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ABSTRACT OF THE DISSERTATION 

 
 

Bioinspired Engineering for Microbial Sensing: The Development of Bacterial Sensing 
Methodologies Based on Fluorescence Staining and Microfluidic Emission Spectroscopy 

 
 

by 
 
 

Vicente Nuñez  
 

Doctor of Philosophy, Graduate Program in Bioengineering 
University of California, Riverside, March 2015 

Dr. Valentine I. Vullev, Chairperson 
 
 
 
 

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. Conventional culture-based methods that are used to diagnose 

bacterial colonization and infection depend on the organism’s ability to grow in pre- 

determined conditions. Advances in biotechnology and molecular biology have provided 

new tools for bacterial identification that provide expedience and specificity. Such 

techniques as genetics based diagnostics, however, depend on initial prediction for the 

potential pathogens in a sample. Inherently, such high-specificity assays provide 

information only about the species that are targeted. Therefore, pathogens present in the 

sample, which are not targeted by the conducted tests, remain undetected. The first part 

of my doctoral research sought to address these challenges by: (1) investigating the 

dynamics of fluorescence enhancement caused by the bacterial uptake; (2) identifying 
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fluorescent dyes, e.g., molecular rotors, that can selectively stain only bacteria while in 

blood and other biological and environmental fluids; (3) employing biomimetic 

functionalization of bioinert interfaces for a bacterial immobilization that brings the 

analysis of fluorescence dynamic staining to a single-cell level; and (4) investigating the 

excited-state dynamics of the cyanine dye 3, 3’-diethylthiacyanine (THIA) using transient 

absorption spectroscopy to provide rationale for fluorescence staining kinetics observed 

during bacterial uptake. In parallel, my graduate research focused on utilizing the flow 

dynamics in microchannels for developing lab-on-a-chip platforms for time-resolved 

spectroscopy. Current approaches for investigating the photophysical dynamics of 

chromophores require cost-prohibitive equipment thus reducing the propagation of such 

specialized techniques. Using steady-state excitation and imaging, we measured 

luminescence decay kinetics of lanthanide chelates from the spatial distribution of the 

emission within a microchannel. From the space-domain data for the chelates recorded at 

different flow rates we extracted lifetimes that we confirmed using “traditional” time-

domain measurements. This validated space-domain microfluidic approach reveals a 

means for miniaturization of time-resolved emission spectroscopy and bringing it to lab-

on-a-chip platforms. 
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1 

CHAPTER 1. Fluorescence Enhancement for Bacterial Imaging and Sensing 

 

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

 

Summary: 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. 

1.1.1. Introduction 

This chapter 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 
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bacterial cell count, the kinetics of fluorescence enhancement differed for the different 

bacterial species when pretreated with a surfactant additive, TWEEN® 40.  

 

Scheme 1. Molecular structure of 3,3’-diethylthiacyanine  (THIA). 

 

 

 

Bacterial infectious diseases remain one of the major heath hazards nation- and 

worldwide. A quarter of worldwide deaths are a corollary of bacterial infections.1-3 

Annually, pneumococcal diseases, for example, claim close to a million children’s lives 

worldwide.4 In the United States, as another example, food-borne bacterial infections 

cause millions of illnesses, thousands of which are fatal.5 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.1, 6  

Due to their simplicity and operational expedience, colorimetric and 

fluorescence/luminescence staining are the basis of broadly used analytical techniques for 

biomolecules,7-12 bacterial species,13-16 eukaryotic cells,17 and tissue samples.18 In 

particular, because of its inherent sensitivity, fluorescence staining is a central component 

of bioanalytical assays and imaging methodologies.19, 20 

Ever since the first reports from Carl Friedländer and Hans Christian Joachim Gram, 
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published in 1883 and 1884, respectively,21 the identification of bacterial species using 

staining techniques has been based solely on the appearance of the stained cells.13, 16 

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.13, 14 Similarly, Boolean assays 

with improved specificity (such as immunofluorescence staining)22 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.13, 16 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.23  

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). 



 
 
 

4 

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.  

 

 
Figure 1. Fluorescence image of E. coli in 60 µM THIA solution, recorded with a confocal microscope 
(λex = 364 nm). The bacterial suspension was deposited on aminated glass slide with the THIA solution 
(60 µM), and allowed to incubate for 10 minutes prior the imaging. Scale bar = 5 µm. 
 

1.1.2. Results and Discussion 

Interaction between bacterial cells and THIA. Similar to other cyanine dyes, THIA 

(Scheme 1) manifested a pronounced affinity for bacterial cells (Figure 1).24-26 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 
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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.  

 

 
Figure 2. Absorption and fluorescence of THIA (6 µM) in the presence and absence of bacterial cells (cell 
count, CC = 5×107 cell ml–1). 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 (λex = 420 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 

(a) 

(b) 
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upon bacterial uptake.27 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.28, 29 Negatively charged 

microenvironment, combined with hydrophobic interfaces, such as the minor groove of 

the DNA double strand,30 binds thiacyanine dyes and propends their aggregation resulting 

in pronounced spectral changes.31, 32 Furthermore, the observed bacterium-induced 

spectral trends (Figure 2) were, indeed, in agreement with the reported metachromic 

behavior of THIA.33, 34 Thus, the 600-nm emission peak could be ascribed to a J-like 

aggregate of THIA taken up by the bacterial cells.33  

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.35 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.35  
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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,33 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 dye solution did not cause 

emission enhancement (Figure 3a). Fluorescence images, however, revealed that THIA 

stains the beads producing moderate contrast ratios (Figure 3b).  
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Figure 3. Interaction between THIA and carboxylate-terminated polystyrene beads (5 µm diameter). (a) 
Kinetic curve (λex = 420 nm, λem = 480 nm) and emission spectrum (λex = 420 nm) of THIA (6 µM) in the 
presence of the beads (1.5x107 beads ml–1). (b) Phase-contrast image of the beads immersed in THIA 
solution (600 µM). (c) Epifluorescence of the beads immersed in THIA solution (600 µM; λex = 364 nm).   
 

 

(a) 

(b) 

(c) 
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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). 

 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).36 
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Figure 4. Absorption and emission spectra of THIA (6 mM) for water and different alcohols: 
(a) absorption spectra; (b) emission spectra (lex = 400 nm). Inset represents the same spectra plotted against 
logarithmic ordinate. 

 
 

In fact, in comparison with aqueous media, the fluorescence quantum yield, Ff, 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, Ff = 0.32 

and Ff = 0.012 for glycerol and ethylene glycol, respectively. In comparison, the Ff of 

THIA did not manifest such a dependence on the polarity of the media: i.e., for polar 

media, water, Ff = 2.0×10–3; and for a non-polar protic solvent, 1-butanol, Ff = 2.4×10–3.  

In addition, we observed a slight solvatochromism, which depended on the excitation 

wavelength. When excited at 420 nm, for example, THIA exhibited red-shifted 

(a) 

(b) 
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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. 

Table 1. Fluorescence quantum yield of THIA, Φf, for solvents with different dielectric constants, ε, and 
different dynamic viscosity, η.a/ 

solvent Φf × 10-3 ε η  /  cP 

water    2.0 81     0.89 

ethylene glycol     12 41        17 

glycerol    320 43      930 

methanol   0.67 33     0.55 

ethanol     1.0 24       1.2 

1-butanol     2.4 18       2.5 
a Solution of coumarin 151 in ethanol was used as a standard (Φf

(coumarin 151) = 0.49; λex = 400 nm). 

 

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 p-conjugation, the viscosity of the surrounding microenvironment 

modulates the kinetics of non-radiative decay, which is reflected by changes in the 

fluorescence quantum yields.37, 38 

THIA has a symmetric molecular structure, in which extended p-conjugation, spanning 
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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.38-40 

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 
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new fluorescence bands, accompanied the emission enhancement induced by the viscous 

solvents (Figure 4b).  

Dynamics of bacterium-induced spectral changes. The appearance of the red-shifted 

emission bands was a feature that set apart the bacterium-induced from the solvent-

viscosity-induced THIA fluorescence enhancement (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.33, 34  

To elucidate the relation between the absorption and emission spectral features, we 

examined the dynamics of their alterations. The time constants, ti, representing the 

kinetics of the bacterium-induced fluorescence enhancement, monitored at wavelength, l, 

were extracted from fit to exponential rise functions:   

€ 

F t( )λ ,t≥ t0 = ΔF 1− α i exp −
t − t0
τ i

( 

) 
* 

+ 

, 
- 

i=1

n

∑
( 

) 
* 

+ 

, 
- + F0

     (1a) 

where F is the measured fluorescence intensity over time, t; F0 is the initial fluorescence 

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

 

the pre-exponential factors, ai, sum to unity, i.e., 

€ 

α i
i=1

n

∑ =1
; and t0 is the initial time of 

mixing. 

Concurrently, we used a similar exponential decay function to analyze the bacterium-

induced changes in the absorption of THIA, A(t), monitored at l: 
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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). 

 
 

           
Figure 5. Kinetics of changes induced on the absorption and emission of THIA (6 µM) by E. coli (2×107 
cell ml–1) for aqueous media buffered with 2 mM Tris buffer, pH = 8.5, with no TWEEN® added, at 37 ºC. 
(a) Top curve: normalized absorption change, monitored at 420 nm (A∞ = A0 – ΔA, equation 1b). Middle 
curve: normalized fluorescence change, monitored at 480 nm (λex = 420 nm; equation 1a). Bottom curve: 
normalized fluorescence change, monitored at 600 nm (λex = 420 nm; equation 1a). (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∞ = F0 
+ ΔF, equation 1a).  

(a) (b) 
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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 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.33, 34 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.33 

The initial fast jump in the fluorescence intensity, monitored at 480 nm, represented the 
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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 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.)   

 

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 
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bands of THIA in the presence of bacteria (Figure 6b). 

          
Figure 6. Spectral properties of THIA in the presence and absence of TWEEN®. (a) Absorption and 
emission spectra of THIA (5 mM; lex = 420 nm) in the absence and presence of TWEEN® 40 (27 mM). 
(b) Kinetics of the THIA emission enhancement (6 mM; lex = 420 nm; lem = 480 nm) induced by E. coli 
(5×107 cell ml–1) in the absence and presence of TWEEN® 40 (0.5 mM). The blue markers, × , represent the 
data points; the red solid lines, —, represent the corresponding exponential fits (equation 1a). 
 

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 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.   

 

(a) (b) 
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Figure 7. Fluorescence-enhancement kinetic curves (lex = 420 nm, lem = 480 nm, 37 ºC) for bacilli samples 
injected into 6 mM THIA solution (at t0 ≈ 5 s, equation 1a). All samples were prepared with 2 mM aqueous 
Tris buffer, pH = 8.5, containing 0.5 mM TWEEN® 40. (a) Kinetic curve for 5×107 cell ml–1 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.   
 

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, CTHIA, and cell count, CC, spreading over two orders of magnitude: i.e., 

THIA concentrations, CTHIA = 0.6, 6 and 60 mM; and cell counts, CC = 5×106, 5×107 and 

5×108 cell ml–1. We focused on the 480-nm steady emission enhancement kinetics that 

followed the initial intensity jump upon mixing (Figure 7a). For each of the 

(a) (b) 
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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). 

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

CTHIA  / 
µM 

 Gram-negative,  CC / cell ml–1  Gram-positive,  CC / cell ml–1 
 5×106 5×107 5×108  5×106 5×107 5×108 

  
Escherichia coli b  Bacillus subtilis c 

  0.6  34 ±  4 33 ±  6 22 ±  6  3.1 ±  1.7 2.2 ±  0.8 3.8 ±  1.4 
  6  27 ±  2 27 ±  6  29 ±  4  3.9 ±  1.0 3.9 ±  1.6 2.8 ±  1.1 
60  31 ±  6 36 ±  5 26 ±  1  5.1 ±  1.1 2.6 ±  0.4 2.9 ±  0.3 

  pcell = 0.07 d;  pcell
(NR) = 0.30 e 

pdye = 0.08 d;  pdye
(NR) = 0.67 e 

 pcell = 0.03 d;  pcell
(NR) = 0.40 e 

pdye = 0.45 d;  pdye
(NR) = 0.77 e 

  Enterobacter aerogenes b  Bacillus sphaericus b 
  0.6  21 ±  7 19 ±  5 20 ±  10  52 ±  9 59 ±  6 58 ±  7 
  6  16 ±  3 17 ±  2 22 ±  3  28 ±  13 52 ±  8 38 ±  12 
60  20 ±  3 17 ±  4 20 ±  6  54 ±  7 52 ±  8 51 ±  3 
  pcell = 0.30 d; pcell

(NR) = 0.30 e 
pdye = 0.53 d;  pdye

(NR) = 0.50 e 
 pcell = 0.01 d;  pcell

(NR) = 0.35 e 
pdye = 0.08 d;  pdye

(NR) = 0.10 e 
a Tris buffer (2 mM, pH = 8.5) with 0.5 mM TWEEN® 40; 37 °C; lex = 420 nm, lem = 480 nm; bacterial 
samples were from cultures in their exponential growth phase. b Time constants represent the slower 
components from biexponential fits (Figure 2a). c Time constants were obtained from monoexponential 
fits. d p-values were obtained from two-factor ANOVA analysis of the time constants for the same 
species with THIA considering all measurement repeats. e Non-repeat p-values, p(NR), were obtained from 
two-factor ANOVA considering solely the average values for each concentration / cell density data point. 

 

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 
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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 (H0) 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 10–5, corresponding to minute 

probabilities, i.e., < 0.001 %, for experiments to yield the values of t, which we observed, 

if H0 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. 

subtilis and B. sphaericus, were different (Figure 7). Furthermore, while B. sphaericus 

exhibited the slowest kinetic features, B. subtilis showed the fastest staining kinetics 

among the examined species (Table 2).  

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 
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at 480 nm (Figure 5, 6c). 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.23 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.23 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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Table 3. Results from one-factor ANOVA analysis comparing between the time constants obtained for the 
four investigated species (Table 2).a  

 
E. coli E. aerogenes B. subtilis 

E. aerogenes p = 5.1 × 10–12 
(F = 79) b 

p(NR) = 8.7 × 10–6 
(F = 41) c 

— — 

B. subtilis p < 10–16 
(F = 730) b 

p(NR) = 7.8 × 10–12 
(F = 300) c 

p < 10–16 
(F = 510) b 

p(NR) = 1.4 × 10–13 
(F = 510) c 

— 

B. sphaericus p = 1.7 × 10–10 
(F = 63) b 

p(NR) = 5.6 × 10–5 
(F = 29) c 

p < 10–16 
(F = 160) b 

p(NR) = 1.5 × 10–7 
(F = 78) c 

p < 10–16 
(F = 390) b 

p(NR) = 2.8 × 10–10 
(F = 190) c 

a 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.  
b 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.  
c For the non-repeat p-values, p(NR), comparing between each two species, solely the average time 
constants, for all THIA concentrations, and for all cell counts were considered. 

 

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. 
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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.  

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,25, 26 we modeled the dynamics of fluorescence enhancement as a diffusion-

driven migration of the dye from the aqueous environment into a thin sheet of permeable 

media (Scheme 2):41 
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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(t) is the total mass of THIA in the 

cell wall at time t; qn is the nth non-zero positive roots of tan(qn) = – aqn; and a represents 

the THIA distribution, i.e., a = 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, VC, unit volume, 



 
 
 

24 

V1, and surface area of a cell, SC: i.e., A = V1 / (CC SC) – VC / SC. 

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

emission-enhancement kinetics: 

€ 

F t( )∝
M t( )
α +1

ΦC +
α +1−M t( )

α +1
ΦW

      (3) 

where FC and FW are the fluorescence quantum yields of the dye in the cells and in the 

aqueous media, respectively. Equation 3 assumes that: (1) the fluroescecne intensity is 

linearly proportional to the fluorophore concetration;42 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 qn (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, t, 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 
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(equation 2 and 3), indeed, revealed only about 10 % change in the time constant, t, when 

the cell count was altered two orders of magnitude (Figure 8). Concurrently, the time 

constant of fluorescence enhancement, t, manifested substantial dependence on the 

diffusion coefficient, D, of the dye in permeable media and on the thickness of the 

permeable sheet, L (Figure 8). This model reveals the sensitivity of the staining kinetics 

to the type of species (via D and L) and to the type of staining agent (via D), rather than 

to their concentrations. 

The diffusion-driven model of 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 10–13 cm2 s–1, 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.  
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Figure 8. Simulated fluorescence enhancement (equations2 and 3) resultant from the diffusion-driven 
migration of fluorescent dye into the fluorogenic environment of cell walls (Scheme 2). The blue squares 
represent 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 
1a) that produced different time constants, t. For all calculations, FC = 0.2, FW = 0.001, K = 2×104, t0 = 3 s, 
VC = 1 fl, SC = 6 mm2, and the number of exponential terms for the sum of (equation 2) was 103. 
 

A rough approximation of the characteristic diffusion time, tD, to an emission-

enhancement time constant, t, confirmed the unfeasibly small values of diffusion 

(a) 

(b) 

(c) 
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coefficients required for quantifying the observed cell-staining kinetics. (The 

characteristic diffusion time depends on the characteristic diffusion length, l, and on the 

diffusion coefficient: tD = lD
2 / D.43) For cell wall thickness, lD ≈ L, ranging between 10 

and 100 nm, to assure diffusion times as short as 1 s, for example, D had to range 

between 10–12 and 10–10 cm2 s–1. For tD, 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., 10–13 and 10–11 

cm2 s–1. 

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

into the cell wall.25 Assuming that the THIA readily penetrated the intact cell membranes, 

1-mm diffusion length for the dye to migrate into the cell, would require D ranging 

between 10–8 and 10–9 cm2 s–1 for tD ranging between 1 and 10 s, respectively. These 

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

cytosol.44 

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). 
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Scheme 2. Fluorescence enhancement due to migration of THIA from the aqueous surrounding into the 
fluorogenic cell-wall media.  

 

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. 

 

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.  
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1.1.3. 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-

specific and dye-specific staining kinetics has the potential for bringing a broad range of 

easily administrable bioanalytical assays beyond their Boolean nature. 
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1.2. Amyloid Histology Stain for Rapid Bacterial Endospore Imaging 

Summary: 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 

(ii) accumulation of ThT in the endospores, affording fluorescence images with excellent 

contrast ratios. Fluorescence images revealed that ThT tends to accumulate in the surface 

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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1.2.1. Introduction 

This article 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.  

Scheme 3. Thioflavin T (ThT). 

 

Bacterial endospores are some of the most resilient living entities known 45. 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 46. 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 47. 

The classical technique of endospore detection uses malachite green dye to stain the 

endospore coat via thermal treatment or long incubation periods 48. Genetic bioassays 

have since evolved utilizing polymerase chain reaction (PCR) to provide the specificity 

required for identification of certain sporulating pathogens 49. Employing these 
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techniques for detection of bacterial endospores, however, is a multistep process and 

requires prior sequence knowledge for the design of the primer 50, 51.  

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 52. 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 50, 53. 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 53, 54. 

 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 55. Mass spectrometry provides means 

for identification of macromolecular markers based on their exact masses 56. 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 10, 57-60. Emission-enhancement assays for 

DPA and bacterial endospores, utilizing lanthanide ions, were developed in Army 
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Research Laboratory in the end of the 20th century 60, 61 and recently improved by a 

research team in the Jet Propulsion Laboratory 8, 9. Up to 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 62, 63. Furthermore, DPA has high 

affinity for chelating lanthanide metal ions, such as terbium (III) 11, 12. 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 57. 

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 
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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 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 b-sheet amyloid-like proteins on the surface of 

bacterial endospores 64. Amyloid folds are, indeed, intricate components of bacterial cell 

walls and of endospore coatings 64-66.  

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 66, 67. 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 

68. Furthermore, ThT does not interact with folded or partially folded monomeric 

proteins, soluble oligomers, or amorphous aggregates 69. Changes in ThT fluorescence 

are imperceptible even if interactions with such impurities in the sample occur 69-71. 

Due to the relatively high inherent sensitivity of emission techniques, fluorescence 
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staining and imaging are the foundation for widely preferred bioanalytical methodologies 

20. Herein, we explored the possibility for fluorescence staining of bacterial endospores 

with ThT (Scheme 3). For this study we focused on Bacillus subtilis (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).  

 
Figure 9. Epifluorescence microscopy images of bacterial endospores, (a, b) B. atrophaeus and (c) G. 
stearothermophilus. All endospore samples were imaged while suspended in 150 µM 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.  

a b 
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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.        

 

1.2.2. Results 

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 72, 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.  
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Figure 10. Gray-scale analysis 43 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 mM ThT and (b) with no dye present. (c, d) Traces 
from images of spores suspended in different concentrations of ThT recorded at exposure time = (c) 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, DI. DI represents the contribution of the 
fluorescence from the free ThT to the backgrounds of the microscope images, ADC. (DI = 490, 240, 60 and 
<20 for 100 mM, 25 mM, 5 mM and 1 mM ThT at exposure time = 1 s; and DI = 4,100, 3,300, 460 and <50 
for 100 mM, 25 mM, 5 mM and 1 mM 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, DI, 
by more than an order of magnitude: i.e., (〈Dh〉 + DI) / DI > 10. For 1-s exposure time, the baseline RMS = 
35, 24, 32, 25 and 35 for 0 mM, 1 mM, 5 mM, 25 mM and 100 mM ThT; and for 5-s exposure time, RMS = 
75, 65, 92, 96 and 120 for 0 mM, 1 mM, 5 mM, 25 mM and 100 mM ThT.   
 

 

(a) (b) 

(c)                           (d)                              (e)                             (f) 
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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, 〈h〉, of the peaks on the traces 

crossing over imaged spores (Figure 10): 
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where the multiple of 10 in front of the logarithms converts the units to dB; and 〈Dh〉 = 

〈h〉 – ADC. 

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 ∝ exposure time . A five-fold increase in 

the exposure time doubled S/NDC and caused about a 30% increase in S/NAC of images of 

spores suspended in 100 mM ThT (see supplemental material). 

Imaging of relatively large bacterial endospores (i.e., endospores larger than about 1 µm) 

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 
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sufficient precision (Figure 11).  

 

 
Figure 11. Epifluorescence microscopy images of: (a) B. globigii endospores; (b) B. subtilis endospores; 
(c) B. subtilis vegetative cells; (d) B. subtilis during sporulation; and (e, f) E. coli cells. All bacterial 
samples were imaged while suspended in 150 µM ThT aqueous solution (2 mM Tris buffer, pH 8.5). The 
bacteria were incubated in the ThT solution for 10 min prior to imaging.   

 

Examination of the fluorescence images of the stained bacterial endospores, which were 

large enough for visualizing their shapes via optical microscopy, revealed (Figure 9): 

(a) ThT 
dissolve

d in 

(c) (d) 

(b) 

(f) (e) 
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(i) consistently bright pixels following the contours of the endospores; and (ii) bright 

spots distributed throughout the endospore images. The latter observation suggested a 

heterogeneous 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 64, 66. 

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 species) 

65, 66. 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 11e 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).  

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 
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determines how much of the absorbed light is emitted by the dye (at wavelengths longer 

than the excitation wavelength, lex). 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 quantum 

yield was one of the factors governing the observed emission enhancement upon 

endospore uptake of the dye.  
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Figure 12. Absorption and fluorescence properties of ThT (11 µM) 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 (lex = 430 nm) 
spectra of ThT samples containing B. atrophaeus with different SC (for SC exceeding 107 spore ml–1 the 
baseline of the absorption spectra in the blue and UV region shifts due to scattering); (b) dependence of the 
absorbance (labs = 415 nm) and emission intensity (lex = 415 nm; lem = 490 nm) on the spore count; and (c) 
emission spectra of ThT in the presence and absence of B. globigii endospores (lex = 430 nm). 

 

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 36, 73-76. Due to the single carbon-carbon bond between the two ring 

(a) 

(b) (c) 
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systems and the single carbon nitrogen bond between the phenyl ring and the dimethyl 

amine (Scheme 3) ThT is a molecular rotor 73, 75, 77. Similar to other chromophores that 

are molecular rotors 78-81, 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 76. 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 76.  
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Figure 13. Fluorescence properties of ThT (1 µM) dissolved in aqueous solution (4 mM glycine buffer, pH 
9.0) in the presence of different amounts of B. subtilis endospores: (a) excitation (lem = 480 nm) and 
emission (lex = 430 nm) spectra; and (b, c) dependence of the emission intensity (lex = 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) =  F0 + DF SC. (c) Nonlinear analysis employing a 
power-law function (equation 2) to fit the fluorescence dependence on SC. The appropriateness of the 
function used for data fits was examined using the Durbin-Watson test statistics: 

� 

DW=
δ i −δ i−1( )2

i=2

n∑
δ i
2

i=1

n∑
, where di are the residual values at data points i, and n is the total number of 

data points.  
 
 

For mM 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 concentration of the spore-

bound ThT, which has larger fluorescence quantum yield than the free ThT in the 

(a) 

(b) (c) 
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aqueous media. The power law representing the relation between fluorescence intensity 

and fluorophore concentration 42 provided an excellent fit for the dependence of the 

observed emission enhancement on the spore count (Figure 13c):  

� 

F SC( ) = ΔF 1−10−αSC( ) + F0         (2) 

where F(SC) is the emission intensity of ThT for spore count SC; F0 is the emission 

intensity of ThT in the absence of endospores; and DF and a 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(lex), is linearly 

proportional to the fluorophore concentration, A(lex) 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) ∝ a SC is an approximation of equation 2. 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 2), 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, DW, provides the means for 

examining the presence of autocorrelation. DW can assume values between 0 and 4, and 



 
 
 

46 

DW close to 2 signifies no autocorrelation, DW close to 0 indicates for positive 

autocorrelation 82, 83. In particular, DW smaller than a critical value with statistical 

significance a, dwLa,k, indicates for positive autocorrelation in the residuals from data fits 

with k regression parameters in addition to the intercept. Concurrently, DW > dwUa,k 

indicates for no autocorrelation. For linear fits, k = 1, and for the nonlinear power-

function fits (equation 2), k = 2. (The critical values dwLa,k and dwUa,k are obtained from 

Durbin-Watson significance tables for a, k, and for the number of examined data points 

n.) For the data set presented on Figure 13b and 13c, for a = 0.01 and n = 9, dwL0.01,1 = 

0.554 and dwU0.01,1 = 0.998 (for linear fits); and dwL0.01,2 = 0.408 and dwU0.01,2 = 1.39. 

For linear analysis, DW = 0.841 (Figure 13b) and dwL0.01,1 < DW < dwU0.01,1 indicated for 

inconclusiveness in rejecting the presence of autocorrelation. Employing nonlinear 

analysis yielded DW = 1.75 (Figure 13c) and DW > dwU0.01,2 proving a lack of 

autocorrelation with at least 99% certainty. This statistical analysis demonstrated the 

preferred feasibility for using a power law (equation 2), instead of linear relation, for 

correlating emission intensity with chromophore concentration.    

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 contrast of the fluorescently stained species. 

The distribution coefficient, KD, for ThT allowed us to quantify the propensity of the dye 

to accumulate in bacterial endospores: 

€ 

KD =
CSPORE

CSOLUTION          (3) 
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where CSPORE and CSOLUTION are the concentrations of ThT in the endospore and in the 

aqueous solution, respectively, after completion of the staining process. 

 

  
Figure 14. Distribution coefficient, KD (equation 3), 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 
(CThT

(0) = 35 mM). The solid line corresponds to a spectrum of the supernatant after the dye solution was 
incubated with B. globigii endospores (8×107 spores ml–1) for 10 min and the spores were removed using 
centrifugation. The decrease in the absorbance corresponds to an 8-mM decrease in the ThT concentration: 
i.e., the concentration of ThT, which remained free in the solution after the spore uptake, was 28 ± 2 mM. 
(The error bar represents ± one single standard deviation.) Considering that the volume of a single B. 
globigii spore is about 8×10–13 ml, the average ThT concentration in the stained spores was 0.11 M, 
yielding distribution coefficient KD = 3.9×103 ± 0.4×103. (b) Contour plot depicting the dependence of ThT 
KD for B. thuringiensis endospores on the initial dye concentration, CThT

(0), and on the spore count, SC. The 
lines represent KD(CThT

(0), SC) with the identical values as designated by the corresponding numbers tagged 
to the lines.  
 

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 

CSOLUTION (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 

(a) (b) 



 
 
 

48 

solution via the centrifugation step. Therefore, CSPORE = nThT / nS VS, where nThT 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 KD = 4×103 (Figure 14a). For G. stearothermophilus, a 

similar approach of incubating 2×107 spore ml–1 in 17 mM solution of ThT, yielded KD = 

7×103. The measured distribution coefficient, KD, however, exhibited dependence on the 

spore count, SC, and on the initial dye contrition, CThT
(0), in which the spores were 

incubated. An increase in CThT
(0) and a decrease in SC caused an increase in KD (Figure 

14b). This concentration dependence of KD reflected the fact that a two-state/two-phase 

model (equation 3) did not encompass the complexity of the dye uptake by the 

endospores. Nevertheless, the estimated KD ranged between about 103 and 104, 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.  

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 64, 65, binding of the positively charged chromophore (Scheme 

3) to a range of other macromolecular structures presents a limitation for employing ThT 
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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 84. 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 1a): i.e., S/NDC was 5.5 dB ± 1.7 dB, 2.5 dB ± 0.2 dB and 1.8 dB ± 1.5 

dB for the endospore containing DNS, FBA and HA samples, respectively (see 

supplemental material). 

While phase-contrast and differential interference contrast (DIC) microscopy provide 

means for visualization of bacterial endospores in relatively pure samples 85, 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.    

 

 

1.2.3. 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 



 
 
 

50 

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 

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 76, 

which is expected for the properties of chromophores, such as ThT, classified as 

molecular rotors 75, 81. A viscosity-induced increase in the emission quantum yield of ThT 

amounts to about three orders of magnitude 76. 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 106 spore ml–1, the total volume of the spores is about 

106 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, KD, of 

about 103 –104, indicates that in such samples, only about 0.1% to 1% of the dye is taken 
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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 106 spore ml–1) 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 5a, respectively), 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 CThT
(0) (within the mM range) tends to decrease KD (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 KD, imposes 

limitations on how low CThT
(0) feasibly can be.  

We readily imaged endospores using 1 nM ThT (see supplemental material), and we 

demonstrated excellent correlations between spore count and emission intensity for 1 mM 

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 
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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, 〈Dh〉 + DI, 

and the emission intensity from the free ThT in the background, DI (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 

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 70, and bacterial endospores are coated with b-

strand proteins as evident, for example, from high-resolution AFM images 64. These facts 

provide the rational of this study for staining endospores with ThT targeting their 
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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 

64), 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 present, the rigid interior of 

endospores entrapping the dye and restraining its molecular motions will cause an 

increase in its fluorescence quantum yield 76. 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 (see supplemental 

material). 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 
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count (Figure 12b and 5b) 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 

endospores in the presence of macromolecular contaminants that not only enhance the 

ThT fluorescence, but also contribute to the autofluorescence of the sample (see section 

1.3.). 

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, 
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provides an unprecedented facility for fluorescence imaging of bacterial endospores. 

 

1.2.4. 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 

(such as b-folded protein aggregates) for facile and expedient bioanalytical applications 

targeting bacterial endospores, known for their resilience and structural stability.    
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1.3. Fluorescence Staining in Complex Fluids for Rapid Detection and 

Imaging 

Summary: Amyloid stain, Thioflavin T (ThT), previously investigated for rapid 

fluorescence staining of bacterial endospores with high imaging contrast, was 

investigated for its application of staining vegetative and endospore forms of bacteria in 

the presence of complex environments. High contrast fluorescence staining was observed 

in solutions prepared to model the presence of biological and environmental 

contaminants.  

 

1.3.1. Introduction 

This section describes the exploration, with Thioflavin T, as a fluorescent stain of 

bacterial organisms in complex biological and environmental suspensions. The 

development of rapid bacterial diagnostics tools is of urgent necessity. A quarter of the 

human deaths worldwide are caused by bacterial infections.2, 86, 87 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 can yield idle 

results for a patient, and may also contribute to the progression of multi-drug resistant 
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strains such as methicillin-resistant Staphylococcus aureus (MRSA).87, 88 Furthermore, 

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.89 As a result, mortality rates of wounded soldiers are 

increasingly attributed to bacterial infections such as sepsis.90 While speed is crucial for 

the diagnosis of bacterial infections, conventional cell-staining methods, which offer 

expedience and relative simplicity, inherently provide 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). 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 targeting molecules 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 

immunoassays91, however, prior knowledge of the species in question and the availability 



 
 
 

58 

of the targeting immunoglobins is required. Additionally, genetic-based assays,92 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 and that provides single-cell analysis is 

urgently needed.  

Utilizing the kinetics of fluorescence staining, or dynamic staining (DS), of bacteria with 

fluorescent dyes provides a promising alternative to traditional staining- and 

amplification-based methodologies. As we previously demonstrated in section 1.1., DS 

has the potential for rapid bacteria identification assays that provide results beyond the 

“yes-no” Boolean outcomes of the traditional methodologies (Figure 15).93 
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Figure 15. Fluorescence-enhancement kinetic curves (λex = 420 nm, λem = 475 nm) for THIA (6 µM 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. 
 

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 occurs with significant contrast, allowing 

for investigating the fluorescence from the stained cells without the removal of the 

staining dye that remains free in the surrounding suspension media. The selective staining 

of bacterial organisms thus inspired the investigation of fluorescence staining in media 

containing biomolecules such as fetal bovine serum (FBS), DNA fragments, whole blood 

and humic acid that served a model for environmental contamination. 
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1.3.2. Results 

Fluorescence staining in the presence of biological and environmental contaminants 

Identification of bacteria using conventional culture- or genetic-based methods in 

heterogeneous environments is challenging because of cross-reactivity between the 

sample and the reagents used for the diagnosis. To employ highly specific diagnostic 

tools that utilize immunoglobulins or other targeting moieties a knowledge or expectation 

of the unknown bacterial contaminant is required. A rapid single step detection test, 

which requires solely the addition of a fluorescence stain, for cases such as those where 

bacterial sepsis is suspected, provides clear advantages over the leading conventional 

detection methods.  

To investigate the effectiveness of ThT for fluorescently staining without the requirement 

of washing or purification steps, we incubated endospores of Bacillus atrophaeus, a 

spore-forming species that develops large spores suitable for fluorescence imaging. Spore 

suspensions were incubated in solutions containing plasmid DNA extracted from E. coli 

cells strain DH5α, fetal bovine serum and humic acid prepared to a final concentration of 

1 mg ml-1 (Figure 16).   
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Figure 16. Images of endospores of B. atrophaeus suspended in solution of biological and environmental 
contaminants: (a-e) 1 mg ml–1 DNA extract from E. coli; (f-j) 50% v/v fetal bovine serum (FBS); and (k-
o) 1 mg ml–1 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-o) was 150 mM. 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 (o) 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).    

 

The particular contaminants chosen for this study, DNA fragments, protein-rich FBS and 

humic acid, provided a means to model “real-world” contamination of samples with 

origins of biological fluids and contaminated water. We recorded brightfield and 

fluorescence images of samples containing B. atrophaeus spores with and without the 

presence of ThT in the suspension. Upon staining with ThT, visualization of fluorescently 
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stained endospores was achieved while brightfield images of similar samples provided 

significantly less capability for visualization of endospores. Fluorescence staining of 

endospores within complex environments provided a means for rapid imaging-based 

detection of endospores without the need for purification steps.  

Fluorescence staining in the presence of whole blood. Bacterial Septicemia, or sepsis, 

is a serious systemic illness caused by bacteria and bacterial toxins in the bloodstream. 

Over the last thirty years it has become an increasingly common condition, and in the 

span between the years 2000 and 2008 the reported number of hospitalizations due to 

sepsis more than doubled according to the Centers for Disease Control and Prevention94. 

Sepsis can arise from other infections such as infections in the skin, the lungs, and the 

urinary tract and patients with sepsis usually require early and aggressive treatment with 

broad-spectrum antibiotics while the diagnostics process takes place. The problem here is 

that using current diagnostic techniques, it can take up to 72 hours to identify an 

unknown pathogen. In the meantime the patient may not experience an improvement in 

their health or may not survive in the cases of aggressive infections. Furthermore, the cost 

of treating sepsis in the U.S.A. reached 15.4 billion dollars in the year 2009 and despite 

the high expenditures septicemia remains a leading cause of death94. Thus, the 

development of rapid detection and diagnostic tools for infected blood samples is an 

urgent necessity.  

 Following the observations that ThT provides a means for fluorescence staining 

of bacterial endospores in the presence of model biological and environmental 
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contaminants we explored with ThT as a stain for bacterial cells in the presence of bovine 

blood (Figure 17).  

 
Figure 17. Fluorescence spectra of 10 µM ThT in bovine blood and in bovine blood spiked with E. coli 
and/or B. subtilis in cell density of 2.0 x 106 cells�ml-1.  

 

In samples of bovine blood spiked with E. coli and B. subtilis ThT demonstrated 

fluorescence enhancement, indicative of fluorescence staining (Figure 16). Fluorescence 

enhancement was significantly lower when ThT was incubated solely with blood. These 

results demonstrated that staining of the bacteria caused the fluorescence enhancement of 

ThT in the samples spiked with bacterial cells. To further examine the specificity of ThT 

for staining bacterial cells in the presence of whole bovine blood, we recorded 

fluorescence and brigthfield images of bovine blood samples spiked with Pseudomonas 

aerugniosa (P. aerugniosa) which is a pathogenic species to humans, Bacillus sphaericus 

(B. sphaericus) which is closely related to pathogenic bacilli such as Bacillus anthracis, 

and non-pathogenic E. coli (Figure 18).   
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Figure 18. Fluorescence staining of bacterial cells with 10 µM ThT in bovine blood. Representative 
brightfield images of bovine blood spiked with B. sphaericus, P. aerugniosa and E. coli in (a), (c) and (e) 
respectively. Visualization is greatly enabled by staining bacterial cells with ThT in blood spiked with B. 
sphaericus, P. aerugniosa and E. coli  (b), (d) and (f) respectively.  

(a) (b) 

(c) (d) 

(e) (f) 
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The amyloid stain, ThT, stains bacterial cells in the presence of bovine blood. The major 

components of blood including red blood cells, white blood cells, platelets and plasma 

did not stain as brightly with ThT as did the bacterial cells in the spiked blood samples. 

The preferential staining of bacteria by ThT demonstrates that with a single staining step, 

which takes a few seconds, the detection of bacterial contaminants in blood samples can 

be achieved. Furthermore, the development of fluorescent staining diagnostic procedures 

with additional fluorescent dyes, such as THIA and other cyanine dyes, could provide the 

means for advancing beyond the detection of bacteria to identification by monitoring the 

kinetics of staining (as described in Section 1.1.).     
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1.4. Photoinduced Dynamics of a Cyanine Dye: Parallel Pathways of Non-

radiative Deactivation Involving Multiple Excited-State Twisted Transients 

 

Summary: Cyanine dyes are broadly used for fluorescence imaging and other photonic 

applications. 3,3'-diethylthiacyanine (THIA) is a cyanine dye composed of two identical 

aromatic heterocyclic moieties linked with a single methine, -CH=. The torsional degrees 

of freedom around the methine bonds provide routes for non-radiative decay, responsible 

for the inherently low fluorescence quantum yields. Using transient absorption 

spectroscopy, we determined that upon photoexcitation, the excited state relaxes along 

two parallel pathways producing three excited-state transients that undergo internal 

conversion to the ground state. The media viscosity impedes the molecular modes of ring 

rotation and preferentially affects one of the pathways of non-radiative decay, exerting a 

dominant effect on the emission properties of THIA. Concurrently, the polarity affects 

the energy of the transients involved in the decay pathways and further modulates the 

kinetics of non-radiative deactivation. 
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1.4.1 Introduction 

This publication describes a study revealing the complex photophysics of 3,3'-

diethylthiacyanine (THIA). THIA is one of the simplest cyanine dyes (Scheme 4), and its 

inherent properties as an oligomethine chromophore have defined its use in biological 

imaging, nanomaterials, and photonics.72, 95 Despite the relative structural simplicity of 

this cyanine dye, its excited- and ground-state dynamics manifest complexity that can 

strongly affect its utility for the different applications. 

 
Scheme 4. Conformers of 3,3'-Diethylthiacyanine (THIA). [a] Although cis/trans nomenclature has been 
adopted for the planar conformers of THIA and other cyanine dyes, it is not quite accurate. Conversely, the 
E/Z nomenclature should be used to account for the four different substituents of the two partially π-
conjugated bonds of the methine linker, i.e., trans-trans should be Z-Z (S has higher priority than N, and C 
has higher priority than H), trans-cis – Z-E, and cis-cis – E-E. [b] For a bond between sp2 hybridized 
carbons, staggered implies about 90° dihedral angle, unlike 60°, 180° and 300° for a bond between sp3 
hybridized carbons. 
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Oligo- and polymethine structures contain an odd number of -CH= groups providing a 

means for extending p-conjugation over alternating single and double bonds. 

Oligomethine is the main structural motif in a range of chromophores and redox active 

cofactors, such as carotenoids, cyanine dyes, and retinal. Extending the p-conjugation 

tunes the optical properties of the oligomethines, and pushes their absorption and 

emission to the near infrared (NIR) region of the spectrum. As an example, indocyanine 

green (ICG), a cyanine dye with an elongated polymethine chain, is the only NIR dye 

approved by the U. S. Food and Drug Administration (FDA) for specific medical imaging 

applications.96 

Carotenoids are vital components of the photosynthetic reaction centers, where they 

prevent photodamage by various mechanisms including participation in regulatory 

pathways, and serve as auxiliary chromospheres for utilizing solar energy in the mid-

range of the visible spectrum.97 Their elongated molecular structure and high 

susceptibility to oxidation have made carotenoids preferred components for artificial light 

harvesting systems.98 

Cyanine dyes, comprising an oligomethine that links two aromatic moieties, are broadly 

used photoprobes for biochemical and biomedical applications.24, 99 Controlling the extent 

of p-conjugation allows for tuning the photophysical properties of these oligomethine 

structures throughout the visible and NIR spectral regions. The charge delocalized over 

the p-conjugated systems, and the inherently hydrophobic character of the hydrocarbon 

structures provide the amphipathicity of cyanine dyes, which governs their high 
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propensity for aggregation and staining. While the extended p-conjugation carries a 

positive charge, the addition of side chains with acidic groups, such as sulfonates, results 

in zwitterionic or negatively charged cyanine dyes.100 The propensity for aggregation and 

the high affinity of the positively charged cyanines for negatively charged 

macromolecular templates is fundamental for their utility as photoprobes for structural 

analysis.32, 101 

The inherent flexibility of the oligomethines, however, results in considerable complexity 

in the photophysics of cyanine dyes and other conjugates with a similar structure. Indeed, 

extending the length of the methine linkers ensures a decrease in the HOMO-LUMO 

energy gap and red shifts in the absorption and emission spectra. Attaining such red 

spectral shifts, however, requires a planar or close to planar molecular conformations. 

While the p-conjugation stabilizes planar conformation, entropically driven dynamics and 

steric hindrance favour structures with twists in the oligomethine chains. Such twisted 

structures are especially pronounced in the electronically excited states where the p-

bonding character of the methine linkers is diminished. The twisting dynamics and 

breaking of the p-conjugation provides pathways for non- radiative deactivation of 

excited states causing a drastic decrease in the emission quantum yields of cyanine dyes. 

For example, while NIR absorption and fluorescence of ICG are immensely favourable 

for biological imaging,102 its fluorescence quantum yield of a few percent presents a 

principal challenge in the development of medical applications. Conversely, 

understanding the effects of the torsional modes of deactivation on the fluorescence 
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quantum yields of cyanine dyes can prove beneficial for biological applications. For 

example, twisting modes of deactivation result in negligible fluorescence quantum yields 

of many chromophores when in non-viscous aqueous media.36, 103 Binding of such 

chromophores to rigid macromolecular matrixes can readily restrict their twisting degrees 

of freedom, thus, resulting in enhancement of the fluorescence quantum yield up to 

several orders of magnitude. Under such circumstances, the emission signal comes 

predominantly from the stained macromolecular components of cells or tissue structures 

and not from the free dye molecules in the surrounding environment, thereby facilitating 

high-contrast imaging of biological samples.104, 105 

THIA is one of the simplest cyanine dyes with a single methine linking two identical 

benzothiazole moieties (Scheme 4). Based on the geometry of the two bonds of the 

linker, THIA has three planar isomers (Scheme 4): trans-trans (TT), trans-cis (TC) and 

cis-cis (CC). As expected from steric-hindrance considerations, TT is the most stable and 

CC is the least stable of the three planar structures.106-109 The torsional transitions 

between the three planar isomers involve twisted structures (Scheme 4), which in the 

ground electronic state are at the potential-barrier maxima, i.e., they are transition states. 

In the lowest electronically singlet excited state, however, the twisted conformers are 

relatively stable structures at the bottom of potential-energy wells.110 Indeed, when we 

refer to planar conformers, we also include structures that are close to planar. For 

example, the two aromatic moieties of the trans-trans excited state of THIA that is at a 

local minimum, 1DTT*, are slightly out of plane due to a decreased bonding character of 
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the p-conjugation favouring the planar structures.109, 110 Keeping this feature in mind, 

1DTT* is still referred to as a planar conformer.  

 
Scheme 5. Generalized photoinduced dynamics of THIA and other cyanine dyes. Green arrows represent 
transitions between the ground, S0, and the excited state, S1, including radiative transitions: absorption, kabs, 
and fluorescence, kf; and non-radiative transition: internal conversion (IC), kIC. Red arrow represents non-
radiative transition within the excited state, knr*, encompassing rotation around the partially π-conjugated 
linker bonds, along with vibrational relaxation. Blue arrow represents non-radiative pathways within the 
ground state, knr, encompassing the transitions of the two cis rotamers to the trans-trans conformer. CI = 
conical intersection. 
 
 

The relative stability of the electronically excited twisted conformers and their lack of 

stability when in ground state results in a region of vibronic overlap between the S1 and 

S0 states, referred to as a conical intersection (CI), which provides a main pathway for 

efficient internal conversion (IC) leading to a non-radiative decay. Therefore, upon 

photoexcitation, THIA relaxes to a local minimum, 1DTT*, from where it can undergo 

radiative decay, kf; or via twisting modes it migrates to the CI, knr* (Scheme 5). Upon IC, 

THIA relaxes to one of three ground-state planar isomers (Scheme 4, 5). Ground-state 

thermally driven rotations around the methine-linker bonds lead to the most stable trans-

trans conformer (Scheme 5). 
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This generally accepted mechanistic notion (Scheme 5) about chromophores with p-

conjugated linker, however, does not feasibly represent the photophysics of THIA. As 

such, theoretical and experimental studies have shown that the relaxation of such a 

cyanine dye from its trans-trans S1 state, leads to the formation of all three planar 

isomers in the S0 state.106, 110 The photoexcitation of THIA from its ground state leads 

only to the trans-trans excited-state isomer.106-110 It is not plausible to provide a single 

pathway of 1DTT* via one unique twisted structure at the CI that would lead to all three 

ground-state planar conformers. An increasing number of studies show multiple 

pathways of relaxation of cyanines along their excited-state potential-energy planes.39, 106, 

111, 112 The limit of a single S1 → S0 conical intersection, to which the multiple relaxation 

pathways are postulated to lead, however, sets challenging mechanistic constrains. 

Alternative rationales involving, for instance, an additional “hot” ground state remain 

somewhat physically unfeasible.106 Multiple conical intersections or an “extended 

seam”111 can account for the complex kinetics of S1 → S0 deactivation of THIA and other 

cyanine dyes. Showing a parallel involvement of multiple twisted conformers (Scheme 4) 

in the S1 → S0 decay would, indeed, provide unequivocal experimental evidence for this 

alternative mechanism.    

Herein, we report transient-absorption studies of THIA for alcohol solutions of varying 

polarity and viscosity. Transients, absorbing in the mid-visible and UV spectral regions 

(around 530 nm and 360 nm, respectively), manifest the behaviour of excited-state 

intermediates at the interface with the ground-state potential-energy plane. Indeed, 
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identifying the transient spectra of these twisted conformers is key for gaining 

mechanistic insights about the non-radiative pathways of deactivation of the photoexcited 

dye. Dependence of the transient-absorption kinetics of THIA on the media viscosity and 

polarity allow for identifying two parallel pathways of excited-state non-radiative 

deactivation that lead to three points of internal conversion to the ground state. 

Relaxation after IC produces the three planar conformers. An increase in media viscosity 

tends to suppress the IC pathway leading directly to the trans-trans conformer. We 

identified this direct transition to be principally responsible for quenching the THIA 

emission. 

1.4.2. Results 

 
Structural considerations. Despite the numerous possible twisted conformers of the 

cyanine dye, not all of them can be feasibly involved in the excited- and ground-state 

relaxation. Photoexcitation of THIA generates S1 with trans-trans character. Rotation 

around one of the linker bonds produces only one of the excited-state twisted conformers, 

1Dt*, i.e., the trans-staggered one (Scheme 6a). For obtaining a cis-staggered structure, 

an additional 180° rotation of the other ring is required. Such an additional rotation ought 

to proceed through the syn or the anti staggered-staggered rotamers (Scheme 4). 

Following internal conversion to S0, the trans-staggered twisted structure can produce the 

trans-trans, 1DTT, and trans-cis, 1DTC, ground states via additional 90° ring rotation. The 

formation of the cis-cis planar conformer, 1DCC, requires rotation around both bonds of 

the linker.   
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Scheme 6. Multiple paths of relaxation of THIA. (a) Deactivation of the excited state, involving non-
radiative pathways, represented with k*nr, leading to the three ground-state planar conformers (Scheme 4) 
via internal conversion (kic) and torsional relaxation (ktr). (b) Ground-state thermal relaxation of the two cis 
rotamers, 1DTC and 1DCC, to the most stable trans–trans conformer, 1DTT (Scheme 4). Experimentally, knri 
are determined from the decays of the 1D*TT and the rise of the 1D*t transients, which include the decays of 
the 720 nm transient, kTT, the stimulated emission, kSE, and the transient “hidden” in the bleach band, kB

(d); 
and the rise of the 530 nm transient, kt

(r) . kici are determined from the decays of the 1D*t transients observed 
at 530 and 360 nm, i.e., from kt

(d) and k360 nm. ktri were related to the rise of the 450 nm absorption band of 
the two ground-state cis isomers, kC

(r), and the fast rise (depletion) of the bleach band, kB1
(r). knri were 

determined from the decay of the cis-isomer band, kC
(d), and the slow rise components of the bleach band 

kB
(r). 

 
 

Concerted 90° conrotatory and disrotatory turns around both linker bonds lead to the 

staggered-staggered anti and syn twisted conformers, respectively (Scheme 4). 

Disrotatory relaxation of the syn twisted rotamer yields the trans-trans and cis-cis planar 

conformers, depending on the direction of rotation; and conrotatory relaxation of the 

staggered-staggered syn structure leads only to 1DTC. Conrotatory relaxation of the anti 

rotamer provides the pathway to the planar 1DTT and 1DCC, while the disrotatory 

relaxation of the anti leads to 1DTC. Therefore, relaxation via rotations around both linker 

bonds and transitions through the staggered-staggered structures (Scheme 6a) provides 
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the only possible S1 → S0 pathways to all three planar conformers, 1DTT, 1DTC and 1DCC. 

Once the ground-state cis structures form, thermally relaxation leads to the most stable 

trans-trans conformer (Scheme 5, 6b). Rotation around only one of the linker bods can 

readily account for the transition from 1DTC to 1DTT via the ground state of the trans-

staggered twisted conformer (Scheme 6b). The ground-state conversion of cis-cis to the 

trans-trans isomer, however, can occur via either (1) a stepwise pathway, 

1DCC → 1DTC → 1DTT, involving rotations of only one of the rings at a time, proceeding 

through the cis-staggered 1Dt for the first step and via the trans-staggered for the second 

(Scheme 6b); or (2) a concerted transformation, 1DCC → 1DTT, involving simultaneous 

rotation of both rings, proceeding through the staggered-staggered syn 1Dt (Scheme 6b).  

Overall, the consideration of the plausible torsional modes of THIA, results in a complex 

scheme of deactivation of the photoexcited dye (Scheme 6). Three alternative pathways 

of non-radiative deactivation of 1DTT* (knr*) lead to three different twisted excited states, 

1Dt*, that undergo internal conversion, kic, to produce the corresponding twisted ground 

states, 1Dt (Scheme 6a). Through eight possible pathways of torsional relaxation, ktr, the 

three 1Dt transform into the three planar X ground-state conformers, 1DTT, 1DTC and 1DCC. 

This complex kinetic scheme can hardly fit into the accepted notion for deactivation of 

photoexcited cyanine dyes (Scheme 5).  

Using Scheme 6 as a set of working hypotheses, we present a detailed investigation of the 

transient-absorption kinetics of THIA. Quantitative analysis permits relating the 

experimentally determined rates with the hypothetical rate constants as shown on Scheme 
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6. Following the introduction of the photophysics of THIA (Section B.2) and the 

assignments of its transient-absorption features (Section B.3), we present kinetic analysis 

of the deactivation of the photoexcited dye in ethanol media (Sections B.4). The effects 

of solvent viscosity and polarity reveal key trends in the relaxation dynamics of THIA 

(Section B.5) that allow us to propose a kinetic scheme similar to Scheme 6 but based on 

experimentally determined rate constants (Section C). Furthermore, the solvent effects 

pointed toward the non-radiative deactivation pathways that most distinctly compete with 

the radiative decay, kf, and are responsible for the media dependence of the emission 

quantum yield of THIA (Section C).  

 Photophysical Considerations. THIA absorbs at the blue edge of the visible spectrum 

(i.e., labs < 450 nm), and with a Stokes shift of 40 to 50 nm, its fluorescence spreads 

between about 450 and 550 nm (Figure 19). We selected five alcohols, with different 

polarities and viscosities, as a media to investigate the photophysics of THIA. While 

glycerol is the most polar and the most viscous of the five solvents, 1-butanol is the least 

polar and methanol is the least viscous  
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Figure 19. Photophysical properties of THIA in different alcohols: glycerol (GL), ethylene glycol (EG), 
methanol (MeOH), ethanol (EtOH), and 1-butanol (BuOH). (a) Normalized steady-state spectra: absorption 
(Abs), and emission (Em, lex = 400 nm). (b) Emission decays for glycerol and methanol recorded using 
TCSPC (lex = 406 nm, lem = 475 nm, half-height pulse width, PW = 195 ps). (inset) Transient-absorption 
decay for glycerol, recorded at 730 nm. (c) Transient-absorption decays of THIA in the five alcohols, 
recorded at 730 nm. This transient corresponds to the excited-state conformer that undergoes radiative 
deactivation (lex = 385 nm; PW800nm = 50 fs, 2 mJ/pulse). 
 
 
(Table 4). Solvation by polar media stabilizes the twisted structures with partial charge 

localization (Scheme 4). Therefore, polarity dependence of the photophysics of THIA 

would suggest rate-limiting steps governed by the energy of the twisted states. 



 
 
 

78 

Conversely, the media viscosity impedes the molecular motions, and especially the 

modes of rotation of the aromatic rings around the methine linker bonds. Thus, if the 

transitions between the various rotamers have a rate-limiting effect on its photoinduced 

dynamics, photophysics of THIA should pronouncedly depend on the solvent viscosity. 

Hydrogen bonding properties of solvents can affect the non-radiative modes of 

deactivation of excited electronic states and alter the photophysics of photoprobes.10-12, 113 

Mediated by high-energy O-H vibrations, improved coupling between the S1 and S0 states 

provides efficient pathways for internal conversion. It is the most frequently encountered 

effect of fluorescence quenching attributed to protic media. Alternatively, hydrogen 

bonding to carbonyls may alter the energy of n→p* states, leading to impeded 

intersystem crossing and enhanced fluorescence quantum yields.29, 114 The solvent 

propensity for hydrogen bonding can also affect the emission of cyanine dyes. The 

photophysics of cyanine dyes that contain hydrogen-bond accepting groups, such as 

sulfonates, exhibit a noticeable D2O/H2O isotope effect.115 As determined from 

fluorescence quantum yields and lifetimes, this isotope effect becomes substantial (i.e., 

>1.1) only when the oligo-methine linker comprises more than three carbons. Because 

THIA has only a single methine carbon and does not contain hydrogen-bonding groups, 

we did not expect to detect effects due to the proticity of the media. Using acetonitrile, an 

aprotic solvent that is more viscous and slightly more polar than methanol, we examined 

if hydrogen-bonding propensity of the media affects the photophysics of THIA. 
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Table 4. Photophysical properties of THIA for alcohol media with different polarity and viscosity.  

Solvent a ε b η  / cP c Φf×102  d τTT / ps e kf×10–8 / s–1  f λabs / nm  g λam / nm g Δλ / nm h 
GL 43 930 16 775 ± 86 (0.81), 

63.9 ± 21.5 (0.19) i  
‹τΤΤ› = 766 j 

2.1 k 427 468 41 

EG 41 17 0.63 30.2 ± 1.6 2.1 426 473 46 
MeOH 33 0.55 0.045 1.46 ± 0.16 3.1 423 470 47 
EtOH 24 1.2 0.077 2.25 ± 0.08 3.4 424 470 46 
BuOH 18 2.5 0.16 5.05 ± 0.53 3.2 425 478 53 

a GL = glycerol; EG = ethylene glycol; MeOH = methanol; EtOH = ethanol; BuOH = 1-butanol. Except GL and EG 
solutions, all samples were purged with argon. b Relative static dielectric constant of the neat solvent. c Dynamic 
viscosity of the neat solvent. d Emission quantum yield (lex = 385 nm). e Decay time constant of the trans-trans 
excited state from the transient absorption decay monitored at 730 nm (Figure 19c). f Apparent radiative-decay rate 
constant, kf = Φf / τTT. g Wavelengths of the absorption and emission spectral maxima. h Stokes’ shift: Δλ = λem – 
λabs. i biexponential decay. The pre-exponential amplitudes, ai are shown in the parentheses. j Average lifetime, 
‹τΤΤ› = (α1 τTT,1

2 + α2 τTT,2
2) / (α1 τTT,1 + α2 τTT,2).78, 83, 116 k From the emission quantum yield and the average 

lifetime, kf = Φf / ‹τΤΤ› .  

 

For the series of alcohols with different polarities, THIA exhibits negligible 

solvatochromism. Conversely, viscosity of the solvents strongly affects the fluorescence 

quantum yield, Ff, and the lifetime of the dye (Table 4).72, 78 For all solvents, but glycerol, 

the emission lifetime of THIA is too short (i.e., < 100 ps) to be reliably measured using 

time-correlated single photon counting (TCSPC). A transient, absorbing between about 

650 and 800 nm (Figure 20), is ascribed to the trans-trans excited-state conformer of 

THIA that is responsible for its radiative deactivation.110 Therefore, we use the transient-

absorption decays, recorded at 730 nm, for estimating the emission lifetime of THIA: i.e., 

the lifetime of its trans-trans excited state, tTT (Figure 19c). While TCSPC-recorded 

emission for glycerol manifests a single exponential decay (Figure 19b), we detect 

biexponential kinetics for the deactivation of the 730-nm transient. Indeed, short 

picosecond components with small contributions to the decay kinetics may remain 

undetectable by TCSPC. For glycerol, the 730-nm biexponential decay kinetics 
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encompasses t1 = 775 ± 86 ps (a1 = 0.81), t2 = 63.9 ± 21.5 ps (a2 = 0.19). For a non-

viscous solvent, acetonitrile, the fast component of the 730-nm biexponential decay has a 

major contribution to the kinetics: t1 = 1.28 ± 0.12 ps (a1 = 0.96), t2 = 33.3 ± 4.7 ps (a2 = 

0.04). Because of the relatively low signal-to-noise ratios for most of the 730-nm decays, 

however, we cannot always observe a statistically significant improvement for the use of 

bi- vs. monoexponential data fits. Therefore, we report the simplest, i.e., 

monoexponential, results for tTT.  

 Similar to Ff, tTT of THIA shows dependence on the media viscosity, rather than 

on the polarity, resulting in similar emission rate constants, kf, for the different solvents 

(Table 4). Also, while the time constants of radiative decay, kf
–1, are in the order of 

nanoseconds, the lifetimes of THIA are in the picosecond time domain (Table 4). Thus, 

non-radiative pathways, most likely involving transitions between different rotamers, 

govern the observed photophysics of THIA.  
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Figure 20. Transient absorption of THIA (10 mM in ethanol). (a) Chirp-corrected transient-absorption 
spectra in the subpicosecond and picosecond time domains. (b) Transient-absorption spectra in the 
picosecond and nanosecond time domains. (insets) Expanded spectral region around 530 nm, showing the 
band that was ascribed to the twisted conformers of the singlet excited state. The grey dashed arrows 
indicate the changes in DA (vertical direction) and the shifts of the spectral maxima and minima (horizontal 
direction). 

(a) (b) 
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Figure 20 continued. (c) Transient-absorption kinetics recorded at different wavelengths. The logarithmic 
abscissa allows for presenting the various time domains on the same graph. The pump time, i.e., t0, was set 
at 1 ps. (lex = 385 nm; PW800nm = 50 fs, 2 mJ/pulse). 
 

Assignments of the transient-absorption spectral features. To illustrate the 

photoinduced excited-, S1, and ground-state, S0, dynamics of this cyanine dye, we focus 

on the evolution of the transient absorption of THIA dissolved in ethanol. Excitation at 

the blue edge of the S1←S0 absorption band leads to a subpicosecond growth of four 

features in the UV/visible spectral region (Figure 20a). (1) A UV absorption band, at 

about 360 nm, is ascribed to singlet-excited-state transients.117 (2) A sharp narrow bleach 

(c) 
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band, which peaks at about 430 nm, corresponds to the depletion of the absorption of the 

ground-state trans-trans conformer, 1DTT. (3) A broad band with negative DA around 475 

nm results from the stimulated emission. (4) A broad band around 730 nm corresponds to 

a singlet-excited-state trans-trans transient, 1DTT*. 

In the timespan between 1 and 7 ps after the excitation, the transient-absorption band at 

730 nm, along with the stimulated emission signal, decays to the baseline exhibiting 

isosbestic point at 627 nm (Figure 20a). Concurrently, the magnitude of the bleach band, 

corresponding to the depleted trans-trans ground state, increases with about 50%, while 

the transient absorption at 360 nm remained practically unaltered (Figure 20a). 

At about 7 ps after the excitation, the inception of transient-absorption bands at 450 nm 

and 530 nm becomes apparent (Figure 20b). The absorption band at 530 nm rises to reach 

its maximum value at about 12 ps, and subsequently decays along with the 360-nm band. 

In addition, the 530-nm band exhibits a blue shift during its rise and decay (Figure 20b). 

Conversely, the 450-nm band rises pronouncedly during the decay of the transient 

absorption at 530 nm and 360 nm. The transient absorption at 450 nm reaches maximum 

at about 50 ps and then decays to zero leading to a recovery of the trans-trans ground- 

state absorption, as indicated by the decrease in |– ΔA| of the bleach band at 425 nm 

(Figure 20b).  
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Figure 21. Solvent dependence of the transient-absorption kinetics of THIA (10 µM). (a) Chirp-corrected 
transient-absorption spectra for a relatively viscous solvent, ethylene glycol (EG). (b) Transient-absorption 
kinetics recorded at 530 nm (showing the rise and the decay of the twisted conformers) for alcohols with 
different polarity and viscosity (Table 4): methanol (MeOH), ethanol (EtOH), 1-butanol (BuOH), ethylene 
glycol (EG) and glycerol (GL), as well as for a non-viscous aprotic solvent, acetonitrile (MeCN). (c) 
Transient-absorption kinetics of THIA recorded at 450 nm (showing the formation and the decay of the 
ground-state trans–cis and cis–cis conformers) for different alcohols and for MeCN. (d) Transient 
absorption kinetics of THIA recorded at peak (i.e., minimum) of the bleach band (corresponding to the 
ground-state trans–trans conformers) for different alcohols and for MeCN. The logarithmic abscissa of the 
kinetic data allows for presenting the various time domains on the same graph. The pump time, i.e., t0, was 
set at 1 ps. (λex . 385 nm; PW800 nm = 50 fs, 2 µJ per pulse). 
 
 

This sequence of events was consistent with assigning the 450-nm transient to the 

ground-state trans-cis, 1DTC, and cis-cis, 1DCC, conformers of the dye (Scheme 4).106, 107 

We ascribe the 530-nm absorption to one or more conformers, 1D*t, involved in the non-

radiative deactivation of the trans-trans excited state, 1DTT*, to the three ground-state 

rotamers, 1DTC, 1DCC, and 1DTT (Scheme 6a). In accordance with theoretical simulations, 

1Dt* can be envisioned as twisted excited-state conformers (Scheme 4) at the 

(a) (b) 

(c) (d) 
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intersections between the potential-energy planes of the S1 and S0 states.109 If the rates of 

formation of 1Dt*, knr*, are larger than the rates of internal conversion, kic, leading to any 

of the ground-state conformers (Scheme 3a), a sufficient amount of this transient should 

accumulate allowing for monitoring its rise and decay. It is, indeed, the case for THIA in 

ethanol and other alcohols with relatively low viscosity (Figure 21b). Due to its 

concurrent decay with the stimulated emission, the broad 730-nm transient-absorption 

band is ascribed to a 1DTT* conformer, trapped in a local minimum, that undergoes 

radiative decay to the trans-trans ground state, 1DTT. The lack of significant change in ΔA 

at about 360 nm for the time between 1 and 7 ps indicates that this UV signal corresponds 

to the absorption (with similar extinction coefficients) of two or more transients that 

sequentially rise and decay. The decay of the 360-nm absorption (t360nm = 15.4±0.9 ps) 

becomes apparent at about 7 ps after the excitation, and is concurrent with the decay of 

the 530-nm band and with the rise of the 450-nm band. It suggests that at least one of the 

transients absorbing at 360 nm is also likely to be a twisted conformer, 1Dt*, involved in 

the non-radiative deactivation to the ground states. 

 

Transient dynamics for ethanol media 

Excited-state dynamics. The rate constant of the decay of the emissive 1DTT* is kTT = 

1/τTT = 4.5×1011 s–1 (Table 4, 5), which accounts for one, two or three of the non-

radiative routes, as represented with knr*, leading to the twisted conformers 1Dt* (Scheme 

6a). As determined from the growth of the 530-nm band, the rate constant of the 
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formation of 1Dt* is kt
(r) = 1/τt

(r) = 2.0×1011 s–1 (Table 5), which should also relate to knr* 

(Scheme 6a). Because the decay of 1DTT* is faster than the rise of 1Dt*, i.e., kTT > kt
(r), 

another transient growth or bleach recovery (with k = kTT – kt
(r) = 2.5×1011 s–1, i.e., t = 4 

ps) ought to accompany the deactivation of the emissive trans-trans conformer. The 

bleach recovery does not have any components with time constants close to 4 ps, 

indicating that a direct transition of 1DTT* to 1DTT cannot account for this kinetic trend. 

An explanation for the difference between kTT and kt
(r) can involve an assumption that the 

absorption band at 530 nm belongs to more than one transient. That is, the shift of the 

530-nm band (Figure 20b) is due not only to conformational relaxation, but also to 

absorption overlap of multiple transients that rise and decay with slightly different rates. 

An examination of the wavelength dependence of the transient kinetics in this spectral 

region revels that the red edge of the 530-nm band rises and decays faster than its blue 

edge: i.e., for the red edge of the band, ttR
(r) = 4.2 ps and ttR

(d) = 13 ps, corresponding to 

ktR
(r) = 2.4×1011 s–1 and ktR

(d) = 7.7×1010 s–1; and for the blue edge of the band, ttB
(r) = 5.3 

ps and τtB
(d) = 20 ps, corresponding to ktB

(r) = 1.9×1011 s–1 and ktB
(d) = 5.0×1010 s–1. (With 

the signal-to-noise ratio of the kinetic curves, mono-exponential functions can provide 

statistically acceptable data fits for bi- and multi-exponential decay or rise patterns with 

time constants that differ with less than about 50%.) An assumption that the blue-edge 

and the red-edge kinetics of the 530-nm band represent the parallel formation of two 

different twisted transients from 1DTT*, can account for the observed kinetics, i.e., kTT ≈ 

ktR
(r) + ktB

(r); ktR
(r) ≈ knr*i and ktB

(r) ≈ knr*j, while kTT ≈ knr*i + knr*j (Scheme 6a). 
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Internal conversion via torsional modes of the excited-state twisted conformers, 

producing 1DTT, 1DTC and 1DCC, should result in bleach recovery, kB
(r), and in growth of 

the transient absorption band spanning between 440 and 460 nm, kC
(r) (Table 6). While 

the rates of decay of the 530-nm transient, i.e., ktR
(d) and ktB

(d) corresponding to kic i and 

kic j (Scheme 6a), are similar to the rates of bleach recovery, kB
(r1) = 1/τB

(r1) = 6.5×1010 s–1, 

and of the rise of the 450-nm transient, kC
(r) = 1/τC

(r) = 7.2×1010 s–1, they do not add up. 

The decay of the potentially two 1Dt* transients with rate constants ranging between 

5×1010 and 8×1010 s–1 is not fast enough to account for the formation of the three ground-

state conformers, each with k(r) of about 7×1010 s–1. That is, kic rate constants do not 

quantitatively add up to the ktr ones (Scheme 6a). Therefore, the picosecond non-radiative 

decay of THIA either leads to the formation of only two of the ground-state planar 

conformers (1DTT, 1DTC or 1DCC), or involves additional paths of deactivation to the S0 

isomers that do not involve the 1Dt* conformers absorbing at 530 nm. 

The transient-absorption dynamics in the UV region may, indeed, be indicative of an 

alternative pathway for non-radiative deactivation of the excited state. The analysis 

suggests for a transient overlapping with the bleach band, which manifests subpicosecond 

rise and picosecond decay, as indicated by the spike at 430 nm and the consecutive 

negative increase in DA with kB
(d) = 1/τB

(d) = 1.7×1011 s–1. This rate of decay is 

considerably faster than the rates of internal conversion (about 7×1010 s–1), suggesting for 

the accumulation of yet another transient. The kinetic curve at about 360 nm indicates for 

spectral overlaps of transients that sequentially decay and rise from one another.110 An 
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absorption signature of a third excited-state conformer, concealed in this UV region, 

allows for “connecting the dots.” That is, a third transient that rises with kB
(d) ≈ 2×1011 s–1 

and decays with k360nm ≈ 7×1010 s–1 (Table 5) plausibly provides a parallel pathway non-

radiative deactivation of S1 to the ground state. Hence, while kt
(r) represents two of knr*, 

kB
(d) represents the third knr* (Scheme 6a). Because the rate constants representing kic, 

i.e., kt
(d) and k360nm (Scheme 6a), have similar values, we cannot exclude the possibility 

that the 530-nm band is due to a single 1Dt* transient and the UV absorption – to two 

twisted conformers. It should be, also, emphasized that the knr*, corresponding to kB
(d), 

does not involve relaxation to the fluorescent excited state.     

Similar parallel pathways of S1 deactivation have been computationally suggested,111 

implying that the conical intersection, CI (Scheme 5), is not truly “conical.” Instead, CI 

should represent multiple points in the S1 potential-energy plane where internal 

conversion to S0 occurs. Our experimental findings support this mechanistic paradigm, 

showing three transients consistent with 1Dt involved in the S1 → S0 non-radiative 

deactivation (Scheme 6a). 

Ground-state dynamics. Because the absorption of the three planar ground-state 

conformers, 1DTT, 1DTC, and 1DCC (Scheme 4) considerably overlaps, the measured 

kinetics of the bleach band represents not only the recovery of 1DTT but also the 

formation and the decay of 1DTC, and 1DCC. The ground-state absorption of the two cis 

conformers is shifted to the red of the absorption of 1DTT. Thus, the band at about 450 nm 

is conveniently used for monitoring the dynamics of 1DTC and 1DCC.107 The absorption of 
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1DCC is shifted even further to the red in comparison with the absorption of 1DTC.106 

Hence, we expected a wavelength dependence of the kinetics of the 450-nm band, 

assigned to the two cis conformers.  

A kinetic curve monitoring DA at constant wavelength of 440 nm, exhibits a rise with 

τ440nm
(r) = 11±1 ps and a biexponential decay with τ 440nm

(d1) = 120±10 ps (a1 = 0.38), 

τ440nm
(d2) = 820±35 ps (a2 = 0.62), corresponding to k440nm

(r) = 9.1×1010 s–1, k440nm
(d1) = 

8.3×109 s–1, and k440nm
(d2) = 1.2×109 s–1 (Table 6). This kinetic behaviour is consistent 

with the rise and the decay of the two ground-state cis conformers. Concurrently, the data 

fits of the kinetic curves recorded at red edge of the same band yield only the slow decay 

components: e.g., τ470nm
(d) = 750±20 ps, τ480nm

(d) = 780±40 ps, and τ490nm
(d) = 880±140 ps. 

Therefore, the red edge of the band corresponds to the ground-state absorption of the cis-

cis conformer. This finding confirms that the slow kinetic components of kC
(d) and kB

(r) (~ 

109 s–1) represent the transition of 1DCC to 1DTT, (i.e., knr2 or knr3, Scheme 6b), and the fast 

components (~ 1010 s–1) correspond to the conversion of 1DTC to 1DTT (i.e., knr1, Scheme 

6b). 
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The conversion of 1DTC to 1DTT requires a single-step rotation of one of the rings around 

the partially p-conjugatedlinker. The transition of 1DCC to 1DTT, however, can involve 

either a stepwise, 1DCC→
1DTC→

1DTT, or concerted single-step, 1DCC→
1DTT, pathway 

(Scheme 6b). Because 1DTC→
1DTT is faster than 1DCC→

1DTT, it cannot be discerned if the 

measured slow components of kC
(d) and kB

(r) represent the rate-limiting step, 1DCC→
1DTC 

(knr2), of a stepwise mechanism, or the rate of a concerted transformation, 1DCC→
1DTT 

(knr3) (Scheme 6b). Indeed, a concerted pathway involving simultaneous rotation of both 

rings proceeds through a twisted staggered-staggered syn conformer with pronouncedly 

localized positive charge on the methine carbon of the linker (Scheme 4). Such polarized 

conformers are electrostatically less favourable than the singly staggered twisted 

rotamers, involved in the stepwise transformations, with only partial localization of the 

positive charge on one of the nitrogens (Scheme 4). Nevertheless, this electrostatic 

argument cannot completely rule out possible concerted pathways for transforming the 

cis-cis into trans-trans conformers, considering a relatively polar liquid media that can 

reorganize within the timescales of the molecular ring rotations of THIA and solvate the 

transient localized charges. 

Solvent effects on the transient dynamics. An increase in solvent viscosity increases 

the emission lifetime of THIA by decreasing the rates of non-radiative decay (Figure 19c, 

Tables 4, 5). This solvent dependence, however, differs for the processes involved in the 

S1 deactivation and viscosity by itself does not account for all observed trends.  

The solvent media affects the accumulation of the 530-nm transient, ascribed to the 
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twisted conformers, 1Dt*, involved in the internal conversion of S1 to S0. Changing the 

solvent from methanol (MeOH) to ethanol (EtOH) and to 1-butanol (BuOH) delays the 

build-up of these transients and causes a decrease in the maximum DA observed at 530 

nm (Figure 21b).  

For the two most viscous solvents, ethylene glycol and glycerol, we did not observe a 

transient at 530 nm (Figure 21a, b), which suggests that either (1) the deactivation of the 

excited to the ground state does not involve the 530-nm transient, or (2) the formation of 

1Dt* becomes the rate limiting step, i.e., knr* < kic (Scheme 6a), and does not allow for 

accumulation of the twisted excited-state transient that absorb at 530 nm. The kinetic 

analysis shows that the latter is the case for ethylene glycol and glycerol.  

The formation of twisted conformers involves rotation of the aromatic rings around the 

methine linker. Media viscosity impedes such molecular motions. Conversely, the decay 

of 1Dt* involves internal conversion, IC, forming high-energy ground-state twisted 

rotamers, 1Dt, that relax to one of the three planar conformers (Scheme 6a). IC does not 

involve large structural changes, and hence, it should not be strongly affected by the 

media viscosity. On the contrary to this expectation, the decay rates of 1Dt* appears to 

decrease with an increase of solvent viscosity (kt
(d), Table 5). The interpretation of these 

kinetic trends for MeOH, EtOH and BuOH, however, ought to be approach with caution 

because the increase in viscosity accompanies a decrease in media polarity for this 

solvent series. In addition to viscosity effects, therefore, the experimental finding can also 

indicate that the rates of formation and decay of 1Dt* decrease with a decrease in solvent 
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polarity. As an alternative, water is more viscous than MeOH and less viscous than 

EtOH. Also, water is more polar than any of the alcohols. For THIA in water we 

observed the formation of the 530-nm transient with kt
(r) = 3.6×1011 s–1, which is smaller 

than kt
(r) for MeOH and larger than kt

(r) for EtOH (Table 5), i.e., it agrees well with the 

expected trend for solvent viscosity. The decay rate constant of the 530-nm transient, kt
(d), 

for water, however, is 1.7×1011 s–1, which is larger even than that for MeOH. Hence, the 

media polarity, rather than viscosity, dominates the internal conversion involved in the 

decay of 1Dt*. 

To further prove that the viscosity and the polarity of the solvent media govern the 

photophysics of THIA, we employed acetonitrile (MeCN) for some of the studies. MeCN 

is an aprotic solvent that is less viscous than MeOH. For MeCN, the photoexcited dye 

exhibits faster kinetics of deactivation than for MeOH, which follows the viscosity-

dependence trends for the five alcohols (Figure 21b-d). Therefore, we unequivocally can 

eliminate the possibility for detectable effects of the protic nature of the alcohol media on 

the photophysics of THIA.  

The structural features of the cyanine dye provide an explanation for this polarity 

dependence of the IC rates. While the molecular structure of THIA is symmetric, in the 

twisted conformers the π-conjugation at the linker is interrupted and the positive charge 

partially localizes on one of the nitrogen heteroatoms or on the methine carbon (Scheme 

4).109 Such a decrease in the effective radius of the charge distribution81 increases the 

solvation energy of the dye.79, 118 Hence, the solvation alters the potential-energy profiles 
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at the interfaces between S1 and S0, changing in the rates of internal conversion. 

Projecting this polarity trend to glycerol and ethylene glycol, which are more polar than 

the other three alcohols (Table 4), one would expect an increase in the decay rates for the 

530-nm transient. Concurrently, the increased viscosity of glycerol and ethylene glycol 

impedes the molecular ring rotation, making the formation of the 530-nm transient the 

rate-limiting step of this route of decay of S1 to S0. Thus, the simultaneous decrease of 

kt
(r) and increase of kt

(d) prevent the accumulation of 1Dt* (absorbing at 530 nm), which is 

consistent with the observed transient spectral features for glycerol and ethylene glycol 

(Figure 21a,b).  

While we did not observe 530-nm transient for glycerol and ethylene glycol, THIA still 

exhibits transient absorption in the 340-360-nm even for these two viscous solvents 

(Figure 21a). It confirms that these UV transients most plausibly represent an alternative 

pathway of S1 deactivation that is independent from the 530-nm transients. Indeed, the 

rates of internal conversion through this alternative pathway are slower than the rates of 

the formation of the transient absorbing around 360 nm.  

A mechanistic scheme with parallel pathways for the formation of three twisted transients 

requires kTT + kB
(d) ≈ 2kt

(r) + kx, where kTT represents the decay of the emissive conformer, 

1DTT*, and kB
(d) – the decay of the excited-state transient that has UV absorption 

overlapping with the ground-state absorption of the trans-trans THIA. 2kt
(r) accounts for 

the formation of the two twisted transients that absorb at 530 nm, and kx represents the 

rise of the transient that decays with k360nm (Table 5, 6, and Scheme 6, 4). For MeOH, 
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EtOH and BuOH, kx has to assume values of about 2.7×1011 s–1, 3.2×1011 s–1, and 

7.1×1010 s–1, respectively, according to such a mechanism.  

 
 
Scheme 7. Jabłonski diagram representing the excited- and ground-state dynamics of THIA as determined 
from transient-absorption kinetics.  

 
 

Concurrently, if the three excited-state twisted conformers decay to all three ground-state 

planar rotamers, k360nm + 2kt
(d) ≈ 2kC

(r) + kB
(r1). That is, the decays k360nm of the UV-

absorbing transient and the decays kt
(d) of the two transients absorbing at 530 nm should 

produce the two ground-state planar cis rotamers with kC
(r) each, and the trans-trans 

conformer leading to the bleach recovery with kB
(r1). Within the experimental errors, the 

above equality condition required for this kinetic scheme is valid for MeOH, EtOH and 

BuOH (Table 5, 6).  

For ethylene glycol and glycerol, the 530-nm transients do not accumulate, and hence, 
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kt
(r) and kt

(d) cannot be determined. To elucidate the pathways that involve the twisted 

conformers, therefore, we resort to information about the processes yielding the three 

1Dt* and about the transients to which the decays of 1Dt* leads. For the former, knr1* + 

knr2* + knr3* = kTT + kB
(d) – kf (Scheme 6b) represents the total rate of formation of the 

three twisted conformers. Cumulatively, the decays of the 1Dt* transients, kic1 + kic2 + kic3, 

lead, via non-radiative pathways, to the three ground-state planar conformers, 2kC
(r) + 

kB
(r1) – kf. Therefore, when 2kC

(r) + kB
(r1) is much smaller than kTT + kB

(d), the twisted 

conformers accumulate as observed for MeOH, EtOH and BuOH. In the case of ethylene 

glycol and glycerol, the 1Dt* transients absorbing at 530 nm are not observed, but the one 

absorbing around 360 nm is still apparent. Therefore, even for these two viscous solvents, 

2kC
(r) + kB

(r1) has to be smaller than kTT + kB
(d).   

For ethylene glycol, 2kC
(r) + kB

(r1), amounts to 7.7×1010 s–1, and kTT + kB
(d) to 6.4×1010 s–1. 

That is, 2kC
(r) + kB

(r1) is not smaller than kTT + kB
(d). If 2kC

(r) + kB
(r1) ≈ kTT + kB

(d), the 

formation of the twisted conformers is the rate-limiting step and no 1Dt* transient can be 

observed. The 360-nm transient, however, is apparent for EG media. This discrepancy for 

EG, i.e., 2kC
(r) + kB

(r1) > kTT + kB
(d), requires an alternative mechanistic consideration. For 

example, an assumption that the non-radiative decay of S1 leads to only two ground-state 

planar conformers can address this discrepancy, as accommodated by kC
(r) + kB

(r1) < kTT + 

kB
(d), or 2kC

(r) < kTT + kB
(d).  

The bleach recovery of THIA in EG exhibits a biexponential character. The two rate 

constants, kB
(r1) and kB

(r2), match agreeably the decay constants of the cis transients, kC
(d1) 
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and kC
(d2) (Table 6). This result suggests that the non-radiative deactivation of S1 in EG 

does not lead to the formation of the ground-state trans-trans conformer, 1DTT. 

Conversely, the bleach recovery would be biexponential (instead of triexponential as 

observed for the three non-viscous alcohols) if coincidentally the rate of formation of 

1DTT from S1 were similar to the rate of transformation of 1DTC (or 1DCC) to 1DTT. 

Furthermore, the slow components of the 450-nm decay, kC
(d2), and of the bleach 

recovery, kB
(r2), represent a small contribution to the biexponential kinetics (Table 6). 

Nevertheless, the wavelength dependence of the decay kinetics reveals an increase in its 

relative contribution of the slow component at the very red edge of the 450-nm transient 

band, which is consistent with ascribing the nanosecond kC
(d) and kB

(r) to the transition 

from 1DCC to 1DTT (Scheme 6b). The picosecond process, characterized by the fast 

components of kC
(d) and kB

(r) for ethylene glycol, is thus ascribed to the 1DTC→
1DTT 

transition. For the ethylene glycol media, therefore, the torsional relaxation of the excited 

state to 1DTT is undetectable. 

For glycerol, the decays of the emissive 1DTT* transient and the rise of the ground-state 

planar cis transients manifest heterogeneous kinetics, as evident from the biexponential 

fits (Table 5, 6). The slight decay in the violet region of the spectrum, kB
(d), is quite fast 

and does not match any of the other rise or decay kinetics for glycerol (Table 5, 6). 

Contributing to the formation of the 360-nm long-lived conformer presents a plausible 

fate of the fast decaying transient characterized with kB
(d). This fast feature, kB

(d), along 

with the heterogeneity of the decay kinetics, indicates that the glycerol media allows 
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pathways of deactivation, which are not viscosity dependent.  

To match the rate constants for glycerol, it is feasible to assume that the S1 deactivation 

leads to the formation of 1DTT and only one of the ground-state cis planar conformers. 

That is, for the fast (minor) components, kTT,1 is approximately equal to kB
(r1) + kC

(r1), and 

not to kB
(r1) + 2kC

(r1) or to 2kC
(r1). Similarly, for the slow (major) components, kTT,2 + 

k360nm ≈ kf + kC
(r2), where the radiative decay, kf (Table 4) and the decay of the cis 

transient, kC
(d), contribute to the slow bleach recovery (Table 6).  

Because the timescales of the pump-probe measurements are limited to about 3 ns, for 

glycerol and ethylene glycol, it is challenging to quantify nanosecond time constants 

(e.g., k < 6.7×10–8 s–1, Table 6). Although a monoexponential function describes the slow 

decay for glycerol, one cannot rule out a possibility of multiexponential character with 

two or more nanosecond time constants averaged as tC
(d). Therefore, it is quite plausible 

that the decay of the ground-state cis transient(s), tC
(d), is biexponential, and the bleach 

recovery, tB
(r), is triexponential with two nanosecond components.  

Regardless of the number of nanosecond components, the ground-state transformation of 

the cis conformers to the trans-trans isomer represents the principal contribution to the 

bleach recovery for glycerol. For ethylene glycol, the bleach recovery is also dominated 

by the transformation of 1DCC and 1DTC to 1DTT. These trends suggest that suppressing the 

direct relaxation of the S1 state to the trans-trans ground state increases the fluorescence 

quantum yield of THIA.  

The ground-sate relaxation of the planar cis rotamers to the stable trans-trans conformer 
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exhibits dependence not only on the viscosity but also on the polarity of the media. The 

decayrate constants of the cis conformers, kC
(d) match the recovery of the trans-trans 

absorption, kB
(r) (Table 6). The rate constants corresponding to the slow components of 

this transformation, i.e., of the transition of 1DCC to 1DTT, are almost the same, ~ 1×109 s–

1, for the three less viscous solvents. Glycerol and ethylene glycol cause a drop in the rate 

constants below ~ 7×108 s–1, which is consistent with viscosity impeded cis to trans 

torsional conversions. 

The rates of the fast components corresponding to the transition of 1DTC to 1DTT, 

however, do not manifest the same viscosity-dependence trend. Changing the solvent 

from MeOH, to EtOH and to BuOH decreases the fast-component rates (Table 6). This 

transition from MeOH to BuOH corresponds to a simultaneous increase in viscosity and a 

decrease in polarity (Table 4). For ethylene glycol, which is more polar than MeOH, 

however, the rate corresponding to the fast component of the ground-state transition is 

faster than that for MeOH (Table 6), indicating that media polarity has dominant effect 

on the transition from the trans-cis to the trans-trans conformer.  

For glycerol, we do not observe a sub-nanosecond component for the transition from the 

ground-state cis rotamers to the trans-trans conformer. A slow non-radiative decay of the 

excited state, e.g., k360nm for glycerol (Table 5), can make the S1→S0 transition the rate-

limiting step of 1D* →  1DTC/CC →  1DTT, preventing a build-up of planar cis S0 

conformers.  

These trends indicate that while predominantly the solvent viscosity governs the 
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relaxation of the ground-state cis-cis conformer, the media polarity has a measureable 

effect on the conversion of the trans-cis to the trans-trans conformer.  

 

 

1.4.3. Discussion 

The solvent dependence of the transient-absorption kinetics of THIA reveals the 

complexity of its photophysics that can be explained by multiple parallel pathways for 

transition from the excited to the ground state (Scheme 3, 4). The media viscosity and 

polarity not only affect the rates of the various steps of deactivation of the photoexcited 

dye, but also alter the sequence of processes that dominated the photophysics of THIA.   

While viscous media favours the torsional transitions that involve minimal changes in the 

shape of the solvation cavity of THIA, the non-polar media favours the twisted structures 

with minimal charge localization. Therefore, the conversion of the planar 1DTT* to the 

staggered-staggered syn 1Dt* should dominate the kinetics of THIA in viscous solvents.  

In non-polar media, 1DTT* should preferably deactivate via trans-staggered 1Dt*, if 

solvation exerts dominating effects. Indeed, such transitions may involve only partially 

twisted rotamers that provide proximity between S1 and S0 just enough to attain efficient 

internal conversion, but do not cause significant charge localization to destabilize the 

twisted structures. Once in the S0 state, such partially twisted structures produced from 

1DTT*, should plausibly relax predominantly to 1DTT. Indeed, the structures on Scheme 4 

represent only the “extreme examples” of planar and 90°-twisted conformers, and the 
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transients observed at 530 and 360 nm are most likely “intermediate” partially twisted 

rotamers.    

For MeOH, EtOH and BuOH, the fastest component of the bleach recovery, kB
(r1), 

dominates the kinetics of relaxation from the excited state (Table 6). For THIA in water 

and acetonitrile, the fastest component, kB
(r1), also dominates the bleach recovery. That is, 

regardless of polarity, non-viscous media favours the deactivation of S1 leading directly 

from 1Dt* to the most stable planar structure, 1DTT. For the non-viscous non-polar 

alcohols, preferential transitions via conformers with minimum charge localization can 

account for the observed relaxation of S1 to 1DTT.  

For glycerol, the formation of the cis planar conformers dominates the relaxation to S0 as 

evident from the major contribution from the slow component, kB
(r2) (Table 6). Because 

glycerol is the most viscous and most polar of the five alcohols, this trend suggests that 

the relaxation of S1 to the ground-state planar cis conformers involves minimum change 

in the shape of the solvation cavity, regardless of charge localization during the torsional 

motions. Indeed, synchronized rotation of multiple bonds allows cis-trans transitions of 

polymethine structures in the confinement of protein media.119 This rationale suggests 

that for viscous media the trans-trans excited state, 1DTT*, preferentially relaxes to the 

staggered-staggered syn 1Dt* conformer without significant perturbation of the shape of 

the solvation cavity. Following the same direction of ring rotation needed for the 

disrotatory transition from the trans-trans to the staggered-staggered syn structure 

(Scheme 4) yields a cis-cis conformer. This scheme involving minimal solvation 
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distortion, i.e., 1DTT*→1Dt*(syn)→1Dt(syn)→1DCC, agrees with the kinetic data for 

glycerol and ethylene glycol should the 530-nm absorption be due to the staggered-

staggered conformers that do not accumulate when the internal conversion is not the rate-

limiting step, i.e., knr* < kic (Scheme 6a).  

The solvent viscosity has a dominating effect on the emission properties of THIA and 

correlates well with its florescence quantum yield (Table 4, Figure 19). The effects of the 

media polarity, however, should not be overlooked. Viscous media suppresses the 

different torsional modes responsible for the depletion of the fluorescent 1DTT* 

conformer from its local energy minimum on the S1 potential-energy plane. It is 

consistent with the increase in its lifetime, tTT, as the solvent viscosity increases (Table 

4). Conversely, the media polarity is essential for stabilizing the staggered-staggered 

twisted conformers that provide the only possible pathways to 1DCC (Scheme 4, 6). The 

two relatively polar and viscous alcohols cause an orders-of-magnitude increase in Ff of 

THIA. For these two alcohols, the pathways leading to the ground-state trans-cis and cis-

cis isomers dominate the decay of the excited state.  

These findings have a key implication for molecular design of cyanine fluorescent 

photoprobes. Covalent locking of the trans-trans structures is a feasible approach for 

supressing the formation of the twisted conformers that is responsible for non-radiative 

deactivation. As a simple alternative, introducing long chains, instead of ethyls, to the 

aromatic rings may offer a means for supressing the generation of the twisted conformers 

leading to direct relaxation to 1DTT, while forming the staggered-staggered syn 1Dt*, 
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yielding 1DCC, would not strongly affect Ff.   

Overall, the multiple parallel decay pathways govern the photophysics of THIA. The 

observed trends provide an insight in the polarity and viscosity dependence of the 

different routes of deactivation of photoexcited polymethine conjugates. For 

monomethine dyes, such as THIA, the trends reveal that non-radiative pathways that lead 

to the decay of the S1 state directly to the trans-trans ground-state planar conformer, 

1DTT, provide the principal competition to the radiative decay. That is, such a non-

radiative pathway is responsible for quenching the fluorescence and for decreasing the 

emission quantum yields. 

1.4.4. Conclusions 

The numerous torsional modes involving rotations around the methine bonds for even the 

simplest cyanine dyes result in a pronounced complexity in their photophysics. Indeed, 

generalized simplistic mechanistic schemes (Scheme 5) cannot capture the genuine 

complexity of the multiple parallel pathways of deactivation of the electronically excited 

state. Even for one of the simplest cyanine dyes, THIA, the underlying complexity of its 

photophysics carries a wealth of mechanistic information (Scheme 6, 7), which can prove 

important in the design of photoprobes for biological, medical and materials applications. 
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CHAPTER 2. Bioinspired Interfaces for Capture and Imaging of 

Fluorescence Staining of Bacteria at the Single-Cell Level  

 

2.1. Chemical Aspects of Biocompatible Interfaces 

This article reviews the molecular-level aspects of biocompatibility. The focus is on the 

interfacial interactions that determine biocompatibility, and on the surface chemistry 

essential for attaining material coatings that suppress non-specific interactions, while 

maintaining the needed biological activity.   

Interfaces between foreign objects and the biological systems they are in contact with, 

govern the fate and the integrity of materials, as well as the responses by their 

surrounding environment. The field of biomaterials has developed multifaceted 

approaches for obtaining biologically benign and physiologically functional devices and 

applications. The chemistry for obtaining such biocompatible interfaces has also matured 

and branched out significantly to provide a wide variety of approaches for the research 

and development of biomaterials.  

While the biodiversity in materials and their biomedical applications is reflected by the 

enormous number of publications and reported inventions in the field, the complexity of 

biological and physiological interactions have prevented the development of a universal 

“silver bullet” strategy that provides an answer to all needs. The criteria for in vitro 

characterization of biocompatibility predominantly focus on bioinertness (or non-fouling 

properties) of materials. Biofunctionality, or introducing surface bioactive sites on 
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materials, is essential for targeting each individual application. Despite the enormous 

diversity in biomaterials and in their current and intended applications, their surface 

properties are governed by the same fundamental physical-chemistry principles. A 

molecular-level understanding of these uniting principles, leading to the emergence of 

drastically different properties, is essential for the rational design and development of 

biomaterials that would target a wide variety of applications.  

Herein, the first section of the review introduces the principle definition in the field of 

biomaterials. It also overviews the wide range of requirement for biocompatibility and 

how to examine to what extent a material is biocompatible. The second section discusses 

how the surfaces of materials determine their biological activity (or the lack of it). This 

section also presents the principle means for surface modification used for controlling the 

biocompatibility of materials. The third section elaborates on the chemical strategies used 

for surface derivatization. The mechanistic understanding of the chemical transformation 

is essential for devising strategies for processing of materials by considering the 

advantages and disadvantages of the chemical procedures chosen for each step. The last 

section of the review elaborates on the molecular level structure-function relationships of 

the surfaces of materials that govern their biocompatibility. The discussion builds on 

paradigms provided by polymers and oligomers that are known to produce biocompatible 

interfaces.       
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2.1.1. Definitions and Implications  

I. Biocompatible 

Although the practice of implanting materials into the human body dates back hundreds 

of years, e.g. the use of sea shells as dental implants by the Mayans around 600 A.D.,120 

our understanding of the chemical nature of biocompatibility continues to evolve. For a 

material to survive and function within physiological environments it needs to be 

biocompatible. That is, the physicochemical properties of the material should not induce 

harm to its surroundings and the material itself should not sustain damage that hinders its 

performance. The classic definition of biocompatible from Dorland’s Medical Dictionary 

is:  

“of not having toxic or injurious effects on biological systems.” 

It is important to note that this definition is solely focused on the criterion for the material 

to be biologically “safe.”  

The definition of biocompatible has been shaped depending on the users’ application 

throughout the years. For example, leading biomaterials scientist David Williams defined 

biocompatibility in his Dictionary of Biomaterials121 as:  

“The ability of a material to perform with an appropriate response in a specific 

application.” 

Williams’ definition builds on the requirement for a biocompatible material not to be 

harmful, by implicating that the material must also be active and provide sufficient 

functionality. Other scientists in the field share such a view of biocompatibility, and the 
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definition becomes specialized for particular applications, oftentimes biocompatibility is 

interpreted as: 

“materials that promote normal host tissue function and resist bacterial colonization.”122, 123 

Due to the expansion of biomaterials science and engineering, with the development of 

fields such as tissue engineering, invasive sensors, bio-microelectromechanical systems 

(bioMEMS)/bio-nanoelectromechanical systems (bioNEMS) and implantable drug 

delivery systems, the view of biocompatibility based solely on long-term implantable 

devices demands supplementation to include the wide variety of applications that have 

emerged and that may emerge in the future.124 

II. Bioinert 

Materials that do not initiate a response or interact when introduced to biological 

environments are often referred to as being “bioinert”.123 Bioinert has a definition solely 

focused on the ability of a material to not induce any response from the biological system 

that it is in. Thus, the performance of a bioinert interface is characterized by the lack of 

reactions with the environment. While bioinert interfaces prevent adverse interactions 

with the biological environment, they also suppress other desired interactions, such as 

cell adhesion or adsorption of extracellular matrix.  For artificial hip joints, for example, 

the interface between the ball and the socket should be bioinert and prevent any tissue 

growth in that area to ensure smooth mechanical operation. Conversely, bone implants 

that support the joint must bond strongly with the tissue to prevent mechanical failures. 
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III. Non-fouling  

A non-fouling material or interface is one that has the ability to resist non-specific 

adsorption of proteins and adhesion of cells under biological conditions.125-127 A non-

fouling interface adds to the functionality of a bioinert surface by the designed rejection 

of protein or cellular adsorption. Several biomolecules such as agarose, mannitol and 

albumin are well characterized for reducing protein adsorption on to surfaces. Synthetic 

materials such as polyethylene glycol have been developed due to the limited availability 

and stability of the natural non-fouling biomolecules.  

 

IV. Biofunctional and bioactive  

Classification of a material or interface using the terms biofunctional and bioactive builds 

upon the definitions of biocompatibility. Biofunctionality addresses mainly a specific and 

biologically relevant activity that the material gains on top of its biocompatibility. One 

example can be the immobilization of active proteins on an abiotic surface, which 

provide that surface the biologically relevant activity that it would not have 

conventionally. Biofunctionality is oftentimes defined as the ability of a material to elicit 

a specific biological response at its surface, resulting in bonding with the surrounding 

tissue. 128 Needless to say, this definition is quite limiting: it eliminates a diverse range of 

applications where materials might be needed to elicit responses that do not involve 

bonding with the extracellular matrix of the tissue. 
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V. Requirements for biocompatibility  

The complexity of biological systems makes the above definitions for biocompatibility 

quite limiting. The specific requirements for biocompatibility vary among the different 

applications. For cell culturing, the materials should not exhibit cytotoxicity, and should 

provide an environment for cell growth. For surface devices, involving contact with the 

skin and the mucous only, preventing immune and allergic responses (and irritation) is 

paramount. When it comes to medical implants involving contact with tissues, such as 

blood or bone, the requirements for no adverse local or systemic response become 

stringent.    

The differences in the duration of the intended exposure to a material present another set 

of considerations about its biocompatibility. Limited exposure is defined for applications 

where the contact with the material will not exceed 24 hours. Prolonged exposure, 

defined between 24 hours and a month, requires a long-term reliability that the material 

will not cause undesired physiological responses. The requirements for the materials 

biocompatibility properties are even more stringent when it is intended for applications 

involving permanent exposure, i.e., longer than a month. 

The lack of toxicity encompasses the foremost requirement for biocompatibility. Three 

types of in vitro techniques, elution test, agar-diffusion test, and direct-contact test, 

provide a means for examination of cytotoxicity on selected cell cultures. In vivo 

approaches allow for expanding this characterization of materials and test for systemic 

toxicity. Depending on the duration of exposure to the material that causes the 
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appearance of adverse effects in the tested animals, toxicity responses can range from 

acute to chronic.  

Passing the toxicity tests is necessary but not sufficient condition for approving materials 

for intended medical applications. Extensive tests for immune responses, for 

pyrogenicity, for sensitization, and for irritation, are essential before declaring a material 

safe even for cutaneous external use. For applications that involve prolonged or 

permanent exposure, testing for gene toxicity, carcinogenicity, and developmental 

toxicity is strongly required. Contact of a wide range of materials with blood can readily 

initiate adverse responses with grave physiological consequences. Therefore, determining 

the haemocompatibility of materials (and their surfaces) prior to their use for fabrication 

of implantable objects or devices is as essential as it is challenging.  

 

2.1.2. Interfaces Govern the Biocompatibility of Materials    

 

I. Key importance of surfaces for biocompatibility  

The synergy between the bulk and surface properties of a material governs its 

applicability in biology and medicine. In fact, the Food and Drug Administration (FDA) 

does not just approve or ban a material: each material is approved only in the context of a 

specific application. Indeed, the bulk mechanical, chemical, optical, electrical and 

magnetic properties of biomaterials determine their feasibility for each specific 

biomedical application. The interfaces between biomaterials and biological systems, 
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however, govern how living systems respond to the foreign objects composed of these 

materials, with which they are in contact.129 Therefore, passivation of materials surfaces, 

so that they do not “appear” as foreign objects at a molecular level, is a key step toward 

attaining biocompatibility.   

For example, titanium (Ti) has a pronounced mechanical strength for its density and 

weight, making it a highly desirable material for biomedical implants.130 Concurrently, 

the reduction potential of titanium is about -1.63 V vs. normal hydrogen electrode (NHE), 

which is comparable with the potential of aluminum (-1.66 V vs. NHE), and more 

negative than the potentials of zinc (-0.76 V vs. NHE) and iron (-0.44 vs. NHE). That is, 

titanium appears to be more reactive and susceptible to oxidation than zinc and iron. 

When exposed to air, however, the formation of a thin dense layer of titanium dioxide on 

its surface prevents the diffusion of oxygen and other oxidizing agents, and thus isolates 

the bulk of the chemically reactive titanium from the surrounding environment. In 

addition, this passivation layer of titanium dioxide provides a means for strong adhesion 

to bone tissue.131 Indeed, the inherent surface passivation of this chemically reactive but 

mechanically strong material has driven its wide use for bone implants.  

For treatments that benefit from short-lived implants, biodegradable materials offer an 

important advantage. In such a case, the products of the degradation, formed at the 

material/tissue interfaces, may exhibit local or systemic adverse effects.  

Unlike the local effects, the systemic interactions are those that cross between various 

organ systems and thus affect the entire organism, making them challenging to 
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unambiguously detect and quantify.  

Due to its bulk mechanical strength and surface reactivity, magnesium (Mg) has recently 

attracted attention as potentially useful metal for biodegradable bone implants. Upon 

oxidation, however, Mg does not form as dense passivation layer as Ti. Therefore, in 

aqueous biological environment, Mg metal degrades, increasing the local pH and 

releasing Mg2+ ions, which are naturally metabolized.132 Surface control of the 

degradation kinetics of magnesium and its alloys, as well as exploring their biological 

activity, provides promising venues for the development of a next generation of bone 

implants that will lead to healing without remains of foreign objects in the tissue.132  

These examples of two metals with similar bulk characteristics, but different surface 

properties, illustrate the importance of how the chemistry at interfaces with the biological 

systems drives the specific medical applicability of the material. Chemical modification 

of the materials surfaces, therefore, provides key venues toward biocompatibility and 

biofunctionality.    

 

II. What makes surface coatings biocompatible?  

Biological environment is predominantly aqueous in nature, thus biocompatible surfaces 

should interact well with water. Ideally, the materials surface should not considerably 

perturb the structure of water, i.e., they should be kosmotropic.126 That is, the passivation 

coatings of biomaterials should provide sites for hydrogen bonding, or electrostatic 

interactions, with water molecules, distributed to match the three-dimensional (3D) 
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molecular structure of the liquid. The energy of the water molecules at the materials 

surfaces should be comparable to the energy of the water molecule in the bulk of the 

liquid. Furthermore, by preserving its 3D molecular structure at the vicinity of the 

materials surfaces, water molecules may form stable “shells” around alkylene linkers or 

other moieties that could interact non-specifically with biological molecules. Such water 

“shielding” of the molecular components of surface coatings makes the interfaces of 

biomaterials “undetectable” by proteins and other biological species.133 That is, makes 

them biocompatible, and more specifically, bioinert.   

Because of their ability to incorporate and interface with liquid water, polymers that are 

prone to forming hydrogels have been a preferred choice for fabricating biocompatible 

surface coatings (Table 7). 
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Table 7. Selected list of polymers used for composing biofunctional surfaces. 

 

Biomimetic approaches provide an alternative means for attaining biocompatibility. 

Coating materials with proteins, lipid bilayers, and even monolayers of living cells, can 

generate interfaces with the biological media that mimic the surface already existing in 

the living systems. 

III. Methods for surface passivation  

The two major strategies for fabricating biocompatible surfaces are i) physisorption and 

Polymer Name Polymer Name Reference 
 

Polyethylene glycol 
(PEG)  

 
127, 134-138 

 
Tri(propylenesulfoxide) 

 

 
139 

 
 

Oligomaltose 
 

 

 
140 

 
Mannitol 

 

 
141 

 
 

Zwitterionic polymers 

 

 
142 

 
hydroxyl(acrylates) & 
hydroxyl(acrylamides) 

 

 

 
143-145 
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ii) chemisorption of anti-fouling agents, such as kosmotropic small molecules or 

polymers. The differences between physisorption and chemisorption arise from the nature 

of the interactions that provide the surface attachment of the formed coatings. The 

strength of those interactions, between the substrate and the molecule, however, is not 

always an indicator of whether physisorption or chemisorption is observed. In general, 

physisorption is regarded as a weaker molecule-substrate interaction while chemisorption 

is mainly characterized by strong covalent bonding between substrate and molecule. 

However, the exception to this general rule is when either strong hydrogen bonding, in 

the case of physisorption, and weak ionic binding, in the case of chemisorption, is 

observed.146 

Physisorption  

In physical adsorption or physisorption, the passivating molecules are in equilibrium with 

their environment, that is, they interact with the material surface and the surrounding 

solvent.146 The molecules adsorb and desorb without forming and breaking covalent 

bonds, and thus physisorption involves a dynamic set of interactions that give rise to the 

advantages and drawbacks of this surface passivation approach. The physisorption 

methods are experimentally the simplest to carry out, and the formed coatings frequently 

exhibit “self-healing” abilities, resultant from the dynamic equilibria of the involved 

surface interactions. These two features encompass the principal advantages of physi- 

over chemisorption.  

Synthetic biomaterials are not likely to be susceptible to immune attacks because they do 



 
 
 

117 

not present recognizable motifs that donor tissues do. When in biological environment, 

however, non-biological materials encounter other types of interactions that lead to a 

range of adverse effects, including blood clotting and the foreign body response.120 The 

body recognizes the implantable material via the adsorption of adhesion proteins that are 

recognized by integrin receptors present in most cells.[ref, textbook] This protein-coating 

process occurs readily and converts otherwise a bioinert interface to a biologically 

recognizable one. 

Van der Waals and electrostatic interactions, along with π-π stacking and hydrogen 

bonding, represent the primary drive for physisorption of proteins on materials 

surfaces.146 Due to the dynamic nature of such non-covalent interactions, physisorbed 

proteins tend to undergo conformational changes that can alter their key structural 

features and hence, their functionality and biological activity. For example when in 

contact with a hydrophobic surface, globular water-soluble proteins denature, exposing 

their hydrophobic core to the material surface, while their hydrophilic residues remain 

exposed to the surrounding aqueous environment. Furthermore, when proteins interface 

with a material surface via their hydrophobic cores, their hydrophilic residues remain 

exposed to the aqueous solution preventing a second layer of proteins to adhere via the 

same types of interactions. That is, physorption of globular proteins on hydrophobic 

surfaces results in monolayers.  

For example, adsorption of proteins, such as albumin and casein, to polystyrene yields 

bioinert surfaces, to which fibroblasts do not adhere. Conversely, physisorption of 
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fibronectin to the same hydrophobic polymer surface greatly increases the fibroblast 

adhesion, i.e., the protein coating provides biofunctionality of the polymer surfaces.147 In 

the practice of stem cell culturing a monolayer of fibroblasts on a polystyrene surface is 

required for inducing the appropriate differentiation.148 

When materials are introduced into an aqueous mixture of proteins, such as whole blood, 

competitive protein adsorption evolves. Proteins have different settling rates and those of 

higher molecular weight and/or in higher concentration tend to deposit on the material 

surfaces first. Subsequently, the other proteins present in the aqueous media may displace 

the initially adsorbed ones by what is commonly referred to as the “Vroman effect.”149 

Following the initial reports by Vroman and Adams,149, 150 numerous studies have 

attempted to understand the mechanisms behind it. As a result, two major explanations 

have emerged. The first and most straightforward explanation adopts the rationale of the 

dynamic equilibria of simple desorption-adsorption processes. In essence, each adsorbed 

protein molecule would eventually dissociate from the surface, leaving behind an 

“exposed” space to which any of the proteins in the solution can bind.149 Protein 

exchange, however, has been experimentally observed on surfaces incurring strong 

enough hydrophobic interactions to prevent any observable desorption.149 Moreover, this 

“desorption-adsorption” model has not succeeded in describing protein exchange on 

hydrophilic surfaces. Time constants for protein exchange, on hydrophilic surfaces, have 

been found to be consistent with the desorption time constants at long time scales, 

suggesting that the more rapid protein exchange phenomena are due to a competitive 
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displacement process.149 The concept of “surface affinity” thus has been attributed to 

proteins that are able to displace earlier adsorbed proteins on a surface. The second 

proposed model for protein exchange suggests for the formation of intermediate 

biomolecular complexes.149 First proposed by Huetz et al,149 protein exchange by a 

“transition complex” has been postulated to proceed through various kinetic models.   

More can be found in works of Dejardin and Le,151 Heinrich,152 Ball,153 and Hirsh.149, 154 

The major disadvantage of using physisorption for passivating surfaces is the lack of 

control and predictability over the surface composition due to the dynamic nature of the 

interactions that govern this type of adsorption. Physisorb surface coatings are prone to 

desorption and to changes in composition as described by the Vroman effect, for 

example. As an alternative, chemisorption provides a means for surface coatings with 

increased durability and controlled composition. 

Chemisorption 

Chemisorption involves covalent (or strong ionic) attachment of surface coatings to the 

materials interfaces. Passivation of interfaces using chemisorption produces surface 

coatings with limited reversibility, and provides a relatively high control and 

predictability for the formation of well-ordered monolayers.146 One advantage of 

chemisorbed interfaces is their inherent kinetic inertness (i.e., suppressed desorption), 

which allows for their electronic properties to be probed with reliability. Chemisorption 

can be used to create monolayers of electroactive molecules that are practically isolated 

from each other in the form of molecular “wires”.146      
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The principal challenge of employing chemisorption for surface passivation is that not all 

materials surfaces can be chemically modified.  Many chemically inert polymers, for 

example, do not have functional groups to which the surface coatings can be attached. 

Partial oxidation (with oxygen plasma, for example) of such polymer surfaces may 

generate carboxyl groups or epoxides for covalent anchoring of passivation layers. Such 

oxidation, however, may weaken the integrity of the polymer chains at the surface of the 

material and may compromise its properties.  

Polymer chains that are composed of backbones with high state of oxidation are not 

prone to the same type of decomposition when treated with oxygen plasma. Polydimethyl 

siloxane (PDMS), for example, is composed of a -Si-O- chain, with two methyls attached 

to each silicon atom. While complete oxidation of PDMS converts it to SiO2 and 

drastically changes its mechanical properties,155 partial oxidation targets the methyls to 

replace them with oxygen nucleophilic groups, which can provide sites for chemical 

derivatization.156 PDMS, however, presents an alternative challenge for chemical 

functionalization, due to the continuous “regeneration” that its surface undergoes.157 That 

is, rearrangements of the polymer chains at the surface of this elastomer, governed by 

interfacial energy with the surrounding media, brings the chemically modified sites into 

the bulk exposing the untreated chains to the exterior of the material.  

Due to its pronounced bioinertness, to its mechanical and optical properties, and to the 

ease of its preparation, PDMS has found its way as a material of choice for fabricating 

microfluidic sensors,158 catheters,159 contact lenses,160 prostheses,161 and other medical 
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devices. Driven by the broad interest in this polymer, stable chemical derivatization of 

PDMS surfaces has been a hot topic of investigation with feeble results. Weitz and 

collaborators have demonstrated simple surface coatings of PDMS microchannels using 

sol-gel chemistry.162 A chemically resistant glass layer coating of the inner interfaces of 

PDMS microchannels was produced and it was shown that the coating resisted diffusion 

of Rhodamine B, an organic dye, and toluene into the PDMS bulk.162 Work by Jiang et al. 

recently demonstrated the use of superhydrophilic zwitterionic poly(carboxybetaine 

methacrylate) (pCBMA) for forming coatings on PDMS surfaces with long-term 

stability. The pCBMA-functionalized PDMS surfaces suppress non-specific protein 

adsorption in complex environments.157 The superhydrophilic nature of pCBMA, due to 

its zwitterionic composition, provided a means for overcoming the hydrophobically 

driven PDMS surface regeneration. 

Many inorganic oxides cannot sustain covalent bonds with organic coating materials: i.e., 

even if they are possible to form, when in biological aqueous media, such chemical 

linkages readily hydrolyze. Such is the case with superparamgnetic iron(II, III) oxide 

(Fe3O4) nanoparticles (SPIONs) that represent an important class of MRI contrast agents, 

tissue specific therapeutic agents, hyperthermia and magnetic field assisted radionuclide 

therapeutic agents.163, 164 While chemisorption is not an option for modifying the surfaces 

of iron oxides, encapsulation of SPIONs in bioinert materials, such as polymers and 

noble metals, provides a means for improved biocompatibility.164 SPIONs that are 

currently approved by the FDA for use as MRI contrast agents, such as Feridex, 
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Endorem, Combidex and Sinerem, are usually composed of iron oxide particles with size 

between 3-6 nm embedded in dextran spheres with 20-150 nm hydrodynamic 

diameters.164 

Understanding the reactivity of the interfacing materials and the mechanistic aspects of 

the involved interactions is essential for rational design of well-defined chemically-

modified surfaces.   

2.1.3. Chemical Derivatization of Materials Surfaces 

I. Design principles for biocompatible interfaces  

The first important step toward creating biocompatible interfaces is attaining bioinert 

layers on the substrate surface to reduce non-specific adsorption.165 The designing 

biocompatible interfaces via chemical derivatization involves two fundamental 

considerations: (1) covalent attachment of the passivation layer to the material – 

generating the material/polymer link; (2) physicochemical properties of the bioinert 

polymer layer itself – packing density, thickness, interaction with water, and other 

features.  

For biofunctionality, bioactive molecular moieties, such as proteins or carbohydrates, are 

anchored to the bioinert passivation layer. For this purpose, the bioinert layers should 

have chemically active terminal groups exposed to the exterior environment, to which the 

biofunctional moieties can be covalently linked. Strategies for attaining biocompatible 

interfaces via chemical functionalization involve either single-step or multi-step 

approaches.  
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II. Single-step surface derivatization  

The use of pre-prepared macromolecules with biologically active moieties attached to 

them is an approach for attaining such biofunctional surfaces. Physiological conditions 

(essential for handling proteins and other bioactive moieties), however, are not optimal 

reaction conditions for covalently attaching such layers to the materials surfaces. For 

dense and continuous coverage, aprotic organic solvents and elevated temperatures are 

required.138 Therefore, step-wise approaches are a considerably better choice. 

Nevertheless, the significant simplicity of chemical derivitization of surfaces, involving 

only one step, represents the principal advantage of this approach. Such single-step 

methods are especially useful when the preparation of high-fidelity surface coating under 

mild conditions is possible. For example, the formation of self-assembled monolayers 

(SAMs) of alkylthiols and their derivatives on coinage metals illustrates the utility of 

such single-step approaches.166  

As an extension of the single-step chemical surface derivatization, microcontact printing 

(µCP) provides an incomparably facile means for attaining patterned surfaces.167   

III. Multistep chemical derivatization (MCD) of surfaces  

Functionalization of surfaces, using a multistep methodology, facilitates the 

derivatization of multilayer interfaces employing different optimal conditions for the 

addition of each of the layers. For example, attachment of silanes to silica-based 

substrates, such as quartz, borosilicate or soda lime glass and silicon, yields the best 

quality monolayers when performed in dry organic media, at temperatures exceeding 100 
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°C, and a series of ultrasonic treatments prevent the formation of defect sites (due to 

excessive physisorption), improving the smoothness of the coatings.138 While the 

attachment of bioinert layers of polymers such as PEG to the functional groups of the 

silanized surfaces could be carried out in organic or aqueous media. Such polymers, 

however, are prone to decomposition at elevated temperatures required for optimal 

silanization. The final step of biofunctionalization, involving the covalent coupling of the 

bioactive moieties such as proteins, carbohydrates, or polynucleotides, to the bioinert 

layer, requires mild, usually physiological, conditions (Figure 22). The drastic differences 

between the optimal conditions required not only for handling each of the components of 

biofunctional surface coatings, but also for carrying out the coupling reactions for 

attaching each layer, limits the utility of single-step approaches.  

 



 
 
 

125 

 

Figure 22. Multistep approach for biofunctional surfaces for selective adhesion of bacteria. Silanization is 
performed at 110° C in toluene using aminopropyl triethoxysilane and diisopropylethylamine as a base 
catalyst; PEGylation takes place in aqueous media in the presence of mono- or di-aldehyde terminated PEG 
and a reducing agent, such as sodium dithionite or cyanoborohydride; and mannosylation using amino-
phenyl α-D-mannopyrannoside and a reducing agent, is also carried out in aqueous media. 
 

IV. In situ derivatization.  

A variation of the multistep approach is in situ polymerization directly on the substrate 

surfaces, sometimes referred to as surface-initiated polymerization (SIP).168 The utility of 

SIP for generating patterned surfaces using nano- and microlithography has made this in 

situ approach quite attractive. Similar to MCD strategies, SIP-based derivatization 

requires the initial immobilization of layers with appropriate initiator groups onto the 

surface prior to polymerization.168 As an alternative if the chemical properties of the 
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substrate allow it, the initiator groups for the polymerization can be formed by treatments 

of the material without attaching anything to it. For example, partial oxidation of polymer 

substrates may form peroxides for thermal initiation of radical polymerization. The 

various classes of SIP are defined by the chemical mechanism that governs the 

polymerization. For example, anionic, cationic, ring opening (ROP), radical, atom-

transfer radical (ATRP), and ring-opening metathesis (ROMP) polymerization are 

commonly utilized SIP techniques (Table 8). 

 

Table 8. Commonly used monomers and initiators for surface-initiated polymerization. 

          SIP Type                          Initiators                        Monomers            References         
Anionic Diphenyl-ethylene Vinyl 169 
Cationic Triflate, -OCH3 vinyl, propylene 

glygol 
170, 171 

Radical Azo compounds vinyl 172 
Atom-transfer 

Radical 
Haloesters, halides vinyl 173 

Ring-opening Triflate, tin (II) 
octoate 

Cyclic esters, 
oxazolines, glycidol 

174 

Ring-opening 
Metathesis 

Ruthenium carbenes norbornenes 175 

Surface catalyzed Attachment of 
Initiator not required 

Diazo compounds, 
maleimides, vinyl 

176 

 

 

The main drawback of the in situ polymerization methods is the lack of an acceptably 

good control over the thickness, the molecular-weight distribution and the uniformity of 

the surface-bound polymer layers. Furthermore, the control of the surface density of the 

terminal functional group on the in situ formed polymer layer (needed for attaching the 
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conceptive components of the biofunctional coatings) is considerably more challenging 

for SIP than for MCD.   

 

V. Guidelines for choosing the chemistry for surface derivatization  

In comparison with “traditional” synthesis, surface chemistry has even more stringent 

requirements regarding yield and purity. In synthetic procedures, usually the most 

challenging steps are the isolation and purification of the products. For surface chemistry, 

equivalent purification techniques (such as chromatography or recrystallization, regularly 

used in synthesis) do not exist. Competitive binding and self-healing may provide a 

means for removing defects in surface coatings, but they do not offer the fidelity for 

preparative-scale procedures. Furthermore, the amount of materials for making surface 

monolayers is minute, which places high demands on the sensitivity of the surface-

characterization techniques needed for ensuring the quality of the final “product.” About 

four molecules per square nanometer is the packing limit of SAMs with the highest 

fidelity, and it is equivalent to 4×1014 molecules per cm2. Hence, a monolayer coating of 

10-cm2 surfaces cannot contain more than about 7 nanomoles of molecules that compose 

it. To attain molecular-level uniformity of coatings covering such areas, the density of the 

surface defects should not exceed about 0.1 ppb, which is not only challenging, but also 

unfeasible due to the inherent stochasticity of the molecular-level interactions. Seemingly 

these considerations may paint doomed fate of unavoidable failure for any surface-

chemistry procedure. Actually, considering the inherent physical and chemical features of 
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surfaces and interfacial interactions are essential for devising synthetic strategies and 

targeting plausible outcomes. For example, surface and surface coatings will have 

defects: it is unavoidable no matter how few. It is important, therefore, to design layers 

with chemical composition readily that will cover those defects and will not permit them 

to govern the surface properties of the coated material.  

VI. Stability in physiological environment   

The covalent linkages between the coating layers and the material surface should not be 

susceptible to hydrolysis or oxidation under physiological conditions. The same 

requirements are imposed on the polymers that compose the surface coatings. Resistance 

against enzymatic hydrolysis and degradation should also be considered. For many 

materials coatings, which are dense enough to prevent diffusion of enzymes through 

them, only the surface-exposed moieties may be susceptible to such bio-catalytic 

degradation.  

Carboxyl esters and amides represent a large class of widely used materials for surface 

derivatization. Esters are more prone to hydrolysis than amides (e.g. polylactic co-

glycolic acid or PLGA).177 Amides, if they structurally resemble peptide bond linkages, 

can be hydrolyzed by proteases. Proteases, however, function optimally in acidic pHs 

which are much lower than the physiological pH. 

Sulfhydrils or thiols (-SH) are quite popular for chemical derivatization.135, 139, 166, 178 

Formation of disulfide bonds is widely used in protein chemistry, but the formed 

disulfides are readily prone to reductive cleavage under physiological conditions. Surface 
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chemistry that leads to the formation of thioethers is preferred for thiol derivatives. While 

oxidation of thioethers (R1-S-R2) to sulfoxides (R1-S(=O)-R2) and sulfones (R1-S(=O)2-

R2) do not break the chemical linkage, it may change the properties of the material.   

Imines, formed when primary amines react with aldehydes, allow high-yield coupling in 

aqueous media under mild conditions. Imines, however, are prone to hydrolysis leading 

to the starting aldehyde and amine, and hence, to bond cleavage. Therefore, in situ 

irreversible reduction of the formed imines to secondary amines is required to ensure the 

stability of the covalent linkage between the amine nitrogen and the carbonyl carbon. 

Hence, this coupling process is called “reductive amination.” 

The lack of sufficient stability of derivatized surfaces under physiological conditions, 

which predominantly encompasses insufficient resistance against hydrolysis and 

oxidation, is a principal factor that has prevented excellent bench-top chemistry from 

becoming a viable technology.    

VI. Preferably, the chemical reactions should be orthogonal to aqueous media  

Bioorthogonal chemistry encompasses reactions that procceed with high yield in 

physiological media under physiological conditions, and that do not interfere with the 

components of biological systems. While covalent immobilization of biomolecules will 

always benefit from bioorthogonal surface chemistry, the choice for such reaction is 

somewhat limited. Also, covalently attaching bioinert layers of synthetic polymers in 

aqueous media ensures that the assembled macromolecules assume conformations that 

favor their hydration and intercalation into the 3D water structure. Because water is the 
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most abundant reactive species in physiological media, reactions orthogonal to water are 

often (but not always) bioorthogonal.  

Indeed, surface immobilization of biomolecules, oftentimes referred to as bioconjugation, 

requires physiological conditions and bioorthogonal chemistry. It ensures the 

preservation of the structural and functional integrity of the biomolecules. Bioorthogonal 

reactions meet the following requirements: (1) reaction biocompatibility – the involved 

reactants, intermediates, and byproducts should not be toxic and should not disturb the 

native behavior of the conjugated biomolecule; (2) chemical and biological inertness: the 

formed covalent links between the biomolecule and the surface have to be strong and 

stable under physiological conditions; and (3) selectivity: the reactions ought to be 

selective to avoid side reactions with functional groups that are not targeted. 

Much of the coupling chemistry for anchoring of organic moieties to materials surfaces 

employ processes based on interactions between electrophiles and nucleophiles.  Water, 

itself, is a nucleophile (the free electron pairs of the oxygen atom) and as a protic solvent 

can interact with other nucleophiles that are hard Lewis bases.  Reductive amination, for 

example, is appropriate for aqueous media because of the irreversible reduction of amides 

to imines (Figure 22). Thioether formation between thiols and maleimide uses the thiol 

sulfur as a soft Lewis base / nucleophile and electron deficient maleimide as an 

electrophile. As a result, thiols and maleimide reactions are orthogonal to water because 

it is a hard acid and hard Lewis base.179  

The copper(I)-catalzed cycloaddition of azides to alknes by K. B. Sharpless and 
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coworkers, termed “click” chemistry, established a facile reaction that proceeds readily at 

physiological temperatures and yields high packing densities.180 The required catalyst, 

copper(I), is cytotoxic, and thus it is the major drawback of this approach. The demand 

for alternative strategies for bioorthogonal click chemistry have led C. Bertozzi and 

coworkers to develop strain-promoted cycloaddition of azides to cyclooctynes.181 This 

reaction proceeds under physiological conditions and in the absence of a copper(I) 

catalyst. The demonstrated copper-free click chemistry in vivo for labeling biomolecules 

in live mice was an illustration of its bioorthogonality. 

 

VII. The chemical reactions should proceed via small intermediates and transition 

states 

Not all high-yield solution-phase reactions are appropriate for surface derivatization. The 

chemical reactions at surfaces are inherently sterically hindered. Also, the functional 

groups or atoms on the surface, to which the layers are to be coupled, should be exposed 

and should be chemically active. Therefore, to ensure sufficient packing of surface layers, 

the reactions should proceed through small intermediates or transition states. For 

example, enzymatically driven coupling reactions will prove inefficient, due to the large 

size of the involved macromolecules, i.e., the active sites of the enzymes cannot readily 

access functional groups tightly attached to solid surfaces. 

VIII. Reactions should lead to a single product with high yields  

Unlike solution phase chemistry, surface chemistry does not permit an option of 
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purification after the synthesis is completed. Byproducts that formed during the surface 

chemistry and attach to the substrate, will lead to surface defects. To ensure that 

physisorbed reaction byproducts do not produce defect sites the surfaces must be 

appropriately cleaned after the chemical procedure. After functionalizing surfaces, a 

series of rinsing steps must ensue, i.e., rinsing with different solvents (polar and non-

polar, protic and aprotic) that do not deteriorate the modified surfaces, and that readily 

dissolve the physisorbed reactants and the potential side-product contaminant.138, 182  

IX. The reactions should not affect the functionality of the derivatized materials  

Using acids, bases, strong oxidation or reducing agents may damage the substrate or 

components of the substrate important for its application. For example, indocyanine 

green, a cyanine dye with benefits for loading nanoparticles for live cell imaging,137, 183, 

184 is damaged by strong reducing agents such as borohydrides. The use of milder 

reducing agents for the reductive amination, such as hydrosulfites, allows to overcome 

this issue. 

 

2.1.4. Examples of Chemistry Used for Surface Derivatization 

I. Attaching organic moieties to inorganic substrates  

Silane derivatives have been extensively used for attaching organic moieties onto 

inorganic substrates, and in particular, inorganic oxides such as silica and glass.185 

Silanization of surfaces with small ω-functionalized (trialkoxysilyl)alkanes produced 

relatively densely packed SAMs with functionality for covalent attachment of subsequent 
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molecular modules.  

Silanization relies on attack of surface-bound nucleophiles (i.e., surface oxygens) on the 

electrophilic silicon atoms of the silyls. While the use of protic media, e.g., mixtures of 

water and alcohol, for silanization is widely popular and fast, the aqueous environment 

favors the hydrolysis of the silyls, converting them into their hydroxyl derivatives. The 

thus formed hydroxyls are nucleophiles themselves and they can attack other silyls, 

leading to a crosslinked network. Such lateral crosslinking across the surface, indeed, 

may lead to fast attainment of good coverage, but also it is most likely to produce 

multilayers that are not always strongly bound to the substrates. For all practical 

purposes, some of these multilayers may be only physisorbed on the substrate surface. 

Silanization in an aprotic media at elevated temperature suppresses the crosslinking 

between silyls. In addition, sonication treatments during the silanization of glass and 

silicon, improves the quality of the formed surface coatings. Sonication and preventing 

extensive lateral crosslinking provides a means for suppressing the formation of defects 

in the surface coatings.138   

Carboxylates and organic phosphonates provide a means for coating titania and other 

oxides.186, 187 This chemistry also provides a means for attaching organic moieties to 

titanium and its alloys that are passivated with dense layer of TiO2. Coatings of titania 

surfaces with phosphonated polystyrene nanoparticles have been developed and 

implicated for in vivo applications.186 One such application described the coating of 

titanium with vinylphosphonic acid (VPA) nanoparticles as a nucleation source for 
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calcium phosphate. Such coatings would provide venues for new functional implants with 

surfaces that are scaffolds for bone regeneration.188 Many phosphonates, however, tend to 

have adverse effects on the cholinesterase family of enzymes which have essential 

functionality in neurological systems:189 i.e., as potential inhibitors of 

acetylcholinesterase, phosphonates may exhibit neuroparalytic activity. Therefore close 

attention on the stability of the phosphonate coatings of the titanium substrates is required 

in order to assess any potential toxicity of such implants. 

Self-assembly of thiols on metal surfaces is well established for gold, silver, platinum, 

palladium, and copper.190 This approach, developed by G. Whitesides and 

collaborators,166, 190-193 represents a cornerstone in surface chemistry for attaining highly 

ordered organic layers for biomedical and electronic applications. For example, SAMs of 

derivatives of alkylthiols on gold provided a means for investigating the dynamics of 

protein adsorption on different biomimetic interfaces.166, 193The metal surface should 

preferably be relatively inert and not susceptible to oxidation, that is, the metals of choice 

are usually the ones with most positive standard reduction potentials. While such coinage 

metals should be relatively inert against oxidation the functionalization with alkylthiol 

SAMs provide an additional protection against oxidation by air.192 The metals also should 

have a high affinity for sulfur and thiols, and the formed surface sulfides should not be 

prone to hydrolysis. As a soft Lewis base, the organic sulfur has a preferential affinity for 

metals that are soft Lewis acids. Therefore, metals with positive reduction potentials that 

have ions belonging to the first and second analytical groups of cations, i.e., they form 
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stable sulfides under acidic conditions, are most likely to mediate the formation of stable 

SAMs of thiols on their surfaces. Indeed, SAMs of alkylthiols on gold, mercury, and 

silver are well packed with well-defined structures. Self-assembly of alkyls on silicon 

surfaces is a similar approach as that of thiols on coinage metals. Due to the pronounced 

stability of Si-C bonds, these silicon coatings benefit from relatively well-defined 

structural arrangements and higher stability than alkylthiols on gold. The challenging 

chemistry required for the preparation of alkyl SAMs on silicon has limited their 

popularization and wide use. 

II. Attaching organic and biomolecular moieties to organic substrates  

A range of chemical procedures have been adopted from established synthetic methods 

for attaching organic layers on organic substrates, or on inorganic substrates that are 

coated with organic functional groups. Coupling reactions utilizing amine, carboxyl, 

aldehyde and epoxide functional groups are among most widely used for surface 

immobilization of organic moieties and biomolecules. In addition, development of solid-

phase synthesis, and in particular, solid-phase peptide synthesis, hase produced a range of 

high-yield chemical procedures for preparing surface coatings with high fidelity. 

A widely used approach for functionalization of organic substrates with organic and 

biomoloecular entities is via reductive amination that involves coupling between amines 

and aldehydes. In the presence of reducing agents, such as sodium cyanoborohydride, this 

reaction will take place in protic organic aqueous media with high yields.194 For example, 

attaching aldehyde-terminated moieties to amine-terminated surfaces under mild 
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conditions will not incur damaging effects on the organic substrates.194 Consideration 

must be given to the reducing agents and their biocompatibility as well. Some reducing 

agents, mainly sodium cyanoborohydride (Na[BH3CN]) and sodium borodyhride 

(Na[BH4]), can attack organic substances and/or produce toxic byproducts such as 

cyanide. As an alternative, water-soluble sodium hydrosulfite, or sodium dithionate 

(Na2S2O4), is strong enough reducing agent for reductive amination while remaining 

biocompatible. Such an application of reductive amination under mild conditions has 

been presented by Anvari and Vullev, who prepared PEG coated indocyanine green 

(ICG) loaded polyallylamine hydrochloride (PAH) nanocapsules with prolonged vascular 

circulation time and delayed hepatic accumulation in comparison with non-passivated 

nanocapsules.137, 183 Sodium cyanoborohydride is known to bleach cyanine dyes such as 

ICG and thus sodium hodrosulfite provides an acceptable alternative. Furthermore, 

reductive amination can be employed for attaching proteins, via their surface amines 

from lysine residues, to substrate surfaces presenting aldehydes. Indeed, the reducing 

agent should remain inert to the immobilized proteins.  

Since its recent inception, click chemistry has been gaining popularity as a serviceable 

approach for covalent modification of organic surfaces. Bioorthogonal conjugation of 

biomolecules, a field pioneered by C. Bertozzi and collaborators, has been demonstrated 

in vitro and in vivo.181 One of the major concerns for application of classical click 

chemistry is the cytotoxicity of copper(I) used as a catalyst. Copper-free click chemistry 

overcomes this issue but does not come without its limitations. The copper-free click 
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conjugations occur through bulky hydrophobic structures that present innate difficulties 

for coating surfaces with high packing densities.  

Amide coupling, used for linking carboxyl derivatives to surface amines or amine 

derivatives to surface carboxyls, is another well developed and widely utilized approach 

for linking organic molecules to organic surfaces.195 Amide coupling under mild 

conditions is the hallmark of peptide synthesis, which is reflected by the numerous 

reports describing it in both solid-phase and liquid-phase methods. The first step in amide 

coupling involves activation of the carboxyl groups converting them to carbonyls, such as 

esters, with good leaving groups. Acid halides are broadly used in synthesis of amines 

and they involve small-size intermediates. The involved reactants, the reaction 

conditions, and the byproducts of such halide chemistry, however, could be deteriorating 

for many inorganic substrates and bioorganic materials. Acid fluorides, formed under 

mild conditions, have presented a promising alternative for solid-phase peptide 

synthesis.196 Fluorides, however, are potent etchants for silicon containing substrates, 

limiting their use for surface chemistry.      

Formation of active esters with good leaving groups under mild conditions has become 

the preferred amide-coupling approach for surface chemistry applications. The initial 

activation of the carboxyl group involves reactions with carbodiimides or onium salts.197 

As one of the traditional activation agents, N,N-dicyclohexylcarbodiimide (DCC) is easy 

to handle and store as a solid substance in cool dry environment. The urea formed as a 

byproduct from DCC activation, however, has a high affinity for adsorption to wide 
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range of substrates making it a potent and undesirable contaminant. Therefore, the use if 

N,N-diisopropylcarbodiimide (DIC) presents a good alternative for surface chemistry. In 

addition, water-soluble activation agents, e.g., N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide (EDC), have gained popularity for coupling in aqueous media. The 

presence of excessive amount of water, however, considerably compromises the yields of 

the amide-coupling chemistry. Benzotriazole onium salts, such as  O-(Benzotriazol-1-yl)-

N,N,N′,N′-tetramethyluronium hexafluorophosphate (HBTU) and (Benzotriazol-1-

yloxy)tris(dimethylamino)phosphonium hexafluorophosphate (BOP), present an excellent 

alternative for carbondiimide activation of carboxylates.198 As an extension of this 

chemistry, azabenzotriazoles, e.g., 1-[Bis(dimethylamino)methylene]-1H-1,2,3-

triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU), provides a means to 

even further increasing the yields of challenging amide-coupling reactions (Figure 23).199 

 

Figure 23. Molecular structures of activating reagents for amide coupling reactions. 
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The activation with carbodiimides and onium salts, however, results in intermediates that 

are not stable enough and are readily susceptible to nucleophilic attack from alcohols and 

water potentially present in the reaction media. Therefore, the presence of hydroxyl 

conjugates for forming esters that are predominantly susceptible for nucleophilic attack 

predominantly from amines, provides a means for amide coupling with improved yields. 

The reaction of the preactivated carboxyls ensues through the formation of active esters 

with hydroxyl moieties, such as hydroxybenzotriazole (HOBt), N-hydroxysuccinimide 

(NHS), and pentafluorophenol that act as good leaving groups.200 A water-soluble 

derivative of NHS, N-hydroxysulfosuccinimide (Sulfo-NHS), provides a means for 

extending its use for amide coupling in aqueous media. HOBt is a byproduct of activation 

with BOP, HBTU and N,N,N′,N′-Tetramethyl-O-(benzotriazol-1-yl)uronium 

tetrafluoroborate (TBTU), and adding HOBt in excess only increases the rate of 

formation of the active ester.  1-Hydroxy-7-azabenzotriazole (HOAt), used along with 

HATU as an activation agent, has proven to be one of the best reagents for amide 

coupling. It has been hypothesized that the formation of hydrogen-bonded intermediates 

is the underlying reason for the immensely high yields of amide coupling employing 

these azabenzotriazole reagents. Specifically, the nitrogen at the 7th position on the six-

member ring is strategically positioned to hydrogen bond with the attacking amine, 

immobilizing it in the proximity of the electrophilic carbonyl carbon. An excess of HOAt 

for this reaction strategy is essential for ensuring the formation of the azabenzotriazole 
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esters. Under the slightly basic conditions of activation with onium salts, the formation of 

acid anhydrides is a likely outcome. While the anhydrides are also active species that can 

react with amines to form amides, the formation of anhydrides eliminates the benefit of 

the formation of the hydrogen-bonded intermediates that lead to the observed high-yields 

with HATU and HOAt. 

Similar to the previously mentioned copper-free click chemistry, the application of amide 

coupling on surfaces is compromised by the bulky intermediates that form. Thus, dense 

packing of moieties is usually not a priority when using these coupling strategies. As 

mentioned above, the presence of water significantly decreases the yield of amide 

coupling while in dry aprotic organic solvents. The reason is that water competes with 

alcohol and the amine groups as a hard nucleophile. Such decreases in yield can be 

overcome with the appropriate selection of the active ester. For example, NHS esters are 

more stable than HOBt or HOAt esters, and NHS esters react faster with amines than 

with water or alcohols. Surface carboxyls, preactivated with NHS esters, are broadly used 

for immobilizing proteins via their amine-containing amino acids. To compensate for the 

limited yield in aqueous media the use of relatively concentrated protein solutions should 

be employed. 

A variation of amide coupling, which produces densely packed surface coatings, was 

developed by converting carboxy-terminated SAMs to anhydrides. The surface 

anhydrides are exposed to amine-terminated conjugates that are immobilized via the 

formation of amide bonds.201 The reaction proceeds through small intermediates but 
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requires corrosive and acidic conditions: i.e., treatment with trifluoroacetic anhydride is 

used for producing the surface anhydrides on the SAMs. Another potential drawback is 

that at least half of the SAM-terminating carboxylates remain on the surface. (An 

anhydride of two carboxyls can produce only one amine.) Nevertheless, this approach has 

been successfully demonstrated on gold surfaces and still remains an attractive strategy 

for organic-based materials. 

2.1.5. Polymers for bioinert and biocompatible surface coatings 

I. Polyethylene glycol  

Polyehtylene glycol (PEG) or polyethylene oxide (PEO) is a polyether that can readily be 

synthesized in a wide range of molecular weights. The somewhat loose nomenclature 

utilized for classifying the polymer as a PEG or a PEO is based on the molecular weight. 

Polymer chains with molecular weights less than 100,000 Da are usually called PEGs, 

while those with higher molecular weights are classified as PEOs.202 Regardless of the 

nomenclature, referred to as PEGs from here, this class of polymers is the gold standard 

for attaining bioinert interfaces. Covalent attachment of layers of poly- and oligo-

ethylene glycols to various solid substrates presents a broadly preferred approach for 

engineering of nonfouling interfaces.138 PEGylated surfaces demonstrate some of the 

highest protein resistance; they are relatively durable; and chemically, PEGs are 

relatively easy to manipulate. A practical feature that makes PEG such an attractive 

candidate for passivation of materials surfaces is its availability.  The chemistry of PEG 

is overall well-established and PEG derivatives with a wide variety of functional groups 
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are commercially available.138  

PEG is an aprotic amphipathic polymer that contains hydrophobic ethylenes connected 

by hydrophilic oxygen atoms that are hydrogen bond acceptors. When PEG molecules 

are dissolved in water, they assume a helical conformation positioning the ether oxygens 

at distances and orientations that favor hydrogen bonding with multiple water molecules 

forming a stable hydration shell around the polymer chain. Most probably this hydration, 

which spatially matches the 3D structure of water and allows PEG-containing polymers 

to form high-quality hydrogels, prevents a water-dissolved PEG molecule from getting 

into direct contact with another solute molecule. As a result, when a protein, for example, 

approaches a surface covered with a brush layer of PEG molecules, it cannot penetrate 

the hydration shells around the polymer chains. Hence, the protein at the surface 

experiences solely its “natural” aqueous surroundings.138 An increase in temperature 

decreases PEG water solubility due to the breaking its water shell, leading to exposing 

the hydrophobic ethylenes to one another and making the polymer coagulate in aqueous 

media.  

The inertness of PEG is defined by its molecular conformation in aqueous environments, 

the distance between neighboring ether oxygens, ~0.29 nm, is similar to the average 

separation between the oxygens in liquid water.138 Differences in the spacing between 

oxygen atoms as in other similar polyethers as well as variations in the optimal helical 

fold, leads to loss of water solubility. Polymethylene glycol, or polyoxymethylene, and 

polypropylene glycol have limited to no water solubility (Figure 24).203 
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Figure 24. Structures of polyethers similar to PEG. 

On top of the structural similarity that PEG has with the molecular structure of water, 

which results in exposed hydrophilic oxygens for the formation of a hydration shell, it 

also shows high steric exclusion.133 Proteins and other biomolecules are prevented from 

adsorbing to PEG-covered surfaces due to two major contributions to this repulsive force: 

(1) an excluded-volume component of the repulsing force and (2) a mixing-interaction 

component.133 The first is a repulsive response developed when a protein approaches a 

PEG-functionalized surface and reduces the available volume for each polymer chain. 

The conformational entropy is thus reduced and therefore the system responds by 

exerting a repulsive force against the protein. The second corresponds to osmotic 

repulsion forces that emerge when PEG chains are either compressed or the protein 

intercalates between the polymer chains. The grafting density defines whether 

compression or interpenetration is the dominant effect: i.e., compression effects are 

observed in densely packed surfaces and intercalation dominates at low packing densities. 

Optimal packing of the PEG chains in the surface coatings is essential for them to be 

bioinert and biocompatible. Too tightly packed PEG layers prevent the PEGs from 

assuming the helical conformation that provides the optimal hydrogen-bonding geometry 

with surrounding water molecules. Too loosely packed arrangements of long PEGs allow 

the polymer chains to bend around and randomly break their “shells” of hydrogen-bonded 
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water, making it susceptible to interactions with other solutes. That is, the loosely packed 

polymer chains assume “mushroom” conformation that does not provide bioinertness to 

the coated substrate. The optimal surface density of PEGs ensures “brush” packing. To 

assure bioinertness, the ratio between the PEG layer thickness and the Flory gyration 

radius of the PEG polymer chains should be larger than 10.182 

 

A common practice for surface immobilization of biomolecules and cells involves multi-

step functionalization of a surface with moieties that provide different functionalities. 

Oftentimes surfaces are functionalized with mixed SAMs composed of bioinert polymer 

chains and biofunctional polymer chains, the latter facilitate biomolecular binding 

(Figure 25).138, 141, 204, 205 
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Figure 25 (part 1). Chemical derivatization of the surface of a silica based substrate, such as glass or 
quartz, with a protein-containing biofunctional coatings. The biocompatibility results from the polyethylene 
glycol (PEG) layer and the functionality reflects the functionality of the immobilized protein.  
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Figure 25 (part 2). Chemical derivatization of the surface of a silica based substrate, such as glass or 
quartz, with a protein-containing biofunctional coatings.  
 
 

Furthermore, the dependencies of bound surface protein concentration, Γp, and initial 

enzymatic activity, vi, on the molar fraction of bioinert to biofunctional PEG chains, RDM 

(Equation 1), demonstrates that surface coverage is not linearly proportional to RDM 

(Figure 26).138             

                                          𝑅!" = !!!!!!"#!!!!
!!!!!!"#!!!!!!!!!!!"#!!!!!!

                                   (1) 

Surface bound green fluorescent protein (GFP) concentration, presented as relative 
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fluorescence intensity Fs (Figure 26a), and initial enzymatic activity of bovine carbonic 

anhydrase (Figure 26b), demonstrated such dependencies. A slow increase in Fs and vi for 

RDM < 0.05; a sharp increase in Fs and vi for 0.05 < RDM < 0.1 and surface saturation, 

where both Fs and vi reach maxima at RDM > 0.1. Two possible explanations have been 

proposed for the behavior observed at the two extremes of RDM. In the region of RDM < 

0.05, or lowest diamine-PEG concentration, cross-linking between terminal amines of the 

diamine PEG chains due to the folding of the chains is presumed, which leads to less 

binding sites. As the RDM increases the prevalence of crosslinking decreases. In the region 

of RDM > 0.1, saturation, or complete tight coverage with proteins, is reached, 

demonstrating that further addition of binding sites, by increasing the RDM beyond 0.1 has 

no effect because a monolayer of proteins has already been established.138  

 

 
Figure 26. (a) Fluorescence of surface bound GFP and (b) enzymatic activity of surface bound GFP bovine 
carbonic anhydrase (BCA). BCA catalyzed the hydrolysis of 4-nitrophenyl acetate and formation of 4-
nitrophenol was monitored via its absorption at 348 nm. Reprinted with permission from Wan, J. D.; 
Thomas, M. S.; Guthrie, S.; Vullev, V. I., Surface-Bound Proteins with Preserved Functionality. Annals of 
Biomedical Engineering 2009, 37 (6), 1190-1205. Copyright 2009 Springer. 

  (a) (b) 
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Interactions between mammalian or microbial cells and biocompatible interfaces are 

inevitable and prevalent in applications ranging from implantable devices to in vitro 

biosensors.  Fundamental physical interactions of live cells and interfaces have long been 

described successfully by the theory of Derjaguin, Landau, Verwey and Overbeek 

(DLVO theory), providing the foundation for ample efforts for preparing anti-biofouling 

interfaces.206 For example, X. Qian and G. Whitesides have reported an exemplary 

approach for screening molecules that inhibit microbial adhesion. They developed arrays 

of carbohydrate-presenting SAMs on gold and compared their effectiveness for 

biospecific adhesion of uropathogenic Escherichia coli cells.205 Similar surface 

functionalization approaches have allowed for selective immobilization of bacterial cells 

on glass using D-mannose terminated PEGs (Figure 22). Specific adhesion of various 

bacterial species, of Gram-positive and Gram-negative classification, onto D-mannose 

presenting surfaces was observed even in the presence of complex biological mixtures 

such as whole blood (Figure 27). Such findings demonstrate promising strategies for 

bacterial diagnostics and for lab-on-a-chip platforms for microbial sensing.207 
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Figure 27. Epifluorescence image of stained (a) Pseudomonas aerugniosa and (b) Bacillus sphaericus cells 
immobilized on mannoside presenting glass surfaces in the presence of whole bovine blood. Fluorescence 
stained with 100 µM amyloid stain, thioflavin T (ThT). Scale bar = 20 µm. 
 

II. Alternatives of polyethylene glycol for bioinert interfaces  

The ongoing development of alternative surface coatings that suppress protein adsorption 

and cell adhesion is driven by the fact that none of the developed surface layers offers 

universal bioinertness under all possible conditions (especially for in vivo applications). 

Availability of a wide variety of surface passivation strategies provides optimal choices 

for different applications. Furthermore, the employment of various surface chemistries 

builds empirical data that eventually can aid with the advancement of the understanding 

of the mechanistic factors that underlie biocompatibility. 

Using resistance against protein adsorption as a criterion for biocompatibility, surface 

plasmon resonance (SPR) has been implemented and has revealed that surfaces modified 

with moderately hydrophilic, usually non-charged, organic compounds such as 

oligoethylene glycols, derivatives of permethylated sorbitol, and phosphoric 

tris(dimethylamide), manifest resistance to non-specific protein adsorption. Numerous 

examples indicate that surface-bound compounds containing hydrogen-bond-donating 
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groups, such as –OH or –NH, do not provide the same resistance against protein 

adsorption as their per-methylated or acetylated analogues containing   –O-CH3, –O-

C(O)-CH3 and –N-CH3 instead.201 

 

Sulfoxides  

Anti-fouling surfaces composed of propylene sulfoxide groups [–CH2CH2CH2S(O)–] 

have also demonstrated the preservation of three key characteristics that the polyethylene 

glycol chains have. The first characteristic involves repeating hydrophilic units; the 

second – the presence of units that can hydrogen bond with water and thus make it well 

solvated; and the third – conformational flexibility of the oligomer chains.139 Such 

surfaces are more hydrophilic than those presenting oligo(ethylene glycol) groups, and 

the parent functional group, dimethyl sulfoxide, is more biocompatible than is ethylene 

glycol.208 The widening of the use of sulfoxide groups for bioinert surfaces is, however, 

limited by laborious and non-trivial synthetic routes. 

 

Oligosaccharides  

Mannose-binding proteins in mammalian and microbial cells has been well documented 

and explored.209 A family of cell surface glycoproteins, the “selectins,” has also been 

characterized for their ability to help leukocytes adhere to regions of inflammation.210 In 

contrast, surfaces with oligomaltose and mannitol have also been presented as functional 

groups for protein resistance.140, 141 While much is known about carbohydrate-mediated 



 
 
 

151 

cell adhesion, the role of carbohydrate functionalized surfaces for preventing protein 

adsorption is relatively unexplored. Findings by M. Mrksich, R. Marchant and 

collaborators bring into question the complexity that lies in what makes a surface non-

fouling and/or bioadhesive.140, 141 Mechanistic explanations for the discrepancy of 

whether carbohydrate functionalized surfaces prevent adsorption or facilitate adsorption 

are not yet established but Mrksich has detailed a view that brings light not only to the 

terminal functional group presented on the surface, but also to the conformation of such 

molecules. For example, tri-(ethylene glycol)-terminated monolayers on gold and on 

silver surfaces take on different molecular conformations that yield differences in their 

passivation capability. The PEG surfaces on gold adopt helical conformations while the 

PEG monolayer on silver adopts an all-trans extended conformation. Such 

conformational differences are believed to be a result of higher adsorbate densities on 

silver compared to on gold surfaces.141  

 

Zwitterionic polymers  

Chemical derivatization of surfaces with non-charged water-soluble oligomers and 

polymers, which do not contain hydrogen-bond donating groups, tends to produce 

bioinert interfaces. Observed exceptions to this general rule, such as formation of bioinert 

layers from zwitterionic molecules,157, 211 however, indicate that this field of surface 

engineering is largely unexplored. As alternatives to PEG, using certain zwitterionic 

groups, such as phosphorylcholine (PC), sulfobetaine (SB) and carboxybetaine (CB), 
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exhibit high resistance to nonspecific protein adsorption and superior stability. Indeed, 

PEG is known to be susceptible to oxidation damage after long-term exposure to complex 

biological media.212 

 
Figure 28. Molecular structures of zwitterionic molecules applied for surface passivation. 

 

A non-fouling polymer should be hydrated well as previously discussed. The hydration 

free energy of a polymer provides a measure of the extent of its hydration. PEG has 

hydration energy of -182 kJ�mol-1. In comparison, the hydration free energies of 

carboxybetaine and sulfobetaine amount to -404 kJ�mol-1 and -519 kJ�mol-1, 

respectively, which is more than twice that of PEG.213 The strong hydration that 

zitterionic polymers undertake is electrostatically induced.  
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Figure 29. Surface regeneration on PDMS and its suppression by poly(carboxybetaine) methacrylate 
(pCBMA). (a) PDMS chains reconstruct, resulting in constant surface renewal. (b) Oxidation of PDMS 
degrades over time. (c) amphiphilic polymers, such as PEG, do not prevent hydrophobic regeneration of 
PDMS. (d) pCBMA forms stable nonfouling surfaces due to its zwitterionic nature. Reprinted with 
permission from Keefe, A. J.; Brault, N. D.; Jiang, S. Y., Suppressing Surface Reconstruction of 
Superhydrophobic PDMS Using a Superhydrophilic Zwitterionic Polymer. Biomacromolecules 2012, 13 
(5), 1683-1687. Copyright 2012 American Chemical Society.  
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Another advantage of zwitterionic polymers over PEG is their long-term passivation of 

PDMS (Figure 29). In contrast to PEG, which is an amphiphilic polymer that is soluble in 

both water and nonpolar solvents, zwitterionic polymers have strong chain-chain 

interactions that result in ionic bridging. It is precisely this bridging that enhances the 

stability of the coatings of zwitterionic polymers on PDMS. Additionally, covalent 

conjugation of biomolecules to zwitterionic surfaces can be achieved through mild 

reactions involving amide coupling. Such conjugation is attractive because it 

demonstrates the conversion of a naturally hydrophobic material, like PDMS, to a stable 

and biofunctional one.157 

Polymethacrylates  

Polyacrylates represent some of the most “traditional” and widely sided class of polymer 

biomaterials. Following similar design motifs as ethylene glycol, the polymethacrylates 

posess hydrogen-bond accepting and donating groups that provide scaffolding for 

interactions with water molecules.  

 

Figure 30. Molecular strucutres of common passivating polyacrylates. 
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It has been demonstrated that polymethacrylate brushes provide nearly undetectable 

protein adsorption (< 0.3 ng�cm-2) in diluted blood plasma and serum. In terms of 

antifouling performance, poly(HEAA) and poly(HEMA) exhibit superior properties in 

comparison with poly(HPMA) (Figure 30).143-145, 171, 214 This difference can be attributed 

to the number of hydrogen bond donors and acceptors in their monomeric units, which 

confirms the significance of polymer hydration. 

An outcome from the exploration with polymethacrylates is the confirmation that the 

thickness of the polymer film is critical for successful passivation. Protein adsorption was 

determined to be highly dependent on film thickness when using undiluted blood serum 

and plasma. Optimal film thickness for achieving non-fouling surfaces determined by 

balancing two opposing effects: (i) thickening the film ensures the complete coverage the 

substrate and the formation of a sufficiently dense hydration layer; but (ii) as film 

thickness increases surface roughness also increases. Higher surface roughness, a result 

from steric hindrance, polymer polydispersity and chain entanglement, could facilitate 

protein entrapment as well as increased cellular adhesion.145 

Polymethacrylate polymers have been utilized for generating multifunctional interfaces. 

So called “hybrid” polymers of poly(HEAA) and salicylic acid displayed antimicrobial 

capability on top of the nonfouling functionality provided by poly(HEAA) alone.143 
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2.1.6. Conclusions 

The surfaces of materials govern their biocompatibility. Molecular-level view at the 

interfacial interactions between materials and the surrounding environment reveals the 

common features that are essential for attaining bioinertness and controlled 

biofunctionality. The understanding of these molecular features sets the foundation for 

rational design and engineering of materials with diverse set of emerging surface 

properties needed for meeting the requirements of wide range of different biomedical 

applications.    
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2.2. Functionalization of Abiotic Interfaces for Investigation of Fluorescence 

Staining at the Single-Cell Level 

 

 

 

Summary: This section describes the development of bioinspired abiotic interfaces for 

the selective capture of bacterial cells. Surface engineering with carbohydrate residues, 

specifically with D-mannose, provided a means for immobilization of bacterial cells in 

pure and complex environments. Immobilization of bacteria on mannose-functionalized 

surfaces, in turn, allowed for the recording of the kinetics of fluorescence staining of E. 

coli and B. subtilis with ThT using fluorescence microscopy with single cell resolution 

and in a massively parallel manner.  
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2.2.1. Introduction 

Many bacterial species, including a long list of known human pathogens,215 express 

molecules that facilitate the bacterium’s adhesion to host tissue surfaces. Among the 

human pathogens that express adhesion molecules are Escherichia coli, Salmonella 

typhimurium, Neisseria gonorrhoeae, Staphylococcus aureus, Klebsiella pneumonia and 

Pseudomonas aeruginosa.215 Commonly known as adhesins, these adhesion mediating 

molecules can be expressed either on the hair-like projections of bacterial cells, called 

pilli, or on the cell surfaces.216  

 

Scheme 8. Adhesion to the host tissue initiates pathway to infection. 

 

 

Adhesion is the foremost key process that bacteria undertake toward infection, 

colonization, and even toward invasion into a host cell (Scheme 8).216 The adhesion 

process is often governed by interactions between adhesins and host cell surface 

carbohydrates. The most studied adhesin-carbohydrate interaction is that between the 

type 1 fimbriae of E. coli, which contains FimH adhesins, and α-D-mannose.   

Growing concerns about increased levels of antibiotic resistant bacteria have sparked the 

Infection 
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interest to develop alternatives to the use of antibiotics against bacterial infections.217 

Extensive research about the nature of the adhesin-carbohydrate interactions has given 

rise to strategies that interfere with the adhesion of bacteria to the host carbohydrates. 

Research on the subject of carbohydrate-specific bacterial adhesion has ranged from 

studying the crystal structure of the FimH-mannose complex218 to engineering mannose-

presenting surfaces for immobilizing E. coli under static and dynamic conditions.134 

Adhesin-carbohydrate interactions have also been exploited for the development of 

carbohydrate functionalized microarrays for investigating the carbohydrate specificities 

of bacteria, for detection of bacteria and for screening anti-adhesion molecules.219  

Our initial kinetic studies (Section 1.1.) were conducted in bulk settings: i.e., the 

fluorescence staining kinetics were measured for stirred cell suspensions, placed in 

cuvettes, containing one type of bacterial strain of a pure culture. The relative simplicity 

of such bulk measurements prove attractive for screening and quantifying staining 

dynamics.9 The bulk measurements, however, have some key deficiencies: (1) the 

fluorescence from the free dye in solution, which is not taken up by the cells, limits the 

sensitivity to about 105 and 106 cell/ml; (2) the complete mixing of the dye with the cells 

may take up to a second or two, which prevents the kinetic analysis of the very early 

stages of staining with characteristic times of less than a second; and (3) the bulk 

measurements provide average signals from all cells in a sample, preventing 

identification when a sample contains more than one species of bacteria.  

In the pursuit to investigate the use of dynamic staining as a means for rapid bacterial 
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identification it is essential to define what we mean by the term “rapid.” A rapid method 

of bacterial identification would be one that does not require sample pretreatment or 

preparation such as those that rely on culturing cells to concentrations higher than 105 

cell/ml. In fact, the motivation for such an expedient diagnostic tool is to determine the 

identity of a bacterial contaminant or infection directly from an infected sample. For 

cases where an infection is in the blood, a patient begins to experience symptoms when 

bacterial cell concentration in the blood reaches 101 – 102 CFU/ml [ref, Yagupsky]. To 

address this sensitivity requirement, we resorted to exploring with dynamic staining at the 

single-cell level. By immobilizing bacterial cells, from samples with concentrations 

relevant to sepsis samples, onto glass slides derivatized with mannose-PEG layers, we 

recorded species-specific staining kinetics for E. coli (TOP-10) and Bacillus subtilis. 

 

2.2.2. Results 

Bacterial cell capture with glass surfaces functionalized with mannose.  

Using surface engineering techniques developed in our lab we functionalized glass 

surfaces with aminated carbohydrate conjugates [ref, Jiandi paper]. The heterogeneous 

surface derivatization of glass coverslips was performed at the liquid-solid interface. 

Following amination of the glass surfaces (Scheme 9), the surfaces were functionalized 

with a mixture of two types of polyethylene glycol (PEG) molecules, butyraldehyde-

PEG-butyraldehyde (10 kD) and butyraldehyde-PEG (5kD) via reductive amination using 

sodium dithionite as reducing agent. The termini of the PEGylated chains (containing 
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free aldehyde functional groups) were then reacted with aminophenyl-α-D-

mannopyranoside using reductive amination with sodium dithionite.  

 
 
 

Scheme 9. Bioinspired surface functionalization of glass with mannose-PEG chains. 

 
 

To test the effectiveness of the mannose-functionalized surfaces for adhering to bacterial 

cells, we incubated E. coli and Bacillus megaterium cells, for 10 minutes, in wells on 

each of the three type of surfaces produced during the functionalization process, that is, 

aminated, PEGylated and mannosylated surfaces respectively. Following extensive 

washing with Tris buffer, brightfield images where captured of the cells that remained 

fixed (Figure 31). 

As expected, E. coli cells preferably adhered to surfaces treated with α-D-mannose. 
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Interestingly, B. megaterium cells, which are gram (+) and not expected to express FimH 

adhesins, also preferably adhered to the mannosylated surfaces (Figure 31).  

 

 
Figure 31. Preferential adherence of bacteria to mannose functionalized glass surfaces. Representative 
brightfield images of B. megaterium and E. coli cells adhering to aminated, PEGylated and mannosylated 
surfaces, scale bar = 10 µm. 
 

Dynamic Staining of bacteria at the single-cell level.  

We recorded sequential fluorescence images of the dynamic staining process at the single 

cell level (Figure 33) of two different bacteria species, E. coli and B. subtilis. The 

mannose functionalized surfaces were successful in immobilizing the cells, thereby 

facilitating the imaging of the staining process without the cells being resuspended or 

removed from the surface. Also, the fluorescence enhancement that occurs in the sub-

second regine can be explored using single-cell dynamic staining. 
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Figure 32. Dynamic staining at the single-cell level. Sequential images showing Bacillus subtilis cells 
adhered to mannose functionalized surface, and stained with 1 µM ThT. (a) brightfield image; (b) no ThT 
present; (c) image recorded right after 1 µM ThT introduced; (d) imaged 0.1 s after ThT addition and the 
start of fluorescence staining; (e - i) imaged after addition of ThT after 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 s 
respectively. Scale bar = 10 µm. 

 

Species discernibility was observed for the two different species stained in this study 

(Figure 10). We observed that upon addition of ThT and initial fluorescence staining of 

the cells, the fluorescence intensity reached a maximum and shortly after decreased 

significantly. Instead of reaching a fluorescence plateau, as expected based on the bulk 

kinetics experiments, the fluorescence decreased and we believe it may be attributed to 

two reasons. First, the dye molecules in the field of view are experiencing photobleaching 

and second, a lack of stirring of the media may result in a lack of continuous uptake of 

ThT by the cells and therefore the fluorescence intensity declines. 
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Figure 33. Average Fluorescence-enhancement kinetic curves recorded from sequential images and by 
taking into consideration at least 20 cells, randomly selected, in the field of view. All samples were 
prepared with 2 mM aqueous Tris buffer, pH = 8.5, 0.5 mM TWEEN® 40 surfactant, and stained with 1 
µM ThT. (a) average kinetic curve of E. coli fluorescence staining with ThT; (b) average kinetic curve of 
B. subtilis fluorescence staining with ThT. Black and blue points represent data from fluorescence staining 
of 20 cells, red lines are biexponential fitting curves where the time constants, τ, represent the fast 
component of the biexponential fits. 
 

2.2.3. Conclusions 

 Surface functionalization of abiotic interfaces with D-Mannose in combination 

with fluorescence imaging provides a means for investigating the dynamics of 

fluorescence staining of bacterial cells at the single-cell level. With this approach we 

extracted kinetics time constants that where characteristic of two different bacterial 

species, E. coli and B. subtilis. These findings demonstrate the feasibility of using 

dynamic staining for rapid bacterial identification. 

 

 

 
 
 
 

(a) (b) 
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CHAPTER 3. Microfluidics for Biosensing and Emission Spectroscopy 

 

3.1. Space-Domain Time-Resolved Spectroscopy: A Portable Biosensing 

Platform 

 

 

Summary: This article describes the utilization of laminar microflows for time-resolved 

emission measurements with steady-state excitation and detection. Passing a laminar flow 

through a short illuminated section of a microchannel provided a means for pulsed-like 

photoexcitation of the moieties carried by the fluid. Imaging the microchannel flows 

carrying thus photoexcited chelates of lanthanide ions allowed us to extract their excited-

state lifetimes from the spatial distribution of the changes in the emission intensity. The 

lifetime values obtained using this space-domain approach agreed well with the lifetimes 

from time-domain measurements. This validated space-domain microfluidic approach 

reveals a means for miniaturization of time-resolved emission spectroscopy.  
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3.1.1. Introduction 

Currently, the experimental determination of emission lifetimes requires time-domain or 

frequency-domain approaches.220 Time-domain measurements involve excitation with 

short pulses and monitoring of radiative decays with fast detectors.221 Conversely, 

frequency-domain measurements yield lifetimes from the phase shifts and the 

demodulation of emission signals recorded during photoexcitation with radio-frequency-

modulated illumination.222 

Extracting temporal information from spatial distribution of optical signals benefited the 

development of ultrafast time-resolved spectroscopy. Pump-probe and streak-camera 

techniques utilizing a control of spatial delays for pulses (traveling with the speed of 

light) provide the means for pico- femto- and attosecond temporal resolution.83, 223, 224 

Such ultrafast techniques, however, are unfeasible for nanosecond and longer time 

domains. 

Microfluidics (µFLs) presents an alternative for time-resolved spectroscopy by 

employing excitation and imaging, both operating solely in a steady-state mode.225, 226 

Flow velocities in the range of cm s–1 to m s–1, readily attainable in mFLs, provide the 

means for observable spatial displacement that correspond to micro- and millisecond time 

domains: i.e., time-domains that are too slow for ultrafast spectroscopy and too fast for 

traditional steady-state techniques.72, 224 Inherently, µFLs offers venues for 

miniaturization and for field-deployable technologies. 
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Fast mixing in microchannels, followed by monitoring the appearance of the microflows 

down the stream, allows for kinetic measurements with millisecond resolution.226-228 A 

control of the flow rates provides a means for converting the distance along an imaged 

microchannel into time scales.227 The speed of mixing, the flow rates, and the spatial 

imaging resolution control the limits of the temporal resolution of such space-domain 

measurements. 

Pyridine-2,6-dicarboxylic acid, i.e., dipicolinic acid (DPA) is a natural product present 

solely in bacterial endospores,62, 229 and has a high affinity for lanthanide ions, Ln3+.8, 12 

In such Ln3+ chelates, the DPA ligands act as photo-sensitizers, allowing access to spin-

forbidden radiative-decay transitions of the chelated ions. Thus, the complexation of 

Tb3+, Eu3+ and other lanthanide ions with DPA, which enhances their emission, offers a 

key handle for biosensing of bacterial endospores.8, 9, 59-61, 230 Furthermore, the emission 

lifetimes of such complexes strongly depend on the number of ligands chelating the metal 

ions.11 

Herein, we explore the use of laminar microflows for time-resolved emission 

spectroscopy employing steady-state imaging. Continuous-waveform (CW) illumination 

of a short stretch of a microchannel caused a pulse-like excitation of chromophores 

carried by the flow through the illuminated region (Scheme 10). Epifluorescence imaging 

of microflows after such confined CW illumination revealed the progress of the radiative 

deactivation of the excited states of complexes of terbium, Tb3+, and europium, Eu3+, ions 

with DPA. Comparison of the obtained space-domain emission lifetimes with previously 
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reported time-domain measurements9, 11, 231, 232 revealed the unexplored benefits, as well 

as the limitations, of this microfluidic approach. 

 
 

Scheme 10. µFL setup for space-domain measurements. (a) Channel geometry; (b) Device-microscope 
assembly; (c) Close view of the working area of the device. 

 
 

3.1.2. Results 

Principles of mFL space-domain spectroscopy. We hypothesized that if continuous-

waveform (CW) localized illumination at the beginning of a microchannel photoinitiates 

radiative processes, their progress can be monitored by imaging the microflows adjacent 

to the CW excitation. At flow rates, Q, of tens of microliters per minute, fluids move 

through microchannels in a laminar manner with average flow velocities, 〈v〉, on the order 

of decimeters per second (due to the small cross sections, A, of the channels): i.e., 〈v〉 = Q 

A–1. Therefore, imaging such microflows with lateral resolution of a few micrometers 

provides the means for temporal resolution in the order of 10–5 s. 
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For the space-domain time-resolved emission measurements, we used print-and-peel 

(PAP)10, 43, 233 fabricated µFL devices that were coupled with quartz optical fibers for 

illuminating small regions of the microchannels with UV light (Scheme 10a, c). As 

laminar flows carried solutions of Ln3+ and DPA through CW-illuminated spots, the 

chromophores experienced pulsed-like excitation (Scheme 10). Sufficiently fast flow 

velocities resulted in short enough effective durations of the flow-induced excitation 

pulses, ensuring that much of the radiative deactivation of the Ln3+ chelates occurred in 

the non-illuminated regions of the channels (Figure 34b). Images of such flows revealed 

green and red luminescence from the Tb3+ and Eu3+ solutions, respectively, decaying 

along the channel lengths after the illuminated spots.  

Two approaches allow spectral characterization of the emission-decays images: 

(1) separating the red, the green and the blue components of RGB images recorded with a 

color camera; and (2) placing band-pass filters between the µFL devices and a 

monochromatic camera, and imaging only the spectral features at particular emission 

wavelength ranges. We used the latter approach because it provided improved selection 

of the wavelength ranges of interest. 
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(c) (d)  

Figure 34. Space-domain time-resolved emission measurements. (a) Microscope image (16 bit) of the 
region of a microchannel, filled with water, illuminated at 280 nm. The imaged emission originated from 
autofluorescence. (b) Microscope image of the emission decay recorded through a band-pass filter (570-
620 nm). Solution of 20 mM Eu3+ and 100 mM DPA was flown through the illuminated region of the 
channel (lex = 280 nm) at flow rate Q = 20 ml min–1. Scale bars on (a) and (b) correspond to 200 mm. 
(c) Emission trace, R*(x), extracted from the decay image, (b), along with excitation trace, L(x), extracted 
from the image of the illumination spot, (a), and the data fit of R*(x) vs. x using equations 1 and 2. (d) The 
same R*(x) and L(x) as (c), in which the data fitting was limited to the decay region of the image trace with 
minimum interference from the autofluorescence from the excitation spot. The difference in the lifetimes 
from (c) and (d) was less than 10%. The inset represents the decay data and the data fit plotted against 
logarithmic ordinate. The use of equations 1 and 2 provided adequate data fits for the traces, R*(x), 
extracted from images (b). As indicated by the residuals, however, limiting the data fits to the regions of the 
emission-decay traces, R*(x), where the autofluorescence from the excitation had minimum to no 
contribution, improved the quality of the data fits, i.e., (c) vs. (d). 
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Analysis of time-resolved data in space domain. Because the size of the excitation 

spots, S(x, y), was comparable with the lengths of the imaged luminescence decays, we 

deconvoluted the measured emission response, R*(x, y), to extract the space-domain 

lifetimes, tS, of the samples (Figure 34c, d):234 

R* x, y( ) = R x, y( ) +ψ S x, y( )        (1a) 

R x, y( ) = L x, y, z( )⊗G x, y, z( )dz
0

h

∫ =

= L x −ξ, y, z( )G ξ, y, z( )dξ
0

x

∫ dz
0

h

∫      (1b) 

where R(x, y) is the response resultant from the chromophore emission, and the second 

term of the sum accounts for the imaged autofluorescence from the materials along the 

pathway of the excitation ultraviolet light. L(x, y, z) is the intensity of the excitation light 

at coordinates x, y and z, corresponding to the axes oriented along the length, the width, 

w, and the height, h, of the channel, respectively. G(x, y, z) is an exponential decay 

function of emission induced by d-function pulse excitation, i.e., excitation by 

illumination at a single point with coordinates 0, y, z. This exponential decay function 

encompasses the conversion of spatial displacement along the channel length, x, to time 

after the d-excitation, t(y, z), employing the component of the flow velocity along x, vx(x, 

y, z): 

     (2a) 

€ 

L x,y,z( )0≤z≤h = S x,y( ) 10−ε exCDPA h−z( )
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G x, y, z( ) = G0 exp −
t y, z( )
τ S

⎛
⎝⎜

⎞
⎠⎟
+ g∞ =

= G0 exp − x
vx x, y, z( )

1
τ S

⎛
⎝⎜

⎞
⎠⎟
+ g∞

     (2b) 

The vertical z-dependence of L was estimated from the optical density of the samples by 

accounting for the concentration of DPA, CDPA, i.e., the principal light absorber at 280 

nm, and for its molar extinction coefficient at that wavelength, eex (equation 2a).11 For the 

image of the excitation spots, S(x, y), we recorded the autofluorescence from the µFL 

devices without emissive sample in their channels (Figure 34a). 

Flow-velocity profiles within elastomer microchannels. For flow rates between 10 and 

50 ml min–1, the Reynolds numbers, Re, for the aqueous solutions passing through the 

stretch of the microchannel illuminated with the excitation light, ranged between 0.9 and 

4.4. These relatively small values of Re ensured that the flows of the tested samples were 

laminar. Furthermore, due to the small heights of the channels, the entry lengths for the 

different flow rates did not exceed 10 mm; i.e., the parabolic velocity profiles of the 

laminar flows were completely developed by the time they reached the illuminated region 

of the channels.   

The conservation of mass allows for relating the flow-velocity profiles, v(x, y, z), at each 

position x along the channel, with the flow rate, Q:  

Q = v x, y, z( )dzdy
0

h
∫0

w
∫ ≈ vx x, y, z( )dzdy

0

h
∫0

w
∫     (3) 
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Dividing the x-coordinate by the magnitude of the components of the flow velocity 

vectors along the length of the channel, vx(x, y, z) provided the time-resolved features 

from the space-domain dynamics (equation 2b). Assuming parabolic distribution and no-

slip conditions, we estimated the velocity-profile distributions across the channel cross-

sections from the flow rates (equation 3). Profilometry and fluorescence microscopy 

provided a means for determining the channel cross sections. 

The µFL devices were PAP-fabricated of poly-dimethyl-siloxane (PDMS) slabs, 

permanently adhered to glass slides.235 Because of the relatively large elasticity of 

PDMS, pressure-driven flows deform the walls and the ceilings of the microchannels of 

such devices.236 Such deformations alter the channel cross-sections and the flow-velocity 

profiles during the operation of the devices. Therefore, profilometry measurements of the 

negative-relief imprints on the PDMS slabs (Figure 35a), prior to the device assembly, 

represented only of the channel cross sections with no pressure-drive flows through them.  
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(a)  
 

 
 

 
Figure 35 (part 1). Channel cross-section and flow-velocity profiles, vx(x, y, z), estimated from 
profilometry and fluorescence images for different flow rates, Q. (a) Surface plot of the entrance region of a 
mFL channel from profilometry data. (b, c) Uncorrected epifluorescence images (8 bit) of the entrance 
region of a mFL channel filled with 1 mM aqueous solution of fluorescein buffered at pH 8, at rest and at 
flow rate of 50 ml min–1. 

 

 

 

 

(c) 

(b) 
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Figure 35 (part 2). Channel cross-section and flow-velocity profiles, vx(x, y, z), estimated from 
profilometry and fluorescence images for different flow rates, Q. (d, e) Uncorrected fluorescence traces 
across the channels, recorded at different flow rates, as indicated with the dotted red lines on the images, 
(b) and (c). (f, g) Channel cross-sections estimated from the fluorescence traces (d) and (e), using equations 
4 and 5. 

(d) 

(e) 

(f) 

(g) 
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Figure 35 (part 3). Channel cross-section and flow-velocity profiles, vx(x, y, z), estimated from 
profilometry and fluorescence images for different flow rates, Q. (h) Spectral overlap between the 
fluorescein absorption at pH 8 and the excitation, I0, obtained from the microscope mercury lamp as a light 
source, passed through the fluorescein isothiocyanate (FITC) excitation filter used for the recording of the 
fluorescence images. (i, j) Flow-velocity profiles for 10 and 50 ml min–1, obtained using equation 3 and 
smoothed cross-sections (f) for various flow rates assuming no-slip conditions and parabolic distribution.  

(h) 

(i) (j) 
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Employing fluorescence microscopy allowed us to estimate the cross-sections at different 

flow rates. We imaged the µFL channels as we passed solution of fluorescein at different 

flow rates. An increase in the flow rate increased the intensity of the recorded emission 

from the imaged channels (Figure 2b, c). Because the dye concentration was constant, we 

ascribed this increase in the emission intensity to the increase in the thickness of the 

channel, i.e., to the increase in the pathway of excitation of the fluorescent sample.  

The distribution of the imaged fluorescence intensity across the channels (at 0 ml min–1) 

does not directly follow the contour of the channel cross-section obtained from 

profilometry (Figure 35a, d, e). Unlike transmission optical microscopy where the 

recorded pixel intensity is linearly proportional to the height of the channel,43 as well as 

to the concentration and the extinction coefficient of the chromophore, fluorescence 

intensity has a non-linear dependence on these parameters.105, 237 We, therefore, 

considered this nonlinearity in order to reconstruct the channel cross-sections from the 

fluorescence images.  

For estimating the shapes of the channel cross-sections from the fluorescence images we 

used data recorded with an objective that had depth of field exceeding ~30 mm, i.e., 

ensuring that the whole channel, 0 ≤ z ≤ h, was within the depth of field. Therefore, we 

could represent the imaged fluorescence intensity, Fx,y(h, lex), as an addition of the 

fluorescence from each point along the vertical axis, z, of the channel:    

Fx,y h,λex( ) = Fx,y z,λex( )dz
0

h

∫
       (4a) 
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where lex is the excitation wavelength, and F(z, lex) represents the fluorescence from an 

infinitesimally thin horizontal plane (with thickness z → 0), located at z. The 

fluorescence intensity is proportional to the emission quantum yield of the dye, F, and the 

light absorbed by the thin plane at z: 

F z,λex( )∝ΦI0 λex( ) 1−10−ε λex( )Cζ( )10−ε λex( )Cz = I λex( )10−ε λex( )Cz
   (4b) 

where I0(lex) is the light intensity at the bottom of the channel, i.e., at z = 0, e(lex) is the 

molar extinction coefficient of the dye, and C is the dye concentration. I0 λex( )10−ε λex( )Cz
 

represents the intensity of the light transmitted through the dye solution from 0 to z, i.e., 

the intensity of the excitation light reaching the plane at z. The intensity of the absorbed 

light by the dye within the plane with thickness z is proportional to 
1−10−ε λex( )Cζ( ) , and 

I(lex) does not have z-dependence, i.e., 
I λex( ) = ΦI0 λex( ) 1−10−ε λex( )Cζ( ) . Substituting 4b 

in 4a and integrating along z provide the dependence of fluorescence on the channel 

height: 

Fx,y h,λex( )∝ I λex( ) 10−ε λex( )Cz dz
0

h

∫ =
I λex( )ε λex( )C

ln 10( ) 1−10−ε λex( )Ch( )
  (4c) 

Fx,y h,λex( ) =ϕx,yI λex( )ε λex( ) 1−10−ε λex( )Ch( )
     (4d) 

The proportionality coefficient, jx,y, accounts for the dye quantum yield, for the 

microscope settings, and for the uneven illumination through the field of view. Because 

we employed broadband excitation for the microscopy measurements, we integrated 4b 
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over the excitation wavelength range, between l1 and l2, in order to relate the imaged 

fluorescence intensity with the channel height:  

 

Fx,y h( ) =ϕx,yϒ h( )          (5a) 

where,  

ϒ h( ) = I λex( )ε λex( ) 1−10−ε λex( )Ch( )dλex
λ1

λ2

∫
      (5b) 

We numerically solved the integral ϒ h( ) , using e(l) estimated from absorption spectra 

recorded for aqueous fluorescein solutions. For I0(lex), needed for calculating I(lex), we 

used the spectrum of the mercury arc lamp of the fluorescence microscope, recorded 

through the excitation filter (Figure 35h). To calculate the proportionality coefficient, jx,y, 

we used the fluorescence recorded at no flow rate, Q = 0, and the channel heights 

obtained from profilometry measurements:  

ϕx,y =
Fx,y,Q=0 hprofilometry( )
ϒ hprofilometry( )         (5c) 

Applying equations 4 and 5 to traces from the fluorescence images recorded at different 

flow rates, we estimated the cross section of the channels (Figure 35f, g). For channels 

with large aspect ratios, i.e., w >> h,238 the fluorescence image data and finite element 

analysis revealed that the displacement and the arching of the channel ceilings (across the 

channel widths) encompasses the principal deformation that affects the cross sections and 
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the flow-velocity profiles, which was in accordance with the report from Gervais et al.236  

Within the 2-mm stretch along the mFL channel, where we recorded the emission decays 

(Figure 34b), the difference between cross-sections along the channel length, x, did not 

exceed ~10% (Figure 35f, g), which further justified the approximation v(x, y, z) ≈ vx(x, y, 

z) in equation 3. Using the channel cross-sections obtained from the fluorescence images, 

and employing no-slip conditions and parabolic distribution to equation 3, resulted in the 

flow-velocity profiles, vx(x, y, z), for different flow rates (Figure 35i, j), needed for the 

space-domain emission-decay analysis (equation 2).     

 

Space-domain time-resolved emission of Ln3+ chelates. Using space-domain approach, 

we investigated the emission decays for mixtures of lanthanide ions and DPA, in which 

the luminescent species were a mono-chelated complex, i.e, Tb(DPA), and tris-chelated 

complexes, i.e., Tb(DPA)3 and Eu(DPA)3. In accordance with previous reports, solutions 

in which the concentration of the terbium ions, CTb, exceeded the DPA concentration 

five-fold, provided predominantly mono-DPA chelates.11, 12 Conversely, for the tris-

chelated samples, the CDPA exceeded the concentration of the lanthanide ions, CLn, five-

fold.11, 232 The fine structure of the emission spectra of the Ln3+-DPA mixtures revealed 

that, indeed, for CLn:CDPA = 1:5 the luminescent species were tris-chelates; and that for 

CTb:CDPA = 5:1 – the luminescent species were mono-chelates (Figure 36a).11, 232 

For all samples, the principal light absorber was DPA: at 280 nm, the molar extinction 

coefficients of Tb3+ or Eu3+ are considerably smaller than that of DPA.11 The 
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photoexcited DPA moieties that ligated the lanthanide ions, Ln3+
,, undergo fast energy 

transfer to Ln3+, while the photoexcited free DPA molecules undergo non-radiative 

deactivation. Thus, the principal luminophores in the Ln3+-DPA solutions were the 

chelated Tb3+ and Eu3+. 

For the space-domain emission measurements, we passed the Ln3+-DPA solutions 

through the illuminated channels with flow rates ranging from 10 to 50 ml min–1 (Figure 

36b). An increase in the flow rate increased the lengths of the emission decays (Figure 

36b, d), and hence improved the temporal resolution. The backpressure, however, sets the 

principal limit on the maximum flow rates that were feasibly attainable. Furthermore, at 

the same flow rate, the lengths of the emission decays from the three chelates differed 

(Figure 36b, c) in accordance with the differences in their luminescence lifetimes.9, 11, 231, 

232, 239 

From recorded images of R*(x, y) and S(x, y), we extracted traces along the middle of the 

channels, reducing the data to a one-dimensional spatial coordinate that provides the time 

resolution, i.e., R*(x)y=w/2 and S(x)y=w/2 (Figure 34). Least-square (LS) fits of the R*(x) 

traces using equations 1 and 2, and the estimated flow-velocity profiles (Figure 35), 

allowed for extracting the emission decay lifetimes for solutions containing luminescent 

lanthanide chelates (Figure 34c, d). The fitting parameters encompassed the lifetime, tS, 

along with other quantities, G0, y, and g∞ (equations 1, 2), that were not available via 

alternative estimates. For each flow rate, the terbium tris-chelate samples exhibited the 

longest lifetimes and the terbium mono-chelate samples – the shortest (Table 9). For each 
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chelate, the lifetimes extracted from the emission-decay traces did not manifest 

statistically significant dependence on the flow rate (Table 9, footnote b72). The thus 

obtained values of tS were in good agreement with the previously reported lifetimes of 

these chelates.9, 11, 231, 232, 239 

 

 
 

 
Figure 36 (part 1). Space-domain emission decays of Tb3+ and Eu3+ chelated with DPA, recorded for 
different flow rates. (a) Emission spectra of Tb3+ and Eu3+ in the presence of DPA. (b) Images of the 
emission decays of lanthanide chelates, recorded at different flow rates. The scale bars correspond to 200 
mm. The emission-decay images were recorded through band-pass filters: 510-560 nm for the terbium (III) 
samples, and 570-620 nm for the europium (III) samples. 
 
 

(a) 

(b) 
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Figure 36 (part 2). Space-domain emission decays of Tb3+ and Eu3+ chelated with DPA, recorded for 
different flow rates. (c) Emission-decays traces, R*(x), of the three lanthanide chelates recorded at flow 
rate, Q = 40 ml min–1, along with the corresponding data fits and fitting residuals. (d) Emission-decay 
traces of Tb(DPA)3, along with the corresponding data fits and fitting residuals, recorded at flow rates, Q = 
10, 30 and 50 ml min–1. The traces were extracted from the middle of the imaged channels, i.e., y = w / 2. 
For Ln(DPA)3, CLn = 20 mM and CDPA = 100 mM; and for Tb(DPA), CTb = 50 mM and CDPA = 10 mM (lex 
= 280 nm). 
 

(c) 
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Table 9. Emission lifetimes of Tb3+ and Eu3+ chelates with DPA.a 

chelate 
tS / ms, measured at flow rates Q / ml min–1: b 

〈tS〉 / ms c tT / ms d 
10 20 30 40 50 

Tb(DPA)3 2.13 ± 0.33 2.16 ± 0.23 1.98 ± 0.23 1.96 ± 0.27 1.99 ± 0.22 2.04±0.26 2.05±0.02 

Tb(DPA) 0.581±0.179 0.497±0.183 0.556±0.245 0.570±0.152 0.531±0.190 0.55±0.19 0.53± 0.02 

Eu(DPA)3 1.77 ± 0.37 1.64 ± 0.31 1.73 ± 0.27 1.56 ± 0.25 1.53 ± 0.31 1.65± 0.31 1.51±0.11 

a Data from four different microfluidic devices. For Ln(DPA)3, CLn = 20 mM and CDPA = 100 mM; and for 
Tb(DPA), CTb = 50 mM and CDPA = 10 mM.  
b Lifetimes, tS, from space-domain measurements. Based on two factor ANOVA test, while the lifetime 
values were unique for each chelate, they did not depend on the flow rate, Q. The two null hypotheses 
were: H0

(1): t does not depend on the chelate; and H0
(2): t does not depend on Q. The p-values for the two 

hypotheses, obtained from the ANOVA test, were: pchelate < 10–8, pQ = 0.57, and pinteraction = 0.93. These 
findings allowed for rejecting H0

(1), but not H0
(2).72    

c Based on the lack of statistically significant dependence of the lifetimes on the flow rates, for each chelate, 
〈tS〉 is averaged over the five flow rates: 〈tS〉 = 5–1Si tS(Qi). The error bars, DtS, were propagated from the 
error bars for the different flow rates: DtS 2 = 5–1Si (DtS(Qi))2.  
d Lifetimes, tT, from time-domain measurements (from at least five different measurements for each of the 
chelates). Based on a Welch's t-test, i.e., a modified Student’s t-test, the lifetimes obtained from space-
domain, tS, and time-domain, tT, measurements did not differ within 5% level of statistical significance, i.e., 
a = 0.05. Testing H0, if tS and tT are identical for each of the three chelates, yielded p = 0.87, p = 0.67, and p 
= 0.083 for Tb(DPA)3, Tb(DPA), and Eu(DPA)3.    
 

To further confirm the emission lifetimes obtained from the space-domain image data, we 

examined the luminescence properties of the same Ln3+ samples using time-domain 

measurements. Illuminating the samples with femtosecond pulses from a mode-locked 

laser source resulted in emission decay signals that extended to a few milliseconds after 

the excitation (Figure 37). The laser pulse-width was orders of magnitude smaller than 

the measured lifetimes, ensuring that d-function represented a reasonable approximation 

for the excitation pulses. Monoexponential fits of these time-domain emission-decay data 

yielded lifetimes, tT, that agreed well with the space-domain measured tS (Table 9, 

footnote d).    
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Figure 37. Time-domain measurements, with the corresponding monoexponential data fits, of emission 
decays of Tb3+ and Eu3+ chelated with DPA, normalized for t = 0, which correspond to the timing of the 
excitation laser pulse, and presented against logarithmic ordinate. For Ln(DPA)3, CLn = 20 mM and CDPA = 
100 mM; and for Tb(DPA), CTb = 50 mM and CDPA = 10 mM (lex = 266 nm; 40 fs pulse width at 800 nm 
prior to the second and third harmonic generators). 
 

3.1.3. Discussion  

The steady-state mode of operation of this space-domain mFL approach, allowed for a 

fast acquisition of emission-decay data with relatively large signal-to-noise ratios. Using 

lanthanide chelates as emission samples, we demonstrated the feasibility of employing 

facilely fabricated microdevices for measuring lifetimes that range from hundreds of 

microseconds to milliseconds. 

It took seconds to record the emission-decay images using easy-to-fabricate low-cost 

mFL assemblies. Furthermore, this space-domain approach provides venues for 

miniaturization, allowing for in situ time-resolved spectroscopy measurements on lab-on-

a-chip (LoC) setups. In fact, the fluorescence microscope was the “bulkiest” component 

of the setup needed for these studies. The development of the camera and microscopy 
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field-deployable technologies, however, will address concerns for competitive cost and 

size of the microscopes needed for the space-domain µFL measurements.240 Even in these 

studies, the cost and the size of the equipment for time-domain measurements (Figure 37) 

exceeded the cost and the size of the space-domain emission microscopy setup. 

Furthermore, time-domain measurements employing “traditional” time-correlated single-

photon counting may take an hour or longer to acquire reasonable counts per channel for 

decays in the 100s of ms and ms domains. Therefore, space-domain time-resolved 

emission spectroscopy, which is based on steady-state measurements, has certain 

unexplored advantages that can prove useful for a range of analytical and LoC 

applications. 

Average flow velocities of decimeters per second provide the means for temporal 

resolutions of 10 ms or better assuming micrometer optical spatial resolution between 

neighboring points on the decay images. In the current devices, however, the size of the 

excitation spot (Figure 34a) set the lower limit on the measurable lifetimes. For the flow 

velocities we attained (Figure 35), excitation spanning over 300 mm along the channel 

prevented the characterization of emission-decay kinetics with lifetimes much smaller 

than about 100 ms. Therefore, decreasing the area of the excitation spot would not only 

extend the lower limit of the measureable lifetimes, but also simplify the analysis of 

emission decays involving relatively long lifetimes by eliminating the need for spatial 

deconvolution (equation 1b). 

An increase in the flow rate lengthened the decay traces (Figure 36b), and appeared to 
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provide the means for improving not only the temporal resolution, but also the lower 

limit of the attainable lifetimes. Such a flow-rate increase, however, also increased the 

backpressure, which deformed the channels and increased the areas of the cross-sections, 

decreasing the average flow velocity in comparison with non-deformed channels. 

Therefore, the elasticity of the polymer composing the devices presented a limitation on 

the feasibly useful flow-rate range.  

As a material for fabricating mFL devices, PDMS has a range of disadvantages, such as 

pronounced elasticity and oxygen permeability.241 Indeed, employing non-elastic 

materials for space-domain devices would not only prevent the deformation of the 

microchannels, but also considerably simplify the analysis of the flow-velocity profiles 

and improve the dynamic range for the measurements, which will make this technique 

even more attractive than the herein proof-of-concept design.  

Nevertheless, the ease of molding, along with the simplicity of assembling microdevices, 

has made PDMS one of the most widely used material for mFL devices.242 Indeed, PAP-

fabricated PDMS microdevices allowed us to demonstrate the concept of space-domain 

time-resolved spectroscopy. 

3.1.4. Conclusions 

Simplicity and speed are some of the attractive features of this space-domain microfluidic 

technique. While probing emission decays in femtosecond to nanosecond time domains is 

routine for the developed time-resolved spectroscopy techniques, monitoring radiative 

processes in the microsecond and millisecond scales is challenging for most of these 
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“traditional” approaches. Indeed, custom assemblies of Q-switched pulsed lasers, 

reasonably fast photodetectors, and oscilloscopes provide access to the ms and ms time 

domains.9, 11 Conversely, the space-domain mFL approach offers accessible means for 

exploring millisecond and submillisecond photokinetics, i.e., time domains important for 

biochemical probes243 and for emerging nanomaterials.244 We believe that such space-

domain approach will provide key venues for bringing time-resolved spectroscopy to lab-

on-a-chip settings. 
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