegetative bacterial cells and analyzed the uniqueness of the extracted time constants.
Utilizing imaging allowed us to record DS at a single-cell level.

A quarter of the human deaths worldwide are caused by bacterial infections (1, 2,
4, 8, 11). Although bacterial infections are not necessarily lethal and they can generally
be successfully treated, they can strike in an opportunistic manner and put the lives of
immune-compromised populations at risk of further complications. Additionally, the
identification of a pathogen most often requires culturing which can range between 12-72
hours or even up to weeks in the case of the notorious Mycobacterium tuberculosis.
During this period the treatment method unavoidably becomes employing broad-
spectrum antibiotics, which yields idle results for the patient, and may also contribute to
the progression of multi-drug resistant strains such as methicillin-resistant
Staphylococcus aureus (MRSA) (9, 11, 15, 16). Recent advances in medical training of
military health-care personnel, improved protective equipment for soldiers and advanced
surgery procedures have improved the survival rates of warfare casualties (10, 14). As a
result, mortality rates of wounded soldiers is increasingly attributed to bacterial infections
such as sepsis (13).

While speed is crucial for the diagnosis of bacterial infections, conventional cell-

staining methods, which offer expedience and relative simplicity, inherently provide
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Boolean outcomes (based only on the final appearance of the tested samples). Ever since
the development of Gram staining more than a century ago, such “yes-no” information
has been the traditional outcome, revealing if the sample belongs to one of two groups of
bacterial species (e.g., Gram-positive or Gram-negative) (5-7). Staining assays with
improved specificity, such as immunoassays, also yield Boolean information. They
separate the results into groups, either the species are the ones targeted by the antibodies
used in the test, or everything else. Inherently, such assays provide information only
about the species that are targeted by each specific test. Therefore, pathogens present in
the sample, which are not targeted by the conducted tests, remain undetected.
Time-consuming amplification steps are essential for improving the sensitivity of
bioassays, and the most common way to amplify the number of bacterial cells is by
culturing them in the appropriate growth conditions. Other amplification procedures such
as the enzyme-linked immunosorbent assay (ELISA) enhance the signal from the
immune-based assay (3), however, prior knowledge of the species in question and the
availability of the targeting immunoglobins is required. Additionally, PCR-based assays
(12, 17) amplify the amount of genetic material extracted from the bacteria. This
approach, however, requires a number of pretreatment steps, such as cell lysing, as well
as the prior knowledge of the targeted DNA sequence and the availability of the specific
primers. Such sample pretreatment tends to take most of the time and thus compromises
the expedience of the analysis. Therefore, an expedient bioanalysis method for

identification of bacteria without pretreatment, i.e. single-cell analysis is urgently needed.
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The utilization of the DS of bacteria with fluorescent dyes provides a promising
alternative to traditional staining- and amplification-based methodologies. As we
previously demonstrated, DS has the potential for rapid bacteria identification assays that
provide results beyond the “yes-no” Boolean outcomes of the traditional methodologies
(Figure 20) (19, 25). By investigating the DS of a range of microorganisms, we
demonstrated that a fluorogenic dye manifests an increase in its florescence quantum
yield in the presence of bacterial cells. This fluorescence enhancement results in a
significant contrast, allowing for investigating the fluorescence signal from the stained
cells without the removal of the staining dye that remains free in the surrounding
suspension media. Due to the relatively weak background emission of the free dye,
however, a limit to the sensitivity for characterizing the time-dependant staining arises
when this ensemble average approach is applied to diluted bacterial suspensions.
Increased interfering background fluorescence of free dye in the solution is observed as
cell density in the suspension drops below 10° cell / ml. Furthermore, the feasibility of a
bacteria detection assay that requires cell concentrations above 10° cell / ml is
compromised especially if the sample of interest is from the blood of a patient.

Herein we describe the principles of DS and demonstrate kinetics-based
discernibility of an infectious species, Pseudomonas aeruginosa (P. aeruginosa).
Combining fluorescence microscopy and the dynamic staining approach, allowed us to
bring DS to a single-cell level. We obtained sequential images (i.e., fluorescence

microscopy movie) of individual cells during the DS process with excellent signal-to-
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noise ratios. The single-cell DS revealed kinetic features that were not apparent in the

ensemble-average measurements we carried with the bacterial suspensions.

4.2 Results

4.2.1 DS of E. coli with 3,3’-diethylthiacyanine

Kinetic analysis of the emission enhancement allows for extracting time constant,
7, which is characteristic of the staining dye and of the bacterial species. Unlike-steady
state intensity, a dynamic quantity, such as 7, does not require references and standards
and is not as prone to experimental errors. We recorded fluorescence kinetics curves for
various bacteria species and utilized a mono-exponential fit of the curves to extract the

time constant for the fluorescence enhancement (Figure 20 & Equation 1).
F(r)= F{l - e_T]+ F, Equation (12)

We observed that the time constants of staining did not depend on the dye
concentration and on the cell density (Table 4).

This species/dye specificity of 7, along with its lack of concentration dependence,
is the principal characteristic of dynamic staining essential for becoming a viable

bioanalytical technique for identification of bacterial pathogens.
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4.2.2 DS of P. aeruginosa with 3,3’-diethylthiacyanine

We investigated the DS of P. aeruginosa with THIA based on the prevalence of
multi-drug resistant (MDR) P. aeruginosa (14) infections reported among military
personnel exposed to active combat operations. Figure 21a shows the enhancement of
THIA fluorescence in the presence of P. aeruginosa. After mono-exponential fitting, the
average DS of P. aeruginosa, shown in Figure 21b, yielded a time constant (t) for this

species of 7.54 +£ 0.3 s.

4.2.3 Single-cell dynamic staining of E. coli

Despite the pronounced bacterium-induced enhancement of the fluorescent dye
emission, the lower detection limit we observed is in the order of approximately 10°
cell/ml. This sensitivity limit is posed by the background fluorescence of the non-bound
dye in the solution media. Concurrently, we readily imaged individual ThT-stained
bacterial cells with excellent contrast and signal-to-noise ratios. Therefore, employing
imaging for dynamic staining (DS) of entrapped bacterial cells allows for bringing the

sensitivity of DS to a single-cell level.

At the single-cell level, we observed that the DS with ThT does not follow a

mono-exponential rise, as we previously reported with THIA using an ensemble approach

containing at least 10° cells/ml (19).
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In addition to the immense sensitivity improvement, single-cell DS provides
means for analysis of samples containing mixtures of bacterial species. The ability to
visualize bacterial cells in the presence of environmental contaminants (such as humic
acid) or in biological samples (such as in blood serum), provides important means for DS
analysis of samples that do not require pre or post treatment (such as purification or cell
lysis) (24).

Based on the rise of the florescence intensity for a series of single cells upon the
introduction of ThT dye (as seen in figure 22), the time constant consistently clustered

around 9.8 & 2.3 seconds (figure 23).

4.3 Conclusions

The kinetics of fluorescence staining can serve as a robust platform for the
detection and identification of bacterial agents, including endospores and vegetative cells.
This unprecedented approach utilizes the DS, i.e., the time course of fluorescence-

enhancement signals, as a signature for identification of microorganisms.
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117



4.4 Experimental

4.4.1 Preparation of ThT and THIA solutions

The thioflavin T (ThT) dye solution was prepared using by taking the appropriate
amount of dye powder and solubilizing it in 40% methanol, 10% ethanol and 50% Milli-
Q water. Then the ThT solution was filtered through a 0.22 pm BD Visitec™ high flow
filter. The concentration of the dye solution was characterized by taking its absorbance
and using the molar extinction coefficient of 36,000 mol / 1 * cm. The stock ThT solution
was then diluted to a concentration of 100 uM with 2 mM
tris(hydroxymethyl)aminomethane (TRIS) buffer solution and was then used for staining
of the cells.

A 60 uM 3,3’-diethylthiacyanine (THIA) dye stock solution was prepared by
adding the appropriate amount of THIA dye powder to a 70% ethanol and 30% Milli-Q
water solution. The stock solution was diluted ten times into 2 mM TRIS buffer solution

and was then used for staining of the cells.

4.4.2 Cell culture and preparation procedures

Cultures of B. subtilis, B. sphaericus and P. aeruginosa were purchased from
ATCC (Manassas, VA). The E. coli TOP 10 cells were obtained from Invitrogen
(Carlsbad, CA) by Prof. Jiayu Liao. The bacterial cultures were grown at 37° C in

sterilized LB broth liquid media, under aerobic conditions and constant shaking (at 200
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rpm on Forma Orbital Shaker, Thermo). For sample preparation, the bacterial cultures
were subjected to a sequence of centrifugation/wash steps (using Eppendorf 5415D
centrifuge) and finally suspended in 2 mM Tris buffer, pH = 8.5. If satiated, the aqueous
Tris buffer solution contained 0.02 mM TWEEN® 40. Cell counting was performed
using an improved Neubauer counting chamber (Paul Marienfeld GmbH & Co. KG) and
a MicroMaster microscope (Fisher Scientific) equipped with a 40% (0.40 NA) objective.
To ensure that the bacterial cultures, which we used for the sample preparation, were in
their exponential growth phase, we constructed growth curves for the investigated
bacterial species. The curves revealed that the investigated bacteria, cultured for 18-24

hours, are still in their active growth phase.

4.4.3 Imaging DS

Using surface chemistry methods developed in our lab (23), we aminated clean
glass surfaces in order to immobilize bacterial cells for imaging. Subsequent to
immobilizing cells on surfaces, we introduced 100uM ThT for florescent staining. We
captured the DS images using Nikon Ti-U microscope (Nikon Inc., Melville, NY) along
with a Hamamatsu EM-CCD digital camera (model C9100-13, Hamamatsu Corp.,
Bridgewater, NJ). The exposure time was manually set to 0.1 s, which corresponds to a
capture rate of 10 frames / s. Excitation of ThT was facilitated using a 100-watt Xenon
arc lamp (LUDL Electronic products, Hawthorne, NY), coupled with a fluorescein

isothiocyanate (FITC) optical filter (Aex 482 nm, Aeyy 536 nm with 25 nm bandwidth).
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4.4.4 Image analysis

Captured images were recorded and saved as TIFF stacks for analysis using
Imaris 7.0 (Bitplane Inc., Saint Paul, MN). Imaris Spot recognition algorithm parameters
were optimized for recognizing and tracking single bacterial cells for almost the entirety
of the DS process.

Limitation in extracting kinetics based on fluorescent intensity signals from single
cells arose from: (1) exposure time required for detecting fluorescent cell intensity, and
(2) threshold of signal-to-noise ratios necessary to distinguish intensity signals from
background versus stained cells. To overcome these limitations, we employed 0.1 s as the
exposure time, allowing us to study kinetics in the seconds timescale. Furthermore, we
started DS analysis of captured image sequences on Imaris 1 s after the introduction of
ThT dye. The recognized single-cell spot intensities were exported for further analysis
using Igor Pro software v.6.02A (Wavemetrics) installed on Windows and Mac OS
workstations as we have previously demonstrated (18, 20-25).

We approximated the time constant, t, for the E. coli cells stained with 100uM
ThT using equation 2 (eq. 2), where 71 is the time when the fluorescence intensity signal is
F.. Fy and F,, refer to the initial and final florescence intensities respectively. For all time
constant calculations, Fy was approximated after the background dye intensity reached a

steady state level.

1
F. = (1 — ZJ(FOO - F) Equation (13)

120



4.5 References

10.

11.

12.

13.

14.

Anderson, J. report 2007. Basic Research on Bacteria. The Essential Frontier.
American Society for Microbiology and National Institute of Health.

Beaglehole, R., A. Irwin, and T. Prentice 2004, posting date. The World Health
Report 2004.

Beutner, E. H., E. J. Holborow, and G. D. Johnson. 1965. A New Fluorescent
Antibody Method - Mixed Antiglobulin Immunofluorescence or Labelled Antigen
Indirect Immunofluorescence Staining. Nature 208:353.

Cossart, P., and P. J. Sansonetti. 2004. Bacterial Invasion: The Paradigms of
Enteroinvasive Pathogens. Science 304:242-248.

Friedlinder, C. 1883. Die Mikrokokken der Pneumonie. Fortschritte der Medizin
1:715-733.

Gram, H. C. 1884. Uber die isolierte Firbung der Schizomyceten in Schnitt- und
Trockenpréparaten. Fortschritte der Medizin 2:185-189.

Green, L. H. 2009. Practical Handbook of Microbiology, 2nd ed. CRC Press,
New York.

Kumble, K. D. 2006. Anti-bacterial drug discovery using systems biology. Mini-
Reviews in Medicinal Chemistry 6:1275-1283.

Maloy, S., and M. Schaechter. 2006. The era of microbiology: A golden phoenix.
International Microbiology 9:1-7.

Mazzuchi, J., R. Claypool, K. Hyams, and D. Trump. 2000. Protecting the
health of US military forces: a national obligation. oai.dtic.mil.

Millar, B. C., J. Xu, and J. E. Moore. 2007. Molecular diagnostics of medically
important bacterial infections. Current Issues in Molecular Biology 9:21-40.

Mothershed, E. A., and A. M. Whitney. 2006. Nucleic acid-based methods for
the detection of bacterial pathogens: Present and future considerations for the
clinical laboratory. Clinica Chimica Acta 363:206-220.

Murray, C. K. 2008. Epidemiology of infections associated with combat-related
injuries in Iraq and Afghanistan. Journal of Trauma-Injury Infection and Critical
Care 64:5232-S238.

Murray, C. K. 2008. Infectious disease complications of combat-related injuries.
Critical Care Medicine 36:S358-S364.

121



15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

Overbye, K. M., and J. F. Barrett. 2005. Antibiotics: where did we go wrong?
Drug discovery today 10:45-52.

Owens, S. 2001. Killing the right bug. Embo Reports 2:757-760.

Saikaly, P. E., M. A. Barlaz, and F. L. de Los Reyes, 3rd. 2007. Development
of quantitative real-time PCR assays for detection and quantification of surrogate
biological warfare agents in building debris and leachate. Applied and
Environmental Microbiology 73:6557-6565.

Thomas, M., J. Wan, and V. Vullev. 2009. Immobilization of Proteins on a
Glass Surface at High Density. AIP Conference Proceedings.

Thomas, M. S., V. Nunez, S. Upadhyayula, E. R. Zielins, D. Bao, J. M.
Vasquez, B. Bahmani, and V. L. Vullev. 2010. Kinetics of Bacterial
Fluorescence Staining with 3,3 '-Diethylthiacyanine. Langmuir 26:9756-9765.

Upadhyayula, S., D. D. Bao, B. Millare, S. S. Sylvia, K. M. M. Habib, K.
Ashraf, A. Ferreira, S. Bishop, R. Bonderer, S. Baqai, X. Y. Jing, M. Penchev,
M. Ozkan, C. S. Ozkan, R. K. Lake, and V. 1. Vullev. 2011. Permanent Electric
Dipole Moments of Carboxyamides in Condensed Media: What Are the
Limitations of Theory and Experiment? Journal of Physical Chemistry B
115:9473-9490.

Upadhyayula, S., T. Quinata, S. Bishop, S. Gupta, N. R. Johnson, B.
Bahmani, K. Bozhilov, J. Stubbs, P. Jreij, P. Nallagatla, and V. 1. Vullev.
2012. Coatings of Polyethylene Glycol for Suppressing Adhesion between Solid
Microspheres and Flat Surfaces. Langmuir 28:5059-5069.

Vullev, V., J. Wan, V. Heinrich, and P. Landsman. 2006. Nonlithographic
fabrication of microfluidic devices. Journal of American Chemical Society
50:16062-16072.

Wan, J., M. Thomas, S. Guthrie, and V. Vullev. 2009. Surface-Bound Proteins
with Preserved Functionality. Annals of biomedical engineering 37: 1190-1205.

Xia, B., S. Upadhyayula, V. Nuiiez, P. Landsman, S. Lam, H. Malik, S. Gupta,
M. Sarshar, J. Hu, B. Anvari, G. Jones, and 1. Vullev Valentine. 2011.
Amyloid histology stain for rapid bacterial endospore imaging. Journal of clinical
microbiology 49:2966-2975.

Zielins, E., M. Thomas, and V. 1. Vullev. 2008. Bacterium-Induced
Fluorescence-Enhancement Kinetics: Breaking 100-Year Old Traditions of
Staining Bioanalyses. UCR Undergraduate Research Journal 2:75-82.

122



4.6 TABLES

Table 4. Ensemble measurements of time constants for the fluorescence enhancement of
THIA upon staining of E. coli cells at varying dye and cell concentrations.

E. coli

5x10°cell /ml | 5x10 cell /ml | 5x 10% cell / ml

0.6 uM 34+ 4 3316 2246
6 uM 27+2 2746 29+4
60 UM 3116 36+5 26+ 1
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Table 5. Time constants for P. aeruginosa, B. sphaericus, B. subtilis and E. coli. Cell
concentrations are 2x107 cell / ml for P. aeruginosa and 5x10” cells / ml for the other
species.

E. coli | B. sphaericus | B. subtilis | P. aeruginosa

6uM |27+ 25 52+ 8s 39+1.6s| 7541035
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4.7 FIGURES
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Figure 20. Fluorescence-enhancement kinetic curves (Ae, = 420 nm, A, = 475 nm) for
THIA (6 uM in 2 mM TRIS buffer, pH = 8.5) recorded for suspensions of three different
bacterial vegetative cells. The solid lines represent the monoexponential data fits.

125



N’

eee BuM THIA

emission intensity

d):l_n-'--l--ul.u.l....

a6y M THIA + P. aeru

500 550 600
Al nm

650

S S —

P R

emission intensity (480 nm) <

P. aeruginosa & 6 uM THIA I

700 0 20 40 60 80
time /s

Figure 21. a) Fluorescence spectra of 6 uM THIA versus 6 uM THIA with 2x10” P.
aeruginosa cells. b) DS of P. aeruginosa cells with 6 pM THIA.
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Figure 22. Sequential images showing the DS of single E. coli cells trapped on aminated
surfaces, and stained with 100uM ThT. a) no dye present; b) imaged 1.7 s after 100uM
ThT introduced; c) imaged 1.8 s after ThT addition; start of DS; d-1) imaged after ThT

addition 2.0, 2.1, 3.7, 7.1, 13.3, 33.2 s respectively. The scale bar on the bottom left
corresponds to 2um.
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Figure 23. Dynamic staining of individual E. coli cells based on the fluorescence
intensity signal. a) comparison between intensity kinetics of background and single E.coli
cell after the addition of 100uM ThT extracted from image sequence shown in figure 22.
b) time constants derived for multiple single E. coli cells after addition of 100uM ThT;
data plotted from multiple experiment image sets.
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