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Aims and Scope

Fluorescence spectroscopy, fluorescence imaging and fluorescent probes are indis-

pensible tools in numerous fields of modern medicine and science, including

molecular biology, biophysics, biochemistry, clinical diagnosis and analytical and

environmental chemistry. Applications stretch from spectroscopy and sensor tech-

nology to microscopy and imaging, to single molecule detection, to the develop-

ment of novel fluorescent probes, and to proteomics and genomics. The Springer
Series on Fluorescence aims at publishing state-of-the-art articles that can serve as

invaluable tools for both practitioners and researchers being active in this highly

interdisciplinary field. The carefully edited collection of papers in each volume will

give continuous inspiration for new research and will point to exciting new trends.





Preface

The key element of any fluorescence sensing or imaging technology is the fluores-

cence reporter. It is a molecular or nanoscale device that transforms the information

on molecular interactions and dynamics into measurable signal of fluorescence

emission. Due to these reporters, fluorescence technologies feature the unique

combination of very attractive properties, such as extreme sensitivity up to individ-

ual molecules, ultrahigh resolution in time, potential for multiplexing applications,

and remote accessibility with the possibility of obtaining the high-resolution

images. These properties are in the background of innumerable applications. Within

this content, the aim of three volumes under a common title: “Fluorescence

Reporters in Chemistry and Biology” is to provide the comprehensive overview

of fluorescence reporters, concentrating on those of them that represent organic

fluorophores or exhibit similar spectroscopic behavior. Being historically the first,

organic dyes maintain their leading positions both in basic studies and technology

developments. In logical sequence, Part I was devoted to fundamentals and design

of organic fluorophores and to optimization of their valuable properties. Part II

addressed nanoscale constructions that are designed based on organic fluorophores

and the systems that behave like these reporters but display strongly improved

functioning – the clusters of only few noble metal ions and the conjugated poly-

mers. The present Part III is the final part highlighting the applications of fluores-

cence in sensing and imaging, from the nanoscopic properties of materials to the

biological whole-body imaging.

Heterogeneity in structural and dynamic properties is peculiar to any condensed

state system. Special attention is required to those systems, in which such hetero-

geneity reveals on a very short length scale comparable with the size of molecular

reporters. The introductory chapter addresses this important issue and critically

analyzes different approaches based on physical theory, empirical correlations, and

computer simulations. A strong attempt is made toward reducing ambiguity in

interpretation of experimental data.

Improving old and designing new materials require new developments in fluo-

rescence techniques. Static and dynamic properties of synthetic polymers and of

their change during the synthesis, processing, and aging are the subject of the

special chapter. The readers interested in unique properties of ionic liquids as the
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media of prospective “green chemistry” will obtain the important information on

them derived from molecular probing. The systems with nanoscale anisotropy in

molecular interactions and dynamics include liquid crystals, molecular-scale thin

films, micelles, and bilayers formed of surfactants and lipid molecules. Strong

electric field gradients are the characteristic of them. Physical modeling and

structural data with atomic-level resolution help in understanding the spectroscopic

response in proteins and nucleic acids.

The most extensive and efficient applications of fluorescence techniques are in

the studies of biological macromolecules in different aspects – for sensing of other

molecules as the targets and for obtaining the distributions of sensed molecules

within the living cells and tissues. Operating with organic fluorophores within

living cells is a challenging task and it can be addressed by the design of biosyn-

thetically produced protein and peptide tags. Three chapters of this book address the

design of organic fluorophores and their covalent modification for fitting these tags

inside the cells.

Fluorescence reporters possess extending possibilities for applications on tissue

and whole-body levels. They became realized with the design of bright fluorescent

dyes absorbing and emitting light in the near-IR range of spectrum. In vivo imaging

of vascular targets and recognition of hematopoetic and cancer cells belong to

successful applications of organic dyes as fluorescence reporters. Concluding

chapters of this book demonstrate recent progress in these practically important

areas.

In line with other books of these series, this volume demonstrates the advance-

ment in a rapidly developing interdisciplinary field of research and development.

Therefore, it addresses an interdisciplinary audience starting from photophysicists

and organic chemists to specialists in material science, chemical technology, and

also to researchers working with living objects on molecular and cellular levels.

This knowledge will provide additional stimulus to continuous progress in indus-

trial technologies and biotechnologies.

Kyiv, Ukraine Alexander P. Demchenko

January 2011
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Interfacial Behavior of Fluorescent Dyes

Power and Weakness of Nanoscopic Description

Alexander P. Demchenko and Semen O. Yesylevskyy

Abstract Our macroscopic world and the world of atoms and small molecules are

separated by length scales differing by seven or more orders of magnitude. Describ-

ing the latter world with fluorescence probes in terms of structure and dynamics

has both merits and difficulties due to peculiarities and limitations of fluorescence

method. Demonstrating unique resolution in time and very high sensitivity to

interaction energies, this method generally lacks structural resolution on the level

of atomic details. Therefore, presentation of fluorescent probe by its molecular

structure or its derivatives (size, charge distribution, dipole moment, etc.) and of its

tested molecular environment in terms of continuous medium (such as micropolar-

ity, microfluidity, or proticity) became the common method of analysis. This

description that combines molecular-level parameters and reduced to molecular-

level macroscopic parameters can be termed “nanoscopic”. The strong demand

towards rational description of systems with molecular and nanoscale heterogeneity

(surfaces of liquids and solids, liquid–liquid and liquid–solid interfaces, nanopar-

ticles and porous nanocomposites) requires critical analysis of methodology when

applied to these systems. This will be the subject of the present chapter.

Keywords Fluorescence reporters � Nanocavities and nanocomposites � Nanoscale
polarity � Nanoscale viscosity � Solvatochromy � Surfaces and interfaces

A.P. Demchenko (*)

A.V. Palladin Institute of Biochemistry, National Academy of Sciences of Ukraine, Leontovicha st.

9, Kyiv 01601, Ukraine

e-mail: alexdem@ukr.net

S.O. Yesylevskyy

Institute of Physics, National Academy of Sciences of Ukraine, Prospect Nauki, 46, Kyiv 03039,

Ukraine

e-mail: yesint3@yahoo.com

A.P. Demchenko (ed.), Advanced Fluorescence Reporters in Chemistry and Biology III:
Applications in Sensing and Imaging, Springer Ser Fluoresc (2011) 10: 3–62,
DOI 10.1007/978-3-642-18035-4_1, # Springer-Verlag Berlin Heidelberg 2011

3



Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Essentials of Mesoscopic (Nanoscopic) Analysis Based on Computational Approach . . . . 6

3 Analytical Descriptions and Empirical Correlations Exploring the Term “Polarity” . . . . . 12

3.1 Physical Modeling of Polarity Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3.2 Effects of Local Electric Fields . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.3 Hydrogen Bonding Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.4 Empirical Correlations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

4 Dynamics of Molecules and “Microfluidity” . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4.1 Empirical and “Rotating Sphere” Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4.2 Spectroscopy of Molecular Relaxations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

5 Inhomogeneous Broadening and Red-Edge Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

5.1 Static Red-Edge Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

5.2 Dynamic Red-Edge Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

6 Variations of Solvation Shell Composition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

6.1 Preferential Solvation: Statics and Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

6.2 Supercritical and Gas-Expanded Liquids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

7 Remarks on the Properties of Fluorescent Dyes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

8 Location of Fluorophores with Subnanometer Precision . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

8.1 Available Methods to Localize the Dyes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

8.2 Control for the Probe Location . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

9 The Study of Surfaces and Interfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

9.1 Air–Liquid Interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

9.2 Liquid–Liquid Interfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

9.3 Solid–Liquid Interfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

9.4 Solid–Solid Interfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

9.5 The Surfaces of Solids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

10 Guest–Host Composites and Nanocavities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

10.1 Cyclodextrins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

10.2 Calixarenes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

10.3 Dendrimers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

10.4 Sol-Gel Derived Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

11 Conclusions and Prospects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

1 Introduction

Determination of composition, structural arrangement, and dynamics of mole-

cules and their groups of atoms at liquid–liquid and liquid–solid interfaces are

extremely important for understanding various phenomena related to adsorption

and catalysis and for technologies of chemical synthesis and separation/purifica-

tion of reaction products. The properties of nanoscale porous materials and of

nanoparticles, possessing very high surface-to-volume ratios, can be to a dramatic

extent determined by interactions at their solvent interface. Structure and stability

of synthetic polymers and biopolymers (proteins, polysaccharides, and DNA) are

governed by interactions with the solvent and with the adsorbed low-molecular

ligands. Understanding the behavior of these materials requires molecular-size
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tools integrated into these composite systems and serving as the reporters. Fluo-

rescence probing methodology can provide such tools that are simple, highly

sensitive, and nondestructive.

Fluorescence reporting focuses on nanoscopic properties of matter. It uses

different organic dyes, luminescent metal complexes, labeled macromolecules,

and different kinds of nanoparticles to evaluate local properties of their environ-

ment and of their intermolecular interactions. Sensing local field effects, the

fluorescent reporter probes simultaneously the local polarity of the host medium,

specific chemical interactions, and geometrical or morphological constraints.

Meantime, the description of the probed system on the level of atomic details

here is not available (exceptions are the formations of strong complexes and of

covalent bonds by the probes, which is generally outside the probing methodology).

This limitation is simply due to the size of reporters that is larger than atomic.

Another limitation comes with the restricted geometry of probe location and

orientation in structurally inhomogeneous systems that induces new difficulties in

the understanding of their properties. Using fluorescence method, we possess a very

limited number of parameters (they are intensity, anisotropy, lifetime, and the

changes in excitation and/or emission spectra) that could provide informative

reporter signal.

Because of these peculiarities, analysis of fluorescence data depends strongly on

physical modeling leading to simplification of molecular systems or on empirical

correlations relating spectroscopic parameters and intermolecular interactions [1].

Both approaches lead to quasi-continuous characterization of reporter surrounding.

They allow exploration of such terms as micropolarity, microfluidity, or proticity as

the nanoscopic analogs of parameters characterizing macroscopic condensed

media. Such correlation of parameters that refer to macroscopic scale and molecu-

lar scale is not easy and requires different assumptions and approximations that are

rarely discussed in original works.

When the averaged properties of the solvent as the “bulk medium” are of

primary importance, then the quasi-continuous models (such “continuum solvation
models”) that ignore the solvent molecular structure are effective in description.

Meantime, local field effects that deviate from that described in these models and a

restricted geometry of probe location and orientation can be important parameters

for the full understanding of spectroscopic behavior in such complex systems.

Orientation of amphiphilic molecules at the polar–nonpolar interface and formation

of specific interactions (such as charge-transfer complexes or H-bonds) may result

in additional geometrical or morphological constraints. Then the models based on

exact molecular structures (such as “explicit solvation models”) should be applied.

The sensitivity of fluorescence emission from dye molecules to weak intermo-

lecular interactions and their dynamics has been recognized as an important

means to probe local field effects not only in homogeneous systems but also in

the systems with molecular and nanoscale heterogeneity. This chapter is focused

on mesoscopic description of the systems with this type of heterogeneity based on

the data obtained in fluorescence probing. We analyze different methodologies in

this description.

Interfacial Behavior of Fluorescent Dyes 5



2 Essentials of Mesoscopic (Nanoscopic) Analysis Based

on Computational Approach

Mesoscopic objects are the objects dealt in physics of condensed systems that are

larger than atoms but small enough to observe fluctuations of statistically averaged

variables. Fluorescent dyes always probe their local molecular environment, what-

ever is the dimension of studied object, in which they are incorporated. The system

composed of the dye and of its local environment is always mesoscopic. Because of

nanometer size of such systems they are often called nanoscopic. The description of
nanoscopic systems and, particularly, those properties that give rise to spectroscopic

changes should require some combination of classical and quantum-mechanical

variables. Electronic excitations and redistributions of electronic density that

accompany them are described by the laws of quantum mechanics. Meantime,

there is a possibility to use intermolecular potentials derived from classical mechan-

ics to describe intermolecular interactions in the ground and excited states. This

allows considering the change of energies of electronic transitions as information

on these interactions.

Why we are not satisfied by just empirical correlations between spectroscopic

and macroscopic-like properties and need going deeper in the analysis of molecular

and electronic structures? Our first aim is to reduce ambiguity in interpretation that

commonly exists even in neat solvents. For instance, the strong shifts in fluores-

cence spectra could be due to the change of polarity or of H-bonding potential in the

dye environment. But it can be also due to some photophysical reaction in the dye

coupled with the dynamics in this environment. Even more difficult is the analysis

of structure and dynamics in heterogeneous systems. Imagine that we study the

properties of two interacting media of macroscopic dimensions. We can describe

them in macroscopic terms, such as polarity and viscosity. However, this does not

allow for the understanding of the properties of interface, such as the sorption

of amphiphilic molecules (e.g., detergents), aggregation of nanoparticles, and the

interfacial catalysis. On the other hand, atomistic description of these systems is

very hard to achieve experimentally due to limitations of the methods that are

commonly used for structural analysis, such as X-ray diffraction and NMR. But

even if we do so by overcoming the problems of sample crystallization or isotope

enrichment, we get a huge amount of extra structural information that is hard to

analyze. We will then search the possibilities for nanoscopic description.
An “in silico” experiment with molecular dynamic (MD) simulations [2, 3] has a

much broader applicability. This approach is based on application of classical

mechanics and allows computing the forces between all atoms in the system and

equilibrating the structure in chosen thermodynamic ensemble. This provides the

atomistic detail in structure together with realistic dynamics of individual atoms.

Meantime, it is often hard to operate with such large massive of information.

Numerous atomic details can mask the general picture of physical and chemical

processes that depend on statistical behavior of molecular ensembles rather than on

detailed atom–atom interactions. Therefore, the technique of MD simulations is
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moving toward the coarse-grained models. In these models, the groups of adjacent

atoms are combined into the “beads”, which interact with each other by means of

empirical potentials. Since the number of beads is much smaller than the number of

individual atoms, significant speed up of computations could be achieved. The

coarse-grained models could describe slow collective motions of complex mole-

cules (such as large proteins) or macromolecular assemblies like the membranes of

liposomes [4]. The coarse graining provides the nanoscopic description of the

studied systems instead of purely atomistic treatment.

The difference in the characteristic times for different components of the studied

system is crucial for adequate interpretation of MD results. Very slow rotational

degrees of freedom of large solutes, such as proteins, DNA, and membranes, are

never sampled adequately in MD simulations. However, the dynamics of solvent

molecules is usually so fast that the solvent could be considered in local thermody-

namic equilibrium for each given position and orientation of the solute. This allows

averaging the solvent properties effectively and obtaining integral characteristics,

such as local effective dielectric constant, local charge density, local hydrogen

bonding propensity, local ionic concentrations, local electric field, etc. Such local

properties could be computed around active sites of the protein and even in the

vicinity of individual amino acids exposed to the solvent. As a result, unnecessary

details of fast solvent motion are averaged out, while the solute is still described

with atomic resolution. This represents another facet of the nanoscopic description

of the system.

One of the most significant drawbacks of classical MD simulations that deal with

atoms as classical bodies but not the electrons is the inability to handle the excited

states, redistributions of the electronic density inside the molecules, and chemical

reactions. Thus, the development of hybrid simulation techniques, which combine

MD with the quantum mechanics [5, 6], has boosted in recent years. Such combined

techniques allow computing electronic properties of small critical subsystems (such

as organic dye molecules together with their binding sites) in realistic dynamic

environment, which is described in the terms of classical mechanics. The interac-

tions of fluorophores with their environment become dependent on their electronic

state in this approach.

All MD or hybrid simulations provide the trajectories of individual atoms and, in

the case of the hybrid simulations, the electronic densities of the quantum sub-

systems. These quantities should be integrated over the statistical ensemble to

obtain useful characteristics of the system, such as viscosity, polarity, diffusion

coefficient, interaction or solvation free energies, etc.

In contrast to the methods that provide atomic structural resolution, fluorescence

spectroscopy allows achieving response to intermolecular interactions already in

integratedmanner. A nanoscopic level of details can be addressed here by describing
the studied object as an integral but nonhomogeneous system with some of its

essential properties presented on molecular level. The other properties appear as

integrated over elementary interactions and their dynamics, which requires intro-

duction of quasi-continuous description in such terms as “polarity” or “viscosity”.

Essentials in spatial resolution here are not lost if they are determined by the
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structural location and orientation of reporting fluorophore [7]. The nanoscopic view

could also be achieved in MD simulations by performing limited statistical averag-

ing, which preserves the intrinsic heterogeneity of the system. For example, the

averaging in the plane of the lipid bilayer provides nanoscopic quantities, such as the

profiles of polarity, electric field, dipole momentum, etc., across the bilayer [7].

Atomistic simulations of the compounds in the excited electronic states are

rather challenging. Excitation is an electronic process that can only be described

adequately by the methods of quantum chemistry, which are extremely intensive

computationally. Therefore, the reasonable compromise is needed between the

accuracy of the quantum description and the computational speed of the classical

one. The rational choice of different computational schemes can be made in several

distinct cases:

l An excited state is long living compared to the characteristic times of rotational
and translational diffusion. There is no significant time-dependent electronic
charge transfer inside the excited molecule and between this molecule and its
environment. In this case, the classical MD could be used because the charge

distribution in the excited molecule could be approximated adequately by the

point charges on individual atoms. This distribution is computed on the quantum

level when the empirical parameters of the force filed are determined (the

parameterization stage). Only one such computation is needed, which makes it

realistic even for relatively large molecules. As a result, the molecules in the

ground and excited states differ only by their point charges. However, there are a

number of complications in this approach. For example, the energies of bond

stretching and angle bending in the excited state may be very different from the

ground state, while empirical force field parameters for these energy terms are

usually determined in the ground state. This can lead to systematic errors in the

local dynamics and mobility of the studied compounds, although no systematic

studies of these issues seem to be performed.
l An excited state may be short living, but the perturbations of charges of

surrounding molecules, caused by the excitation, are localized in the vicinity
of the chromophore. In this case, the hybrid quantum mechanics/molecular

mechanics (QM/MM) methods could be used to reduce the computational

burden of the quantum dynamics while keeping the accurate quantum descrip-

tion of the excited states. In the hybrid techniques, a small part of the system in

the vicinity of the excited molecule is described on the quantum level, while the

rest of the system is purely classical (Fig. 1). The quantum part usually includes

the chromophore itself and the groups, which interact with it directly. Time-

dependent intra- and intermolecular charge transfer could occur in the quantum

subsystem as well as any chemical reactions. On each simulation step, the forces

from the classical and quantum subsystem are updated in a consistent manner.

This requires one quantum calculation per time step, which is feasible only for

relatively small quantum subsystems.

The consistent coupling between the quantum and classical parts is one of the

most challenging problems in QM/MM calculations, especially if these regions
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are covalently linked. Despite many technical and theoretical difficulties, the

QM/MM functionality is now present in the widely used MD packages such as

Gromacs [8] and Amber [9]. The questions, which can be addressed with the

QM/MM technique, range from the optical properties of small molecules in

different solvents [10] to the charge-transfer phenomena and the mechanisms of

enzymatic reactions in proteins [11, 12].
l Electronic excitation causes significant change of the electronic structure and

the charge distribution, which is not localized. For example, the long-distance

charge transfer or fast diffusion of the excited molecules. In this case, the

methods of the so-called quantum dynamics allow studying dynamic behavior

of the system and its evolution in time on a quantum level. The most widely used

variant of the quantum dynamics is the Car–Parrinello method [13], which

incorporates electronic degrees of freedom directly into the equations of motions

of atomic nuclei. The quantum dynamics is extremely intensive computationally

because the quantum calculations of the whole system should be performed on

each step. This method is usually limited to isolated molecules or small clusters

with at most few dozens of atoms. Recent studies of such relatively complex

heterocyclic molecules as coumarin dye show that purely quantum dynamics

could be used to study their excited state in the gas phase and in the solution [14].

The treatment of molecular environment is one of the most important issues in

the simulations of the fluorescent probes and other compounds in the excited state.

The influence of the solvent on the spectral properties is often the major point of

interest in such studies. As it was already stated before, an explicit solvation model

includes all solvent molecules surrounding the solute (see Fig. 2a). The dynamics of

the solvent should be modeled for rather long period of time, which should be

sufficient for obtaining reliable statistical averages. This is usually prohibitively

time consuming for quantum dynamics simulations. Alternative approach is to

account for the solvent implicitly. In this case, the molecule of interest is placed

into the cavity formed in the surrounding continuous dielectric medium (Fig. 2c).

In the MD simulations, the variety of methods based on the Generalized Born

concept is used [16]. In these methods, each atom is represented by the sphere,

Fig. 1 The scheme of QM/MM simulation. Simulation of the Diels–Alder cyclo-addition reaction

is shown as an example. The reacting groups are treated at quantum level, while the rest of the

system is purely classical. The white circle corresponds to so-called linking atom, which is an

auxiliary particle used to connect quantum and classical subsystems seamlessly. Picture from

http://www.dddc.ac.cn/embo04/practicals/qmmm/qmmmvacuum.html
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which is cut out of the continuous dielectric medium and the electrostatic energy of

such exclusion is computed. The radii of the spheres, called the Born radii, are either

assigned based on the chemical identity of the atoms or updated during the simulation

using various complicated algorithms. In quantum simulations, the COSMO implicit

solvation model is widely used [17]. In this model, the cavity with the shape of the

studied molecule is cut out in the continuous dielectric medium (Fig. 3). It screens the

electronic charge density according to the dielectric constant of the medium and

provides quite accurate approximation of the solvation effects. Particularly, it was

shown that COSMO solvation model allows computing fluorescence spectra of

3-hydroxychromone fluorescent dyes in different solvents quite accurately [18].

Recently, improved implicit solvent models were used to study the dynamics of

electronic excitations. Particularly, the effects of volume polarization and the

penetration of the electronic density through the walls of dielectric cavity [19]

were taken into account. It was shown that these effects play an important role in

the excitations of small test molecules [20].
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Fig. 2 Schematic view of various solvation models. (a) Explicit solvation. (b) Hierarchical

solvation in quantum dynamics [15], different solvation shells are shown in different color.
(c) Implicit solvation. (d) Simple Debye–Onsager model. The coumarin 153 probe in water is

used as an example
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Another direction of improvement of implicit solvent models is the accounting

for time-dependent solvation effects. It was shown that introduction of the time-

dependent continuous polarization into the quantum dynamics allows reproducing

the experimental time-dependent Stokes shift in coumarin 153 and the charge

transfer in N,N-dimethylaniline extremely well [21].

There are attempts to develop the methodology, which keeps an atomic repre-

sentation of the solvent, but improves the computational efficiency significantly in

comparison to purely explicit solvent model, which is especially important for

quantum dynamics simulations. The hierarchical approach is utilized in such

methods (Fig. 2b). Solvent molecules from the first solvation shell, which contact

directly with the solute, are modeled explicitly at the quantum level with full

precision. Few more distant solvent shells are still treated at the quantum level but

the approximation of frozen charge density is used, which speeds up the simula-

tions. Even more distant solvent molecules are considered flexible, but their

geometries are taken from the precomputed snapshots. Finally, the outer solvent

shell is represented by the rigidly fixed solvent molecules [15].

It is possible to conclude that the computational approaches to describe the

interactions of fluorescent dyes with their environments become more and more

popular in recent years. Rapid advances in computer hardware and computational

software allow in silico simulations of either very large systems or intricate time-

dependent quantum phenomena, such as electronic charge transfers. The general

trend of modern computational methods is the combination of different techniques,

which describes the system on different hierarchical levels in order to obtain the

general mesoscopic picture with an emphasis on quantum behavior of critical sites

of interest. Such decomposition keeps the balance between the accuracy of quantum

chemistry and the speed of classical empirical MD simulations and thus is very

promising for large heterogeneous systems. Despite the exceptional spatial and

time resolution of computational techniques, they depend strongly on experimental

reference information, which is used to develop the force fields and to prepare the

realistic starting structure for simulations. Thus, the “golden standard” of modern

mesoscopic studies includes both experimental and computational approaches to

the same system, which complement each other.

Fig. 3 COSMO surface of 4-nitrobenzoic acid colored according to the screened surface charges

induced by the enclosed molecule. Red corresponds to the positive charge, blue to the negative.

Picture from http://commons.wikimedia.org/wiki/File:Nitrobenzoic_acid.png
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3 Analytical Descriptions and Empirical Correlations

Exploring the Term “Polarity”

The term “polarity” is often used in a very general sense describing solvating

capability of the medium. Whereas chemical definition of polarity is based on dis-

tribution of compounds between aqueous and highly hydrophobic phases (e.g.,

using the index log P, which is the logarithm of the octanol–water partition

coefficient), physicists and physical chemists addressing the properties of materials

use two different concepts based on physical modeling or on empirical correlations
that will be discussed below.

3.1 Physical Modeling of Polarity Effects

Physical definition of polarity is quite different from that used by chemists and

physical chemists. Here, polarity is considered as the composition of two basic

effects in accordance to two general ways to stabilize a given molecule in a

particular environment. One is the electronic polarizability of the medium that

provides ultrafast response that can be described as the function of the square of

refraction index, n2, and is frequently presented as f(n2) ¼ (n2 – 1)/(2 n2 þ 1). The

other is the nuclear polarizability that describes the presence of molecular dipoles

interacting with the probing dye and their much slower motion in the electric field

created by this dye. This effect is expressed as a function of dielectric constant, e.
When the effects of electronic polarizability are small (e.g., in fluorescence spectra

in highly polar liquids), the Onsager polarity function f(e) ¼ 2(e – 1)/(2 e þ 1) can

be used as a simplified estimate of polarity. In addition, there are the effects of

generation of induced dipoles that need a more complicated description in both e
and n2 terms. The interactions giving rise to electronic and nuclear polarizability in

the fluorophore environment are considered “universal” in contrast to “specific”

interactions that could be the charge-transfer (CT) complexes and H-bonds [22].

All mesoscopic models used for describing the solvation effects operate with the

concept of Onsager reactive field. Here, the multitudes of real weak (Van der

Waals) intermolecular interactions are represented in an integrated manner as the

macroscopic electric field acting on a dye molecule at the site of its location. It may

be considered as the field created and sensed by the solute dipole in its dielectric

environment. Its electric dipole moment polarizes the solvent so that the solute

itself experiences an electric field, the reaction field. The reaction field strength is

proportional to the solute dipole moment in the ground and excited states. The

energy shift on transition from vacuum (hn0) to dielectric environment (hn) is

proportional to the product of reactive field vector R and Dm ¼ me � mg, the change
of dipole moment on electronic excitation:

hDn ¼ hn0 � hn ¼ DmR=h:

12 A.P. Demchenko and S.O. Yesylevskyy



The simplest models consider the dye as a point dipole located in the center of

spherical cavity of radius corresponding to the dye dimension and dielectric

constant equal to 1 (Onsager sphere radius a) (see Fig. 1d). The frequently used

Lippert–Mataga equation [23] is based on approximation, in which all polarization

effects except the generation of reactive field are neglected and the dipoles of the

ground and the excited states (mg and me) are oriented in the same direction. As the

spectroscopic parameter, the model uses the Stokes shift, which is the difference

between the positions of dye absorption and emission maxima on the wavenumber

scale (in cm�1). It describes how the general solvent effects expressed as a function

of n2 and e can produce the relative shifts between absorption and fluorescence

emission spectra:

�vA � �vF
� ¼ 2

hc

e� 1

2eþ 1
� n2 � 1

2n2 þ 1

� �
me � mg
� �2

a3
þ const: (1)

Here, c is the speed of light and h is Planck’s constant. The function Df(e,n)

Df ¼ e� 1

2eþ 1
� n2 � 1

2n2 þ 1
;

that is called orientational polarizability is the difference between two terms inside

large parentheses of (1). The refractive index contribution accounts for the ability of

the electrons belonging to polarizable groups in the environment to polarize in

order to stabilize the dipole moment of the fluorophore in the excited state, and this

factor decreases the Stokes shift. Such polarization is instantaneous and occurs

during the absorption process. It shifts the absorption spectrum to lower energies. In

contrast, the dielectric constant term accounts for the relaxation process that

involves the rotational or translational motions of groups of atoms or whole

molecules. It develops in time and results in shifts of fluorescence spectrum in

the direction of decrease of the energy difference between the ground and excited

states. The constant term in (1) accounts for small additional spectral shifts due to

excitation and emission to higher vibrational levels. The Df values calibrated in

different aprotic solvents are commonly used as the measures of polarity [24, 25].

There were a number of attempts to improve the Lippert–Mataga equation

(see [26]). Thus, Bakhshiev considered the induced polarization terms and the

nonparallel orientation of ground-state mg and excited-state me dipole moments

[27]. Somewhat different Df values are used for calibration when the genera-

tion of induced dipoles resulting in more complex functions of e and n are

accounted.

Specific interactions, such as CT complexes and H-bonds, cannot be integrated

easily into this treatment. But there is a frequently used possibility to consider the

complexes formed by these interactions as discrete molecular entities that do not

reorganize during electronic excitation. Such approach is not possible with the

structures reorganized in the excited state (e.g., excimers and exciplexes), which
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require different description. In all these treatments, the involvement of specific

interactions can be detected as the deviations from linearity in Stokes shift versus

Df plots (the Lippert plots).
The experimental data show that polarity is an efficient variable describing the

interaction forces of the probe with the solvent and its components. Their description

must involve several molecular properties (electronic and nuclear polarizabilities,

abilities to form specific bonding), and therefore it is difficult to provide a strict

definition of polarity and provide its measurement in a straightforward manner.

Accounting for polarity in quantum and QM/MM simulations is also nontrivial.

The polarity is an integral property averaged over many solvent molecules during

sufficiently large period of time, which should be larger than the characteristic time of

rotational diffusion of the solvent molecules. Such averaging is problematic in

quantum simulations due to huge amount of computational time required. However

there are several approximations, which allow effective accounting for polarity

effects. The method of effective fragment potentials (EFP) subdivides the system

into the solute, which is treated at full precision according to selected basis set, and

the solvent, which is treated at the simplified semiclassical level (Fig. 4). Such

semiclassical description is, nevertheless, more precise than purely classical treat-

ment in traditional QM/MM but is also more expensive computationally. Recently,

the influence of the polar water environment on the excited state of Coumarin 151 dye

was successfully modeled using this technique [14]. Another approach to the polarity

effects in quantum calculations is based on the continuous implicit solvent model

with volume polarization effects [19, 20].

Theoretical description of the polarity effects on the nanoscopic length scale also

progressed in recent years. Particularly, the theory of the electronic polarization of

Fig. 4 The scheme of the

EFP method. The solute

(blue) is treated at the

quantum ab initio level, while

the solvent (red) is treated at

the simplified semiclassical

level

14 A.P. Demchenko and S.O. Yesylevskyy



the molecules based on the concept of nonlocal dielectric function was built [28].

This theory also includes the contribution from spontaneous quantum fluctuations

in polarization, which are rarely taken into account in traditional approaches.

Although such theoretical works are of little practical importance now, they may

lead to the development of innovative computational techniques in the future.

Extended versions of physical theory allow closer approximations of real sys-

tems accounting real shape of the dye molecule and its charge distribution including

not only dipolar but also octupolar and higher order moments and also anisotropy in

solvent polarization. Meantime, the basic theory is sufficient for many applications.

The most important advantages in this analysis are the following:

l The shifts in both absorption and fluorescence spectra are described in a consis-

tent way as the differences in energy of the ground and excited states.
l The time-dependent shifts of fluorescence spectra can be describedwithin the same

formalism in terms of relaxation of surrounding dipoles leading to changes in

energies of these interactions. Thus, dynamics in the medium can be characterized.
l The physical parameters of reporting dyes are included into the analysis so that

they can nicely reproduce the most important spectral features, including fre-

quencies, intensities, and band shapes, based on a few molecular parameters that

are kept fixed in all solvents. Therefore, this analysis can serve as a guideline for

developing new probing dyes. The responses of dyes exhibiting specific inter-

actions can be recognized as deviations from “universal” behavior.
l The models are extendable for describing the mechanisms of excited-state

reactions, such as intramolecular charge transfer (ICT) and excited-state intra-

molecular proton transfer (ESIPT), in which the motions along “the solvation

coordinate” play an important role. These effects can provide additional tools for

characterizing the dye environment.

3.2 Effects of Local Electric Fields

Electric fields, either external or that produced by nearby atomic charges, influence

the energies of electronic transitions resulting in spectral shifts [29] providing

the tools for characterizing electrostatic interactions on a molecular scale. Local

electrostatic fields generated by closely located charges are sensed in the same way

as the effects of polarity being an additional component to the reaction field [30].

In these cases and, particularly, when the densely packed molecules form charged

interfaces, such as in Langmuir–Blodgett films [31] and biomembranes [7], reorien-

tation of the dye with respect to the field can distinguish the electric field effects. A

group of voltage-sensitive styryl or naphthyl styryl dyes has been successfully

applied for the visualization of the changes of biomembrane potentials [32].

The electrochromic dye senses the integrated electric field at the site of its

location whenever this field is applied externally in a macroscopic device or

internally, on a molecular level, produced by nearby charges. The “mesoscopic”
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approach considering the dye p-electronic system as a point dipole, electric field as

a vector ~F that averages all the fields influencing this system and its surrounding as

the medium with effective dielectric constant eef can be used for the description of

electrochromism in the simplest dipole approximation. The direction and magni-

tude of the shift, Dnobs, is proportional (in the first approximation) to the electric

field vector ~Fand the change of dipole moment associated with the spectroscopic

transition D~m:

hDnobs ¼ �ð1=eefÞ D~mj j ~F�� �� cosðyÞ;
where y is the angle between D~m and ~F vectors. It follows that in order to show

maximal sensitivity to electrostatic potential, the probe dye should be located in low-

polar environment (low eef) and oriented parallel (cos y¼ 1) or antiparallel (cos y¼
�1) to the electric field. It is also important that the correlation between the electric

field strength and the spectroscopic effect within the applied approximation is linear,

which allows, in principle, easy calibration of this effect in absolute values.

It is essential to note that electrochromism (the response to external electric

field) and solvatochromism (the response to dielectric interactions with molecular

environment) are based on the same physical mechanism [30]. Practically, this

means that the effects of dipoles chaotically surrounding the dye in a polar liquid

(effects of polarity) are basically not distinguishable from that of dipoles arranged

in organized ensemble and generating the electrostatic potential. In experiments

with the charged interfaces, the distinguishing feature can only be based on the fact

of high structural anisotropy of this interface and the possibility of locating the

probe also anisotropically, orienting it along, reverse or perpendicular to the

interface, as it was shown for lipid bilayers [33]. Therefore, the effects that do

not depend on dye orientation should be attributed to the effects of polarity and

those that show such dependence should be to electrostatic potentials.

Because of stringent demands on the dye location and orientation, the correlation

of spectroscopic effects with the applied field strength is possible only if its location

and orientation relative to the field are fairly known.

It is important to note that the concept of dielectric constant, which is used in

nearly all continuous models of environment, becomes invalid for atomistic simu-

lations, such as MD or QM/MM techniques. In these simulations, the Coulomb

forces are treated explicitly without the need for involving continuous medium with

certain dielectric constant. In the classical subsystem, all pair-wise interactions of

the point charges are computed either explicitly or by means of Particle-Mesh

Evald summation [9]. In the quantum subsystem, the electron density and the nuclei

are treated explicitly. As a result the dielectric effects appear naturally from the

motions of individual atoms and the redistributions of their electronic density.

The electronic polarization is described directly as a redistribution of the

electronic density in the quantum subsystem. This term of polarization is naturally

missed in the classical part of the system. The orientational polarization comes

from the translation of charges and rotations of dipoles in the system. If the
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simulation time is large enough to average out all rotational and translational

motions, then the “global” effective dielectric constant of the whole system could

be computed as a macroscopic statistical average. However, this is possible only for

relatively simple systems. The dynamics of such complex systems as proteins

embedded into the lipid membrane is so slow that true thermodynamic equilibrium

is never reached in simulations (for example, the rotational degrees of freedom of a

protein are almost never sampled in MD simulations). Despite this undersampling,

the orientational polarization of the solvent in the vicinity of the active sites of

proteins or other molecules of interest is still taken into account accurately. This can

be done because the dynamics of the solvent is considered to be fast enough to

produce reliable statistical averages.

3.3 Hydrogen Bonding Effects

Formation of intermolecular H-bonds by the probing dyes can be used for char-

acterizing the H-bond donor and acceptor potential of the medium. These bonds can

be typically formed by carbonyl groups as proton acceptors and hydroxyl groups as

proton donors. When these bonds are formed, different changes of fluorescence

emission can be observed: the changes in intensity (enhancement or quenching) and

wavelength shifts. The general rule is that the formation of H-bonds with proton

donors produces much stronger effects than with proton acceptors, which allows

observing strong effects on the changes of solvent proticity. The other rule is that

the H-bonding in the excited state is much stronger than in the ground state (due to

increase of partial charges on correspondent groups), which, in some cases, may

allow following the dynamics of formation of new bonds.

Hydrogen bonds of the dye carbonyl groups with protic partners can be recognized

by strong spectral shifts and the changes in shape of fluorescence spectra at low protic

component concentrations, at which there should be no significant polarity effects.

There are interesting reported cases when in contrast to polarity effects that display

the spectral shifts only, the essential transformations of spectra are observed and in

this case they are so specific that can distinguish primarily formed strong H-bonds

and weaker bonds formed at high protic cosolvent content [34]. In common solvato-

chromic dyes, such as Prodan, these effects occur in the same direction as the increase

of polarity and, therefore, it is hard to distinguish them. They can be of the same

magnitude as the spectral shifts over the full scale of polarity [35].

3.4 Empirical Correlations

Both scientists and users of scientific results like simplicity. The empirical methods

offer such simplicity by describing the polarity with a single parameter. Providing

often satisfactory description of polarity-related properties in many systems, they
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are very popular. They use the calibration on the basis of the correlation of spec-

troscopic changes with the indices characterizing solvent polarity. Several empiri-

cal solvent polarity scales were suggested [1, 35]. They are not totally equivalent

and the scatter of experimental data against these scales is significant, even within

the families of structurally related solvents. One of these scales is based on the

wavelength shifting of the long-wavelength CT absorption band for nonfluorescent
betaine dye 2,6-diphenyl-4-(2,4,6-triphenylpyridinium-1-yl)phenolate. The polar-

ity index ET(30) is the spectral shift translated to kcal/mol, and its normalized

version, EN
T , describes relative variation of polarity between two extremes: highly

polar water (EN
T ¼ 1.0) and low polar tetramethylsilane (EN

T ¼ 0) [1].

This scale is considered classical as the probing dye is soluble in a vast majority

of solvents and solvent mixtures and its single parameter reflects both polarity and,

to some extent, H-bonding interactions. In many investigations, the parameter EN
T is

used to check the response to polarity of different fluorescent dyes, which extends

the range of application of this approach. Meantime, the more recently suggested

dyes as polarity calibrators based on absorption or fluorescence are neither univer-

sal enough to cover the broadest range of solvents nor specific enough to investigate

the mechanisms of deviations from simple regularities provided by specific features

of every solvent. They allow, however, in a semiquantitative manner to characterize

both polarity and H-bonding properties of the environment [36].

There were attempts to extend the single-parameter approach to distinguish

several types of intermolecular interactions by using the comparison between the

effects of similar dyes with different response to H-bonding as donors and acceptors

[1]. For characterizing heterogeneous systems, this approach is of questionable

value as the relative distribution of these dyes in studied systems can vary in an

unpredictable manner.

Other empirical polarity scales are also known. The relative intensities of two

vibronic bands of fluorescence spectrum of pyrene exhibit the polarity-dependent

change, and this effect was also suggested for polarity probing under the name of Py

scale [37]. Computational tools allow providing interpretation of this effect [38].

Development of the methods of covalent immobilization of pyrene on solid sur-

faces [39] opened many possibilities in the studies of interfaces.

The empirical correlations between fluorescence lifetime and polarity in some

polymethine dyes were also suggested for determining this solvent parameter [40].

Concluding this section we can state that whereas polarity of a molecule can be

easily calculated from distribution of its charge density, regarding the polarity in

molecular ensembles and in condensed media we have to consider a composite

function that involves different types of intermolecular interactions. These non-

covalent interactions provide significant contribution to the energy of solute solva-

tion (stabilization) in condensed medium. If the solute is a chromophore, then these

interactions influence the energies of electronic transitions that are seen as the shifts

in light absorption and fluorescence spectra. Physical modeling that does not

consider specific interactions demonstrate that the interactions of dipoles and

localized charges play the most important contribution to composite polarity

function. This contribution can be most closely associated with the dielectric
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constant e. Specific interactions such as the H-bonding can play an equally impor-

tant role that makes the polarity function essentially multidimensional. In using

empirical polarity scales, one strongly relies on the selection of reference solvents,

and the derived polarity is “an equivalent polarity” based on comparison with these

references.

4 Dynamics of Molecules and “Microfluidity”

Characterizing dynamics in condensed systems on the level of molecules and their

groups of atoms is the great task. Here also, the mesoscopic approach is inevitable

as any macroscopic properties such as diffusion rate and viscosity are not always

descriptive and the observation of dynamics of selected atoms and of their groups

does not allow characterizing the whole system. Macroscopic measurements of

viscosity (as of the resistance to liquid flow) hide special features of dynamics on

molecular level, which cannot be tolerated in the studies of nano-size objects. This

required introduction of “microviscosity” or “nanoviscosity” as molecular-scale

analogs of macroscopic property that are based on molecular properties of the probe

and on the approximation of its environment as a continuous medium. Here again,

we observe the division into empirical and model-based approaches.

4.1 Empirical and “Rotating Sphere” Methods

Empirical methods use various types of fluorescence response calibrated in stan-

dard solvents with the known “macroscopic” viscosity. This allows using the same

poise units as for macroscopic viscosity. Selecting the dyes as viscosity sensors is

also simple: the strong temperature dependence of response in high-viscosity

liquids, such as glycerol and triacetin, can be used for that. Then, based on these

data on dynamics in different liquid compositions, nanostructured systems and even

the condensed media with poorly understood molecular properties, such as ionic

liquids and supercritical liquids, can be characterized.

For sensing MD in condensed-phase systems such as liquids, polymers, and

glasses, a fluorescent dye should respond to the change of its translational or
rotational diffusion in this system by the change of any of its spectroscopic

parameters. The oldest and simplest method introduced by Perrin to measure

solvent viscosity is to apply the dye exhibiting molecular rotation during fluores-

cence lifetime with the detection of anisotropy [41]. The rotational correlation time
’ in isotropic liquid medium can be determined from the measurement of anisot-

ropy, r, and lifetime, tF, based on Perrin equation:

r ¼ r0
1þ tF=’

:
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This method in its present version needs the measurement of time-resolved

anisotropy. Often these studies show deviations from the behavior of isotropic

rotor due to nonspherical shapes of probing molecules, their specific interactions

with the environment, and nonexponential decay of intensity. Structural anisotropy

of the medium is also of great concern, but the dynamic component can be

recognized in time-resolved experiment, so that:

rðtÞ ¼ ðr0 � r1Þ expð�t=’Þ½ � þ r1;

where ’ is the apparent orientational relaxation time, r0 is the fundamental anisot-

ropy, and r1 is residual anisotropy.

The rotational correlation time can be related to viscosity � assuming that the

medium is isotropic and that the rotating unit of volume V has a spherical shape

(Debye–Stokes–Einstein model):

’ ¼ �V

kT
: (2)

In order to account the deviation of probing molecule from spherical shape and

dielectric friction during probe rotation, (2) is decorated with additional factors.

By assuming a continuous solvent model, it can provide quantitative results only on

the condition that the individual solvent molecules are smaller than the solute.

Specific solvent–solute interactions produce additional problems [42]. Therefore,

scientists often prefer to use empirical correlations between ’ and macroscopic

viscosity � that depend upon the probing dye and, of course, are different for H-

bonding/polar and bond-free/nonpolar environments [43].

The time-resolved anisotropy can be combined with the observations of wave-

length shifts. The benefit of that is the possibility of more detailed characterization

of dye location sites in terms of polarity and rotational freedom. This is especially

important in the studies of systems that cannot be easily characterized by other

methods, such as silica gel-glass nanoporous materials [44].

Fluorescence quenching is another approach that can be used for evaluation of

nanoscopic fluidity. There are a number of dyes with segmental mobility that

provides channels for relaxation to the ground state without emission. In low-

viscosity medium their segments are free to rotate, and such rotation induces the

quenching [45]. In rigid media, such dynamics is frozen and a bright emission

appears. Typical in this respect is the behavior of triphenylmethane dyes, such as

Crystal Violet and Malachite Green. They possess the three-blade propeller-like

phenyl rings joined by the central carbon atom. Their lifetimes tF depend strongly

on the solvent viscosity and, due to the absence of groups forming specific non-

covalent bonds, they practically do not depend on other solvent properties. Depend-

ing on viscosity, tF may change by as much as four orders of magnitude.

A class of organic dyes called molecular rotors responds to viscosity due to

control by solvent dynamics of excited-state twisting [46]. In addition to segmental

diffusion, their response can be due to formation of twisted intramolecular charge
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transfer (TICT) states. An example of such molecules is 4-tricyanovinyl-[N-(2-
hydroxyethyl)-N-ethyl]aniline (TC1). Such molecules can be incorporated into

nanoscale system without loss of sensitivity to fluidity [47]. Time-resolved micros-

copy allows applying molecular rotors for measuring viscosity inside the living

cells [48].

One more approach is based on the possibility of two pyrene molecules to form

intramolecular excimers. The excimer emission differs from that of pyrene mono-

mer by strong wavelength shift, loss of vibrational structure, and decreased lifetime.

The excimers are formed in a diffusion-controlled manner and when they are

connected by flexible chain their response becomes concentration independent.

Typically, 1,3-dipyrenylpropane is used for this purpose. This approach has found

some application in the studies of solvent mixtures [49] and detergent micelles

[50]. There were many attempts to apply this method to the studies of biological

membranes, but this method is currently not in frequent use. The problem is in

indefinite location of the probe in such media.

Isomerization dynamics can be coupled with the dynamics of formation/breaking

of specific complexes with solvent molecules. Such effects were observed in

asymmetric polymethine dyes [51]. Interplay between two forms, one emitting in

solid (emitting at 700–710 nm) and the other in liquid environments (emitting at

760–770 nm), allows simple wavelength-ratiometric detection. Amazingly, neither

the position of these bands nor the intensity ratio shows notable dependence on any

solvent parameter except the viscosity [51]. Also, the styryl pyridinium dye

showing the viscosity-dependent dissociation of ground-state complexes with

water displays dual excitation peaks at 469 and 360 nm detected at emission

wavelengths 500–650 nm. This property was useful for intracellular studies [52].

In the study of rotations of small molecules used as probes, it is the dielectric
friction in addition to common viscous friction that determines the rotation rate [53].

The difference is that whereas viscous friction is determined by solute size, the

dielectric friction is determined by solute dipole moment and senses the dynamics

of its interaction with polar medium. It arises from longer range charge–dipole or

dipole–dipole electrostatic interactions. When an ion or a dipolar solute moves in a

polar solvent, there is an extra friction that arises from the fact that its polarization

field induced in the surrounding solvent must readjust to its motion. Because this

readjustment cannot occur infinitely rapidly, the solvent polarization will lag

behind the solute and cause a systematic retarding force or friction on its motion

[54]. In these dynamics, the rearrangements of intermolecular H-bonds can play an

additional role.

The interaction of excited molecule with its dielectric medium can produce not

only retardation but also acceleration effect. If the probe dye molecule is smaller

than surrounding molecules, then its own rotation can be “induced” by electric field

created in the medium of less mobile solvent molecules [55]. This induced rotation
occurs with the rate of dielectric relaxations and can be recognized as an additional

fast component in anisotropy decays that disappears at excitation red edge.
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4.2 Spectroscopy of Molecular Relaxations

Solvation dynamics is the process of rearrangement of solvent dipoles around an

instantaneously created or reorganized solute charge or dipole in the excited state.

Electronic excitation results in instantaneous redistribution of electronic density

generating the change in the dipole moment of the probe. Equilibrium in interaction

with surrounding dipoles is disrupted and their relaxation to new equilibrium can be

observed as the shift of fluorescence spectra in time. The ability to reorient under

initial stress is an important characteristic of MD. The solvent relaxation is often

approximated by the very simple Debye model that considers this relaxation mono-

exponential. The dielectric relaxation time tR corresponds to that time obtained in

dielectric measurements of bulk solvents, but it has the feature of molecular-scale

resolution being used as the direct measure ofMD in the dye environment.When we

talk about “environment”, we mean that the majority (about 85%) of response arises

from the first solvation shell of a fluorescent probe [56]. This resolution is sufficient

for studies of dynamics in first hydration layer in biological macromolecules [57].

The relaxation time is assumed to be equal to the rotational relaxation time of the

single molecule tD. This time can be computed from the Stokes law in the hydro-

dynamic limit using well-known formulae for the coefficient of rotational diffusion

DR ¼ kBT=ð8p�R3Þ;
where � is the macroscopic solvent viscosity and R is the effective radius of the

solute molecule. Using the Einstein relation for the reorientation time tD ¼ 1=2DR,

the Debye relaxation time is given by

tD ¼ 4p�R3=kBT:

The Debye treatment is very simplified. Particularly it does not account to the

fact, that the local friction around the solute molecule is different from that in the

bulk liquid. This means that the local viscosity is also different from the macro-

scopic bulk viscosity. Introducing such local viscosity at the phenomenological

level leads to the so-called extended Debye treatment [58]. The relaxation time used

in fluorescence measurements, tR, is in fact the reflection of relaxation of reactive

field acting on fluorophore and the connection is:

tR � ½ðn2 þ 2Þ ðeþ 1Þ= �tD:

In the case of highly polar media, tR � 0.1 tD [59]. Its determination in

fluorescence experiments is based on observation of time-dependent spectral shifts

in picosecond–nanosecond time range [60]. For describing these shifts, the correla-

tion function is used:

CðtÞ ¼ nðtÞ � nð1Þ
nð0Þ � nð1Þ :
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Here, n(t) is the position of spectrum in cm�1 as a function of time, and n(0) and
n(1) are values extrapolated to time zero and infinity, respectively. A simplified

method for determination of C(t) based on single decay curve and steady-state

spectrum was also described [61]. The application of C(t) allows connecting the

motion of spectrum to a full scale of this event and making comparisons of

relaxation rates obtained with different dyes. Mazurenko and Bakhshiev [59]

using a continuum model with a single Debye relaxation time have shown that

C(t) decays exponentially with time constant tR. In reality its change as a function
of time is often nonexponential, and then the averaged tRh i value is taken as

dynamics variable [56]. This approach allowed establishing very interesting

phenomenon – a decrease in mobility of water molecules by as much as 2–4

orders of magnitude in nano-size molecular ensembles, such as biopolymers and

biomembranes [62]. Slow structural relaxation allows keeping preorganized elec-

trostatic fields in reactive sites of enzymes [63], which is a strong contribution to

their catalytic action.

Dielectric relaxation time and, therefore, tR can be connected directly, though

nonlinearly, with solvent viscosity [58].

The prominent example of MD simulations, which complement experimental

findings, comes from the studies of slow solvent dynamics of DNA molecules [64].

In this work, the calculated solvation responses for the dye molecule Hoechst 33258

bound to DNA were decomposed in terms of the components present in the system:

water, DNA, and the ions. It was shown that the longest time scale of the solvent

response observed experimentally (19 ns) is caused by the DNA itself. An ability to

decompose the response into the components coming fromdifferent parts of the system

is unique for MD simulations and allows interpreting experimental results properly. It

is expectable that such combined studies will become increasingly popular.

Many results obtained either by “fluidity-based” or “relaxation-based” approaches

demonstrate that the dynamics on nanoscopic scale can be very different from that

obtained by bulk viscosity measurements. The experiments show a dramatically

decreased fluidity that cannot be understood simply by intuitive extrapolation of

bulk properties [65]. Friction and lubrication between nanoscale materials that

determine their macroscopic properties should be understood on atomic and molec-

ular level [66].

5 Inhomogeneous Broadening and Red-Edge Effects

In order to increase the information content of fluorescence method, scientists are

trying to study the complex functions of fluorescence parameters, such as the time-

resolved anisotropy and the spectral dependence of lifetime and anisotropy over

excitation and emission bands. In this content, the shapes of absorption and

emission bands and wavelength-selective excitation with recording of spectral

dependence of parameters of emission may contain both static and dynamic infor-

mation about the fluorophore environment.
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5.1 Static Red-Edge Effects

Usually the electronic transitions generating absorption and emission spectra are

presented as two-dimensional functions of vibrational and solvation coordinates

(see [9]). The main difference between these coordinates is the intrinsically over-

damped nature of solvation modes and their very low frequencies. This behavior

is in contrast to vibrational modes. The latter are quantized, achieved in a very

fast Franck–Condon process and, according to Kasha rule, relax rapidly to a

lowest energy level. This allows treating solvation coordinate as a classical

coordinate with continuous availability of electronic states. Thus, at any finite

temperature a Boltzmann distribution in the population of different solvent

configurations is responsible for the inhomogeneous broadening in the steady-

state spectra [26]. Such broadening arises from the solute–solvent distribution in

excitation energy that reflects the distribution in energy of dye interactions with

its dielectric environment. The stronger will be these interactions, the broader

the distribution. Laser hole-burning experiments in cryogenic media allow

obtaining the inhomogeneous site energy distribution function [67], which pro-

vides important insight into the systems with low level of molecular order and

can be extremely important for characterizing the environments of interfacially

located dyes. But because of frozen mobility in the system, it brings only static

information.

For obtaining both site photoselection and dynamic information, a differ-

ent approach can be applied that allows operating in a broad variety of experimental

conditions, including room and elevated temperatures. Within the inhomogeneously

broadened spectrum, one may select the species interacting stronger than the mean

of this distribution with the environment by selective excitation at the long-wave-

length edge of the spectrum. The positions of their fluorescence spectra, their

lifetimes, and anisotropies will then be different from the mean. This is the essence

of Red-Edge effect [68]. In structurally disordered or low-ordered systems, the

strongest are the dipole–dipole interactions with polar environments. Therefore,

the width of distribution and the extent of Red-Edge effects should correlate with

solvent polarity.

The Red-Edge effects depend strongly on the properties of a fluorophore. The

dyes with a strong increase of the dipole moment in the excited state will exhibit a

broad excited-state distribution on interaction energies, and the dyes interacting

stronger in the ground state – the broader ground state distributions. These features

will determine their properties in spectral, anisotropy, and time domains. Mean-

time, if the dyes in heterogeneous system are distributed between the sites of

different polarity, the spectra may also exhibit variation in these properties. In

our work [69], we tried to introduce the criteria that distinguish the effects of

inhomogeneous broadening from those that originate from positional (ground-

state) heterogeneity. In the case of dye location at the surface or interface, the

positional heterogeneity can arise from imprecise location and orientation of the

dye, even on atomic scale of distances. The increased distribution on interaction
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energies brings new site-selection effects that overlap those resulting from common

inhomogeneous broadening.

The distinction between these cases can be observed when the excitation wave-

length dependencies of fluorescence spectra are analyzed (Fig. 5). The Red-Edge

effects demonstrate a very characteristic shape with the absence of the shifts of

fluorescence spectra as a function of excitation wavelength at the maxima and

short-wavelength shoulders of excitation bands and unlimited increase of effect

at the red excitation edge [70, 71]. In contrast, the ground-state heterogeneity

comes from superposition of absorption (excitation) spectra of the dyes residing
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Fig. 5 Schematic representation of spectroscopic effects of (a) ground-state heterogeneity (e.g.,

the dye is distributed between two contacting media) and (b) slow dielectric relaxations (e.g.,

a single dye located at the interface and exhibiting inhomogeneous broadening) leading to Red-

Edge effects. In the case (a) variation of excitation wavelength leads to photoselection between the

species possessing difference in excitation spectra, so that the dye excited at shorter wavelengths

ðlex1 Þ exhibits blue emission at ðlem1 Þ and, correspondingly, excited at ðlex2 Þ exhibits red-shifted
emission at ðlem2 Þ. The shifting of excitation wavelength leads to change of relative contributions

of two emissions. In the case (b) there is a single ground-state form but the shift of excitation

wavelength from band maximum, lexmax, to the red edge of excitation leads to progressive shift of

emission spectra (two of them, lem1 and lem2 are shown) to longer wavelengths
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in different locations. Because the quantum yield, anisotropy, and lifetime of a dye

in these locations can differ, the shapes of measured excitation-wavelength depen-

dences can be variable, even sigmoid [24]. The dyes with low dependence for

absorption spectra on solvent polarity and a very strong dependence for emis-

sion spectra could be ideal for this application. Good in this respect is tryptophan,

which is the constituent of many proteins, and therefore we observe many applica-

tions of this method in protein research [68, 70]. Regarding different fluorescence

dyes used for probing, the situation is variable. For instance, Nile Red with its

strong depending on the environment polarity variation of both excitation and

emission spectra can display both the Red-Edge effects and the ground-state

heterogeneity [72], and the analysis of these effects is complicated by its strong

variation of lifetime.

5.2 Dynamic Red-Edge Effects

When the dye molecules in the studied system are distributed between different sites

(the ground-state heterogeneity), this distribution may not exhibit strong sensitivity

to external conditions, such as temperature and pressure. In contrast, the distribution

and therefore the positions of fluorescence bands depend strongly on the rates of

dielectric relaxations in the cases when the environment dipoles move (relax) during

the lifetime of emission. The relaxation mixes the environments with different

excitation energies, and the differences in emission parameters between mean and

site-selected dyes vanish. This is the essence of dynamic Red-Edge effects [69, 73].

The full range of these effects can be observed when the environment is rigid

(tR > tF). When (tR < tF), which is the condition realized in low-viscous liquid

solvents, this effect is hard to observe because of rapid averaging of species within

the distribution. When tR � tF, with the knowledge of tF we get a tool for

estimating tR from the shifts of steady-state spectra by using external perturbations

that modulate tR (temperature or pressure) or tF (dynamic quenchers).

The method for obtaining the relaxation rates from the steady-state data using tF
as the time marker is described in detail elsewhere [70, 71]. Essentially, when the

Red-Edge effect in the limit of slow relaxations vt¼0 � vedget¼0

� �
is known, then tR

can be estimated from this effect in relaxation zone:

v� vedge ¼ ðvt¼0 � vedget¼0 ÞtR tR þ tFð Þ= :

Time-resolved spectroscopy allows observing the dynamics of molecular relaxa-

tions of Red-Edge selected species and comparing them with the relaxations of

mean in ensemble [74, 75].

These experiments showed the appearance of the Red-Edge effect in polar

solvent with the increase of solvent viscosity by lowering the temperature. The

problem here is that the high and wavelength-selective temporal resolution is
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needed in the conditions when the dielectric relaxation rates match the measured

time scale of fluorescence lifetimes. For low-viscosity liquids relaxing on a scale

of several picoseconds, this scale is inconvenient for routine measurements.

However, these methods can be efficiently used in highly viscous media (in

which the relaxations are nanosecond or longer) and allow characterizing nano-

scale systems, such as biomembranes and protein molecules [69]. In fluid aqueous

media, even when the macroscopic viscosity of studied systems is low, these

objects of tens or even several nanometers in dimension behave as nanoscopic
solids.

There is an attractive but still rarely explored possibility to amplify the

Red-Edge effects by observing the site-photoselection-dependent excited-state

reactions, such as intramolecular electron transfer [76, 77], intramolecular proton

transfer [78], and intermolecular resonance energy transfer [77, 79].

Selected can be the dyes, in which the difference in interactions with the

environment from the mean of distribution results in variation of relative intensities

of fluorescence bands belonging to reactant and reaction product species. Coupled

with dielectric relaxations, these reactions will produce the spectra that will signal

on the polarity and dynamics of dielectric relaxations on nanoscopic scale. Site

photoselection at the red edge is commonly observed for ICT states, which

decreases the probability of excited-state intramolecular proton transfer and inter-

molecular resonance energy transfer. Coupled with dielectric relaxations, these

reactions produce new spectral bands that signal on the polarity and dynamics of

dielectric relaxations on nanoscopic scale.

6 Variations of Solvation Shell Composition

The fact that it is the local interactions but not the average solvent effects that

dominate in the response of fluorescent dyes can be derived from the results

obtained in solvent mixtures, ionic liquids, and supercritical systems.

6.1 Preferential Solvation: Statics and Dynamics

For a long time it has been known that the macroscopic properties of solvent

mixtures (density, viscosity, etc.) can deviate substantially from their linear behav-

ior in proportion to concentrations of components. The origin of such abnormalities

can be analyzed on nanoscopic level using fluorescence probes. Ideal solvation

should be observed when any property obeys a simple regularity:

Pmix ¼ P1X1 þ P2X2; (3)
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where Pmix is the property of interest in binary mixture, P1 and P2 are the

measures of this property in neat solvents 1 and 2, and X1 and X2 are the mole

fractions of the solvents in their mixture. If we insert any molecule or nanoparticle

into the solution composed of the mixture of molecules differing in charge,

polarity, or ability to form specific bonding, then the local concentrations of

solvent components at or close to its surface can differ from their bulk values.

Its environment will be enriched with the component possessing higher affinity –

polar if the object is polar itself or unpolar if, correspondingly, the object will be

unpolar. Such deviation from macroscopic solvent composition is called prefer-
ential solvation [80].

Elucidation of spectroscopic data in equilibrium and time-resolved kinetic

experiments helps comprehending different phenomena related to preferential

solvation. In steady-state experiments, it can be observed that the experimental

points deviate from linearity expressed by (3). Curvature of the plot indicates that

the solute environment is preferentially enriched with one of the solvent compo-

nents [81]. Such enrichment can be an indication of clustering of solvent molecules

already existing without the probe, so that one component of the binary mixture

preferentially binds to molecules of the same type in its neighborhood, forming

clusters. Preferential solvation can be considered as the solute inclusion into these

clusters. Meantime, the role of probing dye can also be active in a sense that this dye

forms its environment by saturating its intermolecular interactions. There can be

“dielectric enrichment”, so that the polar dye is preferentially solvated by polar

component. It can also be enrichment by forming specific interactions, particularly,

by H-bonds [82].

MD simulations allow studying the preferential solvation in atomic details.

The typical setup of such simulations includes the binary solvent with highly

polar and miscible lower polar components (such as methanol and water, or

DMSO and water). The solutes may range from single ions to the realistic

chromophores [83]. Coumarin 153 is used as a prototype in the studies of

solvation dynamics. The charge distributions in the ground and the first excited

state of this dye were computed using the quantum chemistry methods and used

in subsequent classical all-atom MD simulations. The MD trajectories provide

solvation responses, characteristic times, and Stokes shifts of the dye, which

could be compared with experimental results directly. The dye was equilibrated

in the ground state. Then the charge distribution was changed to match the first

excited state and the relaxation of the solvent molecules was monitored. It was

shown that in dimethylsulfoxide (DMSO)–water mixtures there exists a strong

preferential solvation by DMSO contributing most significantly to the solvent

effects. The contribution of water molecules is small and their relaxation is

only slightly coupled with the charge transfer in the coumarin dye [84]. Similar

studies in benzene–acetonitrile and benzene–methanol mixtures allow reprodu-

cing quite well the experimental time-dependent Stokes shifts. The motion of

benzene molecules and rotational diffusion of acetonitrile in the vicinity of the

dye were studied in atomic details. In the case of methanol, the complex

dynamics of the hydrogen bonding network around the dye was observed
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[85]. These examples show that classical MD simulations could provide signif-

icant insight into the behavior of the mixed solvents and give atomistic

description of preferential solvation, which correlates with the experimental

data.

Clustering in binary solvents (such as methanol–chloroform mixtures) is easily

revealed in MD simulations by analyzing the radial distribution functions of the

mixtures at different concentrations. It was also demonstrated that in such a mixture

the hydrophilic and hydrophobic parts of amphiphilic solutes are preferentially

solvated by methanol and chloroform, respectively [86].

Energetics of solute enrichment in the dye solvation shell is determined by

interaction energy of the solute dye balanced by the decrease in the entropy of

mixing. It may contain dielectric and H-bonding components, which should depend

strongly on the properties of solute dye [87]. In these cases, this “disturbance” is in

fact so great that the solute molecule acts no longer as a “probe” of the properties of

the solvent mixture, but actually forms its own local environment, which can be

quite different from the bulk of the mixture [82]. Therefore, fluorescence response

cannot be taken as the measure of macroscopic “polarity” but is essentially a

nanoscopic property. This property, if we can estimate it, is more important than

the bulk “polarity” for understanding the solubility and reaction kinetics in mixed

solvents.

Fluorescent dyes allow detecting preferential solvation as the deviations of local

(solvation shell) polarity or proticity values from linearity (3). Meantime, these

dyes allow doing more – providing more detailed characterization of solvation sites,

particularly, separating the polarity and H-bonding effects or electronic and orien-

tational polarizability. Spectacular in this respect are the studies of 3HC dye in

toluene–acetonitrile mixtures [88] (Fig. 6).

Toluene is an aprotic solvent with high electronic polarizability (f(n) ¼ 0.226)

and low polarity (f(e) ¼ 0.239), while acetonitrile is an aprotic solvent with low

polarizability (f(n) ¼ 0.175) and high polarity ( f(e) ¼ 0.480). The study of their

Fig. 6 Results of wavelength ratiometric response of 3HC dye 40-diethylamino-3-hydroxyflavone

on the titration of toluene with acetonitrile. (a) Logarithm of two band intensity ratio IN*/IT* versus
band separation nN* � nT*. (b) Estimated values of polarity f(e) (filled circle) and polarizability

f(n) (filled square) as a function of volume content of acetonitrile in toluene [88]
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mixtures with the 3HC dye possessing multiparametric response allowed separating

these effects on spectra. First, we observe that for intensity ratio of two emissive

bands, N* and T*, log(IN*/IT*) shows perfect linear correlation with the band sep-

aration for the mixtures of different content (Fig. 6a) and such linear fit is close to

that obtained for extended number of solvents, which means that proposed algo-

rithm of multiparametric analysis can be applied in this case. Since this system is

aprotic, it is possible to estimate the polarity function f(e) from the obtained IN*/IT*
ratios. Then the solvent polarizability function f(n) can be found as described in

[18]. The obtained values of f(e) and f(n) as a function of acetonitrile volume

content are presented in Fig. 6b. We observe that the variation of f(e) is not a linear
function of polar solvent concentration; it exhibits a steep initial rising part and, at

high acetonitrile content, tends to saturation. Meanwhile, the electronic polarizabil-

ity function f(n) does not decrease in the same manner. It demonstrates a more

complex dependence on concentration of polar component. At low acetonitrile

concentrations, f(n) changes steeply but slower than f(e). This can be explained

by the fact that the dye structure is composed of highly polar and low polar

interaction sites. Therefore, it can be assumed that in the solvation shell, the polar

sites are occupied first by the polar component with stronger effect on f(e) than on

f(n). In the middle of titration curve, both functions follow the same trend. At the

final step of titration, acetonitrile molecules substitute the remaining toluene mole-

cules in low polar sites with stronger influence on f(n) than on f(e). Thus, because of
the distribution of polar and apolar interaction sites on the dye molecule, toluene

can contribute to the solvation even when its concentration in acetonitrile is low.

Thus, a multiparametric approach in the analysis of spectroscopic information

allows studying new features of the theoretically and practically important phe-

nomenon of preferential solvation.

Dynamic component in preferential solvation appears if it is triggered by an

increase of solvation energy by one of the components due to increase of the probe

charge redistribution in the excited state [89]. This sudden change of solute proper-

ties starts the diffusion-controlled exchange of solvent molecules between the bulk

and the solvation sphere. This process leads to a time-dependent shift of emission

spectrum in the nanosecond time domain. The relatively slow relaxation is attrib-

uted to the translational diffusion of polar solvent molecules, which replace the

nonpolar ones in the first solvation shell of the solute. This effect can also be

accounted when the spectral kinetics is analyzed in the systems of nanoscopic

heterogeneity.

Both static and dynamic solvation effects of coumarin 153 and 102 dyes in

hexane�methanol mixtures were recently studied experimentally. The nonlinear

solvatochromic shifts dependent on the methanol mole fraction were detected.

These effects are believed to be the consequence of formation of a hydrogen

bond between methanol and the carbonyl group of the coumarin dye [90].

A special case of such dynamic solvation is seen with ionic liquids and the

mixtures of ionic and common liquids. In ionic liquids, the relaxations occur by

translational diffusion of solvent components to equilibrate the excited-state charge

redistribution in the solute dye [91].
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The cations and small anions possess different diffusion rates, which create the

temporal effects. Two different, fast and slow, components of the solvation are

detected originating due to local motion and diffusional motions of the ions [92].

Gradual addition of water decreases substantially both the solvation time and the

rotational relaxation time.

Thus, the results discussed above show that the preferential solvation makes the

solute–solvent and solvent–solvent interactions more complex than that observed in

pure solvents. Two phases of the solvent relaxation around the dye were detected.

The first phase corresponds to local reorientation of the solvent in the vicinity of the

dye, while the second slower phase corresponds to the diffusional motions of the

ions. Preferential solvation is often observed even in the relatively simple binary

mixtures, like the 1-propanol–water. The effect of preferential solvation is observed

as the strong dependence of the rotational diffusion and solvent relaxation times on

the water content detected using the coumarin 153 probe [93].

6.2 Supercritical and Gas-Expanded Liquids

Local compositions in supercritical, near-critical, and gas-expanded fluids may

differ substantially from bulk compositions [94], and such differences have

important effects on spectroscopic observations, phase equilibria, and chemical

kinetics [95]. Supercritical fluid is a unique state of condensed matter, in which

such properties as density, viscosity, and the diffusion rates can be tuned contin-

uously in broad ranges by simply adjusting temperature and pressure values

without changing the solvent composition. Strong pressure-dependent density

fluctuations in supercritical fluids result in specific effects in fluorescence dyes

that cannot be accounted when empirical methods are formally applied. The

clustering of solvent molecules may result in local solvent density around a solute

to be higher than the actual bulk value [96] and fluorescence lifetimes can vary in

extremely broad ranges due to intensive molecular collisions. This can explain a

dramatic pressure-dependent variation in fluorescence response of wavelength-

ratiometric 3-hydroxychromone dye exhibiting the ESIPT reaction in supercriti-

cal CO2 [97], which cannot be interpreted as the change of polarity, as it is usually

done in common solvents (Fig. 7).

The MD simulations of the gas-expanded liquids are of great interest because

they reveal the properties of the cybotactic regions (the regions where the solute

alters the solvent properties) with atomic details. Particularly, MD simulations of

the gas-expanded methanol�CO2 and acetone�CO2 mixtures demonstrated local

density enhancements similar to those seen in supercritical fluids, although less

dramatic [98].

The effects of preferential solvation of the fluorescent dyes are observed in

the gas-expanded liquids as well. Particularly, the coumarin 153 dye is solvated

preferentially by organic species in the CO2-expanded methanol and acetone [95].

The dynamics of the solvent molecules in the gas-expanded liquids is often

Interfacial Behavior of Fluorescent Dyes 31



nontrivial and involves the phase of fast rotational diffusion in the cybotactic region

followed by the slower redistribution of the solvent between the cybotactic region

and the bulk solvent. Such behavior was recently observed both experimentally and

in MD simulations for solvatochromic dye trans-4-dimethylamino-40-cyanostil-
bene (DCS) solvated by the CO2-expanded acetonitrile [99]. It was also shown

that the cybotactic region surrounding DCS molecule is enriched in acetonitrile,

and the extent of this enrichment is greater in the excited state. 10-bis(phenylethy-
nyl)anthracene (PEA) and coumarin 153 dyes also exhibit preferential solvation

and strong solvatochromism in CO2-expanded acetonitrile and methanol. It was

shown that the spectral shifts of PEA depend nonlinearly on the local compositions

in these mixtures, which suggests substantial preferential solvation of both solutes

by the liquid components of the mixtures [100].

The results of this section witness that even in macroscopically homogeneous

systems the nanoscopic heterogeneity may exist that is responsible for variation

of many fluorescence parameters. The solute dye does not simply “probe” the

environment; it can form this environment preferentially interacting with different

solvent components. If such interactions change in the excited state, then the

spectral kinetics can be easily observed.

7 Remarks on the Properties of Fluorescent Dyes

As it was stated elsewhere [101], fluorescent dyes can be classified into two broad

categories: no responsive (used for labeling) and responsive (used as probes and

reporters in molecular sensing). The first perform based just on their presence in
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Fig. 7 The results of fluorescence studies in supercritical CO2 at different pressures and T 307 K

using a wavelength-ratiometric dimethylamino-3-hydroxyflavone dye. (a) The spectra normalized

to the maximum of the normal band (428 nm) to emphasize the change in the relative intensities of

the normal and tautomer bands. (b) The pressure dependence of ratiometric response at different

temperatures. Excitation wavelength was 350 nm. Reproduced with permission from [97]
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particular medium or at particular site. Ideally, their response should be directly
proportional to dye concentration and independent of any factors that influence

fluorescence parameters (quenching or enhancing of emission, wavelength shift-

ing). Second, in contrast, should respond to different stimuli required in sensing and

probing by the most significant change of these or some other parameters and,

ideally, this response should not depend on their concentration. If the electronic

density is delocalized over the whole fluorophore, which is characteristic of reso-

nant or mesomeric dyes, such as fluoresceins, rhodamines, and cyanines, the

spectral sensitivity to environment is small [102]. In contrast, the dyes exhibiting

ICT from the initially excited normal (N*) electronic state are characterized by

strong excited-state dipole moment, which allows them to interact differently with

the environment of different polarity, electronic polarizability, and proticity,

making them efficient molecular probes [26]. Below we review in short the proper-

ties of responsive dyes on view of their optimal parameters for their applications in

fluorescence sensing and imaging (Fig. 8).

The dyes for intensity sensing. There is a large variety of organic dyes that

perform in this way [103]. Commonly, they respond by the mechanism of photoin-

duced electron transfer (PET) that results in total quenching [9]. Dye-doped nano-

particles [104, 105] and conjugated polymers [106] can exhibit “superquenching”,

in which the quenching of one among many coupled emitters quenches the emission

of the whole ensemble. The response in intensity is not internally calibrated, which

creates many problems in its analysis [7, 107].

The dyes for anisotropy sensing. The response in anisotropy is internally cali-

brated [7, 107] but its dynamic range depends strongly on fitting of fluorescence

lifetime to rotational correlation time of sensor units. Therefore, the dyes with long

lifetimes offer more possibilities.

Fluorescence 

Intensity Anisotropy Lifetime 
Spectroscopic 

changes 

Intensity with
reference In emission In excitation

F F || F⊥

F1 F2 F (l1
em) F (l1

ex)F (l2
em) F (l2

ex)

tF

Fig. 8 Parameters used in fluorescence sensing and imaging. Thick arrows indicate the techni-

ques, in which the self-referencing is provided by simultaneous recording of two parameters
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The dyes for lifetime sensing. These dyes should exist in two switchable emis-

sive forms with different lifetimes. Such dyes are rare, though their application is

efficient including microwell formats used in high-throughput screening [108].

Recently reported squaraine dyes are attractive for different applications includ-

ing immunoassays [109] (see also [110]). The dyes that gradually change their

lifetimes find their use as oxygen and viscosity sensors based on quenching

effects. Variation of lifetimes of FRET donors is another possibility frequently

used in sensing.

The dyes for wavelength ratiometry. Different reporter mechanisms and selec-

tion of correspondent dyes are extensively discussed in [107]. There are many

possibilities to use coupled dyes exhibiting excimer formation (pyrene), Főrster

resonance energy transfer (FRET), or using molecular reference. Meantime, the

most attractive is obtaining the ratiometric reporter signal from a single dye. This

can be achieved with the dyes exhibiting wavelength shifts or generation of

new bands.

The dyes exhibiting wavelength shifts are very popular despite the fact that

many of them exhibit strong solvent-dependent variation of intensity, so that

substantial quenching is typically observed in strongly polar and protic solvents

[18]. Their general property is the distributed charge along their p-electronic
system. These dyes possess the excited-state ICT states that are characterized by

strong dipoles [9]. Among them, the strongest polarity-dependent effect is observed

for the dye called fluoroprobe [111]. Next in efficiency are ketocyanines [86],

dialkylaminonaphthalenes (such as Prodan [112]), 4-(N,N-dimethylamino)-40-
nitrostilbene (DANS) or -cyanostylbene [113], and other dyes, the typical feature

of which is the presence of electron donor and acceptor groups on different sides of

their molecules. Prodan has a single broad emission spectrum with a dramatic

solvent-dependent shift (130 nm), ranging from 401 nm in cyclohexane to 531 nm

in water. The charge-transfer dyes containing carbonyls as acceptors, such as

Prodan, exhibit the fluorescence shifts, also due to H-bonding, that are almost as

strong as the whole polarity scale and are undistinguishable from the effects of

polarity [35]. Phenoxazone dye Nile Red [80, 114, 115] and fluorene analogs of

Prodan with twice higher brightness and red-shifted emission [116] have recently

become the most attractive wavelength-shifting probes.

Researchers working with nanoscale objects would be particularly interested in

the dyes that possess charge separation in the ground state (of D+–p–A� type) as

the charged group(s) are preferentially solvated in the polar phase. These dyes

exhibit inverse solvatochromism, i.e., the shifts of excitation and emission spec-

tra to shorter wavelengths with the increase of polarity. Their ground-state CT

state is transformed into almost neutral D–p–A state on electronic excitation [1].

As their dipole moment decreases upon photoexcitation, in polar solvents the

ground state is more strongly solvent stabilized than the excited state. Typically,

these dyes show much stronger shifts in absorption (excitation) than in emission

spectra [117].

It is a challenge to separate the effects of polarity and H-bonding in response of

fluorescent dyes. One possibility realized in 3-hydroxychromone derivative is to
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block sterically the carbonyl group from the access to protic partner [18] so that the

dye can respond to polarity only. The other possibility is to obtain both character-

istics of the environment separately by using two or more parameters of fluores-

cence emission that could provide differential response. Thus, it was suggested to

use dramatic quenching effect observed in some dyes in protic media (e.g., in Nile

Red) so that this quenching could be taken as the measure of hydrogen bonding

potential whereas the spectral shift could provide a response to the change of

polarity [115]. However, this type of quenching is difficult to quantify and distin-

guish from other quenching effects. Also, the two parameters can be strongly

connected: H-bonding also induces the spectral shifts whereas variations of polarity

producing the shifts may influence fluorescence intensity.

It could be more productive to get benefit from the fact that the excitation and

emission spectra can exhibit different sensitivity to different types of interactions.

The change in ground-state energy results in shifts of both excitation and emission

spectra and the change of energy of the relaxed excited state – only in emission

spectra. The transitions between different ground- and excited-state forms can

amplify this effect. Thus, the response of the 10-hydroxybenzo[h]quinoline mole-

cule (HBQ) allows observation of the changes in absorption spectra of the normal

tautomer together with the changes of fluorescence emission of the proton-transfer

(ESIPT) tautomer [36]. The wavelength shifts of the absorption band depend

essentially on polarity with a minor contribution of H-bond donation acidity,

contrary to the fluorescence band shifts, which exhibit a greater dependence on

H-bond acidity than on polarity.

Much stronger effects can be observed when one of the ground-state forms

exhibits and the other form does not exhibit excited-state reaction generating

new strongly wavelength-shifted fluorescence band. Thus, switching in the

ground-state equilibrium can bring orthogonal information to that derived from

the excited-state equilibrium. The ground-state equilibrium can be established

between the species with and without intermolecular H-bonds characterizing

proticity (H-bond donor potential) of the environment. This idea was realized

with 3-hydroxychromone (3HC) dyes [118]. The ESIPT reaction in these dyes

is observed only for the H-bond free form, and the distribution of intensity

between their initially excited and strongly wavelength-shifted ESIPT bands

is governed by polarity of the environment [18]. When these dyes are applied

to test the unknown properties of their environment, one can observe three

partially overlapped emission bands, and their excited-wavelength-dependent

deconvolution allows obtaining independently the polarity and hydrogen bonding

potential of this environment [119]. The validity of this deconvolution is increased

when an important principle based on the mechanism of this reaction is applied.

The N* and T* bands generate from the same ground state and therefore the ratio

of intensities FN*/FT* should not depend on excitation wavelength, whereas the

H-bonded complex formed in the ground state can be recognized by a different

excitation spectrum.

The advantages of polarity-sensitive dyes exhibiting excited-state equilibrium

between ICT and ESIPT states deserve special remark. The ICT response to the
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change of polarity is observed as a common spectral shift, but the change in

interaction energy behind it produces the change of relative intensities of well-

separated ICT and ESIPT bands. The ratiometric signal becomes robust to temper-

ature and solvent dynamic quenching and to variations of all instrumental factors

since under their influence the two bands change proportionally their intensities

without affecting the ratio [107]. Dramatic amplification in sensitivity to polarity in

3HCs is observed when the ratio of intensities FN*/FT* is compared with the shift of

N* band [18]. A complete switching between N* and T* emissions is observed

within narrow polarity range. A series of different dyes with the variation of the N*

state dipole moment had to be developed for determination of polarity in its narrow

ranges [18]. These dyes found numerous applications that are mentioned in differ-

ent sections of this chapter.

Regarding sensitivity to electric fields, styryl dyes and particularly 4-dialkyl-

aminostyrylpyridinium derivatives with electron-donor and electron-acceptor

substituents at the opposite ends of their rod-shaped aromatic conjugated moieties

are the most popular [32]. They respond by the shifts of their excitation spectra

that allow ratiometric detection, so that the most convenient for observation shifts

of emission spectra are less prominent. The change of dipole moment in such

dyes on electronic excitation is one of the most dramatic. It is determined by a

partial positive charge that is reversed in the excited state by electronic ICT from

dialkylamino group to aromatic amine. This electronic polarization along

the extended p-electron system can be modulated in broad ranges by external

electric field.

Advantages of the family of 3HCs as electrochromic dyes are in easy detection

of two-band ratiometric signal in fluorescence emission [18]. Since the parent

fluorophore is low polar but allows substitutions of different charge and polarity,

various constructions are possible based on these dyes. This allows the possibility

of targeted insertion of chromophore to a desired location in heterogeneous sys-

tems.

8 Location of Fluorophores with Subnanometer Precision

In the study of nanoscale structures and interfaces with fluorescence reporter dyes,

there appear many problems. The gradients of noncovalent interactions and their

dynamics in these cases are so steep even on the scale of fluorophore dimension that

it makes meaningless many studies of “polarity” or “viscosity” performed without

clear indication of fluorophore location. Such results can be used only for the

observation of formation or disruption of structures (such as protein denaturation

or formation of detergent micelles) but not for obtaining characteristics of these

structures or their interfaces.

It can be argued that if the nanoscale object exhibits cooperative structural

transition, this transition being rather extended in space should always be sensed

by attached fluorescence reporter. There are a number of cases that show the
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opposite. A popular dye, ANS, when bound to the surface of phospholipid mem-

brane, does not sense its transition between gel and liquid crystalline phases, and

the dye label attached to the surface of protein molecule does not sense protein

denaturation as its local environment does not change. Moreover, interfacial order-

ing and induction of structural anisotropy may influence substantially the fluores-

cence spectra as it was shown for incorporated ICT dyes in nematic liquid crystals

[120]. Therefore, locating the dye in particular site and in specified orientation is

extremely important. MD simulations may help to specify this location and provide

the reference that is needed for quantitative analysis of probe effect.

8.1 Available Methods to Localize the Dyes

Fluorescent probes sense their molecular environment at the distances comparable

with dimensions of their molecules. There are several possibilities for increasing

precision in location of fluorescence probes.

8.1.1 Covalent Labeling to a Desired Molecule, Interface or Nanostructure

These methods are well developed, especially those involving modification of SH–

and amino groups [121]. With their use, the labeling of proteins has become a

routine procedure. In order to provide site-specific labeling, the Cys residues can be

incorporated into protein structures in desired positions allowing exposure of their

SH– groups. In biomembrane studies very popular is the labeling of phospholipid

heads of phosphatidylethanolamine. Meantime, caution is needed when the target

for labeling is a flexible molecule. Thus, covalent attachment of the relatively polar

NBD group to flexible acyl chains of lipids does not allow its localization close to

the bilayer center [122], because the chains loaded with the groups of higher

polarity loop to the polar interface [123].

In the studies of polymer–glass interfacial region, fluorescent dye can be cova-

lently attached to organosilane-modified glass surface before the deposition of

polymer [124]. Immobilization with the aid of spacer groups allows achieving the

distance dependence. The minimum size by which the spacers can be varied is

nominally a single CH2 group, which is about 2.5 Å.

8.1.2 Using Complementarity in Multipoint Noncovalent Interactions

With designing of docking, complementarity of charges, and proper hydrophobicity–

hydrophilicity balance, one can achieve the precise location of the dye. Small

noncovalent interactions have a tendency to provide collective effects that allow

manipulating with several substituents to achieve high affinity to a desired site.

Figure 9 illustrates one of the possibilities of using the dyes of similar structure and

spectroscopy but differing in polarity. A number of sophisticated dyes with a
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variety of low-polar, polar, and charged substituents are developed for the study of

biological membranes. Their structures, locations, and properties will be discussed

in this volume [125].

8.1.3 Achieving Selectivity with the Dye Optical Properties

There are a number of dyes with severely quenched emission in protic environments,

particularly, in water [103]. Among them are 1,8-ANS, Nile Red, dialkylamino

derivatives of 3HC, and many other solvatochromic dyes. The mechanisms in the

background of such behavior are the relaxations along intermolecular vibrational

modes, the electron transfer to solvent traps, and formation of nonfluorescent

aggregates. The dyes exhibiting opposite behavior are also known: they exhibit

strongly enhanced emission in protic media [127]. Application of quenchers with

selective solubility in particular phase or in particular location is an additional tool

in research. The dyes that exhibit strong polarity-dependent shifts in absorption

spectra can be selectively excited in polar or unpolar medium by variation of

excitation wavelength. For Nile Red, the bathochromic shift with increasing solvent

polarity is as much as 108 nm from n-hexane to water. If such dyes are located in

two types of sites differing in polarity, selective excitation allows obtaining fluo-

rescence spectra from one type of sites [72].

Fig. 9 The three 7-aminocoumarin probe molecules C153, C102, and C343 (above) share very

similar molecular geometries, volumes, and spectroscopic characteristics but they have greatly

varying hydrophobicities. By selecting coumarin fluorescence probe molecules with different

solubilities, their different locations can be achieved in the F88 triblock copolymer micelles,

which allows reporting on different polarities [126]
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8.1.4 Application of Location-Selective Spectroscopic Techniques

Among the optical methods that are both probe and locus selective, the resonance-

enhanced second-harmonic generation (SHG) is an attractive tool, especially in the

studies of interfacial phenomena [128]. SHG is a second-order nonlinear optical

spectroscopic method that allows for the selective measurement of an effective

excitation spectrum of the dye at asymmetrical surface or interface. The intensity of

SHG light reflects the nonlinear susceptibility and orientation of the interfacial

substances. When the light frequency corresponds to electronic transition in the

dye, we observe the resonance-enhanced SHG, and from the excitation spectrum

recorded with the aid of a wavelength tunable laser one can extract information on

polarity of the dye local environment. In a typical SHG experiment, a single laser

beam is focused on the interface under study, and a nonlinear polarization with

double frequency is detected. The latter intensity is proportional to the square of the

second-order susceptibility that is essential only in anisotropic environments.

Liquids themselves are isotropic so that the dye orientations are averaged producing

no signal, but when they are immobilized at an interface they generate detected

SHG signal. Therefore, this technique is intrinsically adapted to discriminate

between anisotropically located (e.g., surface-bound) and free reporter molecules.

This method can be used in total internal reflection conditions and with resolution in

anisotropy and lifetime. Its drawback is the level of recorded signal that is by

several orders of magnitude lower than in common measurements of emission.

Thus, it is very hard to achieve a subnanometer precision that is needed for

operation on molecular length scales.

8.2 Control for the Probe Location

8.2.1 Imaging

The limit of spatial resolution of common fluorescence microscope is 200–500 nm.

It exists for all types of microscopy (confocal, two-photonic, or total internal

reflection) and is due to diffraction limit. This resolution is not sufficient to see

individual molecules at the sites of their location. Stimulated-emission depletion

(STED) microscopy and related methods [129] demonstrated overcoming this limit,

but it still did not reach resolution sufficient for locating small molecules. Reference

[130] describes how to use electron microscopy for locating a particular type of dye

molecules after additional staining.

8.2.2 Application of Localized Fluorescence Quenchers

When the location of fluorescence quencher molecules or ions is known, then the

quenching effect can be used for determining the location of fluorescence dye.
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Quenching requires direct contact between the dye and the quencher, so their

proximity can be determined with relatively high precision. Dynamic quenching

requires formation of this contact by diffusion of partners during fluorescence

lifetime, which makes location less certain. Location of dye at liquid–solid interface

can be determined by application of quenchers dissolved in liquid phase. Very

popular in this respect is the determination of Trp residues on protein surface by

quenching effect of heavy ions (cesium and iodine) [70]. Nitroxide compounds are

dissolved in different media and can quench fluorescence with the rate that

approach their diffusional limit [26]. For determining the depth of location of

fluorescent probes in the membranes, the method based on quenching by spin-

labeled lipids was developed [131, 132]. Small nitroxide label can be attached at

different positions of lipid molecule, so the areas in the membrane can be formed in

which the quenching occurs with high probability. Still, this method did not reach

subnanometer precision.

8.2.3 X-Ray Crystallography

Publications with the application of this method are very rare and are limited to

structural analysis of crystallized dye–protein complexes [133]. Meantime, they

can bring interesting information. Thus, the structure of ribonuclease A covalently

labeled with N-[[(iodoacetyl)-amino]ethyl]-5-naphthylamine-1-sulfonic acid (1,5-

IAENS) demonstrates the location of the dye on protein surface, whereas fluores-

cence spectrum can be interpreted in terms of “low polarity” of dye environment

[134]. Probably, the slow rate of dielectric relaxations of contacting protein groups

and hydration water are responsible for this effect.

8.2.4 Additional Experiments

There are other methods that help to establish fluorophore location, orientation, and

dynamics. One can mention NMR methods [135], cyclic and alternating current

voltammetry [136] and, among fluorescence methods, anisotropy in steady-state

and time-resolved domains and the observation of Red-Edge effects [68]. The latter

two methods can be especially useful for the studies of liquid–solid interfaces and

of biological membranes. The dye immobilization at the interface can be recog-

nized by highly polarized emission and by the appearance of these effects.

8.2.5 MD Simulation

The MD simulations can be used to obtain detailed atomic-scale information on the

location and orientation of the fluorescent probes in studied media as well as the

information about their interactions and dynamics. The MD simulations have only

started to be applied to this task. These simulations for fluorescent probes DPH

[137, 138] and pyrene [139] in lipid membranes were reported (Fig. 10). Although
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surprisingly few in number, these works showed the suitability of MD for calcula-

tion of a variety of properties of fluorescence probes in organized ensembles.

Concluding this section, we state that the dyes used for probing are commonly

larger than the solvent molecules and the groups of atoms composing the nanopar-

ticles and interfaces. Solvation around such large solutes necessarily reflects an

average of the environment sampled by the solute. Their response is sensitive to

collective effects of the environment. So, possessing very high resolution in time

and in interaction energy, they cannot offer subnanometer structural resolution.

This resolution is also limited by our ability to control exact location, orientation,

and distribution of them in an ensemble. Whereas accurate profiling is not possible,

a lot can be done with spectroscopic and different complementary methods. Strong

efforts should be provided for designing the probes with more specified location

and orientation in the studied media, and a caution is always needed in interpreta-

tion of obtained data.

9 The Study of Surfaces and Interfaces

In many areas of science and technology, it is important to characterize the

structure, dynamics, and interactions at liquid–liquid, liquid–solid, and solid–solid

interfaces and at the liquid and solid surfaces exposed to air. Besides the broken

symmetry, liquid–liquid, liquid–solid, and biological (e.g., cell membrane) surfaces

are able to exhibit the interactions that are not present in composing bulk media.

One of the major difficulties in studying interfacial phenomena is distinguishing the

physical properties of the interface from that of the bulk components. Fluorescence

probing can be selective to interface if the probe is covalently bound to the surface

Fig. 10 Redistribution of pyrene molecules in the lipid bilayer in the course of 20 ns MD

simulations from their initial placement (left) to final positions (right) [139]
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of one of the partners before forming an interface or if the probe has specific affinity

to interfacial region.

The small-size organic dye molecules are commonly used to study interfaces to

characterize interfacial polarity, fluidity, solvation dynamics, statics, and dynamics

of orientation of solute molecules. We observe domination of empirical approach in

determining these characteristics.

9.1 Air–Liquid Interface

The polar liquid surfaces contacting with air or other gasses are probably the

simplest cases in which the fluorescence probes can successfully combine surfac-

tant and reporting properties. The experiments demonstrate well-expected results:

they often show the properties intermediate between vacuum and bulk solvent

conforming to “half hydration” concept [140]. Meantime, it is obvious that obtained

estimates of interfacial polarity depend strongly on the probing dye and on its

interactions at the interface.

The air–water interface is probably ideal for the studies with time-resolved SHG

spectroscopy [141], electronic sum frequency generation [142], and other surface-

selective nonlinear methods. The application of the latter technique with the aid of

Malachite Green as a viscosity indicator has shown higher local viscosity at the

interface than in bulk water [143]. A slow component appears also in solvation

dynamics.

The coupling of probe response to such properties as surface tension and surface

diffusion is probably more important than determination of “polarity”. The rota-

tional dynamics of the probes at the air/water interface is influenced by the surface-

active agents, especially such strongly charged species as sodium dodecyl sulfate

(SDS). It was shown experimentally that the rotational dynamics of the coumarin

314 probe is three times slower at the presence of SDS, although the dependence of

this effect on the surfactant charge density is rather weak [144]. The same system

was studied in MD simulations, which revealed atomic details of the interface

organization and the localization of the probe at different surfactant coverage. Two

well-defined solvation environments for the probe were identified. In the first one,

the probe lies adjacent to two-dimensional cluster of the surfactant molecules. In

the second type of solvation, the coumarin is embedded within the compact

surfactant domain. There is a gradual transition from parallel to perpendicular

dipolar alignment of the probe with respect to the interface as the concentration

of surfactant increases [145].

The influence of the other surfactant – stearic acid on this probe was also studied

by means of the femtosecond pump�probe spectroscopy. It was shown that differ-

ent solvation dynamics at the surfactant modified interface is attributed to rear-

rangement of the hydrogen bonding network of water molecules near the interface

due to interactions with the hydrophilic carboxyl group of the surfactant [141].

The role of the hydrogen bonds in the dynamic behavior of the vapor–water and

the metal–water interfaces could be revealed by MD simulations, which aids in
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understanding the atomistic details of the interfacial dynamics. Particularly, for

both types of interfaces, the relaxation of hydrogen bonds is slower than in bulk

water. However, the dynamics of the hydrogen bonds formed between the mole-

cules at the interface and in its adjacent layer is faster than that in the bulk liquid

[146]. It was shown that the accounting for electronic polarization effect in water is

vital in such MD studies and the polarizable water models should be used instead of

the standard fixed-charge models in order to obtain correct dynamic properties of

the hydrogen bonds [147].

The MD studies of the liquid–vapor system are not limited to pure water. The

studies of the trimethylamine-N-oxide [148], nitrobenzene [149], and ammonia

[150] mixed with the water-vapor systems were reported recently. In the case of

nitrobenzene, the surface rotation is much faster than in the bulk liquid, but slows

down and approaches the bulk behavior as the solute becomes more polar. The

reorientation dynamics of the nitrobenzene is quite anisotropic, with out-of-plane

rotation of nitrobenzene faster than in-plane rotation [149].

9.2 Liquid–Liquid Interfaces

These interfaces are formed between contacting liquids that are immiscible and

differ in many properties, such as polarity, electronic polarizability, and association

via H-bonds. The strongly amphiphilic dye molecules (containing both apolar and

polar sites) can act as surfactants concentrating at the interface between these

liquids and reporting about the properties of the interface [151]. Many questions

can be addressed in the studies with such fluorescent dyes. Are these interfaces

sharp or there is a continuous transition from one phase to another? If such

transition area exists, what is its length (the so-called dipole width)? How this

width depends on the ability of contacting solvents to associate? If one of the

solvents is a strong H-bond former (e.g., water), what happens with its unsaturated

H-bonds at the interface? And, finally, is the continuous description of liquids

useful for characterizing interfacial environments?

Currently, there are no full and definitive answers to these questions. Distribu-

tion between two different types of solvation sites was suggested based on the data

obtained with popular fluorescence probes ANS [152] and coumarin 343 [145].

In contrast, sulforhodamine dye located at the interface demonstrates intermediate

polarity between two phases as it is witnessed by time-resolved spectroscopy with

total internal reflection observation [153]. This discrepancy probably exists because

of nonsufficient precision of the dye location and of spatial resolution of response.

Discrimination of response from the bulk solvents for collecting emission only from

interface is not sufficient, and precise tuning of its location is needed across the

interface. Moreover, the effects described for small solvatochromic dyes in phos-

pholipid membranes by one of the present authors many years ago [55, 154] can

take place in all cases of heterogeneous dye location (see also Sect. 4.1). Strong

increase of their dipole moment on excitation can induce translational and
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rotational relaxation in the excited state along the polarity gradient that can induce

additional heterogeneity to solvent response leading to false interpretation as the

broadening of interface zone.

Enhancing selectivity of response to interface and decreasing ambiguity in

interpretation can be achieved by both probe design and new spectroscopic

techniques, such as surface-enhanced SHG (see Sect. 8.1.4). In order to optimize

probe location, a special technique of “molecular rulers” to measure the dipolar

width of weakly and strongly associating liquid–liquid interfaces was developed

[155]. These dye derivatives with surfactant properties consist of anionic sulfate

groups attached to hydrophobic, solvatochromic probes by different length alkyl

spacers (Fig. 11). The probes themselves are based on p-nitroanisole, an aromatic

solute, whose bulk solution excitation wavelength (lexmax) monotonically shifts

by more than 20 nm as solvent polarity changes from that of cyclohexane to that

of water.

Comparison of resonance-enhanced SPG spectra for these rulers suggests that

the water–cyclohexane interface possesses a molecularly sharp dipolar width

(within 0.9 nm). A larger difference is observed at the water–octanol interface

suggesting the presence of transition zone with intermixed components and polarity

lower than that of bulk octanol or bulk water.

The applications of “molecular rulers” suggest but still do not prove the exis-

tence of transition zone between contacting liquids. Meantime, several experiments

and theoretical studies suggested that the liquid/liquid interfaces are molecularly

sharp and therefore can be modeled by a simple ideal plane. The interfacial cavity

incorporating the dye can be viewed in the following way (see Fig. 12). The solute

inserts a cavity formed by interlocking spheres and the cavity crosses the planar

interface. The cavity surface and the plane are then partitioned into small elements.
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Fig. 11 Schematic representation of molecular ruler surfactants adsorbed to a liquid–liquid

interface, and their general structure. As the alkyl spacer between the headgroup (red circle) and
solvatochromic chromophore (green ellipse) lengthens, the hydrophobic probe can extend further

into the organic phase. Surfactants are referred to as Cn rulers, where n corresponds to the number

of methylene (–CH2–) groups (2, 4, 6, 8) in the alkyl spacer [155]
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The polarizable continuum model (PCM) was applied to calculate the solvation

energy accounting for both electrostatic and nonelectrostatic solute–solvent inter-

actions. In this way it was suggested to obtain the information about the position

and orientation of the interfacial molecule [15].

There is a special interest to interfaces formed by water. The interface weakens

the interactions between adjacent water molecules that cannot be substituted by

bonding with organic molecules and this may result in significant interfacial

structuring and molecular orientation on both sides of the interface. Upon solute

addition the H-bonding between neighboring water molecules must change to

adjust to its new solid, liquid, or gaseous neighbor.

In recent years, researchers have turned to molecular simulations to provide an

insight into the physicochemical properties of the liquid–liquid interfaces [149].

The setups of such simulations are usually quite similar. The solute of interest is

placed into the interface of two liquids and then into the bulk phase of each liquid.

The solvent dynamic response is then computed in each position. The interfaces of

different organic solvents such as 1-octanol, 1,2-dichloroethane, n-nonane, and
carbon tetrachloride with water were studied in this way [156]. It was shown that

the solvent dynamic response at the interface is more complex than in the bulk

liquids. The relaxation involves multiple time scales corresponding to contributions

from both solvents and from the unique structural and dynamic properties of the

interface. It was shown that MD simulations could generate vibrational sum

frequency (VSF) spectral profiles of water across the interfaces with several organic

solvents such as carbon tetrachloride, chloroform, and dichloromethane. These

spectral profiles are calculated as functions of both frequency and interfacial

depth, providing a visual description of interfacial water structure that can be

difficult to elucidate in experiments [157].

We may conclude that despite of many efforts the properties of liquid–liquid

interface are not fully understood. It is still not known if the broad distribution in

local polarity values observed with fluorescence probing results from surface

Fig. 12 Schematic depiction of molecular ruler surfactant at interface (a) and the orientation of

the inertial principal axis Z and the embedding depth d of the molecular mass center into the water

phase (b) [15]
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roughness or it occurs due to probe distribution around a sharp interface. More

definitive should also be the results of estimating the interfacial viscosity that

determines the rates of two-dimensional diffusion. For instance, it was shown that

diffusion of lipids at oil–water interface depends on mismatch of viscosities of two

phases rather than on their absolute values [158].

9.3 Solid–Liquid Interfaces

In solid–liquid interfaces, some interactions that are saturated in bulk liquid appear

unsaturated with some new interactions formed. Stability of suspensions of nano-

particles formed by these solids is determined by these interactions as well as the

efficiency of catalyzed reactions at an interface. Meantime, the researcher should be

extremely cautious in application of fluorescence probes, since being immobilized

on solid surface the dyes may change dramatically their photophysical properties,

up to generation of new bands [159].

The method of resonance-enhanced SHG could be used with great success to

study solvation of such molecules as p-nitroanisole or indoline at different solid/

liquid interfaces [160]. The SHG spectra of these compounds adsorbed to silica and

solvated by organic solvents interfaces allow to probe either interfacial polarity or

interfacial hydrogen bond donating/accepting abilities. The SHG results show that

interfacial polarity probed by p-nitroanisole depends strongly on solvent structure,

while the hydrogen bonding interactions probed by indoline are insensitive to

solvent identity but depend on the hydrogen bond donating properties of the polar

silica substrate. Complementary quantum ab initio simulations in the bulk solvent

were also performed, which allowed to create a comprehensive picture of solvation

mechanisms at different polar solid surfaces [160].

MD simulations of the solid–liquid interfaces are usually straightforward in

the case of explicit water models. However, hybrid QM/MM simulations and

implicit water simulations of solid–liquid interfaces become very nontrivial

because of the lack of adequate theory. Recently, sophisticated theory of QM/MM

simulations at the solid–liquid interface in the presence of implicit solvent was

developed. It allows simulating the solute adsorbed at the solid surface, which

extends periodically in two dimensions, at the quantum level and surrounded by

continuous dielectric medium. This simulation technique was employed success-

fully to investigate the acid–base equilibrium at the TiO2–water interface [161].

9.4 Solid–Solid Interfaces

Intermolecular interactions at solid–solid interfaces are critical to the function of

different composite materials, since the interfacial regions determine many proper-

ties such as their strength, thermal stability, and durability. Their importance is well
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recognized, but the possibilities for their studies are still very limited and are

frequently reduced to determination of the glass transition temperature (Tg). Due
to the low weight fraction of the interface region, the conventional techniques of

thermal analysis are not adequate to characterize such thermal transitions. Mean-

time in fluorescence studies it was frequently reported that at polymer interfaces Tg
changes and its range broadens indicating the change of molecular organization and

dynamics [162]. Tg is one of the fundamental properties of polymers. Above Tg, the
material behaves like a supercooled liquid. Lowering the temperature brings rigid-

ity to the polymer matrix. A number of experimental and theoretical studies

describe a spatial heterogeneity at the glass transition that can be significantly

perturbed by the contact with odd surface.

Technologically important glass–polymer composites allow chemical grafting a

fluorescent probe onto an organosilane-modified glass surface with subsequent

formation of polymer on this surface [124]. This suggests an efficient way to

monitor the chemical and physical properties of the buried polymer/glass interfacial

region by obtaining the signal only from interfacially localized dye. Sometimes the

third component is used that serves for providing adhesion between interacting

surfaces, and it can be also used for introduction of fluorescence sensing dyes.

Meantime, the level of application and analysis of spectroscopic data is rather poor,

even with the use of solvatochromic dyes, and commonly does not go beyond

empirical “polarity” and “viscosity” correlations.

Ultrathin polymer films of several nanometers in the form of flat layers or as

monolayer and multilayer shells of nanoparticles have found a variety of applica-

tions. Fluorescence studies have shown that in these films incorporated into fibers

the surface-induced perturbations can propagate away from a fiber surface to induce

the formation of a three-dimensional zone with properties different from those of

the bulk polymer [163]. Particularly, concentration gradients can arise if one of the

reacting components of the resin mixture has a higher affinity for the fiber surface

than the other components. Therefore, the challenge lies in proper description of

perturbations at surfaces and interfaces of polymer materials. The properties of

these films strongly depend on interaction with substrates [10]. These findings

indicate that the dynamics of nanoscale layers can be greatly influenced by adjacent

domains even when the two polymers form a narrow interface.

9.5 The Surfaces of Solids

With its relatively low structural resolution, fluorescence probing cannot compete

with other physical methods addressing the structures and properties of solid

surfaces. Meantime, many researchers try to formally derive the empirical “polar-

ity” using the calibration made in liquids (e.g., [164] and citations therein), thus

ignoring the differences in molecular relaxations between these media that can be

very strong. The sensitivity in response of adsorbed probe to its weak intermolecu-

lar interactions can be used here in a different way – to characterize the surface by a
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parameter related to inhomogeneous broadening (see Sect. 5) that could be a direct

measure of distribution in the strengths of these interactions. This approach still

needs its exploration.

Concluding this section we must stress the following. Surfaces and interfaces

present the strongest molecular-scale gradients of many physical properties.

Located at the interface, organic dye molecules experience strong anisotropy in

these interactions, and being structurally anisotropic themselves, they adopt pre-

ferred location and orientation together with some distribution around these pre-

ferred values. This structural anisotropy makes the physical modeling based on

reactive field of spherical symmetry nonproductive or even meaningless. No better

are empirical approaches that intuitively assume the tested medium as isotropic and

continuous. Even at very selective location, the probes may not catch very impor-

tant features just because the change of molecular order and interactions at the

interface appear to be very sharp extending to bulk phases only to the length of

several atoms. The probe sizes are simply not commeasurable with the sizes of

molecules and groups of atoms forming these gradients.

10 Guest–Host Composites and Nanocavities

Macrocyclic hosts such as cyclodextrins and calixarenes open a wide range of

opportunities for new supramolecular chemistry and materials. They can include

organic dyes with a dramatic change of spectroscopic response, and such com-

plexes have found versatile use in sensing technologies [7]. Likewise chelating and

catalytic properties of nanoporous materials are in the frontier of research and

development. Complexation reactions with them serve as excellent models for

understanding the general behavior of dyes in structurally confined environments.

We have to see how the analysis of their fluorescence response could be used for the

description of this behavior.

10.1 Cyclodextrins

Cyclodextrins (CDs) are cyclic oligosaccharides consisting of six or more gluco-

pyranose units attached by a-1,4-linkages. They are water-soluble natural products,
inexpensive, commercially available, nontoxic, and readily functionalized. With

hydroxylic groups facing the outer space, these molecules are highly soluble in

water, whereas the inner space can accommodate different low-polar molecules,

including fluorescent dyes. Their binding affinity is determined by cavity size. It

increases from a-cyclodextrin (a-CD) to b-cyclodextrin (b-CD) and to g-cyclodextrin
(g-CD) [165]. Comparative studies on the binding of different neutral, anionic, and

cationic dyes [166] demonstrated that this binding is mainly hydrophobic and is

only insignificantly affected by the charge of guest molecule. In all studied cases

the tight complexes are formed, which is manifested in the time-resolved studies of

48 A.P. Demchenko and S.O. Yesylevskyy



anisotropy that detects rotation of the whole complex. Ultrafast dielectric relaxa-

tions are manifested, they were detected by time-resolved methods [167]. These

systems exhibit also an ultraslow (�1 ns) component of solvation dynamics [168]

suggesting that confinement of water and dynamic exchange of bound and free

water are the main sources of such slow motions [169].

It is interesting to note that steric restriction in CD cavities can provide more

significant effects than the change of polarity estimated from empirical correlations

based on reference spectra in liquid solvents. This is clearly seen for the dyes with

their response based on ICT [92] and ESIPT [170].

Solvation of coumarin 153 dye in the hydrophobic cavities of di- and trimethy-

lated-cyclodextrins (CD) in aqueous solutions was recently studied using MD

simulations [171]. The partial atomic charges of the dye were computed in ab initio

calculations in the ground and excited states and used in classical MD simulations.

Both equilibrium and dynamical characteristics could be obtained in such studies.

MD simulations provide direct structural information about location of the probe

inside the CD cavities. It was shown that two alternative orientations of the dye are

possible. In the so-called slanted geometry, the dye lies mostly parallel to one of the

glucose units of the CD, but in the upright geometry it is oriented parallel to the axis

of CD cavity (Fig. 13). The rotational dynamics of the trapped coumarin includes

diffusive motions within a local restrictive environment coupled to the overall

a

b
Fig. 13 Alternative

configurations of the

coumarin 153-cyclodextrin

complexes in aqueous

solutions (a) slanted

geometry, where the dye is

inclined relative to the axis of

CD cavity and lies parallel to

one of the glucose units of the

CD (shown in bright colors);
(b) upright geometry, where

the dye lies parallel to the axis

of CD cavity. Picture from

[171]
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rotational motion of the surrounding CD. There are two distinct components of the

solvation response, which correspond to water relaxation within 2–3 ps time scale

and to fast subpicosecond relaxation that involves intramolecular motions in CDs,

respectively. Slow gauche-trans interconversions in primary hydroxyl chains of the

CD, which take place in the nanosecond time scale, are unlikely to be connected to

the electronic excitation of the probe.

10.2 Calixarenes

Calixarenes are a class of polycyclic compounds that can allow (by proper chemical

substitutions) achieving high-affinity binding of many small molecules. Calixar-

enes are cyclic oligomers (usually 4-mers, calix[4]arenes) obtained by phenol–for-

maldehyde condensation. They exist in a “cup-like” shape with a defined upper and

lower rim and a central annulus. Their rigid conformation of skeleton forming a

cavity together with some flexibility of side groups enables them to act as host

molecules. By functionally modifying the upper and/or the lower rims it is possible

to prepare various derivatives with differing selectivity for various guest molecules,

which makes them good chelators and sensors for small molecules and ions. A

variety of environment-sensitive dyes were used for attachment, particularly, to an

upper rim of their structures [144]. In addition, calix[4]arenes chelate different dyes

with dramatic quenching effect [172], so that sensing response can be achieved on

their displacement with the targets. This, probably, makes difficult the studies of

their complexes. In our knowledge, no systematic studies on fluorescence probing

of intermolecular interactions in calixarene-dye complexes have been performed by

now. It can be expected that the probing dyes will exhibit “interfacial behavior”

being surrounded by both low-polar groups in the cavity and the polar solvent.

10.3 Dendrimers

Dendrimers are the well-defined, symmetric tree-like macromolecules that possess

a high degree of order and the possibility to contain selected chemical units in

predetermined sites of their structure. Due to the presence of some degree of

conformational freedom of chain segments, they possess structural flexibility suffi-

cient for trapping and holding small molecules including fluorescent dyes [173].

Probing the dendrimer interior was provided by different polarity-sensitive dyes

with the reference to empirical scales of polarity [9, 174]. This description is

definitely not conclusive because of solvent molecules also present in dendrimer

interior (in nonaccountable number and location) and of unknown relaxation rates

of chain segments that can also influence the recorded spectra.

The studies of the dendrimers show remarkable complementarity in results of

spectroscopic experiments and MD simulations. The instantaneous structure of
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dansyl terminated dendrimer of propylene amine dissolved in CH2Cl2 was inves-

tigated in MD simulations. Subsequent incorporation of several eosin Y dyes into

the dendrimer was also studied. The guest molecules are distributed at two main

distances from the center of the dendrimer and their surroundings are very dynamic.

Eosins move inside the hyperbranched molecule in a way similar to what the

solvent molecules do and sometimes aggregate [175]. More recently, the time-

resolved fluorescence spectroscopy and MD simulations were applied simulta-

neously to study internal dynamics and excitation energy transfer from dansyls to

eosin in these dendrimers. Combination of results from fluorescence anisotropy and

the MD simulation suggested three time domains for the internal dynamics of the

dendrimers: about 60 ps for motions of the outer-sphere dansyls, 500–1,000 ps for

restricted motions of back-folded dansyls, and 1,500–2,600 ps for the overall

rotation. Solvation relaxation around a single dansyl of a dendrimer could be

analyzed using the time-dependent spectral shifts of fluorescence. The characteris-

tic time of relaxation was estimated to be 20–30 ps. Dendrimer-independent

excitation energy transfer from dansyls to eosins was also observed [176].

10.4 Sol-Gel Derived Materials

Sol-gel derived materials are the materials that can be obtained with very high

nanoscale porosity and can incorporate a large amount of guest together with the

solvent molecules. Functional properties of these materials depend strongly on the

composition of gel-forming precursors, the type of solvent, the concentrations of

impurities, etc. Fluorescent dyes can be incorporated into this system on the step of

gel formation, and the information that they provide can be very valuable for

understanding their nanoscale structure and dynamics [177]. In these media, the

presence of voids of different sizes and shapes, the chemical disorder of the matrix,

and the presence of trapped solvent molecules result in diversity of local effects that

are to be expected when the response of probing dye is examined.

Thus, with the aid of environmentally sensitive dye Nile Red, it was found that

the peak fluorescence emission could be tuned by addition of solvents with different

dielectric constants indicating the dye solvation within the matrix pore structure

[178]. The lower limit of this wavelength range was mainly determined by interac-

tion with the host, while the upper limit was related to emission from an added

solvent mixed with water. Specificity in response to the presence of polar solvent

can be provided by the probe exhibiting ESIPT reaction, as it was demonstrated

with benzoxazole dye [38]. Switching of fluorescence emission between normal

and ESIPT forms was observed as a function of the ratio of inorganic and organic

components in nanocomposites [179].

The study of translational and orientational motion by diffusional quenching and

by time-resolved anisotropy seems to be straightforward methods when applied to

nanoporous systems [180]. But there were no attempts to separate viscous diffusion,
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dielectric friction, and dielectric induced rotations, which as stated above (Sect. 4.1)

can dramatically modulate probe response.

The dielectric response of the polar fluid trapped in the nanocavities was recently

investigated in the series of MD simulations. Although this study was not focused

on the real solvent and the simple model fluid consisting of spherical dipolar

particles was used, it provides some insight into dielectric properties of such

confined systems. Particularly, dynamic relaxation of the total dipole moment of

the liquid depends strongly on dielectric constant. At the same time, the density

profile and local orientational order parameter of the dipoles turn are rather insen-

sitive to dielectric constant of the medium. Such studies demonstrate the ability of

MD simulations to capture important properties of confined solvents [181].

11 Conclusions and Prospects

The power of molecular probing method is the ability to operate with the systems of

quite different complexity. Meantime, this complexity cannot be seen directly in

fluorescence probe response. The probe responds in some integrated way to inter-

molecular interactions and dynamics in its environment only, so by observing these

collective molecular effects we are able to derive only a small number of output

variables. Therefore, intuitively or explicitly we operate with mesoscopic models.

Light absorption and emission of fluorophore obeys quantum mechanical laws but

the description of collective effects in these interactions can be described in

classical terms. This classical description allows averaging and building the bridge

to quasi-continuous approximation.

Such approach proved to be productive when the probing system is structurally

homogeneous. In the case of nanoscale heterogeneity, the local “polarity” and the

local “fluidity” within or between organized assemblies are appreciably different

from that in the bulk medium. They include structural anisotropy and anisotropic

mobility in a way that cannot be accounted and analyzed with empirical approach

based on the references derived from the study of homogeneous materials. The

benefit of simplicity turns out to be the loss of information that is needed for

understanding different molecular events, such as adsorption, self-assembly, and

catalysis.

The methods are needed that allow molecular-scale description of interactions

and of their dynamics. To achieve this goal, several steps have been made already.

The techniques of introduction of organic dyes by covalent labeling are nicely

complemented by rapidly developing methodology based on affinity labeling and

molecular recognition. Meantime, this trend has almost reached the limit in its

perfection and it does not help to resolve the gradients of physical parameters that

are steeper than the probe dimensions. Since these problems refer to the systems

studied and to spatial sensitivity of response, they cannot be resolved in full by the

improvement of detection methods. What remains is to change the paradigm. The

factors complicating the analysis should be transformed to the source of new
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information. The progress can be seen with the development of means to charac-

terize the ensemble- and time-correlated distribution of dye interaction energies

with their local environment. This could be an important characteristic of interac-

tion energies across the interface zone (the analogs of the gradients of polarity),

which could be achieved by extension in the analysis of inhomogeneous broadening

effects. The gradients of interaction energies can be seen as an additional factor

broadening the spectra. The rates of reorganization within the ensemble of states

forming this distribution (relaxation phenomena) will then appear as the variables

characterizing the dynamics (the analogs of the gradients of viscosity).

Fundamental understanding of dynamics and interactions at the molecular level

cannot be achieved without the aid of molecular simulation based on as quantum-

mechanics and classical MD. Atomic resolution of these methods is beyond the

possibilities of any spectroscopic techniques, which provides extremely precise

structural information about the studied systems. The interactions between the

molecule of interest and its surrounding could be decomposed into components in

MD simulations, which allow studying the contribution of various molecules,

functional groups, or even individual atoms. Such simulations are the especially

valuable tools in the studies of systems with nanoscale structural and dynamic

heterogeneity where the description based on reduction to single or several para-

meters are insufficient or even inappropriate.

Like any other technique of research, fluorescence probing has its merits and

limitations. In this chapter, we tried to outline these limitations and show that some

of them are of fundamental character and the others can be reduced or even

eliminated with the improvement in techniques and analyses of data. This opens a

broader way for applications in different areas, including the studies in systems

with strong nanoscale heterogeneity. With these prospects, fluorescence probing

has a bright future.
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Part II

Probing Condensed Media



Fluorescence Probing of the Physicochemical

Characteristics of the Room Temperature

Ionic Liquids

Anunay Samanta

Abstract Room temperature ionic liquids are salts, which in their pure state are

liquid at ambient conditions. These substances have attracted a great deal of

attention in recent years for the various opportunities they offer. Several physico-

chemical characteristics of these novel materials can be understood from fluores-

cence studies on carefully chosen probe molecules in these media. In this chapter,

we address some of the properties of these complex media that have been obtained

from these fluorescence studies. Specifically, we discuss about the polarity of these

liquids, solvent relaxation dynamics in these media and properties that arise as a

consequence of slow solvation and diffusion in these viscous environments. The

microheterogeneous nature of these solvents, which is indicated in some of

the fluorescence studies, is also highlighted. The steady state and time-resolved

fluorescence response of the molecular systems presented here is expected to

provide insight into the various structural and dynamical aspects of these complex

media and will also initiate further studies to throw light into some of the properties

that are not yet fully understood.

Keywords Dynamic fluorescence Stokes shift � Excitation wavelength-dependent

fluorescence � Fluorescence recovery after photobleaching � Ionic liquids � Red-edge
effect � Solvation dynamics
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1 Introduction

A greater awareness and concern of the pollution caused by the volatile organic

compounds, which are used in large quantities for various purposes, has prompted

significant effort in recent years directed towards finding environment-friendly

replacement for these harmful chemicals. This quest for green chemistry [1] has

led to the realization of the importance of solvent-free synthesis [2] and use of water

[3], supercritical carbon dioxide [4], and room temperature ionic liquids (RTILs) as

possible alternative reaction media [5–19].

The RTILs, which are currently the focus of worldwide attention, are salts

consisting entirely of ions. However, unlike the ionic solids, these are viscous

liquids at ambient conditions. The most commonly used RTILs are the ones

based on nonsymmetrically substituted N,N0-dialkylimidazolium cations and non-

coordinating bulky inorganic anions. 1-Butyl-3-methylimidazolium ion [bmim]+

and 1-ethyl-3-methylimidazolium ion [emim]+ are the most common cationic

components and PF6
�, BF4

�, and [(CF3SO2)2N]
� are the anionic counterparts.

The chemical formulae of some common RTILs are shown in Fig. 1.

The low melting point of these salts is believed to be the result of weak

electrostatic attraction between the ionic partners and poor packing of the crystal.

The former is due to the bulkiness of the constituent ions and charge delocalization

in them. The poor packing is attributed to the lack of symmetry in one or both the

ionic partners. In addition to possessing the essential solvent properties, the features
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Fig. 1 Chemical formulas of some frequently used RTILs
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that these liquids do not evaporate, do not burn, and can be recycled have made

them quite appealing as possible environment friendly solvents for various funda-

mental studies and applications [5, 7, 10, 13, 19, 20]. Even though extensive studies

during the past decade have brought into light a number of drawbacks pointing to

some of the limitations of the RTILs in replacing the volatile organic compounds

[17, 21–24], the fact that these studies have also revealed several distinct features of

these substances useful as specialty chemicals [25–27] explains the continued

interest in these substances. A large number of papers and review articles have

appeared already describing various physiochemical properties and applications of

the RTILs [28–81].

A number of properties of these substances have been understood from fluores-

cence studies in these media despite the fact that the imidazolium ionic liquids

absorb in the near UV region and exhibit weak emission with the fluorescence

behavior dependent on the excitation wavelength [75, 82, 83]. The optical proper-

ties of the RTILs do pose some constraints to the fluorescence studies in these

media, particularly those involving substances that absorb in the UV region and are

weakly fluorescent. However, the studies carried out so far clearly suggest that

these constraints are not problematic in most cases and a wealth of information

concerning the structure and dynamics of these substances can be obtained from

fluorescence studies on the probe molecules in RTILs [74–77].

2 Polarity of the Room Temperature Ionic Liquids

2.1 Methodology of Determination of Polarity

Solvent polarity is an important parameter that characterizes how a solvent interacts

with the solutes. Dielectric constant, refractive index, or functions involving these

two quantities are frequently used as macroscopic solvent polarity parameters.

However, as the polarity of a solvent is indicative of all possible interactions at

the microscopic level, the solvent polarity is most often expressed in terms of

empirical parameters, which take into account all possible specific and nonspecific

interactions between the solute and the solvent [84]. The ET(30) scale, which is

based on the transition energy of a zwitterionic betaine dye (Fig. 2) that exhibits

exceptional negative solvatochromism, is the most common one [84–87]. The

ET(30) value of a solvent is defined as the molar transition energy of this dye (in

kcal mol�1) at room temperature (25�C) and normal pressure (1 bar) and is related

to the wavelength corresponding to the maximum of the long wavelength absorp-

tion band of the dye as

ETð30Þ=kcal mol�1 ¼ 28; 591=ðlmax/nmÞ: (1)
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Even though the ET(30) scale of polarity is defined with respect to the betaine

dye, the ET(30) values are often estimated using other substances because of

convenience and sometimes because of necessities such as the poor solubility of

this dye in the medium. Apart from the most commonly used ET(30) scale, several

other polarity parameters are also used, which can be found elsewhere [84, 88].

One of the most common approaches to the estimation of the polarity of an

unknown medium using fluorescence technique involves the use of dipolar fluores-

cent systems [88]. As the excited state of this type of molecules is usually more polar

than the ground state, the excited state is stabilized to a greater extent compared to the

ground state in a polar medium leading to a Stokes shift of the emission maximum

(Fig. 3). As the magnitude of the Stokes shift or the wavelength/energy corresponding

to the fluorescence maximum of the dipolar molecule in a solvent is a measure of the

various interactions between the two, the dipolar molecules often serve as polarity

probes for the study of complex systems.

2.2 Polarity Estimates

Several studies have been carried out for quantification of the polarity of the RTILs

from the measured frequency of the fluorescence maximum of various dipolar

molecular systems [29, 40, 41, 48, 89] such as coumarin 153 (C-153), 4-ami-

nophthalimide (AP), 6-propionyl-2-dimethylaminonaphthalene (PRODAN), etc.

(Fig. 4). In this method, one first obtains a calibration line by plotting the measured

wavenumbers corresponding to the fluorescence maximum (�uflumax) of the probe

molecule in several conventional solvents of known ET(30) values. The unknown

ET(30) value of an RTIL is then obtained from the measured �uflumaxvalue of the probe

in the given RTIL. These studies have indicated that most of the RTILs are more

polar than acetonitrile, but less polar than methanol [29, 89]. In fact, the ET(30)

values of most of the ionic liquids have been found comparable to those of the

+
N

O

Fig. 2 Molecular structure of

the betaine dye used in the

ET(30) scale of solvent

polarity
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short-chain aliphatic alcohols [29, 30]. In this context, one cannot ignore, however,

the fact that despite a large variety of structures of constituent ions, the polarity of

most of the RTILs comprising different imidazolium ionic liquids, as estimated

from the microenvironment sensed by the probe molecules, is very similar to that of

the short-chain alcohols.

Fig. 3 Typical energy level

diagram of a dipolar molecule

in nonpolar and polar media

illustrating the solvent

stabilization of the ground

and excited states and

consequent shift of the

emission frequencies

N

O

O

H N

O

O

H

N

CH3

CH3
CF3

N

O

N O O N O O

AP DAP PRODAN

C153 C102

H2N
H3C

Fig. 4 Chemical formula of some dipolar fluorescence probes used in the measurement of solvent

polarity and solvation dynamics
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This observation can be rationalized taking into consideration the hydrogen

bonding interaction of the imidazolium ion with the probe molecules [30, 89], in

which the former acts as a hydrogen bond donor through the acidic hydrogen of the

C–Hmoiety, which lies between the two ring nitrogen atoms (see Fig. 1). A detailed

discussion on the polarity of the RTILs can be found in a recent review of Reichardt

[89]. It is interesting to note in this context that the dielectric constant, which is

also used as an indicator of the polarity of a medium, pictures the imidazolium

ionic liquids as much less polar media with dielectric constant values around

11.4–15.1 [78, 79].

3 Solvation Dynamics in Room Temperature Ionic Liquids

3.1 Fundamentals of Solvation Dynamics and Time-Dependent
Fluorescence Stokes Shift

Solvation dynamics commonly refers to reorientation of the solvent molecules

around an instantly created solute dipole in a polar solvent. While static solvation

determines the extent of stabilization of a dipolar solute in a polar medium, the

dynamics of solvation controls the rates of electron and proton transfer reaction in

polar solvent. In fluorescence studies of solvation dynamics, the solute is a fluores-

cence probe, which is weakly polar or nonpolar in the ground state, but becomes

highly polar upon excitation. C-153 and AP shown in Fig. 4 are popular fluores-

cence probes for the study of solvation dynamics. Excitation of the probe molecule

with an ultrashort laser pulse instantly separates charge creating a dipole, which

disturbs the equilibrium arrangement of the solvent dipoles around the probe. In

response, the solvent molecules start rearranging themselves around the newly

created charge-separated species to form a new equilibrium configuration. The

time taken for this rearrangement of the solvent molecules around the excited

probe molecule is referred to as the relaxation time of the solvent. As solvation

leads to substantial Stokes shift of the fluorescence spectrum of a dipolar molecule,

one of the most commonly exploited procedures of studying the solvation dynamics

is to follow the time-dependent shift of the fluorescence spectrum of a dipolar

probe molecule, termed as dynamic Stokes shift [90–97], following its electronic

excitation using a short pulse of light (Fig. 5).

The dynamic Stokes shifts are measured from the time-resolved emission spectra

(TRES), which are usually constructed by an indirect procedure starting with

the measurement of a series of fluorescence decay profiles monitoring several

wavelengths across the entire steady state emission spectrum [98]. A wavelength-

dependent fluorescence intensity decay profile is observed as a general case. The

wavenumbers corresponding to the emission maxima at different times (�nðtÞ) are
subsequently obtained by fitting the time-resolved emission spectra to a line-shape

function. The solvent reorganization dynamics is usually followed by constructing a
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dimensionless spectral shift correlation function, C(t), the value of which varies

between 1 and 0.

CðtÞ ¼ �nðtÞ � �nð1Þ
�nð0Þ � �nð1Þ ; (2)

where nðtÞ, nð0Þ, and nð1Þ are the emission peak frequencies (in cm�1) at times,

t, t ¼ 0 and t ¼ 1 following laser excitation of the solute probe molecule. The

longitudinal relaxation time of the solvent, tL, is an exponential decay function of

C(t) with time, so that C(t) ¼ exp(�t/tL). However, experimentally found C(t)
functions are often multiexponential and hence, an average solvation time tLh i,
defined as

tLh i ¼
Xn
i¼1

aiti (3)

is usually estimated. The simple continuum theory equates the longitudinal relaxa-

tion time, tL, with much slower Debye relaxation time, tD according to the

following equation [97]:

tL ¼ 2e1 þ ec
2e0 þ ec

tD; (4)

Fig. 5 Dynamic Stokes shift

of a dipolar molecule in a

polar environment
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where e1 and e0 (e1 < e0) are the infinite-frequency and low-frequency dielectric

constant of the solvent. ec is the dielectric constant of the cavity containing the

probe molecule. The equation is often simplified as

tL ffi 2n2 þ 1

2eþ 1
tD ffi n2

e
tD: (5)

Assuming, e1 ¼ n2, where n is the refractive index and replacing e0 by static

dielectric constant, e.

3.2 Solvation Dynamics in Conventional Solvents

The study of dynamics of solvation is an active area of interest from both theoretical

and experimental point of view [90–97]. Water and alcohols are the most

commonly used media for this purpose, though solvation dynamics in organized

assemblies have also recently become an attractive topic for investigation [99–105].

The solvent relaxation process in conventional solvents is usually very fast at

room temperature. Using ultrafast time resolution of the order of few femtoseconds

it has been found that in major class of solvents, where specific interaction like

hydrogen bonding is unimportant, the solvation times are in the subpicosecond time

scale at room temperature. The linear correlation between experimentally observed

average relaxation time and longitudinal relaxation time, tL as predicted by simple

continuum theory, depends on the nature of solute–solvent interaction and temper-

ature of the medium. Deviation from the above, when observed, can be accounted

for considering molecular nature of the solvent, translational contribution to the

solvent relaxation and specific hydrogen bonding ability of the protic solvent [84].

This relaxation time obviously depends on the viscosity of the medium, molecular

structure of the solvent and temperature of the system. Obviously, the relaxation

times are much slower in viscous solvents and in membranes or proteins [100–105].

3.3 Timescale and Mechanism of Solvation Dynamics in
Room Temperature Ionic Liquids

As the RTILs are sufficiently polar, both static solvation and dynamics of solvation

are important processes in these media. The time-dependent fluorescence behavior

of dipolar solutes in these media is therefore expected to yield information that is

useful for an understanding of the time-scale and mechanism of solvation dynamics

[74, 75, 77]. Early studies revealed that common dipolar molecules such as C-153,

AP, and PRODAN exhibit wavelength-dependent fluorescence decay profiles

(Fig. 6) and time-dependent fluorescence Stokes shift in the ps–ns timescale

[39–41] (Fig. 7).
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Fig. 6 Time-resolved fluorescence behavior of C153 in [bmim][BF4] at (a) 580, (b) 530, (c) 500,
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from [39]
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Reproduced with permission from [39]
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This observation suggested that solvation dynamics in RTILs is slow compared

to the common molecular solvents such as acetonitrile, methanol, or water. These

early studies not only showed that slow solvation dynamics is a general feature in

viscous RTILs, but also indicated that the time-resolvable component of the

dynamics, as obtained from the fits to C(t) versus t plots (Fig. 8), was biexponential
in nature. The average solvation time was found to be dependent on the viscosity of

the media and on the probe molecule though no correlation of the time with the

probe molecule could be established. Interestingly, even though the solvation

dynamics in RTILs was found to be slow, it was noted that nearly 50% of the

spectral relaxation dynamics was quite fast compared to the time-resolution

(~25 ps) of the experimental time-correlated single photon counting (TCSPC)

setup and hence, could not be captured in most of the measurements. The studies

carried out at later stages have corroborated the early findings and they also have

been extended to cover a wider range of RTILs [42–47, 51, 106]. Attempts have

also been made to time-resolve the ultrafast component of the dynamics, which

is missed in these studies and believed to be faster than the time resolution of

the instrumental setup. Using a combination of Kerr-gated emission and time-

correlated single photon counting techniques, the complete solvation response of

a dipolar probe in several imidazolium ILs and one pyrrolidinium IL has recently

been captured by following the fluorescence Stokes shift dynamics [50]. These

measurements have revealed a rapid subpicosecond component (10–20% of the

total relaxation) and a much longer component that relaxes in the ps–ns time scale.
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Fig. 8 Decay profiles of the response function, C(t) of PRODAN in [emim][BF4] (filled circle),
PRODAN in [bmim][BF4] (filled triangle) and C153 in [emim][BF4] (filled square). The points
denote the actual values of C(t), while the solid line represents the biexponential fit. Reproduced
with permission from [41]
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3.4 Physical Origin of the Solvation Components and
Mechanism of Solvation

The mechanism of solvation in RTILs is fundamentally different from that in

conventional solvents. In the later case, the solvent response to enhanced charge

separation in the probe molecule consists of reorientation of the dipolar solvent

molecules. However, in RTILs, where the ion–dipole interaction between the

solvent and solute dominates, the solvent response is expected to be the transla-

tional motion of the constituent ions and other collective motions associated with

this. This difference is pictorially illustrated in Fig. 9.

However, considering the large size and polarizable nature of the constituent

ions, the dipole–dipole interaction may not be insignificant and hence, the orienta-

tional relaxation of these free ions also cannot be ruled out. As some of the ions of

the RTILs exist in associated forms as ion pairs or higher ion aggregates [107, 108],

the translational and rotational motion of these species cannot be ruled out as

response to the charge separation process in the probe molecule. Therefore, even

when additional complexities such as the heterogeneity of the RTILs [69, 73, 109,

110] are kept out of the consideration, the mechanism of solvent reorganization in

these media is a quite complex process and the assignment of the various time

constants to specific motions of the constituents is a difficult exercise [74, 75].

The early interpretations of the solvation dynamics data of RTILs were based on

the literature data on high temperature solvation dynamics in the molten salts [111]

and molecular dynamics simulation studies [112, 113]. The short and long compo-

nents of the dynamics were assigned to the translational motion of the individual

Fig. 9 An oversimplified diagram highlighting the fundamental difference of the mechanism of

solvation of a dipolar probe in conventional solvents and in RTILs. Reproduced with permission

from [75]
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ions and collective motion of the constituent ions, respectively [40, 41]. A different

school of thought however considered the relaxation as a nonexponential process

and a stretched exponential fit to the data was found more appropriate [43, 51].

Nevertheless, irrespective of the nature of the fit, it is the average solvation time

whose dependence on the various parameters (viscosity of the medium, probe

molecule) is generally studied [75–77] as it is felt that the separate values of the

two or more components may not mean much in the absence of a clear understand-

ing of the mechanism of solvation dynamics in these media.

Despite the complex nature of the mechanism of solvation dynamics in RTILs,

which is presented above and reviewed from time to time, some inferences can

however be made. It is obvious that the ultrafast component, which is often missed

in most of the studies, is due to some small amplitude motion of the ions, which lie

in the close proximity of the probe molecule. The nature of the physical motion that

contributes to this component, however, is a matter of speculation and debate [50,

75, 77]. As stated already, the early interpretations of solvation dynamics in

RTILs were based primarily on the results of simulation studies and literature

information available at that time [112, 113]. Even though the ultrafast component

was previously thought to be associated with the small amplitude motions of the

planar and polarizable imidazolium cations in the vicinity of the probe molecule,

this was found not to be the case in later studies [48]. Based on the recent

experimental findings and simulation studies [71], the molecular picture currently

accepted is that the subpicosecond component of the dynamics, which constitutes

~10–20% of the total solvent response, arises from the immediate response of the

ions. The slow component, which spans the ps–ns time domain and is viscosity

dependent, arises from complex dynamical processes that resemble the dynamics

occurring in supercooled liquids and involve structural reorganization such as cage

formation and deformation.

4 Unconventional Fluorescence Behavior in Room

Temperature Ionic Liquids

4.1 Excitation Wavelength-Dependent Fluorescence

Even though most dipolar molecules in RTILs display fluorescence behavior similar

to that expected in short-chain alcohols, a few systems such as ANF (Fig. 10)

interestingly exhibits excitation wavelength-dependent fluorescence spectra in these

media, a behavior, which is not in accordance with the Kasha’s rule and not observed

NO2

ANF

H2N
Fig. 10 Chemical formula of

2-amino-7-nitrofluorene

(ANF)
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in short-chain alcohols [110]. A typical excitation wavelength-dependent fluores-

cence behavior is highlighted in Fig. 11. A plot of the emission peak wavelength

versus the excitation wavelength is illustrated in Fig. 12. The extent of the excitation
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Fig. 11 Normalized fluorescence spectra of ANF in [bmim][BF4] at room temperature as a

function of excitation wavelength, lex: 400 nm (dash), lex: 450 nm (dot) and lex: 490 nm

(solid). The fluorescence spectra have been corrected for the instrumental response. Reproduced

with permission from [110]
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wavelength-dependent shift of the emission maximum is found to be dependent on

the viscosity of RTILs. That the observed behavior is not due to the ionic nature of the

constituents of the RTILs, but is due to their highly viscous nature is evident from the

fact that ANF exhibits similar excitation wavelength dependence in highly viscous

conventional solvent, glycerol.

4.2 Origin of the Excitation Wavelength Dependence

Even though excitation wavelength-dependent fluorescence behavior of the kind

described above is uncommon for simple molecular systems in conventional media

of low viscosity, a behavior of this nature is however often observed in highly

viscous or frozen media such as low temperature glasses, or polymer matrices

and organized assemblies such as membranes, proteins, etc. [99, 114–119]. This

phenomenon is commonly termed as “red-edge effect” (REE) [114, 116], although

terminologies such as “edge excitation shift” (EES) [117], “edge excitation red

shift” (EERS) [115] and “red edge excitation shift (REES)” [88, 119] are also used.

Since this phenomenon is frequently encountered in biological systems, REE has

been exploited quite extensively for studies in biological systems and an excellent

review article by Demchenko is available on this topic [99]. The first chapter of this

book also contains a discussion on REE [87].

In order to observe REE two conditions must be satisfied. The first requirement is

the inhomogeneous broadening of the absorption spectrum of the molecular system

(Fig. 13), which, in the case of dipolar systems, can arise from the distribution of

the solute–solvent interaction energies. As each molecule in a condensed medium

does not necessarily experience an identical environment and since a large number

of different environments are indeed possible, one can expect a distribution of

interaction energies between the solute and the solvent leading to a broadening of

the absorption spectra. This type of inhomogeneous broadening is shown to be

particularly significant for dipolar molecules in polar media as it can be described

by simple expression according to Onsager sphere approximation [99]

Dn¼ADma�3=2ðkTÞ1=2 (6)

where A is a constant dependent on the dielectric constant of the solvent, Dm is the

change in the dipole moment of the system on electronic excitation and a is the

Onsager cavity radius. There can be additional spectral broadening due to specific

interactions such as hydrogen bonding and electrostatic interactions or due to the

presence of hydrophobic and hydrophilic pockets that allow multiple solvation

sites. Additional broadening, if any, helps selective excitation of a small population

of the solute molecules, whose transition energy matches with the excitation energy

[99]. However, the presence of an ensemble of energetically different molecules,

which allows photoselection of the individual species, alone cannot give rise to

the excitation wavelength-dependent fluorescence behavior of a system as rapid
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relaxation in the excited state results in emission from the lowest excited state

irrespective of the excitation [99, 118].

The second condition that must be satisfied for the occurrence of REE is that the

excited state relaxation of the fluorescent species, which can be solvation of the

fluorescent state or energy transfer from the fluorescent state to a low lying energy

state, must be slower or comparable to the fluorescence lifetime of the species

[99, 118].

Taking into consideration the two essential conditions described above it is

possible to rationalize why ANF and a few other molecular systems exhibit excita-

tion wavelength-dependent fluorescence behavior in RTILs [110]. For ANF, the

inhomogeneous broadening of the absorption spectrum, which is necessary for

photoselection of energetically different species and is determined by (6), is quite

high due to its large (25 D) Dm value. Moreover, the fluorescence lifetime of ANF in

RTILs is not only very short (~100 ps) compared to other dipolar probe molecules

but also much shorter than the solvent reorganization time in RTILs ( Th isolv � 1 ns).

Consequently, it is not possible to observe fluorescence from the fully equilibriated

excited state of the molecule. Instead, fluorescence from a nonrelaxed or partially

relaxed state, whose position is largely determined by the excitation wavelength, is

observed. REE resulting from inhomogeneous broadening caused by the

Fig. 13 A pictorial illustration of the Red-Edge Effect, which arises from the presence of an

ensemble of energetically different molecules in the ground state and inefficient relaxation in the

excited state. Reproduced with permission from [75]
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electrostatic and hydrogen bonding interactions and microheterogeneity of the

RTILs is also reported in these media.

5 Structural Heterogeneity of the RTILs

Even though the RTILs appear as homogeneous fluid through naked eye, a number

of experimental and simulation studies have revealed that these are microhetero-

geneous systems comprising long-lived hydrophobic and hydrophilic domains such

as micelles, reverse micelles, proteins, membranes, etc. [73, 109, 110, 120, 121].

Despite the fact that no direct evidence of this heterogeneity has so far been

obtained from the fluorescence measurements, there are however several instances

where the microheterogeneous nature of the RTILs has been indicated in fluores-

cence studies [53–56, 110, 122, 123]. A few representative studies are presented

below to illustrate this point.

In molecular solvents, 4-N,N-dimethylaminobenzonitrile (DMABN) exhibits

dual fluorescence and the relative intensities of the two (LE and ICT) emission

bands are independent of the excitation wavelength [124, 125]. However, in RTILs,

as can be seen from Fig. 14, with an increase in the excitation wavelength, the ICT

emission intensity increases relative to the LE emission [122]. If it is assumed that

the molecular geometry of DMABN in RTILs is not very different from that in

conventional solvents, the excitation wavelength dependence can only be explained

considering the microheterogeneous nature of these media wherein DMABN
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Fig. 14 Fluorescence spectra of DMABN in [bmim][PF6] for excitation wavelengths of

280–315 nm. The spectra have been normalized at the LE emission peak position and corrected

for the fluorescence of [bmim][PF6]. Reproduced with permission from [122]
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molecules occupy various possible environments having different polarities. With

increase in the excitation wavelength, DMABN molecules, which lie in more polar

regions, are preferentially excited. As the LE! ICT barrier depends on the polarity

of the medium and is lower for molecules that lie in a more polar environment, it is

understandable why an increase of the excitation wavelength results in an enhance-

ment of the ICT emission.

Photoinduced electron transfer (PET) reaction between pyrene and N,N-dimethy-

laniline (DMA) has been extensively studied in conventional media by monitoring

the fluorescence quenching of pyrene upon addition of DMA [126]. As this PET

reaction is diffusion controlled, one expects considerable slowing down of the rate of

this process in RTILs due to the viscous nature of the media. While this is indeed the

case, what appeared quite surprising was the finding that the estimated rates of

fluorescence quenching due to PET, as obtained from the steady state and time-

resolved fluorescence measurements, were higher than the diffusion controlled rates

(estimated using bulk viscosities of the media) by a factor of 2–4 [55]. Results of this

kind can only be explained if the medium is heterogeneous comprising domains

whose microviscosities are different from the bulk viscosities of the media.

Indirect evidence of the microheterogeneous nature of [bmim][PF6], one of the

extensively studied RTILs, has been obtained recently from a study based on

multiphoton confocal fluorescence microscopy technique [122]. In this work, a

few microlitres of a dilute solution of 4-(N,N-dimethylamino)benzonitrile

(DMABN) in [bmim][PF6] is placed between a clean glass slide and a coverslip

and used for photobleaching and analysis. A square region 43 mm � 43 mm of

interest is scanned under the microscope and a circular region of interest of radius

4.3 mm is photobleached by multiphoton excitation. The diffusion characteristics of

DMABN in [bmim][PF6] are obtained by acquiring sequence of images (Fig. 15) of

the fluorescence recovery after photobleaching (FRAP). The diffusion coefficient

of DMABN in [bmim][PF6] estimated from this experiment is found to be different

from that given by the Stokes–Einstein relation. This observation can only be

rationalized considering the microheterogeneous nature of the RTIL.

Fluorescence technique is frequently used for the measurement of microviscos-

ity of a variety of organized assemblies, which are microheterogeneous in nature.

One can use for this purpose molecular rotors, which are molecular systems whose

fluorescence quantum yield is highly sensitive to the viscosity of the medium.

Malonitrile derivatives are well-known examples of molecular rotors or fluorescent

microviscosity probes. 9-(dicyanovinyl)julolidine (DCVJ, Fig. 16) is one of the

extensively used systems for the characterization of a variety of microheteroge-

neous chemical and biological systems [125]. DCVJ is rather weakly fluorescent

(quantum yield, Ff � 10�3) in conventional less viscous solvents (<2 cP), whereas

in highly viscous glycerol, Ff is as high as 0.1. Studies on DCVJ have also shown

that the microviscosity, as experienced by this probe molecule and estimated from

its fluorescence efficiency in RTILs, can be significantly different from the respec-

tive bulk viscosities indicating the microheterogeneous nature of these media [56].

In addition to the above examples, excitation wavelength-dependent fluorescence

behavior of molecular systems of the kind observed in the case of ANF and described
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in Sect. 4.1 [69, 110] is also partly due to inhomogeneous broadening caused by the

segregation of the nonpolar and polar moieties of the RTILs. Excitation wavelength-

dependent solvation dynamics [53] is also perhaps the consequence of the structural
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Fig. 15 Top panel shows the fluorescence images of DMABN in [bmim][PF6], collected using a

multiphoton confocal microscope (lexc ¼ 730 nm, lem ¼ 505–570 nm). The bottom panel
represents the recovery of the normalized fluorescence within the circular ROI as a function of

time. Solid line represents the exponential fit to the recovery data. In the top panel, the circular
region represents the bleached spot. Reproduced with permission from [122]
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heterogeneity of the RTILs. The dynamic heterogeneity evident from the dispersed

kinetics of the solute rotation or nonexponential solvation dynamics in RTILs

[54, 123] can also be the result of nanoscale or microscale aggregation of the polar

and nonpolar segments of the constituent ions of these media.

6 Concluding Remarks

It is shown that the fluorescence response of molecular systems in RTILs provides

fundamental information relating to the structure, dynamics, and several other

physical characteristics of these novel media. The studies carried out so far have

indicated that the microenvironments experienced by the fluorescent probe mole-

cules in RTILs resemble those in short-chain alcohols. The dynamic fluorescence

Stokes shift studies have suggested that solvent reorganization in these media is a

much slower process when compared with that in conventional polar solvents due

to the high viscosity of the RTILs. It is shown that slow solvation dynamics,

complex nature of the RTILs and multiple interactions operational in these media

can give rise to effects that are not commonly observed in conventional solvents.

Even though our understanding of these complex media has significantly

improved over the past several years, a number of issues concerning these sub-

stances still remain poorly understood. For example, we do not have precise

interpretation of the physical motions that contribute to the various components

of the solvation dynamics despite considerable theoretical and experimental efforts.

The probe dependence of the solvation dynamics is yet another issue that is not

understood. While the microheterogeneous nature of these media has been indi-

cated in several theoretical and experimental investigations, it has not yet been

possible to extract the details of these domain structures from the fluorescence

studies. Considering these issues and the fact that a huge number of RTILs are yet to

be unexplored, it is certain that studies involving the fluorescence probe molecules

in these media have a long and bright future.
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Fluorescence Spectroscopy in Polymer Science

Tanzeela N. Raja and Albert M. Brouwer

Abstract Polymer science is an interdisciplinary field, combining chemistry,

physics, and in some cases biology. Structure, morphology, and dynamical

phenomena in natural and synthetic polymers can be addressed using fluorescence

spectroscopy. The most attractive aspect of fluorescent reporters is that their

fluorescence parameters can give information on the nanometer length scale with

an exceptional sensitivity, which allows data acquisition with submicrometer spa-

tial resolution and millisecond time resolution. The use of fluorescent reporter

molecules is, in principle, an invasive technique. Because of the large size of

polymer molecules, however, small fluorescent reporter molecules of a length

scale of < 2 nm can be considered a small perturbation.

Because of the enormous importance of synthetic polymers in our technology-

based societies, almost every conceivable experimental technique has been applied

in this field, but most of these tend to address the sample on a macroscopic scale.

This chapter gives illustrative examples of the power of molecular fluorescence for

investigating several microscopic aspects of polymer science.

Keywords Fluorescence spectroscopy � Macromolecules � Microscopy �
Morphology � Polymers
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1 Introduction

Due to the diversity, heterogeneity, and complexity of polymeric materials, it is

very challenging for polymer scientists to investigate processes occurring at the

molecular and microscopic level in these materials. While most polymeric materi-

als are not fluorescent, they can be investigated by embedding fluorescent probe

molecules that can be used to detect properties of their immediate surroundings, and

dynamical processes that change the local environment on a variety of timescales.

The combination of fluorescence techniques, such as steady-state, time-resolved

fluorescence, and fluorescence microscopy, provides excellent opportunities to

polymer scientist to investigate structure and dynamics in polymers. Some exam-

ples are given in this chapter that deal with monitoring polymerization (kinetics and

mechanism), glass transition, film formation from latex materials, characterization

of morphology, etc.

We will first briefly discuss the typical fluorescence experiments and the infor-

mation they can provide that is of importance for polymer science [1], and then go

into a number of areas in which these different experiments have been used.

1.1 Steady-State Fluorescence

Steady-state fluorescence spectroscopy is relatively simple to perform and can

provide significant information about the location and environment of a fluorescent

probe. The shape of the spectrum (e.g., pyrene) [2–4] and the position of the

emission maximum (for solvatochromic probes) [5–7] can provide information on

local polarity and mobility. Energy transfer, as a measure of distance, between

different fluorescent groups, can be detected from the emission spectrum [8–10].

Excitation with polarized light combined with polarization-sensitive detection

allows to measure anisotropy, a property that can give information on the rotational

mobility of a probe molecule [11, 12]. The emission intensity can be used to obtain

information on dynamical processes, using properly designed probes. For example,

a probe molecule can be fluorogenic, the fluorescence being turned on when it is

built into a polymer [13, 14], it can be rigidochromic [15], or fluorescence can be

quenched by diffusive processes [16]. It is often difficult to quantify the emission
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intensity from a polymer sample because the absorption is usually not known, and

samples are often scattering light. Ratiometric methods overcome this problem to a

large extent [17]. Dynamical processes are, generally, more accurately quantified

using time-resolved spectroscopy.

1.2 Time-Resolved Fluorescence

The excited-state decay times of fluorescent molecules range from picoseconds to

(many) nanoseconds. Dynamical processes that occur on these timescales can thus

be monitored via time-resolved measurements. When dynamical quenching pro-

cesses are of interest, time-resolved detection gives more reliable information than

intensity measurements, which suffer from the uncertainty associated with light

absorption versus scattering, which commonly occurs in polymer samples. Molec-

ular reorientation, a measure of viscosity, is most directly measured via time-

resolved anisotropy [18, 19].

In simple cases, the population of an excited state decays via first-order

kinetics, that is, exponentially. In heterogeneous samples, molecules in different

environments decay with different time constants, which leads to a multiexpo-

nential decay or to distributions of decay time constants. Medium reorganization

on the timescale of the decay can lead to spectral evolution. In such cases it is

helpful to include additional experimental variables, e.g., different excitation or

emission wavelengths, to get a data set that can be subjected to global analysis

[20–22].

1.3 Fluorescence Microscopy

In the past decades laser confocal fluorescence microscopy (LCFM) has emerged as

a powerful technique to study the three-dimensional distribution of luminescent

entities in biological and material sciences. In its basic form, LCFM offers a lateral

diffraction limited imaging resolution of the order of a few hundred nanometers,

and an axial resolution of one to several micrometers. In recent years, advanced

techniques have been developed, and mainly applied to the life sciences that allow

subdiffraction resolution imaging [23–25]. LCFM can gain further resolving power

by the use of multiple detection channels for different colors or different polariza-

tions, or by including the fluorescence decay time as a variable (Fluorescence

Lifetime Imaging (FLIM)) [26]. For thin films, for which depth-resolved informa-

tion cannot be obtained anyway, direct 2D imaging (wide field) of the fluorescence

intensities allows more rapid measurements, because scanning is not necessary.

Fluorescence microscopy using a near-field approach offers higher resolution than

LCFM, but only at the sample surface [27].
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Fluorescence microscopy is the key to single molecule spectroscopy (SMS)

because of its minimized detection volume, which allows discrimination of the

emission of a single molecule from the background [28]. SMS provides information

on dynamics of individual molecules in heterogeneous environments. In contrast

to ensemble measurements, which yield information on average properties, SMS

provides information on rare events and gives access to distributions and time

dependencies of properties of individual molecules. This technique can be applied

to investigate various processes in polymer science, such as complicated relaxation

processes of polymer chains near the glass transition temperature in amorphous

solids [29–31], rotational diffusion of single molecules in polymers [32], visualiza-

tion of the dynamics of polymer chains, and translational diffusion of monomers in

polymerizing solution [33].

1.4 Types of Fluorescent Probes

In this chapter we will focus on fluorophores that are added as “molecular spies” to

nonfluorescent samples. Polymers that are intrinsically fluorescent are outside the

scope. In practice, polymer samples usually contain fluorescent impurities, which

precludes the use of dyes absorbing in the UV (<350 nm), unless special precau-

tions are taken.

For some properties of interest, any dye with a suitable brightness and spec-

tral properties can be used. If one is interested in properties related to diffusion,

the molecular size is important. Energy transfer can be studied with appro-

priate pairs of energy donors and acceptors [8, 34–37]. Rigidochromic dyes are

typically based on a nonradiative decay process that is suppressed when the

molecule’s environment is rigidified, giving emission of a photon a chance in

competition with the radiationless excited-state decay process [38]. Recom-

plexes [39] and substituted olefins [40–43] are typical examples, but also other

large-amplitude excited-state processes involving electron transfer can be used

[15, 31, 44].

In many cases, it is desirable to covalently attach the reporter dye to the

polymer of interest. In that case, invariably some steps of organic synthesis are

required. Most authors use dyes that are easily derived from commercially

available ones, such as dansyl derivatives [45]. On the other hand, commercially

available dyes are normally not complicated to synthesize, so modification of

the starting materials in order to arrive at a copolymerizable dye is usually not

difficult.

Solvatochromic fluorescent probes are dyes of which the absorption or

emission color is sensitive to solvent polarity [46]. These are generally electron

Donor–p–Acceptor molecules, which exhibit a relatively small dipole moment in

the ground state and a larger dipole moment in excited state. Among the known

solvatochromic compounds, the s-coupled donor–acceptor systems developed by

Verhoeven and coworkers are still the most sensitive [47].
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2 Monitoring Polymerization

Fluorescence methods can be fruitfully used to investigate various dynamical phe-

nomena in polymer science, such as different types of polymerization processes

(including crosslinking and gel formation), irreversible film formation by the

physical interpenetration and diffusion of polymer chains across interfaces, phase

separation, and reversible transitions such as the glass transition. This section will

focus on the monitoring of polymerization processes.

The polymerization process starts with monomers, which are often low molecu-

lar weight and low viscosity liquids, which undergo a polymerization reaction and

are converted into high molecular weight polymers, with a much higher viscosity.

The polymerization process may take place through different mechanisms:

1. Chain-growth reaction: addition of unsaturated monomer at the end of a growing

chain.

2. Step-growth: through a stepwise reaction between functional groups ofmonomers.

Step-growth polymers increase in molecular weight at a very slow rate at lower

conversion and reach moderately high molecular weight only at very high conver-

sion (> 95%). The mechanism and kinetics of different types of polymerization are

very different but a common feature is the increase in viscosity as polymerization

proceeds, which can be effectively followed by fluorescent probes that are sensitive

to the mobility and rigidity of the medium.

The increase in viscosity can be probed in different ways. Emission will be

anisotropic when the molecular rotation of the probe molecule is hindered on the

timescale of the excited-state lifetime, typically several nanoseconds. Rigidochro-

mic probes fluoresce weakly in a medium of low viscosity due to a radiationless

decay process associated with a large-amplitude motion (molecular rotor), which

is suppressed when viscosity is increased [48]. Solvatochromic fluorescent probes

are also sensitive to viscosity because the stabilization of the excited-state dipole

requires medium reorganization. Finally, diffusive quenching processes can be used

to probe translational diffusion.

Pioneering work by Loutfy [49] established 4-(N, N-dialkylamino)benzylidene

malononitriles as prototypical rigidochromic probes. The fluorescence during

homogeneous-phase polymerization of styrene or acrylates turns on rather abruptly

when the free volume drops below a certain value (Fig. 1). At low conversion, and

at high conversion, these probes are not sensitive to the degree of polymerization.

The rapid excited-state decay through double bond rotation is related with the

characteristic electronic structure [50], and is found in many Donor–p–Acceptor
systems [41, 42, 51]. This kind of fluorescent probe is intrinsically also solvato-

chromic, so the increase in viscosity is accompanied by a shift of the emission to

shorter wavelengths. The solvatochromic effect is more pronounced in more

extended Donor–p–Acceptor compounds [40, 41, 52, 53].

Jager et al. monitored photopolymerization of dimethacrylates of various mole-

cular sizes and polarities [52].
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For all five solvatochromic fluorescent probes used in this study (Chart 1), the

emission shifted toward shorter wavelengths upon polymerization because the

dipolar excited states of the probe molecules are less stabilized in polymeric

networks than in corresponding monomeric phases. Enhancement of fluorescence

intensity was observed upon polymerization, which was most pronounced for

4-(dimethylamino)-40-nitrostilbene 6. The blue shift increases when monomers

with shorter spacers were used, because this leads to a denser polymer network.

This behavior was found in accordance with the fact that solvatochromic probes

mainly monitor the changes in rigidity of the medium upon polymerization.

Exceptionally large fluorescence solvatochromic shifts are found in the sigma-

coupled donor–acceptor systems investigated by Verhoeven and coworkers [54,

55]. The prototype 1-phenyl-4-(4-cyano-1-naphthylmethylene)piperidine (7) [47]

has a highly dipolar excited state with a dipole moment of 25 (�2) D [56].

Depopulation of this dipolar excited state occurs via remarkably efficient radiative

decay to the ground state, with quantum yields up to 85% [57]. Because of these

outstanding properties compound 7 was given the nickname FluoroProbe.
Time-resolved spectral and polarization measurements were carried out to

follow the dynamics of 7 during polymerization of methyl methacrylate (MMA).

The emission maximum lmax of 7 in MMA is 565 nm. Curing of MMA was carried

2 3 4: n = 1, A = SO2Me
5: n = 2, A = SO2Me
6: n = 1, A = NO2

Chart 1 Chemical structures of fluorescent probes used for monitoring the degree of (photo)

polymerization of diacrylates [52]

Fig. 1 (a) Prototypical “molecular rotor” 1; (b) fluorescence intensity change as a function of

styrene polymerization time [49]
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out at 85�C for 15 h. Initially, a gradual hypsochromic shift occurred, but after ca. 4 h

a jump of ca. 100 nm accompanied by an increase of fluorescence intensity was

observed (Fig. 2). The degree of fluorescence polarization was also measured, which

served as a measure for the rotational mobility of the probe molecules. The anisot-

ropy increased rather suddenly during the curing, but well before the large shift in the

emission maximum occurred: anisotropy and emission maximum probe molecular

rotation and medium relaxation, respectively. The anisotropy reaches its maximum

when the rotation time of the probe molecule exceeds the excited-state decay time,

but the solvatochromic shift retains sensitivity to the extent of polymerization longer

because it is caused by side chain rotations of the polar groups in the polymer.

For evaluation of heterogeneous systems, such as polymeric materials, where

many species with different microenvironments are expected, steady-state spectros-

copy has its limitations. Fluorescence lifetime as an additional observable can help

to get a more accurate picture of such complicated structures. To show the combined

power of steady-state and time-resolved fluorescence Fluoroprobe 7 was applied to
study the structure of polystyrene (PS) latices and polystyrene-diglycidylmethacry-

late (PS-GMA) core–shell latices [58]. The emission maximum lmax of 7 in toluene

is at 475 nm; in PS it is blue-shifted to 445 nm. In PS-GMA Fluoroprobe 7 exhibited
three emission maxima at 380, 410 and 450 nm. Steady-state spectroscopy revealed

that the 380 nm component is due to a decomposition product of 7 formed under the

radical curing conditions. Time-resolved emission was applied to obtain a clear

picture and explanation of the three emission maxima in the PS-GMA matrix. The

lifetime distribution of 7 in the PS latex, quantified using the Maximum Entropy

Method (MEM) [59], is clearly different from that observed for the core–shell PS-

GMA latex. It was noted that in high viscosity matrices the fluorescence lifetime

depends on the emission wavelength. In addition, the heterogeneity of the matrix

adds to the complexity of the fluorescence lifetime data. Due to such complications it

is not possible to use lifetime data in a quantitative way.

Fig. 2 (a) Chemical structure of 1-phenyl-4-[(4-cyano-1-naphthyl)methylene]piperidine

(Fluoroprobe) (7); (b) fluorescence maximum (open squares) of 7 in PMMA and fluorescence

polarization (closed triangles). p ¼ (Ik � I⊥)/(Ik � I⊥) as a function of the thermal curing time at

85�C. Reproduced with permission from [47]
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In the previous examples, the fluorescent probe molecule was simply mixed with

the sample. The disadvantage of that approach is that the sensing molecule may

accumulate in specific parts of the sample, e.g., in the monomer phase, and only

reports on those parts rather than on the sample as a whole. This problem can be

solved to a large extent by introducing fluorogenic probes, of which the fluorescence

is turned on only when they are covalently incorporated into the polymer. Warman

et al. [60, 61] applied fluorogenic probes to study radiation-induced polymerization

of MMA. Introduction of a maleimido moiety on Fluoroprobe 7 leads to the

nonfluorescent “maleimidofluoroprobe” (MFP) 8. Removal of the double bond of

the maleimide turns on the fluorescence of the chromophore (Scheme 1).

Warman et al. [60] monitored the course of radiation-induced polymerization of

MMA in a cobalt gamma ray source by in situ fluorescence measurements. During

polymerization of MMA a gradual increase in fluorescence intensity of copolymer-

ized 8 was observed during the first 5 h. During this period the wavelength of

emission remained almost constant, indicating that there was no serious increase in

the viscosity of the medium (Fig. 3a). At close to 6 h elapsed time a dramatic

increase in the intensity and decrease in the maximum wavelength took place,

indicative of sudden rigidification of the matrix (Fig. 3).

Although the dual information provided by MFP 8 is useful, it is more difficult to

extract a quantitative measure of the degree of polymerization from the data. That is

more straightforward when the photophysics of the incorporated probe are unaffected

by changes in viscosity or dielectric constant of the medium. This requirement is met

by the pyrene derivative MPy 9. The fluorescence of the pyrene chromophore in MPy

is completely quenched but it grows on irradiation of the MMA solution as the

fluorogenic conversion of MPy occurs (Scheme 1, Fig. 3b). Interestingly, both MPy

and pyrene show an increase in emission intensity when the gel point was reached.
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Scheme 1 Fluorogenesis of maleimide substituted probe molecules. MFP 8 andMPy 9 are nonfluo-

rescent. Removal of the double bond in the maleimide unit turns off a quenching pathway [61]
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Other pyrene derivatives also work as fluorogenic probes, e.g., N-(1-pyrene)
methacrylamide, which was also applied for quantitative monitoring of radiation-

induced polymerization of MMA by Warman and coworkers [62], or N-(2-
anthracene)methacrylamide, which was recently used to monitor the kinetics of

microemulsion polymerization [63].

These examples clearly demonstrate that application of fluorogenic probes can

determine concurrently both the degree of polymerization and the changes in

viscoelastic properties of the medium as polymerization proceeds.

Interestingly, Warman and coworkers recently used the fluorescence monitoring

of polymerization as a tool for the detection of gamma-radiation [64].

Other phenomena that can be used to probe polymerization via the viscosity of

the medium are those based on excited-state interactions of fluorophores with other

molecules. Excimer formation, energy transfer, and any quenching mechanism can

be used. For example, Valdes-Aguilera et al. [65] used the quenching of pyrene and

its excimer by the initiator AIBN during the polymerization of MMA. The ratio of

monomer to excimer emission increased during the process, because the quenching

by AIBN affects mostly the excited monomer, which has a higher energy than

the excimer and is much more reactive. The authors observed that the fluorescence

ratio was a good measure of microviscosity around the fluorescent probe, which

changes linearly with concentration up to 20–30% polymer, but beyond a certain

degree of polymerization, became independent of polymer molecular weight. Thus,

the methods based on diffusive quenching are particularly suitable in the early stage
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of polymerization, where rigidochromic probes are insensitive and solvatochromic

probes have a weak response (see Fig. 4a). A correlation between the rate of

polymerization determined gravimetrically and that of fluorescence is presented in

Fig. 4b. On the basis of this relationship, Valdes-Aguilera et al. concluded that the-

rate of increase in the fluorescence ratio is a direct measure of rate of polymerization.

A related application of pyrene was explored by Pekcan and coworkers. Pekcan

and Kaya [66] investigated the formation of gels when styrene in the presence of

different concentrations of the cross-linker divinylbenzene (DVB) is subjected to

Free-radical Crosslinking Copolymerization (FCC). Using excited-state decay time

measurements of pyrene, they could monitor the consumption of styrene, which

acts as an excited-state quencher, in samples with various DVB content. In this way

it could be shown that early gelation takes place at high DVB content, which leads

to relatively large amounts of unreacted monomer. Slow polymerization, on the

other hand, results in a larger increase in the decay time of excited pyrene because

fewer monomers are trapped in the gel.

3 Physical Properties

3.1 Glass Transition

Among the physical characteristics of polymers, the glass transition temperature

Tg is one of the most important. Above the glass transition, in the rubbery state,

the polymer has a larger free volume, the polymer chains are more mobile, and the

material is softer than below Tg. Such differences in environmental properties can

be probed e.g., with malachite green [44]. Like other properties, the glass transition

Fig. 4 (a) Increase in the fluorescence ratio R (¼ ratio of fluorescence intensity at 393 nm (pyrene

monomer) to that at 476 nm (excimer)) during polymerization of MMA at 50�C; (b) correlation
between the rate of increase in fluorescence ratio and the rate of polymerization measured

gravimetrically. Reproduced with permission from [65]
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changes when polymer films are made very thin, that is, when the thickness

becomes comparable with the size of the molecules [67–69]. In the early 1990s

seminal studies showed that confinement of amorphous materials at the nano-scale

led to significant deviations of Tg from the bulk values. Keddie et al. used ellipso-

metry to characterize Tg by measuring film thickness as a function of temperature

[70]. In 40 nm thick polystyrene (PS) film supported on a silica substrate a reduction

in Tg was observed. A 17 nm thick PS film exhibited a 21 K reduction of Tg relative
to the bulk value.

Ellison et al. [71] reported the first use of a fluorescence method to determine the

effects of decreasing film thickness on Tg. They studied pyrene-doped polymer

films of polystyrene (PS), poly(isobutyl methacrylate) (PiBMA), and poly(2-vinyl-

pyridine) (P2VP) spin coated onto fused quartz.

Figure 5 shows the effect of temperature on the fluorescence of pyrene doped at

trace levels in a PS film. The fluorescence intensity is significantly reduced with

increasing temperature. This is commonly observed with molecular fluorophores

because rates of nonradiative decay increase with the thermal energy in the system.

Importantly, the temperature dependence of the intensity is different in the glassy

and the rubbery states. Tg values were obtained from the intersection of the lines

associated with the linear temperature dependences of the fluorescence intensities

in the two states (Fig. 6).

Figure 6 shows the temperature dependences of the emission intensities at

two wavelengths (384 and 395 nm) for PS films on fused quartz that were 24

and 487 nm thick. These results were obtained by heating the polymer films well
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Fig. 5 Pyrene emission spectrum in a 350 nm thick polystyrene film at 398 K (bold curve) and
298 K (thin curve). From [71]
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into the rubbery state and then measuring intensities during stepwise cooling.

In the case of the 24 and 487 nm thick polystyrene samples, the apparent Tg
values were 362.6 � 2.2 K and 372.8 � 1.4 K, respectively. The reduced Tg of
the ultrathin film was attributed to the weakness of the interactions between

the substrate and PS.

The temperature dependence of pyrene emission intensity for two P2VP films,

one 24 nm and the other 119 nm thick, showed apparent Tgs at 398.0 � 0.9 K and

379.3 � 1.4 K, respectively. The bulk Tg for P2VP was 372 K (see Fig. 7). The rise

of Tg with decreasing thickness of film was attributed to the strong polymer–

substrate interaction between the nitrogen atoms of the pyridine units of P2VP

and the hydroxyl groups at the quartz surface.

The examples show that positive as well as negative deviations of the ultrathin

film-Tg from the bulk Tg can occur, which can be attributed to the interaction with

the surface.

In 2008, Kim et al. [72] reported determinations of Tg in free standing single-

layer polymer films using a self-referencing fluorescence intensity ratio method.

The fluorescence spectral shape of copolymerized 1-pyrenylmethylmethacrylate

(MApyrene) was found to change as a function of temperature, and the changing

intensity ratio of two vibronic bands could be used to characterize Tg. This I3/I1
ratio is well known to depend on solvent polarity [2, 3]. In this case, this “solva-

tochromic” effect was effective only when the pyrene unit was connected to the

methacrylate with a short spacer. Figure 8 shows that temperature has a strong

effect on the fluorescence spectral shape and intensity of MApyrene-labeled PS.

Kim et al. concluded that free standing films exhibit much stronger effects of con-

finement on Tg than substrate-supported films. The self-referencing fluorescence

method worked in polymers other than PS, such as poly(isobutyl methacrylate)

Fig. 6 Fluorescence intensity as a function of temperature monitored at emission wavelengths of

395 nm (circles) and 384 nm (triangles). Pyrene-doped PS films were (a) 487 nm and (b) 24 nm

thick. Data were normalized to the intensity at 365 K and the 395 nm data were arbitrarily shifted

vertically. From [71]
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(PiBMA) and poly(butyl acrylate) PBA. In more recent studies, the confinement

effect was shown to be strongly reduced when polymer films contained additives

[73] or when poly(vinylacetate) films were wet [74]. A technical advancement was

the use of fluorescence decay time instead of intensity [75].
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normalized to 1 relative to intensity at 375 K and 400 K, respectively, and arbitrarily shifted
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3.2 Other Mechanical Properties Probed by Solvatochromic
Probes: Morphology

By using steady-state fluorescence, thermal and mechanical properties of block

copolymers doped with FluoroProbe 7 were investigated by Hofstraat et al. [76].

They studied block copolyether–polyesters that composed of alternating blocks of

70 wt% (Mw 9,000) polybutylene terephthalate (PBT) and 30 wt% (Mw 4,000)

polyethylene glycol (PEG). Fluoroprobe 7 was introduced into the copolymer by

swelling polymeric sheets or threads in dichloromethane solutions of Fluoroprobe.
Fluorescence spectra of 7 in homopolymers of PBT and PEG and in block copoly-

mer PBT/PEG at room temperature are shown in Fig. 9.

The building blocks have rather different physical properties: PBT is hydrophobic,

rigid, and semicrystalline, but PEG is hydrophilic and flexible. In the PEG 4000

homopolymer, the emission maximum was at 515 nm, but in PBT it was red-shifted

to 540 nm. This unexpected result showed that a mobile environment exists in PBT,

in which the polar ester groups can stabilize the highly dipolar excited state of 7.

Interestingly, an even more mobile environment seemed to be present in the PBT/

PEG copolymer thread than in the homopolymers, as indicated by the lmax of 560 nm.

The emission of 7 in copolymer sheets, on the other hand, was strongly blue shifted

(Fig. 10). This was taken as an indication that processing of the copolymers into

sheets leads to orientation and rigidification of parts of the amorphous material.

In stretching experiments the isotropic thread showed a monotonous blue shift

upon extension. This was attributed to increasing orientation of the polymer chains,

which results in a reduction of mobility of the environment of the probe molecule.

Fig. 9 Emission spectra of 7 in PBT 25000 homopolymer (dotted line), PEG 4000 homopolymer

(dashed/dotted line) PBT/PEG block copolymer sheet (dashed line), and PBT/PEG block copoly-

meric thread (solid line). Reproduced from [76]
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The fluorescence of 7 in the sheet initially showed a bathochromic shift (decreased

order) upon stretching, but after 50% stretch a hypsochromic shift set in, much like in

the thread.

Figure 11 shows the effects of temperature on the emission maximum, together

with the specific heat (Differential Scanning Calorimetry). Going from �50 to 0�C

Fig. 11 Differential scanning calorimetry and temperature dependence of lmax of 7 in PBT/PEG

copolymer. From [76]
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Fig. 10 Response of the lmax of 7 to stretching of the PBT/PEG copolymeric thread and sheet [76]
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the mobility of the matrix increases, leading to a red shift of the emission maximum

of 7. The red shift accelerated at 0�C due to melting of PEG blocks (confirmed by

DSC and TMA). The blue shift encountered between 170 and 200�C was attributed

to premelting of small PBT crystals. The fluorescence data of the incorporated

probe molecule nicely reflect the three transitions occurring in the copolymer in this

temperature range.

3.3 Mechanical Properties: From Latex to Coatings

Waterborne aqueous polymer dispersions are increasingly important in numerous

applications, e.g., as paints and adhesives. Environmental concern is a major

driving force for the replacement of solvent-based coatings. Film formation from

e.g., latex materials created by emulsion polymerization is not a trivial matter.

It requires a low Tg for the particles to merge after application of the film on a

substrate and evaporation of water. In order to achieve this, organic cosolvents are

added, which is an undesirable practice that needs to be minimized.

Swelling of the polymer particles in waterborne latex materials by these

so-called coalescing agents was observed by Raja et al. [77] using a fluorogenic

and solvatochromic probe molecule similar to 8. The emission wavelength could be

correlated with the concentration of cosolvent, which forms the basis for a method

to follow the kinetics of redistribution of cosolvents when different latices are

mixed [14] (Fig. 12).

The mechanism of film formation from waterborne organic coatings is an

important issue. Film formation is thought to take place in three [78–80] or four

steps [81, 82]. After application of an aqueous dispersion on a substrate water

evaporates and the spherical latex particles come into irreversible contact. In the

next stage the voids between the spheres are filled by the deshaping of particles to

polyhedra. Finally, coalescence of particles followed by chain diffusion and
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entanglement leads to the formation of a coherent film. Fluorescence resonance

energy transfer (FRET) is a versatile approach to investigate coalescence and

interdiffusion in polymers [83]. In FRET, two kinds of fluorescent dyes are used,

one is excited and acts as energy donor and the other is the acceptor. For investiga-

tion of coalescence or diffusion during latex film formation, equivalent amounts of

latex particles are labeled with each of the dyes. When the particles are intact, the

distance between the two dyes is large enough that energy transfer does not occur.

However, when the film is formed donor and acceptor labeled latex particles come

into close contact, and the dyes approach each other to a distance that is small

enough for energy transfer to take place. Therefore FRET provides a clear indica-

tion of coalescence and interdiffusion of latex particles during film formation [83].

In 1990 Winnik and coworkers [84] reported the first experiments on non-

radiative energy transfer to study polymer diffusion across the particle boundary

during latex film formation. PMMA particles of 1 mm diameter, of which one batch

was labeled with phenanthrene and the other with anthracene, were mixed, spread

as a thin film and annealed above the glass transition temperature of PMMA.

Energy transfer measurements effectively followed polymer diffusion across the

particle boundaries during drying of the latex film. They derived a diffusion

coefficient D, which characterized polymer diffusion. For PMMA particles at

temperature between 403 and 450 K, diffusion coefficient values ranged from

6 � 10�18 to 9 � 10�14 cm2 s�1.

More recently, interdiffusion of polymers in latex film formation was studied in

real time [10]. Haley et al. employed time-resolved fluorescence to measure donor

fluorescence decay from 0.5 mm diameter spots at various positions in a drying

film. It is well known that drying of latex films takes place from the edges of the

film inward. The film drying process was temporarily arrested by sealing the film in

an airtight chamber, and reducing the sample temperature to near or below the glass

transition temperature Tg, which stopped polymer diffusion. Latex particles with a

low Tg were composed of butyl acrylate : methyl methacrylate : methacrylic acid in

50:49:1 ratio. The donor fluorescence decay was measured at various positions

across the arrested latex film. The extent of polymer diffusion was demonstrated

as a function of distance from the wet–dry edge in the latex film. Energy transfer

efficiency revealed a rapid evolution of film structure. Subsequently, the new

technique was applied in a number of case studies of film formation at ambient

temperature [85].

Turshatov et al. [86] employed time-resolved fluorescence spectroscopy

to monitor intermixing of polymer particles during film formation of labeled

poly(methylmethacrylate). Drying of the films was monitored by the efficiency

of energy transfer between the phenanthrene donor derived from monomer

10 and nonfluorescent nitrophenylpyrrolidine acceptor (monomer 11) (Fig. 13),

as well as the scattering intensity and the lifetimes of donor units. Scattering

can provide valuable information when analyzing the drying of the latex film:

the disappearance of scattering marks the end of the compactification stage.

The changes of the donor lifetime over time closely correlate with the changes

of scattering intensity. When the interstitial water voids disappear, the light
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scattering also disappears, and the donor lifetime shows a small but sharp

decrease.

On the basis of the FRET experiments, Turshatov et al. concluded that a well-

intermixed layer of 20 nm develops at the interparticle junction soon after particles

come into contact. This does not develop further, and thermal annealing is needed

to bring about further interdiffusion. Interparticle cohesion as reflected by FRET

efficiency frequently develops before the interstitial stage disappears. These find-

ings prove that the neighboring polymer spheres develop an intermixed layer after

they come into contact.

4 Microscopy: Single Molecule Studies and Imaging

Confocal microscopy has become a very popular tool for investigating many

processes in biological, medical, and material science [87]. The application of a

wide variety of fluorescent molecules made it possible to tag the specific position in

the sample and study components and processes with submicrometer resolution.

It is also possible to investigate phenomena at the single molecule level by using

confocal microscopy. The main advantage of confocal microscopy is that it offers

to collect serial optical sections (0.5–1.5 mm) from thick specimens up to 50 mm.

Single molecule fluorescence techniques (SMD) offer exciting new possibilities

for the study of polymer dynamics [88]. Individual fluorescent molecules show

the same observables as can be measured on an ensemble of molecules, such as

spectrum, polarization, and decay time. SMD allows determining the distributions

of these properties, but more importantly, fluctuations of the properties can be

monitored on time scales from milliseconds to hours. For example, fluctuations of

the emission rate of very efficient emitters could be correlated with fluctuations of

the local density, in other words, the free volume, in polystyrene films well below

Tg [89, 90]. Molecules embedded in polymer films show molecular reorientation

jump on timescales of seconds and longer at temperatures near and above Tg [91].
These can be observed by measuring the polarization of the emitted light, but more

elegantly by wide field imaging techniques which allow direct determination of the

direction of the transition dipole moments [92]. Zheng et al. [93] recently applied

this approach to demonstrate the rotational motion of dye molecules covalently

Fig. 13 Chemical structures

of monomer donor and

acceptor dyes used in [86]:

donor phenanthrene

methacrylate, Phe-MA 10,

acceptor ([1-(4-nitrophenyl)-

2-pyrrolidinemethyl]acrylate,

NPP-A) 11
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attached to PS in very thin films. Diffusive motions can be observed with nanometer

spatial resolution, which enables optical microrheology [94]. A combination of

fluorescence correlation spectroscopy and wide field imaging has been used to

monitor different stages of polymerization based on the mobility of copolymerizing

probe molecules [33].

In the above-mentioned examples, the molecules used should be bright and

photostable, and preferably not do anything other than absorb and emit light. More

complicated systems, for example showing photoinduced electron transfer, can have

additional value. Hofkens and coworkers measured the fluctuating intramolecular

electron transfer of donor-substituted perylene imides to obtain information on

fluctuations of the polymer free volume in PS near ambient temperature [95].

Siekierzycka et al. [31] showed that the fluorescence of the perylene bisimide 12

could be switched off and on reversibly when heating and cooling films across the

glass transition. Interestingly, the control of photoinduced electron transfer in this

case is not related to stabilization of the charge-transfer state by dipolar groups in

the medium, but by the kinetic limitations imposed by the lack of free volume

(Fig. 14).

Confocal microscopy as an imaging technique began to attract the interest of

materials scientists in the 1990s and continues to be used on a modest scale. The

polymer field so far has largely failed to pick up the spectacular developments in

microscopy techniques in the past decade. There is a great potential here.

Blending of different polymers is a way to create new physical properties using

existing materials. Most polymers, however, are poorly miscible, and phase sepa-

ration commonly occurs. The properties will then be dependent on the spatial

arrangement of the different phases, in other words, the morphology. In an early

application of confocal microscopy, a depth-resolved study of films formed from a

mixture of PMMA and polystyrene was carried out by Li et al. [96]. They prepared

a blend of PMMA labeled with the dye N-methyl-N-(4-(7-nitrobenzo-2-oxa-1,3-

Fig. 14 (a) Chemical structure of 12, a perylene bisimide substituted with calix[4]arene; (b)

number of fluorescing molecules of 12 detected in a 26 mm � 26 mm area in a poly(vinylacetate)

(pvac) matrix (filled circle, left axis) as a function of temperature and part of the DSC curve (solid
blue line, right axis) with the determined Tg of the polymer. Reproduced with permission from [31]
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diazole))-2-aminoethylmethacrylate (NBD-MMA) with PS. Films were prepared

by solvent casting and examined with a confocal fluorescence microscope (see

Fig. 15). Different morphologies of the film were obtained; a surface slice of 0.5 mm
thick at the air–film interface showed a uniform size of PMMA spheres of 5–6 mm
with a remarkable periodicity. In a slice of the same film 3 mm below the surface

PMMA particles were present in larger as well as smaller sizes. On a spatial scale of

1–2 mm a sharp transition was observed between surface morphology and the bulk

morphology of the system. A further slice of 6 mm beneath the surface showed a

higher content of smaller droplets with a large size dispersion. These were supposed

to have arisen from phase separation through a nucleation and growth mechanism,

but the regular pattern of PMMA-rich droplets on the surface could not be

explained.

Winnik and coworkers continued to use confocal microscopy over the years

[97–99]. Recently, they investigated the morphology and miscibility of blends of

thermoplastic olefins (TPO), of practical importance for the automotive industry

[100]. TPO are blends of polypropylene and impact modifiers, in this case ethyle-

ne–butene rubber (EBR) copolymers. Being very hydrophobic, TPO are difficult to

paint. Therefore chlorinated polyolefins (CPO) are used as adhesion promoters.

Laser scanning confocal microscopy was used to image two of the three components

of the blend. The CPO component was labeled with a coumarine, excited at 351 nm,

the EBR with a benzothioxanthene fluorophore (HY), excited at 488 nm. The blends

were prepared by precipitation of a 1:1:1 mixture of the three polymers from

solution, and annealed at a temperature (180�C) where the polymers are molten.

The images (Fig. 16) show convincingly that EBR and CPO mostly localize

together, forming domains within the isotactic polypropylene (iPP) material. The

CPO adhesion promoter, however, is slightly miscible with iPP. In this study, other

techniques were used to obtain information on the miscibility of the components,

which led to a consistent picture. Of all the methods used, confocal microscopy,

however, gave the most direct and visual insight into the system. The incorporation

of the fluorescent labels was considered to be only a small perturbation. As a check,

it was shown that the labeled polymers were fully miscible with the nonlabeled ones.

Fig. 15 Laser confocal microscopy images of (a) solvent cast films (from toluene) composed of

10 wt% of PMMA labeled with the dye NBD and 90% polystyrene. The left image is the film

surface, the middle image is a slice of 3 mm beneath the surface and the right image is of a slice
6 mm beneath the surface. Reproduced from [96]
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5 Conclusions

As illustrated by the examples in this chapter, fluorescence techniques have been

applied successfully to polymer science over the past three decades. In this field,

fluorescence is only one of the many research tools that are used. In the life

sciences, on the other hand, fluorescence imaging is a major technique because of

the essential role of submicrometer three-dimensional structure in the cell. In

our opinion, there is plenty of opportunity to take advantage of the rapid progress

in fluorescence methods in the life sciences by applying the functional dyes

developed there as well as the sophisticated modern microspectroscopic techniques

to polymer science. Several of the other contributions in the present series address

the development of molecular markers and sensors. Many of the commercially

available dyes can be readily adapted for use in polymers, or even used directly.

Fig. 16 Confocal images of the morphology of a blend of iPP, EBR (labeled with a benzothiox-

anthene HY, lexc ¼ 488 nm), and CPO (labeled with a coumarine, lexc ¼ 351 nm) as a function of

annealing time (left). The leftmost set of images is obtained exciting at 488 nm, the middle set at

351 nm. The third column shows the overlapped images from the other two columns. Reproduced
with permission from [100]
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To modify dyes with linkers that can be copolymerized for covalent inclusion in

polymers is not more difficult than to attach anchors for biological labeling.

Although the questions in polymer science are different from those in life science,

the use of long-wavelength excitation [101] (possibly using two photon absorption)

will have advantages in the former field as well, due to the tendency of heteroge-

neous materials to scatter light.

Molecular fluorescent probes can give information on the dynamics of their

environment on timescales from picoseconds (solvent relaxation) up to months or

years (physical aging). Fluorescence-based imaging gives access to 3D-stucture

and morphology information with a potential resolution down to a few tens of

nanometers. These methods have great potential for polymer science. Given the

present disciplinary structure of science, however, the full realization of this

potential will require more collaboration of scientists from the communities of

molecular fluorescence and polymer physics and chemistry.
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Fluorescence Probing in Structurally

Anisotropic Materials

From Liquid Crystals to Macromolecules,

Micelles and Lipid Bilayers

Semen O. Yesylevskyy and Alexander P. Demchenko

Abstract Acquisition and analysis of information on structure and dynamics of

nanometer-sized objects are a strong challenge for fluorescence probing technique.

As it was discussed in the first chapter of this volume, the nanoscopic dimension

itself, its structural heterogeneity and the peculiarities of their surface–interface

properties put serious restrictions on the application of methods that were success-

ful when applied to neat solvents. Even more challenging is the application of

fluorescence probing to the nanosize materials with strong structural anisotropy.

In addition to subnanoscale gradients of polarity and mobility, these systems

demonstrate anisotropic molecular fields acting on fluorescence reporter dyes.

Ordered arrangements of charged and dipolar molecules can generate strong elec-

tric fields. Similarity of these effects prompted us to provide their unified discus-

sion. Fluorescence probing in ultrathin films and monolayers, surfactant micelles,

phospholipid bilayers and, finally, biological macromolecules – proteins and

nucleic acids – will be discussed here. We critically analyze nanoscopic description

of these systems based on physical theory and empirical correlations and try to draw

the link to high-resolution structural data and to the results of quantum mechanical

and molecular dynamics computations.
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1 Introduction

With the booming development of nanotechnology, there is a strong demand to

characterize the structural and dynamic properties of nanosize materials of different

origin and composition. In the first chapter of this volume [1], we provided critical

analysis of different trends in the application of fluorescence method to these

systems. The simplest and presently most popular approach is the molecular

probing based on empirical correlations between the interactions and dynamics

on molecular level and the parameters characterizing macroscopic continuous

media. The examples are the “polarity” and “viscosity” that are derived from

calibration based on macroscopic measurements of these parameters in neat sol-

vents. We discussed the range of applicability of this approach and its limitations

that are especially noticeable when these properties exhibit the gradients that are

steeper than molecular dimensions of the fluorescence reporter.

Meantime, molecular-scale analysis based on physical theory that is also used in

the studies of these systems requires application of models that are still remote from

complete description of spectroscopic behavior. Their benefit is the direct inclusion

into analysis of the properties of the probing dye and in deriving its interactions

with surrounding molecules and of their motions in the form of molecular relaxa-

tions. The medium is still described on the level of quasi-continuous approxima-

tion, which ignores molecular structure and, definitely, the structural and dynamic

anisotropy originated by it. This approach known in physics as “mesoscopic” can be

called as “nanoscopic” when applied to nanoscale phenomena.Molecular dynamics
(MD) simulations were useful in analysis of these systems in order to shed light on
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the applicability of this approach and to reveal its benefits and limitations. From this

discussion, we have seen that in materials with very high surface-to-volume ratio,

many properties are determined by structure and dynamics at the surface and cannot

be derived or predicted from the known properties of correspondent bulk materials.

Notably, there are materials that are very important for basic science and

practical applications, in which, in addition to subnanoscale gradients of polarity

and mobility, there is a strong structural anisotropy. It influences their many

properties including location and orientation of probing dyes. In anisotropic

media, fluorescence emission becomes more complex than in the conventional

solvents. Since the fluorescent probes always sense the properties of their local

environment, an intrinsic anisotropy of this environment influences the fluores-

cence response and leads to a number of nontrivial effects. These effects include

static charge–dipole and dipole–dipole interactions of the probing dye with sur-

rounding groups of atoms. In organized media with highly ordered location and

orientation of charged and dipolar groups, these influences can be approximated by

electrostatic potentials located at interfaces. Rotational and translational dynamics

in these systems contain, in addition to diffusional, the electric field-induced

component. Anisotropy in molecular interactions and dynamics that includes

strong electric field gradients can be sensed by probing dyes displaying the property
of electrochromism. This is in contrast to isotropic media, in which spatial averag-

ing of local interactions can justify their description in terms of “polarity” and

“viscosity”.

All inhomogeneous media with structural anisotropy can be classified into two

broad classes. The media of the first class are anisotropic but continuous at the

nanoscopic length scales comparable to the size of the fluorescent probes. The most

prominent examples of such media are liquid crystals, which are homogeneous but

feature strong molecular ordering. The media of the second class are not only

anisotropic but also inhomogeneous already at the nanoscopic level. This class

includes Langmuir–Blodgett and polymer “layer-by-layer” films, surfactant micelles,

lipid bilayers, proteins, DNA molecules, etc.

In the case of homogeneous anisotropic media, the macroscopic description may

be sufficient in many cases. However, such scalar macroscopic properties as the

dielectric constant or refractive index become tensors. When such media are also

inhomogeneous, such description fails. The macroscopic characteristics are not

applicable to them even in the tensor form because the local properties depend on

the environment and change significantly at the nanometer length scale. These

systems are the most challenging for physical modeling. The atomistic description

provided by molecular dynamics (MD) simulations in combination with different

quantum mechanics (QM) and molecular mechanics (MM) methods bring under-

standing to spectroscopic response obtained in such systems. These techniques

could complement the fluorescent data, which lack such fine-grained spatial reso-

lution.

Therefore in the present chapter we decided to combine the results of fluores-

cence probing obtained for the ultrathin films and monolayers, surfactant micelles,

phospholipid bilayers and, finally, biological macromolecules – proteins and nucleic
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acids. Our tools will be the comparative analysis of different approaches for gaining

information on nanoscale structure and dynamics in these systems. Where appropri-

ate, we will try to find connection with the high-resolution structural data and of the

results of quantum mechanics and molecular dynamics simulations.

2 Liquid Crystals

Liquid crystals are highly anisotropic materials, in which elongated or disk-like

organic molecules have no positional order, but they self-align to attain the long-

range directional order with their roughly parallel axes. There are several types of

liquid crystals, which differ by the types of molecules and the characteristics of

their ordering. The molecules could be ordered in one (nematics) or two (smectics)

directions or be organized into chiral spirals (cholesterics). All liquid crystals

possess large molecular anisotropy and intermolecular ordering described by the

preferred orientation vector (so-called director). The centers of masses of the

molecules are randomly distributed as in a liquid but still maintain long-range

directional order as in crystal. Still, molecules in these structures retain the freedom

to flow.

Nematic phases are attractive model systems for the investigation of anisotropic

intermolecular interaction. The host provides a relatively rigid, more packed and

anisotropic surrounding for the dye molecules influencing their spectral proper-

ties [2–4]. The mean value of dielectric constant in the nematic phase is usually

taken as:

�e ¼ 1

3
ek þ 2e?
� �

;

where ek and e? are dielectric constants parallel and perpendicular to the molecular

axis, respectively [5].

It was shown that interfacial ordering and induction of structural anisotropy in

nematic liquid crystals may influence substantially the fluorescence spectra, as it

was shown for incorporated ICT dyes [5]. The absorption and emission wave-

lengths of the dyes in liquid crystals are longer than that expected from the value of

the mean dielectric constant. This suggests that the dye molecules experience a

more polar environment along the ek direction rather than that expressed by mean

dielectric constant. The stronger solvation energy in one direction and unusual

character of relaxations suppresses the dye electron transfer reactions [6].

The guest–host interactions in the liquid crystals, such as the interactions of the

fluorescent dyes with surrounding molecules, are being studied for decades [7]. The

dyes, which exhibit the pleochroic behavior (dependence of the absorption spec-

trum on molecular orientation with respect to the polarization of light) are espe-

cially interesting in this respect. The controlled color switching in the nematic

liquid crystal can be modulated by the electric field orienting the guest dye
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molecules in desired direction. The comparison of anisotropic and isotropic envir-

onments revealed systematic spectral shifts, which were correlated with the solvent

polarity and anisotropy [5]. Incorporating the dyes into the liquid crystals (doping

by the dyes) could also be used to increase the ordering in the liquid crystalline

matrix. Particularly, such techniques allow creating the media for high-quality

lasers [8] (Fig. 1).

The extensive theoretical study [9] showed that the interactions of a quadrupole

created by the solute and the dipoles of the solvent can be treated in a rigorous way,

which allows describing the behavior of real liquid crystals [10]. Although such

theories have little practical importance now, they can lead to the development of

novel analysis and simulation techniques in the future.

3 Ultrathin Films

Ultrathin films such as the Langmuir–Blodgett (LB) films, self-assembled mono-

layers (SAMs), and layer-by-layer films have a strong potential for various applica-

tions, including construction of molecular devices, generation of nonlinear optical

elements, and designing of nanosensors. Many of these functions require incorpora-

tion of organic dyes with their regular arrangement on molecular scale. Incorpora-

tion endows them with new functions, such as the generation of second-order

nonlinear optical response or the production of fluorescence signal necessary for

sensor performance. Particularly SAMs of dansyl, immobilized on glass could be

used as highly selective fluorescence sensors for nitrobenzene [11]. The dyes

incorporated into ultrathin films can also be used as fluorescent probes to charac-

terize film properties [12, 13].
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Fig. 1 Suggested molecular packingmodel in liquid crystal solution of the triptycene polymeric dye

(left) and dramatic influence of ordering on the emission spectrum of the dye (right). The reference
spectrum in chloroform solution is smooth (solid line), while the spectrum in the liquid crystal

(dashed line) shows a “dip” relating to the photonic band of the liquid crystal. Figure from [8]
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3.1 Langmuir–Blodgett Films

Langmuir–Blodgett (LB) films are the films formed on a solid support by one

or several layers of amphiphilic molecules that are preliminary organized into

monolayer at liquid–air interface. They can be built up by transferring the mono-

layers, layer by layer, onto solid support. Their disorder is minimal because of

ordering of constituting long-chain molecules and their thickness is accurate

because the thickness of each molecular layer is known. Amphiphilic fluorescent

dyes can be easily incorporated into these structures vectorially and with minimal

change of molecular order. Moreover, LB films can be formed of organic dyes

alone with covalently attached long (e.g., octadecyl) hydrocarbon chains. As it

was recently shown, the proper “tail�head�tail” attachment avoids self-quenching

and allows achieving enhanced fluorescence emission [14]. The studies of anisot-

ropy show high degree of orientation and immobilization of guest dye molecules.

Meantime, even in these highly ordered systems the heterogeneity of emission

can sometimes be observed, so that characterization of their interactions and

dynamics is complicated. The dual fluorescence emission was obtained

from organized Nile Red aggregates formed inside the LB films and in binary

solvent mixtures [15]. The splitting of absorption spectrum into two maxima was

explained by a superposition of two types of monomeric molecules with planar

and perpendicular orientation of diethylamino group relative to the chromophore

plain [16].

There are two common types of aggregates, which could be observed in LB

films [17]. The so-called J-aggregates exhibit intense, very narrow, and red-shifted

absorption bands that are known as J-bands [18]. The H-aggregates exhibit blue-
shifted absorption maxima called the H-bands. J-aggregates are common for LB

films of many dyes, particularly they were studied extensively for merocyanine [19].

H-aggregates were observed for bridged polar stilbene (2-(40-((perfluorooctyl)-
sulfonyl) phenyl)-6-(N,N-dimethylamino) benzofuran). The change of excitation

and emission spectra in such films with the change of solvent polarity reflects the

charge transfer in the excited state and is explained with the exciton model [20].

The long-chain merocyanine dyes form both types of aggregates depending on the

composition of LB monolayer [21].

The PBBO probe (well-known derivative of oxazole chromophore) could also be

incorporated into LB films. The complete demixing of the binary components of the

monolayers was observed, which leads to the formation of clusters and aggregates

of PBBO molecules in the films. J-type aggregates of PBBO molecules in LB films

were detected as well as their excimeric emission [22].

The spectral shifts in LB films are usually explained by the formation of exci-

tonic states. However, alternative mechanisms are also possible. Particularly, a

thorough spectroscopic study of well-known zwitterionic chromophore C16H33Q-

3CNQ complemented by theoretical modeling suggested that large blue-shift of the

absorption band in the LB film with respect to solution is attributed to the increased

polarity of the environment, rather than to excitonic effects [23].
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The molecular environment of polymer LB films of poly(N-dodecyl acrylamide)

and poly(tert-pentyl acrylamide), which are copolymerized with 1-pyrenylmethyl

acrylate (PyMA) luminescent probe, was studied by several experimental techni-

ques including fluorescence spectroscopy. It was shown that the orientation of

pyrene ring in the monolayers changes from perpendicular to parallel with the

subtle change of the polymer chain length. These findings show that the molecular

orientation of luminescent molecules can be controlled easily by small changes of

the length of side chains in polymer LB assembly [24]. The molecular motion of

pyrene chromophore is restricted in the polymer LB films in all cases [25].

The packing of dye molecules in the films could change with time, which leads

to the changes of their spectral characteristics. Particularly, the shift of the excimer-

like emission band from 602 to 636 nm was observed in the aging DBPI-stearic acid

mixed LB films [26].

Mixtures of derivatives of coumarin-2 and coumarin-343 can self-assemble on

silicon wafers to form monolayers in which light harvesting and energy transfer (the

phenomena explained in [27]) take place. It was shown that photophysical proper-

ties of these aggregates, such as donor quenching and fluorescence amplification,

could be tuned by varying the molar ratio of the donor and acceptor chromophores

on the surface or by increasing the number of coumarin-2 chromophores on the

donor adsorbate through the use of a specific linker [28].

LB films allow creating the local electric fields by designed strength and

orientation of constituting dipoles [29]. This opens many possibilities for studying

electrochromic properties of fluorescent dyes in these systems. The Stark effect

spectroscopy of dyes oriented in thin solid films is broadly used to characterize

these dyes, in particular, to determine their excited-state dipole moments. Here the

goal should be different: to describe electrostatic anisotropy of the films in order to

understand their absorption and other properties and also to model the effects of

field gradients existing in more complex and flexible materials, such as micelles and

biomembranes.

3.2 Layer-by-Layer Polyelectrolyte Multilayers

Polyelectrolytes are the charged polymers with acid or basic ionizable groups. They

can form multilayers made by alternate layers of oppositely charged polyelectrolyte

molecules. The technique known as layer-by-layer assembly allows obtaining stable

multilayers stabilized by electrostatic interactions. The major interest in these films

is their application in areas where their composition and thickness on the nanometer

scale has to be tuned. The studies of their internal dynamics and water content must

explain their functional properties, such as permeability and elasticity [30]. As well

as LB films, they can provide unidirectional orientation of fluorescence dyes.

Fluorescence probing of polarity in these multilayers is presently limited by the

application of pyrene with reference to Py empirical scale [12]. This is reasonable,

since pyrene is a neutral molecule and must be equally distributed between the
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layers of different charges. The techniques of immobilization of pyrene on solid

surfaces have been developed [31], which provides additional possibilities for

studying the coverage of flat surfaces and nanoparticles with polyelectrolyte layers.

The structure and dynamics of the polyelectrolyte multilayers is not well under-

stood. Despite this fact there are only few attempts to model them [32]. Due to very

large size of these systems, conventional all-atom simulations are not practical. The

coarse-grained models with continuous solvation could be applied, but their success

in reproducing such experimental observations as the stability and linear film

growth in aqueous solutions is still limited [33]. Further advance in the simulation

techniques may provide the means, which could be used complementary to spec-

troscopic studies.

The self-assembling of monolayers and multilayers based on electrostatic inter-

actions allow producing a noncentrosymmetric arrangement of nonlinear optical

chromophores to yield thin films with high nonlinear optical susceptibility. Such

materials find many applications in the development of optical devices and sensors.

Formation of these layers around silver nanoparticles results in strong enhancement

of these nonlinear optical effects due to localized surface plasmon resonance

(collective oscillations of the conduction electrons at optical frequencies) improv-

ing dramatically these materials [34]. Strong demand for optimization of their

properties will stimulate their characterization with fluorescence methods.

4 Micelles

Micelles are the simplest self-organized assemblies that originate because the

constituting amphiphilic surfactants tend to expose their hydrophilic part to water

and to keep the hydrophobic portion away from water.Direct micelles are formed in

bulk water with the formation of inner nanovolume with low-polar surfactant

chains. Reverse micelles are the micelles formed in hydrophobic solvent (e.g.,

hexane) that stretch out their hydrophobic parts with polar head groups pointing

inward. Inner volume of direct micelles can incorporate water-insoluble hydropho-

bic compounds making them soluble, and reverse micelles can solubilize molecules

of water or other polar compounds by incorporating them into their inner volume.

Numerous applications in lubrication and separation technologies, in laundry and

other practical areas, stimulate the study of these systems on a molecular level.

Micelles are very flexible dynamic structures. They are formed above a certain

critical micelle concentration (CMC) of monomeric surfactant molecules (usually

in micromolar range) and their size and shape are concentration-dependent. Solu-

bilization of various types of solutes can change their properties. Many fluorescent

dyes incorporate easily into micelles and they are frequently used to detect CMC by

the change of polarity or quenching properties of their environment. Structural

anisotropy in micelles is observed on the level of interacting surfactant molecules

that align with polar heads facing one direction and hydrophobic tails – the other. The

polar heads can be neutral, cationic, anionic, or zwitterionic. Interacting noncovalently
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with molecules constituting the micelle, the small dye molecules can distribute to

different locations and redistribute during fluorescence lifetime, demonstrating

spatial and temporal heterogeneity of their response, but their preferential location

and orientation often exists. Designing larger molecules for which specific location

can be provided is important for this research because of the presence of strong

gradients of their many properties on molecular scale.

4.1 Direct Micelles

All arsenals of fluorescence techniques that involve both empirical correlations and

physical modeling [1] have been applied to the studies of micelles. Very popular is

the analysis based on empirical correlations of spectral response with polarity [35].

There are many dynamic information collected about the rates of molecular relaxa-

tions in the probe dye environments [36–38].

4.1.1 Polarity and Hydration

Many practical applications require determination of these parameters. Meantime,

presently applied methods experience the following problems:

Imprecise fluorophore location. When measured in heterogeneous systems with

strong molecular-scale gradients of polarity (which are the micelles), the obtained

fluorescence parameters are almost meaningless if there is no information on probe

location [39].

The latter information is often obtained from fluorescence response of probe

itself and it lacks sufficient precision. It can be based, for example, on the effects of

additionally introduced collisional quenchers [40, 41]. However, their quenching

efficiencies may differ from the correspondent bulk values with their still imprecise

locations within the structures [42]. In addition, probes themselves can be dispersed

between different locations [43] and even distributed into aqueous phase [44, 45].

For instance, pyrene [46] and Prodan [40], which are often claimed as hydrophobic

probes, are easily quenched by iodine anion; this suggests their mostly interfacial

location. Thus, low own polarity and low solubility in water does not guarantee that

the probe will be incorporated into central hydrophobic part of micelle. Covalent

attachment of long hydrophobic chain also does not guarantee the chromophore

location in the hydrophobic core. Thus, 4-aminophthalimide moiety despite its

covalent linking with the nonpolar tail of the long alkane surfactant chain localizes

itself in the interfacial region of the micelle by folding up of the chain [47].

One can make the probe very similar to that of surfactant molecule, with polar

head and apolar tail. Examples are the functional indole [48] and trans-stilbene [49]
derivatives. The fluorophore may be a part of the polar head, as NBD-fatty acids

[50] but can also be incorporated into aliphatic hydrocarbon tail, as in anthroyl

derivatives of fatty acids [51]. In addition, the probes can be made completely
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hydrophobic by attaching one or two hydrophobic tails [49, 52]. This approach is

not fully developed, and the main problem here is that the hydrophobicity increased

by substituents is not always sufficient to ensure the definite chromophore location

in flexible hydrophobic areas of micelle.

Low information content of probe response. Totally apolar probes (such as

anthracene or 2,3-dimetylnaphtalene [53]) are polarity-insensitive. Meantime,

even in the case of the most responsive and informative “environment-sensitive”

probes, like Prodan, the wavelength shift of fluorescence spectrum is the only

parameter that is usually recorded. It can be sensitive to all types of noncovalent

interactions including hydrogen bonding [54], which was actually confirmed in

micelle studies [55]. In polarity sensing, it depends not only on dipole–dipole

interactions with the environment but also on the rate of reorganization of these

interactions (dielectric relaxations) on the scale of fluorescence lifetime [56]. Local

electric fields produced by proximal charges generate, additionally, the so-called

electrochromic shifts [57]. Interfacial electrostatic fields produced in micelles by

charges located at the interface must influence the binding of charged and dipolar

compounds [58]. These fields influence the rates of excited-state reactions in

micelles [59–61], but the lack of tools to discriminate the effects of polarity, H-

bonding, and electric fields does not allow providing detailed analysis of these

effects. Without possibility of locating probes in deep hydrophobic areas some

authors claim about the presence of significant amount of hydration water in these

areas [39].

With the focus on increasing the information content of fluorescence response,

the researchers try to develop fluorophores that possess excited-state reactions that

allow achieving two, instead of one, first excited states exhibiting different inter-

actions with the environment. As a result, two well-separated fluorescence emission

bands with different sensitivity to particular intermolecular interactions have to be

obtained. For instance, one band should be sensitive mostly to polarity and the other

one to hydrogen bonding. And since the two states are connected by an excited-state

reaction, relative intensities of two bands may contain information on this reaction

and thus on perturbation of this reaction by the environment. Intramolecular charge

transfer (ICT) [62–64] and excited-state intramolecular proton transfer (ESIPT)

[56, 65] were suggested as the reactions that could provide two-color response and

suggested promising prospect in their application.

As a generic approach for different applications as micelle and biomembrane

probes, a series of 3-hydroxychromone (3HC) and particularly 3-hydroxyflavone

(3HF) derivatives were suggested. They exhibit ESIPT reaction with initially

excited normal (N*) band and ESIPT reaction product tautomer (T*) band demon-

strating strong solvent-dependent variations of their relative intensities. With 3HF

as a probe, Sarkar and Sengupta [56] observed dramatic transformations of the two-

band spectra of 3HF on the formation of micelles of Triton X-100, sodium dodecyl

sulfate (SDS), and cetyltrimethyl ammonium bromide (CTAB). However, it is

known that the sensitivity to polarity of parent 3HF is low, and the majority of

this effect may be attributed to disruption of hydrogen bonds with water on probe

incorporation into micelles. Introduction of electron-donor dialkylamino group into
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phenyl ring of 3HF increased dramatically the dipole moment of N* (but not of T*)

state and made the correspondent fluorescence band highly sensitive to polarity [66]

and to electrostatic fields [67] in their environment.

A series of uncharged 3HF derivatives with aliphatic hydrophobic tails were

synthesized and applied in the study of micelles [68]. Together with high hydro-

phobicity of 3HF itself this could guarantee the probe location in the low-polar core

of micelles (Fig. 2).

We undertook a series of experiments on incorporation of synthesized dyes into

micelles formed by cationic surfactant CTAB and neutral Triton X-100. Surprisingly,

despite similarity of structures of these dyes we got very divergent and therefore very

interesting results on their behavior in these micelles.

In Triton X-100 micelles, all the dyes incorporate well into micelles and show

increase in intensity from almost zero level observed in water (where most of them

have a very low solubility) to a definite level which reaches maximum at concen-

trations corresponding to surfactant CMC. This level remains constant on further

increase in surfactant concentration (data not shown). Meantime, the integral inten-

sity and its distribution between N* and T* bands varies dramatically (Fig. 2a–c) and

the probes with the longest alkyl chains (of 12 carbon atoms) exhibit low intensity

probably due to their aggregated state. There is an important regularity upon increase

Fig. 2 The scheme of synthesis with intermediates (6–20) and final products (21–29) of synthetic

hydrophobic 3HF probes for micelle studies (left) and their fluorescence spectra in neutral Triton

X-100 micelles formed in water (right) [68]
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of substituent chain length: the N* band compared to T* band intensity changes

dramatically. It decreases its relative intensity and moves to shorter wavelengths.

This is a strong indication of changing the chromophore environment – transition

from more polar and hydrated sites to hydrophobic sites in micelle interior. Thus the

increase of the size of hydrophobic tail favors deeper location of fluorophore moiety

into the micelle. The studies of these dyes in cationic detergent CTAB gave different

results. In the line of dyes with variation of chain length, we observe only the

relatively intensive N* band that is strongly shifted to longer wavelengths. Thus,

based on known spectroscopic behavior of these dyes [70], we can conclude that

regardless of the length of attached chain in the latter case, the fluorophore part is

exposed to polar micelle surface and is highly hydrated (with 4-carbonyl group

forming hydrogen bond with water).

Thus the synthesized dyes despite the same fluorophore incorporated into their

structures display a variety of spectroscopic properties that are due to differences in

their location and orientation in the micelles. Probes with relatively long alkyl

substituents are most interesting for different micellar, bilayer structures and also

apolar interfaces due to the possibility of hydrophobic location of their fluorophore

unit. The low polarity of the location of the probes is witnessed by the following

facts: (1) Position of the most polarity-sensitive N* band corresponds to that in low

polar aprotic solvents. (2) There is no evidence of the presence of the hydrogen-

bonded forms of the dyes (that should have the spectrum strongly shifted to longer

wavelengths). The micelle cores do not contain the groups that could be hydrogen

bond donors, so the only expected partners for the formation of these bonds could

be hydration water. Thus the probes are completely inaccessible to contact with

water molecules. (3) On the additions of iodine ions that are known as strong water-

soluble collisional fluorescence quenchers, the quenching effect is not observed.

This fact is especially demonstrative for CTABmicelles since I� ions can substitute

Br� ions in the polar interface layer thus increasing substantially its local concen-

tration. Thus in our knowledge this is the first example of successful incorporation

of polarity-sensitive dye into anhydrous hydrophobic core of aqueous micelle

providing a tool for studies on solubilization of different compounds in this interior.

4.1.2 Dynamics in Micellar Environments

As it is discussed in this book [1], the two fluorescence methods that are commonly

applied in the studies of molecular dynamics are the time-resolved spectroscopy of

molecular relaxations and the time-resolved anisotropy. When applied to micelles,

both of them commonly use the formalism developed in the studies of neat solvents.

The lack of information on probe location and anisotropy in structures and in

interactions with their molecular environment make imprecise this extremely

valuable information. For revealing the mechanisms of probe response, the influ-

ence of additional parameters, such as variation of solvent composition or the

temperature, is commonly applied. Thus, it was found that the solvation dynamics

in SDS micelles formed in D2O solution is about 1.2 times slower than that in these
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micelles formed in H2O, which could be due to slower process of the hydrogen

bond dynamics in the hydration layer around the micelle [37].

The temperature effect on solvation dynamics has been investigated in two neu-

tral micelles, namely, Triton X-100 (TX100) and Brij-35 (BJ-35), using dynamic

fluorescence Stokes-shift method, to explore the role of micellar size and hydration

on the solvation process. In the course of relaxation the fluorescence spectra move

as a function of time, and this motion can be expressed with the aid of function of

C(t). It allows connecting the motion of spectrum to a full scale of this event and

making comparisons of relaxation rates obtained with different dyes.

CðtÞ ¼ nðtÞ � nð1Þ
nð0Þ � nð1Þ : (1)

Here n(t) is the position of spectrum in cm�1 as a function of time, and n(0) and
n(1) are these values extrapolated to time zero and infinity correspondingly.

In TX-100, the temperature effect on C(t) function is not only very strong but

shows an unusual inversion around 298 K. On the contrary, for the BJ-35 micelle,

the temperature effect is not that significant. This could be due to the temperature-

dependent changes in micellar size and hydration, which are reported to be very

large for TX-100 but very marginal for BJ-35 [36].

The rotational and translational diffusion coefficients do not follow the trend

predicted by Stokes–Einstein equation, indicating that the dynamics in micelles is

non-Brownian [71]. Particularly, the study of the phenosafranin (PSF) dye

embedded into the micelles formed by anionic surfactants showed an enhance-

ment in the fluorescence anisotropy and rotational relaxation time of the probe in

the micellar environment in comparison to bulk liquid. This suggests that the

fluorophore is located in the areas of restricted mobility inside the micelles [72].

An extensive time-resolved study of cationic, anionic, and neutral micelles

containing different fluorescent dyes was reported. It was shown that the fluores-

cence anisotropy decay is caused by rotational and translational diffusion of

the dye in the micelle coupled with the rotational motion of the micelle as a

whole [73].

4.1.3 Micelles of Ionic Liquids

Ionic liquids, most commonly comprised of organic cations and inorganic anions,

become increasingly popular in recent years [74]. These liquids could promote

micelle formation or form micelles themselves in water. Solvation dynamics of the

coumarin 153 dye was recently studied in the 1-Cetyl-3-vinylimidazolium bromide

and 1-cetyl-3-vinylimidazolium NTf2 ionic liquid–water systems. It was shown

that the coumarin is located in the peripheral ionic double-layer of the micelle (so-

called Stern layer). The solvation dynamics of the probe suggests the presence of

highly confined water molecules in the interface of the micelles [75].
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Atomistic MD simulations are proved to be extremely useful in determining the

properties of the bulk and micellar phases of ionic liquids [76, 77]. The formation of

the micelles constitutes a significant challenge for MD simulations due to their large

size and large formation times. However, the usage of coarse-grained MD simula-

tions allowed to overcome these difficulties and to model spontaneous formation of

the micelles in 1-n-decyl-3-methylimidazolium bromide/water mixtures [78].

There are surprisingly few MD studies of solvation dynamics of the fluorescent

probes in ionic liquids. The solvation study of coumarin 153 in 1-butyl-3-methy-

limidazolium hexafluorophosphate could be mentioned [79]. It was found that

solvation dynamics is dominated by complex collective ionic motion.

4.2 Reverse Micelles

Reverse (inverted) micelles are formed in hydrophobic solvent (e.g., hexane) by

assembling the polar head groups of surfactant molecules that become protected

from their unfavorable solvation. Such structures form polar interior that can solubi-

lize polar compounds including water molecules. Micelles formed in the complete

absence of water or other polar molecules are called “empty”. In their presence the

two interfaces are formed, the surfactant headgroup region facing a water pool and

the surfactant tail region facing the apolar solvent. AOT (bis(2-ethylhexyl)sodium

sulfosuccinate) is an anionic amphiphile with an hydrophobic double chain (Fig. 3),

and because of small head to tail area it can readily form reverse micelles.

4.2.1 Probing the Reverse Micelle Interface

The heterogeneity of fluorescence reporter location and orientation in the micelle

brings a lot of uncertainty in the analysis of their response. Thus, a popular polarity-

sensitive probe Prodan is distributed in different micelle regions and yields fluorescence

response from multiple locations simultaneously [80]. Four principal microenviron-

ments for Prodanwere detected, including an innerwater pool, a boundwater region, the

AOT interface, and the surrounding hydrocarbon solvent phase. The excited-state

equilibrium in the population of locally excited and charge transfer states of the

probe, depending on its location (Fig. 4), produces differences in spectral position and

lifetime. The two states exhibit different solvation times (2 and 0.4 ns respectively) [69].

Fig. 3 AOT (bis(2-

ethylhexyl)sodium

sulfosuccinate) – the

prominent compound, which

forms reverse micelles easily
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The ability of smart 3HC dyes to provide multiparametric information on their

intermolecular interactions was explored in the studies of AOT reverse micelles

[81]. From Fig. 5 that compares the fluorescence spectra in micelles with that

obtained in neat hydrophobic solvents one can derive that the position of polarity

sensitive N* band corresponds to that of hexane but its relative intensity to the

second T* band is much higher. Since the T* band is formed as a result of excited-

state intramolecular proton transfer (ESIPT), one can infer that the dye is located in

hydrophobic environment but its ESIPT reaction is suppressed. Since the positions

of the absorption spectra of the dyes in 0.1 M AOT/hexane are the same as those in

neat hexane, no significant change in the ground-state interactions is expected.

Meantime, their 4-carbonyl and 3-hydroxyl groups can participate in intermolecular

specific interactions with nonsolvated ionic headgroups at the micellar interface

increasing the barrier for the ESIPT reaction. Strongly increased (compared to

that in hexane) fluorescence quantum yields witnesses for high rigidity of probe

environment.

Addition of water to AOT/hexane reverse micelles results in dramatic transfor-

mation of the fluorescence spectra (Fig. 6). The most spectacular is the decrease in

relative intensity of the N* band accompanied by its less significant red shift. Such

decrease is exactly the opposite of the common solvent polarity effect that could be

expected with incorporation of highly polar water molecules. Since the two bands

are significantly separated (up to 106 nm), this provides an almost total switch of

emission color from blue–green to orange–red. The 3HC probes FE and FA are

neutral and relatively low-polar molecules (log P 2.87 and 2.54, respectively).

From their spectra we can witness the complete absence of hydrogen bonding of

their carbonyl groups with water, which is the only proton donor component in this

Fig. 4 The probe Prodan in

reverse micelle formed by

1,4-bis-(2-ethylhexyl)

sulfosuccinate (AOT) in

n-heptane/water environment.

“LE” and “CT” are the locally

excited and charge-transfer

emissive states of Prodan,

respectively. Picture from [69]
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system. Gradual addition of water produces different effect: the spectra become

similar to that in hexane. This result suggests that the probes are squeezed out from

micelle to hexane solvent.

4.2.2 Water in Reverse Micelles and Solvation Dynamics

Reverse micelles incorporating water molecules are the subject of frequent studies

to determine the viscosity, rigidity, and proximity within their interior mostly on the

basis of empirical correlations with the data obtained in neat solvents [82, 83].

There are not so many attempts to apply time-resolved spectroscopy of molecular

relaxations to these systems. Meantime, it was observed that solvation dynamics in

the interior of reverse micelles is often dominated by a slow 0.1–0.3 ns time scale

component arising due to geometric restrictions to rotations of polar solute and dye

molecules [84].

Slow relaxation dynamics at the interface of reverse micelles was also observed

with the detection of Red Edge effect of several fluorescent probes, particularly, of

NBD derivative of cholesterol [82].
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Based on spectroscopic behavior of coumarin dyes, it was inferred that the water

molecules close to the surfactant head groups are more restricted compared to those

in the core of the water pool that is formed at water/AOT molar ratio higher than 7

[36]. The alignment of water molecules near the interface and its dynamics may be

different from that in water bulk because of geometric hindrance and different

hydrogen-bond patterns [85]. In large reverse micelles, the dynamics of water could

be separated into two ensembles: slow interfacial water and bulk-like core water.

As the reverse micelle size decreases, the influence of the interface increases and

the bulk-like phase disappears when the micelle size reaches 4 nm [86]. These

results obtained by vibrational spectroscopy were supported by time-resolved

fluorescence studies of a new dye exhibiting ICT reaction, in which nanosecond

component of molecular relaxations was observed [87]. Solvation dynamics was

shown to depend strongly on water pool size.
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Computer simulation provides valuable insight into the behavior of water mole-

cules in the micelle-confined environment. The short-time dynamics (up to 2 ps),

which is not easily accessible experimentally was studied in the model system

containing a simple diatomic solute inside the model micelles. It was shown that the

short-time relaxation is dominated by water and occurs at the solute sites where

hydrogen bonds are broken. The relative magnitudes of fast and slow contributions

to the solvent response for a particular chromophore may be sensitive to its location

relative to the micelle interface [88]. The simulations of the model system, which

matches the size, charge density and water content of the AOT reverse micelles,

revealed that water molecules near the cavity interface are immobilized by the

counter ions. Three structural regions of water can be identified: water trapped in

the ionic layer, water bound to the ionic layer, and water in the bulk-like core

region. The mobility of water in the interfacial layers is greatly restricted for both

translational and rotational motions, in agreement with experiments [89]. Similar

model system was used to study the solvation response of model anionic and

cationic chromophores in the water cavity of AOT-like model micelles. Dramatic

differences in the solvation responses for these chromophores were revealed. This

could be attributed to different initial locations of the chromophores and the

pronounced slow motion of the cationic chromophore relative to the interface [90].

Advances in simulation techniques allowing all-atom simulations of the reverse

micelles containing water, formamide or their mixtures are observed only in recent

studies. Their structure was found to be less regular than it was thought before.

Orientation of the trapped solvent dipoles along the radial directions increases from

the center toward AOT head groups. Preferential solvation of sodium ionic species

by water is detected in the mixed solvent. The translations and rotations of the

confined solvents are retarded significantly in comparison to bulk liquids (up to 50

times) [91].

5 Phospholipid Bilayers

High structural anisotropy combined with steep (on molecular level) gradients of

hydration, polarity, and electrostatic potentials makes molecular probing in bio-

membranes very challenging. These problems are clearly seen already in phospho-

lipid bilayer formed of a single or of limited number of components. In biological

membranes and phospholipid bilayers as their models, the gradients of polarity

extend on the same or even shorter length scale as the fluorophore sizes [92].

Correspondingly, the microenvironment of a solute varies from a highly hydropho-

bic environment inside the alkyl chains of the bilayer to a very polar environment at

the interface with aqueous milieu. Phospholipid segmental mobility in the mem-

brane exhibits strong gradients increasing toward the chain ends as well as diffu-

sional mobility of incorporated small molecules. Strong structural anisotropy

results in anisotropic orientation of incorporated dyes. Depth-dependent and aniso-

tropic binding of hydration water contributes additionally to this complexity.Moreover,
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ordered charges and dipoles in bilayer structure together with adsorbed ions gener-

ate strong local electric fields. Meantime, there are many authors that do not notice

such difficulties and try to derive “polarity” and “fluidity” values from fluorescence

dyes, the location and preferential orientation of which is not determined with

certainty or even not specified. This could lead to misinterpretation of many results

in view of the fact that the probes may exhibit heterogeneity of location sites,

distribution between H-bonded and non-H-bonded forms and, even more, reloca-

tion during the excited-state lifetime.

These membrane properties allow applying an approximation based on nano-

scopic resolution in one dimension, along the membrane normal. An implicitly or

explicitly applied averaging operates along the membrane plane at different depths.

Already on such level of detail the common for description macroscopic variables

such as polarity, viscosity or hydration loose their meaning unless it becomes

specified, to which particular site they refer and what kind of modeling brings

their particular values. MD simulations and molecular probing are presently seen

as the only methods that can allow providing in a consistent manner the analysis

of structure, dynamics, and interactions leading to this quasi-continuous

description [93].

5.1 Hydration, Polarity, and Fluidity as a Function
of Probe Location

With the improvement and development of new research techniques, the data

obtained in old days need to be revised. This refers to the response of “polarity-

sensitive” dyes in spectral, time-resolved, anisotropy and wavelength-selective

domains. There are very popular probes sensitive to structural transformations

in the membrane, such as 6-propionyl-2-(dimethylamino)naphthalene (Prodan)

and 2-dimethylamino-6-lauroylnaphthalene (Laurdan). What do they sense? The

change of molecular order and of the rate of dielectric relaxations of their location

site or their relocation to a different site? [94] With this type of dyes, the problem is

complicated in view of switching their emission between LE and ICT states [95]. Of

these two emissions, only emission from ICT state exhibits dielectric–relaxational

shift of emission from 415 to 435 nm [96]. The interplay between these two

emissions is strongly polarity dependent, and since the gradient of polarity is

steeper than the fluorophore dimension, ambiguity in interpretation is inevitable.

When the dye location is heterogeneous, then the observation of Red Edge effects

as the measure of the rate of dielectric relaxations in the membrane is no longer

reliable [97], since the dependence of fluorescence spectra on excitation wave-

length (lex) may be also the result of such heterogeneity. The lex-dependent rates of
emission decays can be observed in these cases [98] (Fig. 7).

Distribution between different locations was described for several small dye

molecules. Fitting to bi-modal function, it was interpreted as the distribution of free

dye and its H-bonded complex with water molecule [100].
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This complex is more polar and occupies more shallow position in the mem-

brane. Relocation of such dyes to different sites may occur in the case of change

in order and mobility in the membrane, but interpretation of such changes is

difficult. Dielectric relaxations in membranes are commonly related to the

induced motions of water molecules as they are smallest dipoles possessing

highest mobility [101]. Their dynamics is strongly retarded at interfaces [102],

but the actual distance scale is not known. If this occurs on the scale of sizes of

water molecules, then this scale is much shorter than the spatial range of reactive

field sensed by a fluorophore.

Intramembrane location of a fluorophore needs a special probe design. In

our experience, the most precise location and orientation of fluorophore at the

desired site can be achieved only with uncharged and relatively nonpolar dye

molecules that allow chemical modifications at their two opposite sides. The

dyes of 3HC family satisfy to these requirements [103]. Addition of hydro-

phobic tails determines the membrane affinity and, if necessary, vertical orienta-

tion in the bilayer, whereas the attached charged and polar groups fix the

fluorophore location relative to bilayer surface. With their aid, together with

increased sensitivity to polarity and hydration at the site of their location there

appears the possibility for more selective probing of surface (Cs), dipole (Cd),

and transmembrane (Ct) components of total electrostatic potential of the mem-

brane [93].

Ordered lipid phase Disordered lipid phase

Fig. 7 Cartoon illustrating the location of Laurdan probe in the lipid membrane (top). The
rearrangement of water molecules (black dots) localized around the Laurdan dipoles (arrows)
may be responsible for the red shift observed in different lipid phases. Figure from [99]
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5.2 Dielectric Relaxations in Membranes

Truly isotropic arrangement of disordered dipoles, the relaxations of which is thought

to determine the spectral shifts, does not exist in membranes. Molecular ordering

and generation of static molecular-scale electric fields determines the pattern of

dielectric relaxations that is usually derived from the time-dependent shifts of the

spectra. Their signatures change dramatically across the bilayer influencing both the

solvation energies and relaxation rates. Instructive in this respect is the result obtained

already two decades ago [104, 105]. The popular polarity-sensitive probes 1.8-ANS

(l-anilinonaphthalene-8-sulfonate) and 2.6-TNS (2-toluidinonaphthalene-6-sulfonate)

were studied upon incorporation into model phospholipid vesicles by a combination

of fluorescence techniques. They involved the site-selective quenching in time-

resolved spectroscopy, time-resolved anisotropy, and observation of Red Edge

effects. The aromatic parts of these dyes are hydrophobic. But owing to the

presence of a negatively charged sulfate group, they are located in the region of

the heads of phospholipids at the polar surface layer of the membrane bilayer. We

clearly observed the time-dependent motion of their spectra indicating some

dynamic process. Meantime, the absence of Red Edge effect showed us that it

was not a dielectric relaxation (which should be faster than the emission) but some

other process that extends to a longer time scale.

What was this process? The emission decays exhibit remarkable differences

upon application of hydrophobic quencher that quenches fluorescence “from inside”

the membrane and of ionic quenchers that operate “from outside”. This fact showed

us that the dyes change their location in the course of emission: being more polar in

the excited state they move along the gradient of polarity out from the membrane.

Quite a different result was obtained for structurally similar dyes phenylnaphthyla-

mines, l-AN and 2-AN, that possess no net charge and locate deeper in the mem-

brane, on the level of glycerol skeletons of phospholipids. The observation of Red

Edge effects indicated much slower (by orders of magnitude) dielectric relaxation.

The wavelength-selective decay of anisotropy demonstrated a new interesting

phenomenon: the dielectric relaxation proceeds by induced rotation of the dye

molecules [104]. In membrane they are surrounded by less mobile large and

anisotropic phospholipids forming the bilayer. Thus, we learned that the charged

probes located at the interface and neutral probes located deeper in the bilayer sense

different dynamics occurring on different time scales. Therefore, precise location of

the dyes is extremely important.

5.3 Nanoscopic Heterogeneity in the Plane of Bilayer

Nanoscopic heterogeneity in the plane of bilayer presents a new problem requiring

proper approach. This problem is clearly seen in the description of “rafts” –

the organized rigid domain structures formed with participation of steroids and
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sphingolipids [106]. Some dyes are incorporating into rafts and some are not.

Covalent binding of the dye to raft-forming lipid does not guarantee its inclusion

into raft [107]. The evidence is accumulating that microdomains in the membranes

of living cells are essentially different from rafts in model membranes due to their

fluid-mosaic organization with inclusion of proteins and minor membrane compo-

nents [108]. Their size is much smaller and their internal organization can be

different due to incorporation of proteins. When they are smaller than the wave-

length of light, they cannot be resolved by common light spectroscopy, but the

image formed by fluorescent probes can indicate predominant lipid phases.

When applied to model membranes, fluorescent dyes like Prodan and Laurdan

demonstrate lower polarity and hydration in the raft phase [109], but it is not

unlikely that they occupy different location. Design of more sophisticated 3HC

probe F2N8 with the attachment of hydrophobic tail and, on the opposite side, of

two charges complementing the lipid charges, allows establishing its more definite

location in the membrane. Using this probe it was confirmed that hydration is lower

in rafts than in the gel phase, which can be due to exclusion of water by cholesterol

in the glycerol region of the membrane [110].

Meantime even in this case, the probe can change its location and orientation in

the bilayer. Observation of the probe fluorescence in giant phospholipid vesicles

under polarized excitation showed that in the fluid phase a uniform fluorescence

intensity was observed all over the vesicle. This showed a variety of its orientations.

In contrast, in the raft phase, maximum fluorescence intensity is observed in the

regions where the light polarization is perpendicular to the bilayer plane. This

suggests that the high order of this phase imposes a vertical orientation to the

fluorophore [111].

These results show that lipid order in the membrane influences a number of

structural and dynamic parameters that can be derived from the response of

fluorescence probes. Extracting one of these parameters and calibrating its value

against a set of data obtained in homogeneous media may bring significant errors in

interpretation of the data. Molecular dynamics simulations of hydrated bilayer

structures incorporating the probes are expected to lead to their adequate description

[93]. However, currently there are no dedicated molecular dynamics studies, which

address the issues of probe location in the rafts or compared to other biomembrane

domains.

6 Proteins

Ability for many protein macromolecules of three-dimensional structures with

atomic resolution lays a fruitful background for correlations of spectroscopic

response with the structure. Important structural and dynamic information can be

obtained from intrinsic fluorophores, particularly from Trp residues emitting in the

near-UV [112]. Fluorescence response can be enhanced when proteins are modified

at specific sites with the inclusion of synthetic fluorophores. The flexibility of protein
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structures and their dependence on external conditions and intermolecular interac-

tions stimulated the development of fluorescence techniques to characterize these

changes. This allows obtaining not only the information important for biology, but

also to test and further develop fluorescence techniques.

6.1 Probing Protein Polarity

The protein polarity is the classical problem in biophysics, which is being studied

for decades. There are several approaches to describing this property. Explicit
atomistic treatment, which is commonly employed in MD simulations, is the

most precise and accurate, but it is too detailed for the majority of practical

applications. Another extreme is the application of empirical polarity scale where
the amino acids are roughly subdivided into polar and nonpolar classes. Typical for

research of 40–50 years ago, this simple approach is still frequently used in

interpretation of spectroscopic data.

The spectra of the protein Trp residues depend strongly on their solvent expo-

sure. The changes in the folding states of the protein may expose previously

internally located amino acids to the solvent, which often leads to dramatic shifts

of fluorescence spectra to longer wavelengths. Indeed, in folded proteins the fluores-

cence band maximum is typically found in the region of 325–335 nm and for

unfolded proteins with Trp exposed to water the fluorescence spectrum is at longer

wavelengths of 350–353 nm [112]. The quantum yield of the Trp fluorescence is also

surprisingly different in different proteins and does not correlate with these spectral

shifts. It is determined by different factors, particularly by the proximity of electron-

transfer quenchers.

The statical ordering of charged and dipolar groups around fluorescence emitters

uses a more precise alternative to “polarity” language that can explain the diversity in

positions of Trp bands and their quantum yields in proteins. Recently, this problem

was addressed by applying the QM/MM simulation technique [113, 114]. It was

shown that there is a 30-fold difference in Trp fluorescence quantum yields and life-

times depending on the rate of electron transfer between excited indole ring of Trp

and the nearest backbone amides. Such strong dependence on the protein environ-

ment arises from local electric potential difference between the Trp ring and acceptor

amide and depends also on location of nearby charges and local hydrogen bonding.

In experimental studies, the nanoscopic description, which keeps high spatial

resolution around the sites of interest but averages fast motions around it, is a

preferable way of describing the polarity effects in proteins. Meantime, the appli-

cation of theory of solvatochromism to Trp absorption and emission is difficult

because of the involvement of two electronic transitions that overlap in absorption

spectra and of its participation in specific interactions including H-bonding. The

solvatochromic organic dyes as fluorescent probes can provide better description of

environment properties being incorporated into the protein structure or adsorbed at

the binding sites.
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The ratiometric dual-emission 3-hydroxychromone (3HC) probes are proved to

be useful in determining the polarities of the binding sites in proteins. The probe FA

binds with high affinity (~107 M�1) at a well-determined site of serum albumin

molecule and responds to binding by dramatic enhancement of its emission. In

bovine serum albumin (BSA), this probe demonstrates the presence of both N* and

T* bands in fluorescence emission, with the predominance of the N* band [115].

The position of this band witnesses for the probe binding in the environment of very

low polarity. Meantime, when the ratio of relative intensities of N* and T* bands is

plotted to a polarity function obtained for a series of neat low-polar solvents, a

strong deviation is observed showing a shift in ESIPT equilibrium toward the

product of this reaction. Interpretation in polarity terms alone cannot explain this

effect, and therefore some local interactions must be involved. It is also very

interesting that the function that characterizes electronic polarizability in probe

environment is relatively high, corresponding to effective refractive index n¼ 1.54,

which further demonstrates the screening from water and suggests closeness to the

binding site of aromatic side groups of tryptophan, tyrosine, and phenylalanine.

6.2 Solvation Response as a Measure of Protein Dynamics

Natural fluorescence of the Trp residues is the most common and widely used tool

for studying solvation dynamics and the dynamic properties of the local protein

environment. Aqueous environment is natural for many protein molecules, and a

surprising result of earlier studies was the fact that the rates of dielectric relaxations

within their structures are by 2–3 and more orders of magnitude slower than in

surrounding solvent. This allowed observing static and dynamic Red Edge effects

even in single-Trp proteins, where the structural heterogeneity was not present

[116, 117].

Thus, on nanosecond time scale these small bodies of the size of 10–100 nm

behave as nanoscopic high-viscosity liquids and even solids. Due to structural

constrains, dielectric relaxations in proteins are very complicated and hierarchical

that leads to commonly observed nonexponential decays of fluorescence emission.

A simple dielectric continuum description of the proteins is clearly insufficient,

even though such a description has been widely used to correlate experimental data

[118–120].

Protein molecules respond to electrostatic perturbations through complex reor-

ganizations of their structure including rotations and displacements of the charged

and polar groups, as well as of solvent molecules. These solvation responses occur

both in the protein interior and on its exposed surface. The spectrum of response

times in proteins is broad, it extends from femtoseconds to nanoseconds. Despite

increasing amount of studies, the exact mechanisms of solvation response are still

not well understood.

The dielectric response of proteins is usually measured by monitoring the time-

dependent Stokes shift of the chromophore located in the site of interest inside the
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protein. The interpretation of these experiments depends on the solvation correla-

tion function, which describes the time-dependence of the Stokes shift and hence

the dielectric response of the medium to a change in charge distribution (1). The

methodological basis for constructing solvation correlation functions correctly was

developed recently [121]. Meantime, the presence of static Red Edge effects in

many studied proteins [112] demonstrates that high statical order cannot be dis-

rupted or reorganized on a time scale of emission.

The picture of slow dynamics, which is dominated by highly collective motions

of the protein, solvent and the chromophore itself is now well established and

confirmed in a number of MD and experimental studies [122]. Numerous studies

using natural Trp fluorescence (see below) also support this view.

The spectrum of relaxation times observed in the time-resolved spectroscopic

experiments with Trp fluorescence is broad and covers several orders of magnitude

from picoseconds to tens of nanoseconds. This is usually attributed to specific water

dynamics at the protein–water interface, which influences the chromophore [123].

There is clear evidence that the first layers of water possess different molecular

arrangement and dynamics than the bulk water. Solvation dynamics of such water

molecules displays an almost bulk-water-like ultrafast component and a surprising

slow component at the 100–1,000 ps time scale. Fluorescence probing at the

interface shows that the ultrafast component arises from an extended hydrogen

bond network while the ultraslow component originates from binding of water

molecules to biological macromolecules. Moreover, such slowing down of dynam-

ics of water dipoles is not regular along the protein surface. The sites important for

biocatalysis possess static electric fields that have to be supported by slow-water

dynamics.

Whereas the fast relaxation times reflect the dynamics of water molecules

around the Trp residues, the origin of slower relaxations is sometimes questioned.

Particularly, the decay times, ranging from 10 ps to several nanoseconds, which are

usually attributed to extremely slow hydration water motions, may correspond

to internal protein dynamics and the solvent polarization effects instead [124].

This view is also supported by complementary experimental and MD studies of

apomyoglobin [125]. Experimental studies of the tryptophan fluorescence and MD

simulations reveal relaxation times of 5 and 87 ps. MD simulations allowed

separating the relaxations of water shell and the protein by freezing selectively

the motions of the protein or solvent atoms. They revealed the crucial role of protein

motions in such slow dynamic response. Observation of slow water dynamics in

MD simulations requires protein flexibility, regardless of whether the slow Stokes-

shift component results from the water or protein contribution. The initial phases of

dynamics (few picoseconds) represent fast local reorientations and translations of

hydrating water molecules, while subsequent slow relaxation involves strongly

coupled collective water–protein motions.

Further insight into the surface water dynamics around the myoglobin molecule

was obtained using a Trp scan by site-specific mutations. Placing the Trp residue

into 29 different positions in a protein globule allowed observing two distinct

phases of water dynamics in the hydration layer. The first phase (1–8 ps) represents

Fluorescence Probing in Structurally Anisotropic Materials 143



initial local relaxation, while the second slow phase (20–200 ps) corresponds to

collective restructuring of hydration shell [126].

Very recent methodological advances in MD simulations allowed even better

separation of the solvent, protein, and fluorophore contributions to the spectral

shifts. The solvent response of Trp-43 residue in GB1 protein was studied using

these novel techniques. Precise quantitative contributions of the solvent and protein

to each of relaxation components were computed. The longest relaxation times

(131 ps) is attributed to the changes in the tertiary structure of the globule (Fig. 8)

[127].

Synthetic fluorescent amino acids can be incorporated into multiple sites in the

protein globule in order to create a kind of solvation response map of the globule

using this approach. Particularly, the solvation kinetics at multiple sites throughout

the sequence of the B1 domain of streptococcal protein G (GB1) was monitored

using the synthetic fluorescent amino acid Aladan [128].

Aladan was incorporated into seven different GB1 sites ranging from that buried

within the protein core to fully solvent-exposed on the protein surface, and also

located within different secondary structure elements including b-sheets, helices,
and loops (Fig. 9). The time-dependent Stokes shifts were measured over the

femtosecond to nanosecond time scales by fluorescence up-conversion and time-

correlated single photon counting techniques. It was shown that all sites exhibited

an initial, ultrafast Stokes shift on the subpicosecond time scale. With the increase

of probe distance from the surface, the dynamics of the solvation response become

slower. The long-time dynamics is believed to be caused to a large extent by

restricted movements of the surrounding protein residues.

It is very difficult to determine the contributions of the protein and the solvent to

solvation dynamics in such experiments. However, this task is trivial in MD

simulations. The complementary MD study of solvation dynamics in 11 different

sites in GB1 protein was performed recently [129]. It was shown that the polar

solvation dynamics are position-dependent and highly heterogeneous. The solvent

contributions are found to vary from negligible after a few picoseconds to dominant

Fig. 8 Contributions of the protein, solvent and the fluorophore to the total spectral shift in GB1

protein. Five different relaxation components are shown. Figure from [127]
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on a scale of hundreds of picoseconds. The latter components are caused by coupled

motions of hydration water and protein conformational dynamics.

6.3 Dynamics at the Ligand Binding Sites

The dynamics of the ligand binding sites in proteins is extremely important because

of its crucial role in the protein functioning. However, probing the dielectric

response in the binding sites and interpretation of the results may be challenging

due to highly heterogeneous and often unusual environment in such sites. Thus, the

well-defined system for comparative testing of the applied techniques is required in

such studies. One of these systems is the complex of myoglobin (in either apo- or

holo-form) with the coumarin 153 dye, which was characterized extensively by the

spectroscopic and NMR techniques [130].

As an example of these studies, the measurements of dielectric response of

coumarin 153 dye attached to the wild-type and mutant apomyoglobins in combi-

nation with MD simulations were performed [131]. An agreement between experi-

mental and simulated solvation relaxation functions was excellent for the wild-type

Fig. 9 Synthetic fluorescent amino acid Aladan and its soluble derivative N-acetyl-Aladanamide,

which is used as a reference (top); sites of incorporation of Aladan into the GB1 protein (bottom
left) and dynamic Stokes shift of Aladan at these sites (bottom right). Figure from [128]
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protein. However, the results for the mutants appeared to be rather different.

Additional NMR studies of the mutants suggested that the coumarin is mobile in

the structure on the time scale of fluorescence decays. Fluorescence anisotropy

studies also suggest that in one of the mutants the dye is allowed to move. This

study shows that the results of spectroscopic experiments and MD simulations

complement each other, and their diverging results could be used to guide addi-

tional experiments.

The complexes of coumarin 153 with apomyoglobin and apoleghemoglobin

were also studied experimentally and in MD simulations to reveal the differences

in solvation dynamics in these proteins [132]. The very good agreement was obtained

between time-resolved Stokes shifts and the results of MD simulations. In was shown

that the characteristic time scale of the probe solvation is very rapid (approximately

300 fs). Differences in the solvation relaxation for two studied proteins are related to

different structures of their heme pockets where the probe is located.

These observations of fast and ultrafast dynamics in proteins do not exclude the

presence of high static order and static inhomogeneities of intramolecular electric

fields revealed by Red Edge effects of protein bound fluorescence ligands [133].

Recent studies of dynamics in the active site of D5-3-ketosteroid isomerase showed

that during the enzymatic reaction the electrostatic environment in the active site

does not change significantly during the catalytic cycle, so that the reaction takes

place in rather rigid electrostatically preorganized environment [134].

6.4 Probing Protein–Lipid Systems

Membrane proteins represent one of the most heterogeneous and anisotropic envir-

onments for the fluorescent probing. The probe incorporated into the membrane

protein as well as intrinsic Trp can contact with surrounding lipid bilayer at dif-

ferent depths. As a result their environment may range from the aqueous interface

outside the membrane to highly hydrophobic core of the bilayer. In addition,

these fluorophores may exhibit very strong electrochromism due to the presence

of biomembrane electrostatic potentials [93]. Thus the site-directed labeling of the

membrane protein allows probing the protein–lipid–water interface at different

depths. The solvatochromic Badan fluorescent label, which could be placed into

different sites rather easily, is commonly used in such studies (Fig. 10).

This technique was recently used in the studies of M13 major coat protein

embedded into lipid bilayers [135]. Specific spectral decomposition method

allowed determining the contributions to the Stokes shifts from water, dynamics

of the label, and the local protein environment (Fig. 10). It was shown that the

Badan labels form the hydrogen bonds with water molecules even in the hydro-

phobic core of the membrane. This suggests deep penetration of water into the

membrane at the protein–lipid interface or strong noncovalent binding of water

molecules to the probe, which may drive them to bilayer center. It was shown that

the hydration level and local polarity of the membrane depend on the headgroup

146 S.O. Yesylevskyy and A.P. Demchenko



Fig. 10 Badan fluorescent label covalently linked to the cysteine sulfur and hydrogen-bonded to a

water molecule as it appears in the labeled protein (top). Various Badan fluorescence parameters

are shown for 40 different mutants versus label positions (a–c) and versus distance from bilayer

center (d–f). The solid vertical lines represent the full bilayer thickness (59.5 Å) while the dotted

lines represent the acyl chain/glycerol backbone interfaces. Figure from [135]
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charge and the lipid chain length [135]. Labeling the M13 protein in several key

positions varying from the water phase to the hydrophobic center of the membrane

provides a “nanoscale ruler” for probing protein–membrane interactions. This allows

precise profiling of the dynamics and distribution of water molecules in membrane

systems [136].

7 Nucleic Acids

Nucleic acids represent another case of highly heterogeneous environment for

fluorescent probing. In contrast to the majority of proteins they are heavily charged,

thus both solvation and ionic effects play an extremely important role in their

functioning. High flexibility and a variety of possible conformations lead to very

complex and diverse set of microenvironments, which could be probed by fluores-

cent dyes. Nucleic acids experience a variety of reversible and irreversible pertur-

bations, which may include nucleobase damage, depurination/depyrimidination

events, or base flipping. Fluorescent nucleic acid base analogs that are sensitive

to their local microenvironment have become powerful tools for investigating these

perturbations. They can be incorporated directly into the site of examination with

minimal perturbation of its natural structure [137]. Emissive fluorescent nucleo-

sides have been employed to assess the polarity of nucleic acid grooves. Thus a

furan-containing nucleoside, which serves as a minimally invasive thymine analog,

was used to estimate the polarity of the major groove of DNA. Surprisingly apolar

environment was detected, which reflects lower solvent availability of the major

groove than it was usually thought [138].

Extremely low polarity was also detected when 3-hydroxychrimone fluorescent

dye was incorporated into double-helical DNA structure as the fluorescent deriva-

tive of polyamine spermin. In contrast, on its binding to a single-stranded nucleic

acid the spectra demonstrate highly polar hydrated environment [139]. A strong

change of emission color demonstrating this effect is not observed with single-

stranded DNA. In the latter case, the fluorescence emission spectrum demonstrates

an almost complete surrounding of chromophore by water (Fig. 11).

An important question, which could be solved using the fluorescent probing, is

the dynamics of hydration water around DNA molecules. The excited states of the

natural DNA bases are very short living, which makes them not suitable for probing

the full range of hydration dynamics. However, the DNA base mimicking com-

pounds, such as 2-aminopurine possesses much longer living excited states, which

allows studying the role of orientational and translational diffusion of water mole-

cules around the DNA bases [140].

It is commonly observed that solvation dynamics captured in the time-resolved

Stokes-shift experiments at the interface of DNA is more than an order of magni-

tude slower than in bulk solution. The interpretation of this phenomenon is still

controversial. Previously it was believed that dramatic slowing down of the solvating

water diffusion causes this effect. However, there is growing evidence that the DNA
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itself is responsible for the longest observed relaxation times. The solvation

dynamics experiments of the fluorescent probe H33258 bound to DNA followed

by MD simulations were performed to clarify this issue [141]. The calculated time

scales for the solvation response of H33258 in solution (0.17 and 1.4 ps) and bound

to DNA (1.5 and 20 ps) are consistent with experiment (0.2 and 1.2 ps, 1.4 and

19 ps, respectively). Deconvolution of the calculated response in MD simulations

revealed that solvating water molecules are relatively mobile, only slowing by a

factor of 2�3 in comparison to bulk solution, and it is the DNA motion that was

responsible for the long-time component [141, 142].

Another set of extensive time-resolved Stokes-shift experiments complemented

by molecular dynamics simulations were performed recently to study the whole

range of dynamics in DNA. One of the bases of DNA segment was substituted by the

coumarin-102 dye. An extensive methodology was developed to compare experi-

mental results with the data of all-atom MD simulations. An excellent agreement

between both techniques was achieved. It was shown that the dynamics spreads over

many decades in time with no clear separation into discrete time scales. The simula-

tions confirm the existence of very slow relaxation in DNA extending out to 5 ns and

longer. Fluctuations of the hydration shell dominate the dynamics even at the long

time scales. The later could be explained by the confinement of water molecules in

the grooves and by their electrostatic interaction with the phosphates. In contrast to

the water, the DNA and counterion contributions have well-defined relaxation times

of 30 and 200 ps respectively [143].

Fig. 11 Spectra of polyamine spermin derivative (shown at top) in the buffer solution and in the

complex with different DNA strands [139]

Fluorescence Probing in Structurally Anisotropic Materials 149



The variation of the probe location in DNA may lead to very different results of

the Stokes-shift dynamics experiments [144]. The Stokes-shift dynamics of the

fluorescent probe 40,6-diamidino-2-phenylindole (DAPI), located inside the minor

groove of DNA, was compared to the results from base-stacked probe that replaces

a DNA base pair. It was shown that the dynamics extends over five decades in time

from 100 fs to 10 ns in both cases. The dynamics measured with either the groove-

bound or the base-stacked probes are similar in the time span of 100 fs to 100 ps but

differ substantially from 100 ps to 10 ns. The authors claim that the groove-bound

water molecules inside DNA are mainly responsible for the slow dynamics seen in

native DNA [144] (Fig. 12).

It is clearly seen that there are two alternative views on the origin of slow

dynamic response in DNA. Some authors claim that the slowest dynamics is

dominated by the confined water molecules with severely retarded motions, while

the other attributes this dynamics to the motions of DNA itself. Further advances in

the methodology and the usage of extensive MD simulations may help to resolve

this controversy.

8 Conclusions

The request for proper description and understanding, on molecular level, of

systems with nanoscale heterogeneity and structural anisotropy is presently strong

and it will further increase facing the needs of life sciences and modern techno-

logies. In this study, we tried to analyze the properties of these systems as they

are seen with fluorescence probes. In all of them, structural anisotropy results in

an appearance of local electric fields that are not space-averaged and may lead to

dramatic spectroscopic effects. Dynamics in these systems are modulated by these

fields and differ dramatically from isotropic and even anisotropic diffusional

motions.

Fig. 12 The schematic representations of the groove-bound (right) or the base-stacked (left)
probes embedded into DNA double helix. Dramatic difference in the slow dynamics in the

time span of 100 ps to 10 ns measured by these probes is shown (blue vertical arrow at right).

Figure from [144]
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In order to provide proper description of molecular-scale interactions and

dynamics, two major trends are presently seen. One is an empirical approach that

is based on comparison of output signal with some database composed of the results

obtained on well-characterized systems. As such reference databases, the series of

absorption and fluorescence spectra obtained in fluid solvents of different polarity

and viscosity are frequently used. The scientists must be aware of essential concep-

tual limitations of this approach. Structural and electrostatic anisotropy together

with restricted anisotropic dynamics containing strong ordered dielectric compo-

nent in the studied media makes such comparison unreliable. Moreover, the output

result will inevitably depend on the properties of the probing dye and will not be

quantitatively reproduced with the probe change. The only possibility to overcome

these limitations is to use as the reference the same system in well-specified

experimental conditions and to study the structural and dynamic variations when

these conditions change. Such experiments are typical with biological macromole-

cules and biomembranes.

The other trend is based on physical modeling of intermolecular interactions. In

its classical form based on Onsager–Debye model and considering only “universal”

interactions [1], it can serve only as a first approximation in our description. Spatial

averaging of molecular interactions required in its application does not allow in-

depth analysis of the discussed systems. Since the vectorial local electric fields are

probably the most important characteristics of the microenvironment, new exten-

sions in this approach are needed. The power in this approach is not only in direct

account of the properties of probing dyes but also in the ability to provide descrip-

tion of dynamic properties in terms of the rates of dielectric relaxations.

All the above discussion demonstrates clearly that in inhomogeneous systems

with high anisotropy the spectroscopic response depends dramatically on the

properties of probing dye. Important is its molecular and electronic structure and

the change of this structure on electronic excitation plus location and orientation in

the studied system and local interactions that it exhibits. Essential are its ground-

state distribution and excited-state dynamics. When fluorescence method is applied,

this multicoordinate response is reduced to a very limited number of parameters.

Molecular dynamics simulations can be seen as the means to integrate this response

being able to observe the analyzed structure with atomic resolution at equilibrium

together with its fluctuations around this equilibrium. The results of this integration

are expected to be seen in nearest future.
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Part III

Fluorescence Reporters in Biosensing



Optimized Dyes for Protein and Nucleic Acid

Detection

Sergiy M. Yarmoluk, Vladyslava B. Kovalska, and Kateryna D. Volkova

Abstract Fluorescent homogeneous detection is widely used in modern biomedi-

cal techniques for analysis and quantification of nucleic acids and proteins. This

method is based on the ability of low-fluorescent dye to bind noncovalently with

target biomolecule with significant increase of dye’s emission intensity. A wide

range of probes for homogeneous detection developed during last decades are

reviewed here. Series of cyanine dyes were developed for using in visualization

of nucleic acids in living cells and detection of amplification products in real-time

PCR. Besides, the cyanines, and triphenylmethane dyes that are able to detect

certain nucleic acid structures (double stranded, triplex, and quadruplex DNA)

and styrylcyanine dyes for two-photon excited fluorescent detection and imaging

of DNA are described. Dyes applied for nonspecific proteins detection belong to

different classes, among them are complexes of Ru2+, merocyanines, and trimethine

cyanines. Moreover, cyanine dyes sensitive to amyloid b-pleated protein forma-

tions and albumin-specific squaraine dyes are discussed here.
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1 Introduction

Approach of fluorescent homogeneous detection is widely used in modern biomed-

ical techniques for analysis and quantification of nucleic acids and proteins and

could be applied in real-time PCR, gel electrophoresis, capillary electrophoresis,

flow cytometry, microscopy, blotting, etc. This method is based on the ability of

fluorescent dye to bind noncovalently with target biomolecule with significant

changes of dye’s spectral properties [1].

The most extensively used homogeneous detection systems are based on the

increase of the emission intensity of the dye.

Here, we report the recently developed efficient fluorescent dyes for homoge-

nous detection of nucleic acids and proteins in various applications. A large part of

these dyes belongs to the various families of cyanines. A wide range of unsymmetrical

mono- and polymethine dyes are efficiently used for postelectrophoretic visualization of

nucleic acids, visualization of nucleic acids in living cells, and detection of amplification

products in real-time PCR. Symmetric trimethine cyanines containing substituents

in polymethine chain also have shown their applicability as nucleic acids sensitive

fluorescent probes.

Besides, in this chapter the dyes able to detect certain nucleic acids structures are

described. Among them are the dyes with crescent shape of molecules – unsym-

metric and symmetric cyanine dyes with long polymethine chain. Such dyes are

preferentially groove binders and thus are sensitive to double-stranded AT-rich

DNA sequences. The representatives of porphyrins, triphenylmethanes, and cya-

nines have shown their ability to interact with high selectivity with noncanonical

DNA structures – quadruplexes and triplexes. Here also described styrylcyanine

dyes which are developed as effective two-photon excited (TPE) probes for detec-

tion and imaging of DNA.

Special attention in this chapter is paid to the probes proposed for the mostly

used technique in proteomics – nonspecific detection of proteins (usually in the

presence of denatured agent sodium dodecyl sulfate). The wide range of highly

efficient fluorescent dyes, which belong to different classes, such as metalocom-

plexes, merocyanines, and polymethine cyanines, developed for this application, is

described. Also, cyanine dyes that are able to recognize the particular tertiary

structure, amyloid b-pleated proteins formation, are discussed here. The squaraine

dyes that demonstrate noticeable specificity to albumin proteins are depicted in the

chapter as well.
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2 Dyes for Nucleic Acids Detection

2.1 Binding of Ligands to Nucleic Acids

Interaction of small molecules with double-stranded (ds) DNA can occur via three

modes (Fig. 1).

First mode of small molecule/DNA complex formation involves external elec-

trostatic binding between them. DNA duplex contains a negatively charged sugar

phosphate so that a positively charged ligand binds externally to the double helix.

This type of interactions is generally not dependent on DNA sequence.

Another mode describes interactions between ligand and DNA via intercalation.

Molecules that are flat, generally aromatic or heteroaromatic ones, bind to DNA by

inserting and stacking themselves between the base pairs of the duplex. Intercala-

tion is a noncovalent interaction in which the molecule is held perpendicular to the

helix axis. This causes the elongation of DNA duplex.

Groove binding is the third mode. The major and minor grooves are different

when it comes to electrostatic potentials, hydrogen bonding, steric effects, and

degree of hydration. Minor groove-binding molecules are often crescent shaped and

reported to be cationic ligands that interact with DNA by forming hydrogen bonds

to the base pairs, which in turn stabilize the complex [2].

Fig. 1 Binding modes of small molecules to dsDNA
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2.2 Cyanine Dyes as Nucleic Acids-Specific Fluorescent Probes

Cyanine dyes are a subclass of polymethines (Fig. 2), which contain odd number of

methine groups and nitrogen-based heterocyclic end-groups. Widely used classifi-

cation of dyes relates to the symmetry of the chromophore. Specifically, symmetri-

cal dyes are composed of identical heterocycles linked at the same position, while

unsymmetrical dyes consist either of two different heterocycles or two identical

heterocycles linked at different positions. Examples of symmetrical and unsym-

metrical cyanine dyes are shown in Fig. 2 [3–5].

Wide range of unsymmetrical polymethine cyanineswith spectralmaxima covering

the visible region were developed as NA (nucleic acids) probes. The monomethine

cyanine dyes of SYBR family are known for today as themost sensitiveDNAandRNA

probes having sensitivity level that is in orders of magnitude higher than that of

classical DNA stain Ethidium Bromide. The most sensitive monomethine dye SYBR

Gold enables the visualization of about 20 pg of dsDNA in gels and is dozens of times

more sensitive than the traditionally used Ethidium Bromide [6].

Due to their unique properties, cyanine dyes are very efficient as probes for

nucleic acids detection in homogeneous analysis [7].

Namely, cyanines used for this application have:

l High molar extinction values in visible spectral region (>50,000 M�1 cm�1)
l Low (�0.01) quantum yield of free dye (when unbound with NA)
l Sharply increased fluorescence upon binding with nucleic acids (in 2–3 orders)
l Valuable binding constants for their complexes with NA and low affinity to other

biopolymers
l Absence of sequence specificity
l Wide linear dynamic detection range
l Modest photostability
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Fig. 2 General structure of polymethine dyes and examples of symmetrical and unsymmetrical

cyanine dyes
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In unbound state, the cyanine dyes show large amplitude motion around the

methine bridge that brings the dye into the nonfluorescent conformation with

perpendicular mutual orientation of heterocycles [8, 9], while when bound to

DNA they are believed to increase their emission intensity due to the restriction

of this internal motion and fixation of the planar conformation of the dye.

2.2.1 Unsymmetrical Cyanine Dyes

Since the 1990s, unsymmetrical cyanine dyes are applied for DNA visualization

and quantification in such modern techniques as fluorescent microscopy, gel elec-

trophoresis, and capillary electrophoresis. [9]. Spectral properties of these dyes are

superior to other noncyanine dyes, such as Ethidium Bromide, DAPI, and Hoechst.

In 1986, Lee et al. had first shown [10] that monomethine cyanine dye Thiazole

Orange (TO) could be applied for fluorescent detection of nucleic acids in solution

(Fig. 3).

While the quantum yield of unbound TO is very insignificant (0.0002) upon

complex formation with DNA, the quantum yield value of the dye increases

thousand times and reaches 0.2. (Fig. 4) [10]. It was shown that the use of TO for

DNA visualization on agarose gel allows to achieve sensitivity up to 50 times

higher than for classic DNA stain Ethidium Bromide [11].

X

N

N+

Dye X Heterocycle lex, nm

BO S pyridine 445

TO S quinoline 510

PO O pyridine 435

YO O quinoline 480

N X

N+ N+ N+ N+

NX

TOTO: X = S;
YOYO: X = O

Fig. 3 Monomeric and homodimeric monomethine cyanine dyes
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Benzothiazole analog of TO, the dye Oxazole Yellow (YO), demonstrated

similar spectral properties. To enhance the affinity of cyanine dyes to DNA Glazer

and coworkers developed the dimeric unsymmetrical cyanines TOTO and YOYO

(Fig. 3) [12]. For these dyes, a quadratic increase in binding constant compared to

the monomer forms was expected, but observed affinity increase was noticeably

lower than expected one.

A series of monomethine dyes, particularly YO, BO, LO, and PO, was also

proposed for the detection of nucleic acids. Excitation maxima of these dyes are

situated at various spectral regions, thus the dyes could be used with different

excitation sources (Fig. 3) [7].

A wide range of fluorescent probes based on the mentioned dyes was developed by

Invitrogen Inc. (now Life Technologies) (Fig. 5). TO-PRO-1, YO-PRO-1, BO-PRO-

1, LO-PRO-1, JO-PRO-1, and PO-PRO-1 are the unsymmetrical monomethine cya-

nines with spectral characteristics similar to their analogs TO, YO, BO, LO, JO, and

PO correspondingly. Dyes from this family in complexes with DNA demonstrate

high emission increase having typical Stock’s shift values of about 20–30 nm. These

dyes also bind with RNA or single-stranded (ss) DNA, though quantum yield of

formed complexes is lower than that for corresponding complexes with dsDNA [7].

It should be noted that the dyes LO-PRO and JO-PRO are cell permeable and could be

applied for in vivo studies [13, 14].

Dyes of SYTO family [7] were proposed by Invitrogen Inc. for the visualization

of nucleic acids in living cells. SYTO 11, SYTO 13, and SYTO 16 were shown
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Fig. 4 Fluorescence excitation (left) and emission (right) spectra of the dye TO (5 � 10�6 M) in

unbound state and in the presence of nucleic acids (6 � 10�5 M b.p. of DNA and 1.2 � 10�4 b. of

RNA). The low-intensity spectra of free dye are multiplied in 50 times. Fluorescence excitation

maxima were situated at 460 nm (free dye), 508 nm (dye + DNA), and 510 nm (dye + RNA)
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to have high efficiency in this application. Developed monomethine cyanine

dye SYBR Green I (Fig. 6) significantly increases its fluorescence intensity in

nucleic acids presence (Fig. 7) and allows visualizing about 20 pg of dsDNA per

band [3].

SYBR Green I is also widely used for amplification products detection in real-

time PCR method [16, 17]. Other SYBR dyes, such as SYBR Gold and SYBR

Green II, are used correspondingly for ss/dsDNA and ssDNA/RNA detection. On

the basis of cyanine dyes products, PicoGreen, OilGreen, and RiboGreen were

developed for sensitive detection and quantification of dsDNA, ssDNA, and RNA

in solution [7].

For unsymmetrical cyanine dyes, the binding mechanism may depend on both

the dye and DNA nature as well as on the dye/DNA concentrations ratio. Thiazole

Orange (TO) and Oxazole Yellow (YO) that were initially proposed as DNA probes

appeared to interact with DNA via intercalation [18, 19]. For the SYBR Green I, it

was shown that both intercalation and groove-binding modes of interaction with
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Fig. 5 Mono- and trimethinecyanines developed by Invitrogen Inc. for DNA detection
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DNA could take place. The binding mode could depend on DNA base pairs (b.p.)/

dye ratio, namely for this ratio higher than 6 bp to 1 dye molecule the prevailing

mode is intercalation, while at lower ratios the dye molecule binds with the dsDNA

minor groove [15].
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Fig. 7 Fluorescence excitation (left) and emission (right) spectra of the dye SYBRGreen I (5�) in

unbound state and in the presence of nucleic acids (6 � 10�5 M b.p. of DNA and 1.2 � 10�4 b. of

RNA). The low-intensity spectra of free dye are multiplied 20 times. Fluorescence excitation

maxima were situated at 494 nm (free dye), 496 nm (DNA), and 496 nm (RNA)

N+

S
N

S

N

N+

X
N

S

N

A–
A–

BEBO

BETO: X = S
BOXTO: X = O

Fig. 8 Unsymmetrical cyanine dyes BEBO, BETO, and BOXTO
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Unsymmetrical cyanine dye BEBO (Fig. 8), which is considered to be a minor

groove binder, was obtained on the basis of the same chromophore as the intercalating

dye BO, but was extended with a benzothiazole moiety. This gives BEBO a crescent

shape, which is similar to that of other minor groove binders, e.g., dyes of Hoechst

family [20, 21]. Later, two new crescent-shaped unsymmetrical cyanine dyes were

synthesized – BETO and BOXTO (Fig. 8). The increase in fluorescence intensity

upon binding to DNA is 300-fold for BOXTO and 130-fold for BETO.

2.2.2 Symmetrical Cyanine Dyes

Trimethinecyanines

As it was mentioned above, traditionally only unsymmetrical cyanine dyes were

proposed for nucleic acids visualization and quantification. As a rule symmetrical

benzothiazole or benzoxazole cyanine demonstrate insufficient emission enhance-

ment in the presence of nucleic acids.

It was shown that incorporation of substituent into the polymethine chain leads

to the loss of planarity of the dye molecule in an excited state that results in the

destruction of the conjugation of the dye p-electron system and, consequently, to

the decreasing of dye intrinsic fluorescence [22]. In this case, the fluorescent

response of dye to the presence of nucleic acids becomes more pronounced.

Benzothiazole methyl-b-substituted trimethine dye Cyan 2 (Figs. 9 and 10) was

the first symmetrical cyanine proposed as probe for DNA detection in gel and

solution [23]. In opposite to Cyan 46 (Fig. 9), this dye has low emission in free state

and interacts with DNA with hundred times emission increase having quantum

yield about 0.33 (Table 1).

It was shown that methyl- and alkyl-meso-substituents were optimal for the

designing of DNA-sensitive dyes on the basis of symmetrical trimethine cyanines.

At the same time, the dyes containing bulky aryl or benzyl substituents in the

b-position in presence of DNA demonstrate rather low emission intensity values

[27]. It could be explained by the steric hindrances for DNA/dye complex formation

caused by the bulky meso-substituents.

For symmetrical b-methyl-substituted benzoxazole dye Cyan 2-O (Fig. 11),

intrinsic emission value and emission in complex with dsDNA is higher as com-

pared to the corresponding values for its benzothiazole analog Cyan 2. For the
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Cyan 46: R = H
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Fig. 9 Symmetrical cyanine

dyes Cyan 46 and Cyan 2
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known colorimetric probe, naphthathiazole dye Stains-All (Fig. 11), addition of

DNA led to a decrease in the dye fluorescence intensity. It should be mentioned that

absorption and fluorescence spectra for Stains-All, both in the presence and in

absence of DNA, indicated occurrence of aggregation (Table 1).

For trimethine cyanine a,g-bridged dyes (Fig. 12), it was found that the nature of
the bridge group significantly influenced the spectral–luminescent properties of

the dyes, namely, the absorption and fluorescence wavelength values (Table 1).
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Fig. 10 Fluorescence excitation (left) and emission (right) spectra of the dye Cyan 2 (5 � 10�6M)

in unbound state and in the presence of nucleic acids (6 � 10�5 M b.p. of DNA and 1.2 � 10�4 b.

of RNA). The low-intensity spectra of free dye are multiplied in 20 times. Fluorescence excitation

maxima were situated at 535 nm (free dye), 546 nm (DNA), and 535 nm (RNA)

Table 1 Spectral properties of the trimethine cyanine dyes in aqueous buffer and in the presence

of DNA and RNA [24–26]

Dye Free dye in buffer Dye + DNA Dye + RNA

lex (nm) lem (nm) I0 (a.u.) IDNA (a.u.) IDNA/I0 IRNA (a.u.) IRNA/I0

Cyan 2 535 564 13.5 1,380 102 1,268 93.0

Cyan 46 553 571 272.0 297 1.1 590 2.2

Cyan 2-O 485 504 94.0 2,600 27 2,250 23.0

Stains-All 645 656 24.0 19 0.79 112 4.6

CPentV 454 489 29.0 2,958 102 521 18.0

CPentE 590 619 46.0 2,000 43 440 9.5

lex (lem) – wavelength of excitation (emission) maximum; I0 (I
DNA, IRNA) – fluorescence intensity

of dye in aqueous buffer in free form (in the presence of DNA, RNA) in arbitrary units (a.u.)
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Fluorescence intensities of both dyes when free are not high. After binding with

DNA, however, their emission increased by up to two orders of magnitude with

high fluorescence intensity values. It should be noted that for both dyes, the

emission intensity in DNA complexes was 3–5 times greater than it was observed

for corresponding dye/RNA complexes (Table 1) [24, 28].

For trimethine dyes CPent V and CCyan 2-O, the ability to stain covalently

closed and linear double-stranded DNA molecules in agarose gels was shown.

Under standard conditions, UV illumination, green filter, and black-and-white

photo film, these dyes visualize the bands containing 8 ng of dsDNA [29].

While it was shown that Cyan 2 predominantly interacted with dsDNA via

intercalation [30], a groove-binding mechanism of interaction is proposed for both

bridged dyes [28]. Existence of both groove-binding and intercalation mechanisms

for trimethines has also been suggested [31–33].

Symmetrical Cyanines with Crescent Shape or Long Polymethine Chain

as Potential Groove Binders

Designing of dyes that interact with DNA via groove-binding mode is of current

importance for such actual and powerful technique as real-time PCR, which

requires selective detection of double-stranded regions of DNA. Structurally

close to the intercalator Cyan 2, trimethinecyanines with substituents in the posi-

tions 6 of benzothiazole moiety (Fig. 13) were studied as probes for NA detection.

Such 6,60-substituents imparted an overall crescent shape to dye molecules, thus

possibly creating a preference for groove binding [34].

6,60-Benzoyl-amino-disubstituted trimethine cyanines T-304, T-306, and T-307

demonstrated sufficient emission intensity and high (up to 200 times) emission
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Fig. 12 Trimethine cyanine a,g-bridged dyes
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Fig. 11 Trimethine cyanine dyes Cyan 2-O and Stains-All
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enhancement in the presence of DNA (Fig. 13, Table 2). Incorporation of benzoyl-

amino groups into the 6,60-positions also permits construction of a dsDNA-sensitive

fluorescent probes using a trimethine cyanine with an unsubstituted polymethine

chain (T-304). Typically, unsubstituted dyes (e.g., Cyan 46; Fig. 9) have high

intrinsic fluorescence intensity and weakly respond on nucleic acids presence.

Contrariwise, the 6,60-disubstituted trimethine cyanine T-304 demonstrates weak

emission when unbound and upon interaction with DNA its fluorescence intensity

increases up to 70 times.

It was shown that incorporation of methyl-, dimethyl-, diethyl-, and benzyl-

amino substituents into the 6,60-positions created substantial selectivity of the dyes

for dsDNA compared to RNA. Such a preference in fluorescence complex forma-

tion with dsDNA over the mostly single-stranded RNA could be indicative of the

groove-binding mode. Taking into account that Cyan 2 interacts with dsDNA via

intercalation, it could be suggested that the incorporation of certain substituents into

the 6,60-positions of the trimethine cyanine dye changes the mode of its binding to

dsDNA from intercalation to groove binding.
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Fig. 13 Trimethine cyanine dyes with substituents in the 6 position of the benzothiazole moieties

Table 2 Selected spectral–luminescent characteristics of 6,60-benzoyl-amino-disubstituted

trimethine dyes in aqueous buffer and in the presence of DNA and RNA [34]

Dye Free dye in buffer Dye + DNA Dye + RNA

lex (nm) lem (nm) I0 (a.u.) IDNA (a.u.) IDNA/I0 IRNA (a.u.) IRNA/I0

T-304 562 715 8.6 610 71 6.4 0.74

T-305 533 629 15.0 88 6 33.0 2.2

T-306 505 655 5.4 1120 207 42.0 7.7

T-307 503 672

725

4.1

4.0

890 222 29.0 7.25

lex (lem) – wavelength of excitation (emission) maximum; I0 (I
DNA, IRNA) – fluorescence intensity

of dye in aqueous buffer in free form (in the presence of DNA, RNA) in arbitrary units (a.u.)
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Pentamethine Cyanine Dyes

At the present time, diagnostic systems based on DNA fluorescent detection mostly

involve intercalating monomethine cyanine dyes with excitation wavelengths of

about 500 nm. Long-wavelength probes, however, could allow detection using a

spectral region where no intrinsic fluorescence of biomolecules occurs. Moreover,

long-wavelength dyes could be applied in multicolor detection experiments. Also

it is known that groove binding becomes more prevalent for the dyes with more

elongated polymethine chain. Pentamethine cyanines have been considered to

form groove-binding complexes with DNA [35, 36]. Thus, using these dyes could

permit to obtain long-wavelength fluorescent probes for the selective detection of

double-stranded regions of DNA.

Pentamethine cyanines nonsubstituted in polymethine chain have rather high

level of own fluorescence intensity and slightly change it in nucleic acids

presence, the mostly known among them is indolenile dye Cy5, widely used

fluorescent label. For dyes with g substituent in the polymethine chain, the

spectral response on DNA presence was also insignificant. Benzothiazole penta-

methine cyanines dyes with a cyclohexene or cyclopentene group in the poly-

methine chain (Fig. 14), which were assumed to be DNA groove binders, were

studied as fluorescent probes for detection of nucleic acids. The substituents in the

cyclic group of the dye were found to influence significantly on its sensitivity to

DNA [37].

These dyes demonstrated insignificant or moderate fluorescence intensity in free

state. They form bright complexes with nucleic acids having emission increase up
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to dozens times. For the dyes SL-251 and SL-370 in the presence of DNA, the

fluorescence quantum yields were 0.41 and 0.66, respectively (Fig. 15).

It was shown that bulky substituent in the position 5 of the cyclohexene fragment

hinders the dye/DNA interaction. On the other hand, the presence of methyl

substituent in the position 2 of the cyclohexene or cyclopentene group is suggested

to enhance the dye/DNA complex stability. Thus, the highest increase of fluores-

cence intensity in the presence of DNAwas observed for dyes SL-251 and SL-1046,

which contain mentioned substituents (Fig. 14). These results are consistent with

the groove-binding mode of the dye/DNA interaction proposed for pentamethine

dyes [37].

It should be noted that bridged pentamethines also give fluorescent response to

the RNA presence, which is mostly pronounced for dyes SL-251 (Fig. 15) and SL-

377 (emission intensity increased in 13.3 and 19.7 times, respectively) (Table 3).

The study of specificity of bridged pentamethine cyanine dyes for AT-rich

and GC-rich nucleotide sequences showed that such dyes possess significant

AT-preference that could be the evidence of interaction with DNA via the groove-

binding mechanism [37].

550 600 650 700 750

0

100

200

300

400

F
lu

or
es

ce
nc

e 
in

te
ns

ity
, a

.u
.

Wavelength, nm

in buffer
in DNA presence
in RNA presence

Fig. 15 Fluorescence excitation (left) and emission (right) spectra of the dye SL-251

(5 � 10�6 M) in aqueous buffer and in the presence of DNA (6 � 10�5 M b.p.) and RNA

(1.2 � 10�4 b.). Fluorescence was excited at 620 nm; maxima of fluorescence emission were

observed at 660 nm (in the presence of DNA) and at 670 nm (in the presence of RNA).

Fluorescence excitation spectra are normalized to the corresponding emission spectra
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2.3 Styrylcyanine Dyes as Two-Photon Excited Fluorescence
Probes for DNA Detection and Imaging

The using of two-photon excitation (TPE) of fluorescent probes in procedures of

biological objects detection permits deeper penetration of exciting beam into the

tissue; excitation of fluorescence in near infrared spectral region, where the

biological objects are transparent; and decreased photodamage of the studied

object. Such probes are required for two-photon laser scanning microscopy that is

known as one of the most powerful tools for cell and tissue imaging. Monomethine

cyanine dye Cyan 40 was used for the two-photon fluorescent visualization of KB

(oral epidermoid carcinonoma) cells with fluorescence microscopy method [38].

Representatives of styryl dyes were proposed as the probes for the TPE fluores-

cent detection of DNA. In opposite to cyanine dyes, styryl dyes are known to have

high two-photon absorption cross-section values [39, 40]. This property is demon-

strated with the example of benzothiazolium styryl, for which the strong fluores-

cence upon TPE by 1,064-nm irradiation was observed [41]. On the other hand,

significant fluorescent response on the dsDNA presence is observed for these dyes

class [42, 43].

Studies of the series of monomer and homodimer benzothiazolium styrylcya-

nines have shown the efficiency of these dyes as TPE nucleic acids sensitive dyes. It

was shown that the dyes modified with spermine-like linkage/tail group demon-

strated increased sensitivity to DNA. They have low intrinsic emission and enhance

their fluorescence intensity up to three orders of magnitude in the presence of DNA.

Complexes of studied dyes with DNA also demonstrate intensive emission upon the

single-photon excitation and two-photon excitation [44].

The monomer Bos-3 and homodimer DBos-21 styrylcyanine dyes (Fig. 16)

increase their emission intensity by 2–3 orders of magnitude upon interaction with

DNA, having rather high values of two-photon absorption (TPA) cross-section, which

are comparable with the values of TPA cross-section of the rhodamine dyes [45].

The values of TPA cross-sections at 1,064 nm are close for both dyes in com-

plexes with dsDNA (2.1 � 10�50 cm4 s for Bos-3 and 1.7 � 10�50 cm4 s for

Dbos-21) (Fig. 17), but TPA cross-sections at 880 nm are considerably different

(68 � 10�50 cm4 s for Bos-3 and 24 � 10�50 cm4 s for Dbos-21).

Table 3 Selected spectral–luminescent characteristics of pentamethine dyes in aqueous buffer

and in the presence of DNA and RNA [37]

Dye Free dye in buffer Dye + DNA Dye + RNA

lex (nm) lfl (nm) I0 (a.u.) IDNA (a.u.) IDNA/I0 IRNA (a.u.) IRNA/I0

SL-251 643 659 55 1,182 21.5 753 14

SL-1046 600 616 247 7,727 31.3 772 3.1

SL-370 636 654 285 2,455 8.6 818 2.9

SL-377 644 662 36 360 10 705 19.6

lex (lem) – wavelength of excitation (emission) maximum; I0 (I
DNA, IRNA) – fluorescence intensity

of dye in aqueous buffer in free form (in the presence of DNA, RNA) in arbitrary units (a.u.)
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It was shown that both dyes are cell permeable, but homodimer DBos-21 produces

noticeably brighter staining of HeLa cells compared with monomer Bos-3. DBos-21

molecules initially bind to the nucleic acids containing cell organelles (presumable

mitochondria) and are able to penetrate into the cell nucleus [45].

Recently, itwas shown that carbazole-based biscyanine exhibits high sensitivity and

efficiency as a fluorescent light-up probe for dsDNA, which shows selective binding

toward the AT-rich regions. The synergetic effect of the bischromophoric skeleton

gives a several-fold enhancement in a two-photon absorption cross-section as well as a

25- to 100-fold enhancement in TPE fluorescence upon dsDNA binding [46].

2.4 Dyes for Detection of Noncanonical DNA Structures

In living organisms, mostly genomic DNAs exist in a double-stranded helical form,

but the occurrences of some other conformations also seems possible. The guanine-

rich nucleic acid sequences are known to fold into four-stranded (G-quadruplexes,

G4-DNA) or triple-stranded (triplex) structures in which the nucleotide bases are

connected by means of Hoogsteen base-pairing bonding. Therefore, the develop-

ment of a specific probe able to distinguish quadruplex or triplex conformations

from a canonical dsDNA may have a significant scientific and practical importance.

Among the dyes proposed for the detection of G4-DNA regions, porphyrin dyes

have been found to give noticeable fluorescent response in the presence of
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quadruplex but not duplex DNA [47–49]. Recently, triphenylmethane dyes were

proposed as fluorescent probes for G-quadruplex recognition. These dyes have

shown the ability to distinguish intramolecular G4 complex from ss and dsDNA,

but they do not discriminate intermolecular G4 from ss or dsDNA [50].

Thiazole Orange (TO) (Fig. 3) was shown to strongly and selectively bind to

G-quadruplexes and triplexes [51]. TO was used in the G4-fluorescent intercalator

displacement method aimed on evaluating G4-DNA binding affinity and quadruplex-

over-duplex DNA selectivity of putative ligands. Also on the base of TO dye the

quadruplex-selective fluorescent probe was synthesized by modification of this

dye with effective G-quadruplex ligand [52].

Monomethine dye Cyan 40 (Fig. 16) demonstrates strong preference to triplex

DNA form over double stranded and quadrulex DNA. Meso-substituted trimethine

Cyan 2 (Fig. 9) binds strongly and preferentially to triple- and quadruple-stranded

DNA forms, as compared to dsDNA. Highly fluorescent complexes of Cyan 2 with

DNA triplexes and G-quadruplexes and Cyan 40 with DNA triplexes are very stable

and do not dissociate during gel electrophoresis [53].

The symmetrical benzothiazole trimethine cyanine DTDC and benzoxazole pen-

tamethine cyanine dyes DODC (Fig. 18) were utilized in fluorescence method of
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Fig. 17 TPE fluorescence spectra of Bos-3 and DBos-21 in DNA presence in 0.05 M Tris–HCl

buffer, pH 8.0. Dye and DNA concentrations were 1.5 � 10�6 and 1.8 � 10�4 M b.p., respec-

tively. Excitation with 1,064 nm from YAG:Nd3+ 20 ns pulsed laser. Spectrum of Rhodamine dye

in ethanol is presented as a reference that allows to estimate the emission intensity of discussed

styryl dyes
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mix-and-measure screening of ligand binding to quadruplex DNAs of diverse sequence

and structure. Since fluorescence of the dye molecules increases when the dye binds to

quadruplex DNA, the addition of ligands can decrease the dye fluorescence [54].

3 Dyes for Proteins Detection

The field of proteomics requires new, highly quantitative electrophoresis techni-

ques that can interface seamlessly with improved microanalytical methods and that

can be performed in an increasingly high-throughput environment. As a conse-

quence, a number of new dyes and staining systems recently have come to market

including those discussed below. As proteomic analysis become integral to under-

standing disease states and normal metabolic pathways, it is increasingly important

to design the techniques generating these data.

3.1 Fluorescent Probes for Proteins Detection
on Polyacrylamide Gels

For decades, gel electrophoresis has been the most widely used technique for

protein analysis. Traditionally, staining methods using silver or Coomassie brilliant

blue (CBB) have been used for protein detection. With the rapid growth of proteo-

mics, however, the limitations and experimental disadvantages of these routine
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detection methods have become obvious [7]. This has attracted the attention of

companies providing analytical reagents to the global markets, resulting in

production of new reagents with the claim of more efficient detection for protein

analysis based on fluorescence. Fluorescent dyes, recently developed for protein

visualization and the main areas of their application are described here. Table 4 lists

all of the dyes discussed below.

3.1.1 SYPRO Orange, SYPRO Red, and SYPRO Tangerine

The merocyanine dyes SYPRO orange, SYPRO red (Fig. 19), and SYPRO tanger-

ine developed by Invitrogen Inc. (now Life Technologies) as protein stains opened

new opportunities for proteomics. These stains allowed a simple, rapid, and sensi-

tive method of proteins detection following SDS or native polyacrylamide gel

electrophoresis.

Although the exact mechanism of the interaction between proteins and SYPRO

protein stains has not been fully characterized, the interaction is dependent upon an

Table 4 Spectral characteristics and considered class of the discussed dyes for denatured proteins

detection

Stain lex (nm) lem (nm) Class

SYPRO red 300/550 630 Merocyanine

SYPRO orange 300/470 570 Merocyanine

SYPRO tangerine 300/490 640 Merocyanine

SYPRO ruby 280/450 610 Ru2+ complex

Deep purple stain 528 594 Sulfoindocarbocyanine

Flamingo 512 535 Unknown

Coomassie Fluor Orange 300/470 570 Merocyanine

Lucy 506 504 515 Carbocyanine

Lucy 565 565 584 Carbocyanine

Lucy 569 565 581 Carbocyanine

lex (lem) – wavelength of excitation (emission) maximum of the dyes in presence of proteins
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Fig. 19 Supposed structures of the SYPRO red and SYPRO Orange merocyanine dyes [55]
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initial binding of SDS to the proteins. The dyes appear to bind to the SDS coat that

surrounds proteins in SDS-polyacrylamide gels. The staining results observed with

these dyes consequently exhibit relatively little protein-to-protein variation and are

linearly related to protein mass.

It is claimed that the staining procedure takes from 30 to 60 min and does not

involve destaining step, and that the staining is stable for many hours [7]. Staining

also can be accomplished by including dye in the running buffer with a brief one-

step destaining procedure following electrophoresis. A partially destained gel may

be restained by addition of corresponding fresh SYPRO protein stain.

Using this group of SYPRO dyes allows detecting as little as 4–10 ng, equaling

the sensitivity of silver staining techniques on commonly used configuration and

surpassing the best colloidal CBB staining methods available. For cytochrome

c oxidase subunits I and Va, mouse IgG light chain, protein G, NeutraLite avidin,

streptavidin, pancreatic RNase A, b-bungarotoxin small subunit, and the histones

staining with SYPRO Orange and SYPRO Red protein gel stains allowed detec-

tion of lower amounts of mentioned polypeptides than was possible with silver

staining [56].

Because the SYPRO Orange and SYPRO Red dyes do not covalently bind to

proteins, the stained proteins can be subsequently analyzed by microsequencing

[57] or mass spectrometry [58, 59]. However, these dyes are not recommended for

staining the gels prior to blotting, as there is a significant loss of sensitivity when

proteins are stained with the SYPRO Orange or SYPRO Red dyes in typical

Western blotting buffers.

SYPRO Tangerine gel stain is an extremely versatile stain for proteins in SDS

gels. Because proteins stained with SYPRO Tangerine dye are not fixed, they can be

used for zymography (in-gel enzyme activity) assays. Stained proteins can also be

eluted from gels and used for further analysis. This stain does not alter protein

structure and does not interfere with mass spectrometry. In addition, in contrast to

SYPRO Red and SYPRO Orange, staining with SYPRO Tangerine does not

interfere with the transfer of proteins to membranes, allowing visualization before

proceeding with Western blotting [7].

Protein bands stained with SYPRO dyes can be excited by ultraviolet light

at approximately 300 nm or by visible light at approximately 470 nm (SYPRO

Orange), 550 nm (SYPRO Red), and 490 nm (SYPRO Tangerine). These three dyes

emit maximally at 570, 630, and 640 nm, respectively.

In addition, fluorescence intensity is said to be linear with protein quantity over

three orders of magnitude, which is a much wider range than CBB or silver staining

can provide [7].

By contrast to many silver staining methods, the SYPRO dyes do not stain

nucleic acids or bacterial lipopolysaccharides to a significant extent [60]. There

are some limitations for the use of SYPRO dyes, such as poor sensitivity for

detecting proteins separated on isoelectric focusing or nondenaturing gels. More-

over, although SYPRO stains worked well with 1D SDS-PAGE gels, their perfor-

mance with 2D gels (especially thicker, large-format gels) failed to achieve

sensitivity levels seen in 1D SDS-PAGE separations.
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3.1.2 SYPRO Ruby

SYPRO Ruby was presented by Invitrogen Inc. as the new fluorescent stain of choice

for 2D PAGE separations [7, 58] (Fig. 20). This dye is a luminescent metal chelate of

a ruthenium ion with organic ligands that allows sensitive fluorescent detection of

proteins separated by SDS-polyacrylamide and 2D gels. This stain provides improved

sensitivity and is less affected by the presence of nonprotein components present

in the gel. The SYPRO Ruby dye-based staining method is also compatible with

downstream applications such as Edman-based protein sequencing and peptide mass

profiling by mass spectrometry-based methods.

The protein binding mechanism is quite different from that of SYPRO Orange,

Red, and Tangerine dyes in that it does not bind through intercalation into sodium

dodecyl sulfate (SDS) micelles [61–64]. In such a way, SYPRO Ruby binds to

proteins by electrostatic interaction of its sulfonate groups with basic amino acid

residues on the proteins and coordination binding of the ruthenium ion with the

polypeptide backbone [65].

Due to the simple staining procedure, this dye is ideal for high-throughput gel

staining and large-scale proteomics applications. Because the dye is not present

during electrophoresis, aberrant migration of proteins is avoided. The sensitivity

(down to 1 ng of protein) exhibited by SYPRO Ruby is as good as or better than

those of the best silver staining techniques and superior to them in terms of ease of

use, linear dynamic range, and compatibility with downstream microchemical

characterization techniques [66–68]. SYPRO Ruby has insignificant protein-to-

protein variability and stains most classes of proteins including glycoproteins,

phosphoproteins, lipoproteins, calcium binding proteins, fibrillar proteins, and

other proteins that are difficult to stain by traditional methods. Moreover, heavily

glycosylated proteins, which stain poorly with silver techniques, are detected
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successfully by SYPRO Ruby. Unlike silver staining, SYPRO Ruby does not stain

extraneous nucleic acids, lipids, or carbohydrates in the sample [69, 70].

Because SYPRO Ruby contains the transition metal ruthenium as its fluoro-

phore, it has exceptional photostability, allowing long exposure times for maximum

sensitivity, and can be imaged on UV as well as laser-based gel scanners [71]. The

dye is compatible with a wide range of light sources including a 302-nm UV

transilluminator, 473-nm SHG Nd-YAG laser, 488-nm argon-ion laser, 532-nm

SHG Nd-YAG laser, xenon arc lamp, blue fluorescent light bulb, and blue LED.

The emission maximum for this dye is 610 nm.

Although SYPRO Ruby is more sensitive than SYPRO Orange, Red, and

Tangerine, its staining is slower, requiring about 4 h to give optimal results.

3.1.3 Deep Purple Dye

This compound was isolated from the fungus Epicoccum nigrum by Bell and

Karuso [72] and now proposed as a fluorescent stain for visualization of proteins

in 1D and 2D polyacrylamide gels (Fig. 21). Formerly named Lightning Fast, it is

now distributed by GE Healthcare under the trade name Deep Purple Total Protein

Stain.

The reactive component of the Deep Purple stain is epicocconone, a nonfluores-

cent azophilone that becomes fluorescent when it interacts with protein [73]. The

primary mechanism of epicocconone binding is thought to be through hydrophobic

interaction with the lipophilic tail of SDS bound to protein [74]. The stain employs

fixation with a low concentration of aqueous alcohol to remove SDS from the gel

background, and the dye binds to both lysine residues and residual SDS present in

the gel and bound to the protein [75, 76].

The dye appears to give low background fluorescence and have a large dynamic

range (about four orders of magnitude) and a sensitivity even higher than SYPRO

Ruby, at least when it comes to staining proteins electroblotted to nitrocellulose

(Amersham’s Hybond ECL) or polyvinylidene fluoride (PVDF, Amersham’s

Hybond-P). Also, Deep Purple is claimed to be less expensive than SYPRO Ruby

and to give clearer, more easily discernible and more accurately quantifiable protein

spots and bands. However, it was reported that its photostability is lower than that

of SYPRO Ruby, resulting in a loss of 83% after 19 min under UV transillumination

(compared to 44% of SYPRO Ruby) [76].

OO
O

O

H3C

H3C

OHO OH

H

Fig. 21 Supposed structure

of the epicocconone Deep

Purple stain [55]
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Using Deep Purple stain, less than 0.5-ng protein per band can be detected in 1D

gels and less than 1-ng protein per band when blotted onto nitrocellulose or PVDF

membranes. Deep Purple™ Total Protein Stain is used to stain both 1D and 2D gels

in both backed and unbacked format. The stain can be used in every step of protein

analysis from sample preparation to mass spectrometry, and it is compatible with

MALDI-TOF MS and Edman sequencing (http://www.gelifesciences.com/aptrix/

upp01077.nsf/content/2d_electrophoresis~2delectrophoresis_detection_reagents~

staining_reagents~deep_purple?OpenDocument&parentid¼25900083&moduleid¼
165652).

Deep Purple can be detected using a wide variety of imaging devices including

industry standard instrumentation such as the Typhoon fluorescent scanner, CCD

cameras, UV transilluminators, and some light boxes. The dye can be excited using

standard laser sources, i.e., violet (395 nm), blue (488 nm), and green (532 nm), and

it possesses red fluorescence with an emission maximum at 605 nm. The dye gives

poor staining of the glycoprotein, glucose oxidase, and the phosphoprotein, pepsin.

Deep Purple tends to have lower sensitivity on 1D and 2D Bis–Tris gels compared

to Tris– glycine gels (http://www.invitrogen.com/downloads/Comparative_Perf_-

Fluoresc_Protein_Stains.pdf) [77].

3.1.4 Flamingo

Flamingo is a fluorescent dye from Bio-Rad Laboratories Inc. It undergoes dramatic

fluorescence enhancement in the presence of denatured proteins, thus allowing

sensitive visualization of proteins that have been separated by 1D or 2D SDS-

PAGE. Flamingo exhibits insignificant protein-to-protein variability, making

results more consistent and reproducible compared to some other staining methods.

Gels stained with Flamingo have low background, making results easier to see [78].

Besides, Flamingo staining is reported to be fully compatible with peptide mass

fingerprinting by MALDI-MS and to result in a lower incidence of oxidative protein

modification than SYPRO Ruby [79].

Gels stained with Flamingo may be assessed using a variety of fluorescence

imaging systems. In the presence of proteins, Flamingo has an excitation maximum

at 512 nm and an emission maximum at 535 nm. Thus, the optimal imaging systems

are laser-based fluorescence scanners capable of exciting and detecting at 510 and

535 nm, respectively. The manufacturer claims that, when using 532-nm laser

excitation, the in-gel protein detection is possible down to 0.25 ng. Because this

dye has a secondary excitation at 271 nm, it can be excited also with UV light;

however, the detection limit is then two times higher (0.5 ng).

It has been claimed that Flamingo visualized 5–10 ng of protein on Tris–glycine

and Bis–Tris 1D gels using an excitation wavelength of 488 nm with a 555-nm LP

emission filter. The Flamingo stain was said to show higher sensitivity in 1D

Bis–Tris gels compared to Tris–glycine gels, while the opposite was the case for

2D gels, where Flamingo was more sensitive with Tris–glycine gels.
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When SYPRO Ruby, Deep Purple, and Flamingo stains were compared directly

using the same protein sample and the same emission filter set, it was found that

with UV excitation, SYPRO Ruby was nine times brighter than Deep Purple and 83

times brighter than Flamingo; with 488-nm excitation, SYPRO Ruby was four

times brighter than Deep Purple and eight times brighter than Flamingo; and with

532-nm excitation, Deep Purple was 1.3 times brighter than SYPRO Ruby and three

times brighter than Flamingo.

Fluorescence enhancement of Flamingo is also related linearly to protein con-

centration and allows linear quantitation over four orders of magnitude. A disad-

vantage of Flamingo is the time-consuming protocol. It requires a 2-h fixation step

and 3 h for staining. This dye is also less sensitive with 2D gels compared to the

SYPRO Ruby and Deep Purple dyes.

3.1.5 Coomassie Fluor Orange

Invitrogen Inc. (now Life Technologies) proprietary Coomassie Fluor Orange

protein gel stain provides fast, simple, sensitive staining of proteins in electro-

phoretic gels and allows detection of as little as 8 ng of protein per minigel band,

which is comparable to Coomassie® Brilliant Blue (CBB) stains. Among the

advantages of Coomassie Fluor Orange over conventional colorimetric stains the

easy-to-use staining procedure should be admitted. Using this dye, the fixation

and staining procedure could be performed in one step with no prewashing or

destaining steps, and staining is complete in as little as 30 min. Stained proteins

can be visualized using a standard 300-nm UV transilluminator or a laser-based

scanner.

Coomassie Fluore Orange is reported to be chemically similar to merocyanine

fluorescent dyes SYPRO Red and SYPRO Orange.

3.1.6 Lucy Dyes

Three fluorescent protein gel stains (Lucy 506, Lucy 569, and Lucy 565) for

nonspecific visualization of proteins have been developed by OTAVA lab in

cooperation with Sigma-Aldrich [80] (Fig. 22).

The main advantages of these stains are their high sensitivity, low protein-

to-protein variability, wide concentration range, and simple and rapid staining

protocols.

The Lucy stains are the carbocyanine dyes. They bind to proteins via hydro-

phobic interactions with the lipophilic tail of SDS molecules bound to proteins.

These dyes have high molar extinction coefficients and high fluorescence quan-

tum yields in the presence of protein/SDS mixture, and fluorescence intensity

increase by two orders of magnitude upon addition to protein/SDS system. The
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excitation maxima of Lucy 506, Lucy 565, and Lucy 569 are situated at 506, 565,

and 569 nm [81].

According to literature data, each Lucy dye has its own benefits. In such a way,

Lucy 565 allows neutral gel staining (e.g., before Western blotting), Lucy 569

excels by a linear response over an extraordinary broad linear dynamic range, and

Lucy 506 shows highest sensitivity – using this stain under the blue light excitation,

it is possible to visualize the band containing 2 ng of BSA.

The dye Lucy 565 demonstrates the same sensitivity with UV as well as with

blue light excitation source and allows detection of about 8–10 ng of protein per

minigel band. The Lucy 569 dye can be successfully applied with standard 313-nm

UV transilluminator and visualized 5–10 ng of protein per band.

All Lucy dyes showed poor staining of the a1 acid glycoprotein and reduced

staining of glucose oxidase. This may be explained by the SDS-meditated mecha-

nism by which these dyes bind to protein. While the Lucy dyes are less sensitive

than ruthenium-containing SYPRO Ruby on 1D gels and tend to have lower

sensitivity with Bis–Tris gels, they exhibit the same sensitivity as the widely used

merocyanine dyes SYPRO Orange and SYPRO Tangerine, which bind with protein

by a mechanism similar to that of Lucy dyes.

3.2 Fluorescent Probes for Proteins In-Solution Detection

The traditional methods of proteins detection and quantification in solution are

Lowry [82] and Bradford methods [83]. However, these methods have some

limitations, namely narrow linear range or slow reaction time, which restrict their

practical applications. Up-to-date fluorometric methods are widely used for inves-

tigation and detection of proteins having the advantage over other methods for their

high sensitivity, selectivity, and convenience [84].

3.2.1 NanoOrange

The NanoOrange product of Invitrogen Inc. provides an ultrasensitive assay for

measuring the concentration of proteins in solution and is ideal for quantitating

protein samples before gel electrophoresis and western blot analysis [7].
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Fig. 22 General structure of

Lucy dyes
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NanoOrange is a merocyanine dye [85, 86] that produces a large increase in

fluorescence quantum yield upon noncovalent interaction with lipid-coated pro-

teins.

SYPRO dyes (SYPRO Red, SYPRO Orange, and SYPRO Tangerine) are closely

related to NanoOrange by their structure. The latter group of dyes is designed to be

used for protein detection in the presence of SDS [87, 88], while SDS is not a

component of the commercially available NanoOrange Protein Quantification Kit.

According to the technical note [86], the bound dye is efficiently excited at 488 nm

and possesses a large Stokes’ shift with maximum emission at about 580 nm.

Therefore, the NanoOrange assay is well suited for use with standard fluorescence

microplate readers, fluorometers, and some laser scanners [85, 89]. The dye allowed

the detection of 10 ng/mL to 10 mg/mL of protein with a standard fluorometer,

offering a broad, dynamic quantitation range and improved sensitivity relative to

absorption-based protein solution assays [90].

The protein-to-protein variability of the NanoOrange assay was comparable to

those of standard assays, including Lowry, bicinchoninic acid, and Bradford pro-

cedures. It was also shown that the NanoOrange assay is useful for detecting

relatively small proteins or large peptides, such as aprotinin and insulin.

Despite of the insensitiveness of NanoOrange to the presence of reducing agents,

nucleic acids, and free amino acids, using this assay was somewhat sensitive to the

presence of several common contaminants found in protein preparations such as

salts and detergents.

3.3 Squaraine Dyes as Albumin-Sensitive Fluorescent Probes

Up-to-date fluorometric methods are proposed for detection and studies of albumins

having the advantage over other methods for their high sensitivity, selectivity, and

convenience [84, 91]. The quantitative determination of albumins in biological

fluids is very important for clinical diagnosis.

The interest in squaraine compounds has been recently renewed due to their

potential usefulness in a large number of technologically relevant fields such as

NIR-emitting fluorescent probes. In such a way, squaraines were reported as

efficient noncovalent labels for albumins [92], exhibiting high quantum yields

when bound to these proteins [93].

Recently, benzothiazole and benzoselenazole squaraines were proposed as

fluorescent probes for albumins detection, demonstrating bright fluorescence in

the presence of both human serum albumin (HSA) and bovine serum albumin

(BSA). For squaraine dyes with N-hexyl pendent groups (Fig. 23), about a 100- to
540-fold fluorescence intensity increase upon albumins addition was observed

(Table 5, Fig. 24). It was shown that generally, squaraines with long N-hexyl
pendent groups demonstrated higher emission increase values upon proteins

addition compared with their analogs with short N-ethyl tails. Benzothiazole
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dye P-3 (Fig. 23) allows quantification of HSA in the range from 0.2 to 500 mg/ml

that is comparable with commercially used dyes such as CBB and Pyrogallol Red

Protein [94, 95].

Also, benzothiazole dyes with ethyldiamino and N,N-dimethylhydrazino sub-

situents demonstrated good emission intensities in complexes with albumins and

sufficient emission increasing in up to 52 times [96] (Fig. 25, Table 5).

In such a way, squaraines seem to be a promising tool for fluorescent detection of

proteins and could be proposed for further studies as albumin-specific probes.

3.4 Fluorescent Dyes for Amyloid Structures Detection

The deposition of insoluble protein aggregates known as amyloid fibrils in brain

tissues is associated with a number of neurodegenerative diseases, including

Alzheimer’s and Parkinson’s diseases.

Despite the lack of amino acid sequence homology among the amyloidogenic

proteins, the common morphology of amyloid fibrils was revealed as a cross

b-sheet. The fluorescent molecules benzothiazole dye Thioflavin T and symmetrical
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Fig. 23 Albumin-sensitive squaraine dyes containing N-hexyl groups

Table 5 Selected spectral–luminescent characteristics of squaraine dyes in aqueous buffer and in

the presence of HSA and BSA

Dye Free dye in buffer Dye + HSA Dye + BSA

lex (nm) lfl (nm) I0 (a.u.) IHSA (a.u.) IHSA/I0 IBSA (a.u.) IBSA/I0

P-1 663 686 1.0 306 306 540 540

P-2 690 700 2.2 232 105 520 236

P-3 671 690 3.6 502 139 1,241 345

P-5 648 668 2.5 261 104 943 377

P-6 652 658 12.0 623 52 387 32

P-16 651 661 17.0 559 33 631 37

lex (lem) – wavelength of excitation (fluorescence) maximum; I0 (IHSA, IBSA) – fluorescence

intensity of dye in aqueous buffer in free form (in the presence of HSA, BSA) in arbitrary units

(a.u.)
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sulfonated azo dye Congo Red are the most frequently used dyes to detect the

presence of amyloid deposits [97–99] (Fig. 26). These compounds upon binding

to the amyloid nano-fibrils demonstrate selective fluorescence intensity increase

(Thioflavin T) and undergo spectral shifts (Congo Red, Thioflavin T) that do not

occur in the presence of other forms of the protein, such as monomer or amorphous

aggregates.
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Fig. 24 Fluorescence excitation (left) and emission (right) spectra of the dye P-3 (5 � 10�6 M) in

unbound state and in the presence of 3 mM solution albumins. The low-intensity spectra of free dye

are multiplied 20 times. Excitation maxima are situated at 671 nm (free dye) and at 663 nm (dye in

BSA or HSA presence)
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Besides these dyes, very few new compounds have been used extensively to

detect amyloid inclusions. Most of these new dyes, including Chrysamine-G [100],

X-34 [101], K114 [99], and BSB [102] (Fig. 27), are derived from the structure of

Congo Red.

However, despite the widespread use of existing probes for amyloid detection,

they can give inconsistent and possibly inaccurate results [103].

Main disadvantages of these dyes are poor reproducibility of results observed for

Thioflavin T and limitations in use in some of experimental systems that occurs for

both Congo Red and Thioflavin T.

Also, Thioflavin T is not always a quantitative predictor of fibrillization degree

because its fluorescence can vary depending on the structure and morphology of the

fibrils. Congo Red was shown to bind also to native a-helical proteins such as citrate
synthase and interleukin-2. Furthermore, Congo Red has been established as an

inhibitor of fibril formation for a number of proteins, which makes impossible to

use this dye for aggregation kinetics studies. As a consequence of its poor optical

properties, the Congo Red derivative Chrysamine-G only weakly stains neuritic

plaques and cerebrovascular amyloid in postmortem tissue [104].

Recently, cyanine dyeswere proposed as specific fluorescent probes for aggregated

protein structures [105, 106]. The trimethine cyanines (Figs. 28 and 29) demonstrated

a significant fluorescence intensity increase upon interaction with aggregated into

amyloid fibrils proteins b-lactoglobulin (BLG) [105, 107] and insulin [107] and
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showed a relatively weak response in the presence of corresponding native proteins

(Table 6, Fig. 30).

Also cyanine dyes appeared to be sensitive to fibrillar forms of Parkinson disease

associated protein a-synuclein. Monomethine and trimethine cyanines based on

benzothiazole, pyridine, and quinoline heterocycle end groups (Fig. 31) were

shown to be efficient fluorescent probes for fibrillar a-synuclein detection, demon-

strating comparable or higher emission intensity enhancements than the classic

amyloid stain Thioflavin T [106].

Based upon the dye/amyloid fibril binding model proposed by Krebs for

Thioflavin T [108] and on the molecular dimensions of series of cyanine dyes, it
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Fig. 28 General structure of fluorescent probes for specific detection of fibrillar insulin
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Fig. 29 Structure of amyloid-sensitive cyanine dye T-49 and its spectral–luminescent properties

in (5 � 10�6 M) in Tris–HCl buffer, pH ¼ 7.9 and in presence of monomeric and aggregated

b-lactoglobulin (both in concentration of 10 mm). Excitation and fluorescence maxima for this dye

in free state are situated at 580 and 633 nm, respectively. I0 – fluorescence intensity of dye in buffer
in free form; IM (IF) – emission intensity of dye in presence of 10�6 M of monomeric (fibrillar)

BLG

Table 6 Selected spectral–luminescent characteristics of trimethine dyes in aqueous buffer and in

the presence of monomeric and fibrillar insulin

Dye Free dye In presence of insulin

lex (nm) lem (nm) I0 (a.u.) [F] [M]

lex (nm) lem (nm) If (a.u.) Im (a.u.)

7515 567 578 2 585 595 86 2.2

7519 562 581 5 580 590 129 3.5

7523 558 574 3 583 593 27.4 4.1

lex (lem) – wavelength of excitation (emission) maximum; I0 (IM, IF) – fluorescence intensity of

dye in aqueous buffer in free form (in the presence of monomeric and fibrillar insulin) in arbitrary

units (a.u.)
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for sensitive detection of fibrillar ASN
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was suggested that cyanines most likely insert themselves into the so-called binding

channels formed on ASN fibrils, with their shortest axis perpendicular to the fibril

axis [106].

Spectral–luminescent properties of the most ASN-sensitive cyanine dyes T-284

and SH-516 are presented in Table 7. These dyes appeared to be suitable for

quantitative detection of fibrillar ASN in the range from ~1.5 to 28 mg/ml (SH-516)

and 19 mg/ml (T-284) (Fig. 31) [109]. Such detection limits are comparable with those

of the commercially available dyes for protein quantification in solution. In such

a way, the fluorescence of the Congo red analog (trans, trans)-1-bromo-2,5-bis-

(4-hydroxy) styrylbenzene (K114) increases linearly up to 70 mg/ml in the presence

of ASN fibrils, while the dye concentration was 10 times higher than for the cyanine

dyes studied here [99]. Another amyloid-specific agent, trans-resveratrol (a major

phenolic constituent of redwine) at the same concentration as the cyanine dyes studied

could be used for ASN detection starting from 20 mg/ml of fibrillar protein [110].

Also, cyanine dyes appeared to have the ability to follow the step-by-step transi-

tion of monomeric a-synuclein into fibrils, demonstrating good results of repro-

ducibility, much better than it was observed for Thioflavin T (Fig. 32). Mentioned

properties of the cyanine dyes allowed successful development of cyanine-based

fluorescent screening assay for inhibitors of amyloid fibrils formation [107].

Table 7 Selected spectral characteristics of the cyanine dyes in aqueous buffer and in the

presence of monomeric and aggregated into fibrils a-synuclein
Dye Free dye In a-synuclein presence

lex (nm) lem (nm) I0 (a.u.) lex (nm) lem (nm) IF/IM

T-284 441 563 3.0 470 560 27.4

SH-516 558 569 2.1 574 584 16.5

Thio-T 442 486 1.5 449 480 13.3

lex (lem) – wavelength of excitation (emission) maximum; I0 (IM, IF) – fluorescence intensity of

dye in aqueous buffer in free form (in the presence of monomeric and fibrillar a-synuclein) in
arbitrary units (a.u.)

Fig. 32 Kinetics of wild-type human ASN aggregation assessed with SH-516, T-284, and Thio-

flavin T fluorescence emission using a 2.5-mM dye concentration in working solutions. Experi-

ments were performed in triplicate (crosses, circles, and triangles in each of the graphs). The inset
shows an atomic force micrograph of fibrillar aggregates of wild type ASN at time point 120 h
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4 Conclusions

A wide range of fluorescent reagents for commonly used techniques are presented

for today on imaging biological market. Thus, extremely sensitive unsymmetrical

cyanine dyes with various spectral–luminescent characteristics are developed for

nucleic acids visualization on gel, in living cells and detection of amplification

products in real-time PCR. Using monomethine dye SYBR Green I allows detec-

tion of as little as 20 pg of dsDNA in postelectrophoresis staining procedure.

For nonspecific detection of proteins on SDS-PAGE gels, a series of metal

complexes of Ru2+, merocyanine dyes, and carbocyanine dyes was applied as

fluorescent stains. Using these dyes allows the detection of proteins in concentra-

tions ranging from 1 ng.

We could suggest that existed fluorescent dyes applied in routine techniques

satisfy the majority of requirements of these techniques; therefore, the widening of

the range of such dyes does not seem to be urgent.

At the same time there exists a deficiency of the dyes for the more specific tasks,

such as the determination of certain conformations of nucleic acids or the detection

of proteins of certain families or folding types.

Thus, for the detection of double-stranded regions of DNA, symmetrical and

asymmetrical cyanine dyes with crescent-shaped molecule could be applied.

Among the dyes that are able to interact with noncanonical triplex and quadruplex

DNA structures are porphyrin, triphenylmethane, and cyanine dyes.

Mono and trimethine cyanine dyes have shown the ability to distinguish b-
pleated amyloid formations from parent monomeric proteins. For squaraine dyes,

the high sensitivity for albumin proteins was demonstrated.
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Functional Nucleic Acids for Fluorescence-Based

Biosensing Applications

Jennifer Lee, Lawrence Lin, and Yingfu Li

Abstract Functional nucleic acids (FNAs) are single-stranded DNA or RNA

molecules that are capable of carrying out the function of ligand binding (by

aptamers), catalysis (by nucleic acid enzymes), or both (by aptazymes). Many

FNAs have been shown to be suitable molecular recognition elements for many

molecular targets, including small molecules and proteins, and have been examined

for a variety of biosensing applications. In this chapter, we present a focused

discussion on the use of FNAs for the development of fluorescence-based biosen-

sors or bioassays. First, we briefly discuss the technique of “in vitro selection” by

which artificial FNAs can be isolated from random-sequence DNA or RNA pools.

This is followed by a survey of various strategies in employing aptamers for

fluorescence assay development. Finally, we review emerging applications to

explore nucleic acid enzymes (ribozymes, DNAzymes, and aptazymes) as fluores-

cent biosensing probes.
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1 Introduction

Nucleic acids – DNA and RNA – have long been known to be very important

molecules in cells: DNA carries genetic information and RNA actively participates

in many essential cellular processes, such as protein synthesis and gene regulation.

Single-stranded (ss) nucleic acids have also been shown to possess the ability to

perform two functions once thought exclusive to protein: catalysis and molecular

recognition. ssDNA or RNA molecules with such functions are generally termed

“functional nucleic acids (FNAs)” [1–3]. These include aptamers (ligand-binding

ssDNAs or RNAs), ribozymes (RNA-based enzymes), DNAzymes or deoxyribo-

zymes (ssDNA-based enzymes), and allosteric nucleic acid enzymes or simply

aptazymes (ssDNAs or RNAs that contain both ligand-binding and catalytic

elements which are specially arranged such that the catalytic activity is controlled

by the target binding).

The Nobel Prize winning discovery of ribozymes in cellular systems by Thomas

Cech and Sidney Altman in early 1980s [4, 5] provided the first evidence that RNA

is able to execute very complex functions associated with biological catalysis. The

invention of the “in vitro selection” or SELEX (which stands for “Systematic

Evolution of Ligands by EXponential Enrichment”) technique in the laboratories

of Larry Gold, Jack Szostak, and Gerald Joyce in 1990 [6–8] has led to the

development of many artificial FNAs [9–18].

In vitro selection is an experimental process to derive nucleic acid sequences with

binding and/or catalytic activity from a man-made DNA or RNA library. A typical

DNA library consists of 1013–1016 sequences produced by chemical synthesis; an

RNA library is further made from a DNA library by in vitro transcription. The

sequence of a library contains a random-sequence domain flanked by two constant

regions as primer binding sites for PCR (polymerase chain reaction) or RT-PCR (RT:

reverse transcription). The library is subjected to repetitive cycles of selection and

amplification: the selection step is to fractionate active sequences from inactive ones;

the enriched fraction is then amplified by PCR (for DNA-based selection) or RT-PCR

(for RNA-based selection). The amplified pool is used for the next round of selection
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and amplification and this process is repeated many times until the selected popula-

tion exhibits a significant activity. Individual FNAs in the pool are identified by

cloning and sequencing. By in vitro selection, FNA sequences are allowed to compete

with each other for survival so that only the most competent species are progressively

enriched and dominate in the end. Because the selection and amplification process is

conducted entirely in a test tube, a researcher can set up experimental conditions to

derive FNAs to meet a defined need. The ability to simultaneously screen as many as

1016 different molecules brings about a high probability of success.

Many naturally occurring RNA aptamers have recently been discovered in various

biological systems as part of riboswitches. A riboswitch is a regulatory element

typically residing in an untranslated region of a messenger RNA and provides

metabolite-responsive controls over the expression of relevant genes in cells. A

riboswitch is typically composed of a well conserved aptamer domain that recognizes

a specific metabolite and an “expression platform” that relays the aptamer–metabolite

interaction into a change in the level of expression of genes it helps to control [19,

20]. The metabolites for which a riboswitch has been discovered include vitamins

[21–23], amino acids [24–27] and their derivatives [28–34], nucleobases [35–37] and

their derivatives [38–47], sugar derivatives [48], and metal ions [49].

For the past three decades, FNAs have been widely examined as molecular tools

for diverse applications in wide-ranging fields including chemistry, biology, biomed-

ical sciences, and nanotechnology [3]. Engineering and application of FNAs have

been extensively discussed in several books [50–52] and many review articles (e.g.,

[1, 3, 11, 53]). In this chapter, we will focus on reviewing fluorescence-based

detection methods where an FNA is used as a molecular recognition element (MRE).

2 Fluorescent Aptamer Biosensors

A biosensor can be regarded as the marriage of two components – an MRE that

interacts with a target of interest and a sensor element that transduces a ligand-

binding event to a detectable signal. Over the years, substantial research efforts

have been focused on the development of biosensors or bioassays that are highly

sensitive and specific, versatile, stable, inexpensive, and convenient to use. FNAs

are an emerging class of MRE that fulfills these criteria. This section reviews the

progress made in the design and application of fluorescent aptamers as biosensors.

2.1 Label-Free Approach

One simple, label-free fluorescent detection method utilizes DNA intercalating dyes

or cationic conjugated polymers to probe changes in DNA conformations. Certain

organic dyes, such as TOTO (the chemical structures of organic dyes, including

fluorophores and quenchers, that are discussed in this chapter are provided in Fig. 1),
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are able to intercalate into double-stranded DNA and the intercalated dyes often

exhibit significantly different fluorescence properties. Thus, organic dyes can be

used to monitor the formation or dissociation of double-helical elements of an

aptamer as a result of ligand binding.

Fang and coworkers used TOTO to detect platelet-derived growth factor BB

(PDGF-BB) (Fig. 2a) [54]. A fluorescence signal is present in the absence of PDGF-

BB because the dye is able to intercalate into the double-stranded region in the

PDGF-binding aptamer. When PDGF-BB is added to the sample, the binding

between PDGF-BB and the aptamer promotes a conformational change that dis-

places bound dyes, causing a decrease in fluorescence signal. This method provides

a simple and convenient way to monitor protein and nucleic acid interactions

without the need of covalent labeling of either the analyte or the aptamer.

Leclerc and colleagues used polythiophene, a cationic conjugated polymer, to

probe the binding between an antithrombin aptamer and human thrombin (Fig. 2b)

[55]. The mechanism for detection is based on electrostatic interactions between the

positively charged polymer and the negatively charged phosphate backbone found

Fig. 1 Chemical structures of representative organic dyes
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in DNA and RNA. Polythiophene is a water-soluble polymer and fluoresces

strongly as a free polymer. When it interacts with the DNA aptamer, the electro-

static interaction between the polymer and the aptamer promotes polymer–aptamer

aggregation with the reduction in fluorescence. When thrombin is introduced, the

aptamer folds into a guanine quadruplex structure to bind the protein; the resulting

complex is only weakly associated with the polymer allowing the fluorescence

signal to be restored.

The above label-free methods utilize an external reagent (organic dye or cationic

conjugated polymer) to achieve target detection. The key advantage is the simplicity.

However, label-free assays are susceptible to interference by other components in a

sample [3] and certain organic dyes, such as ethidium bromide, are mutagenic and

therefore cause health concerns. Furthermore, label-free methods cannot precisely

probe a local conformation change in an aptamer and consequently, the fluorescence

enhancement becomes difficult to optimize under different conditions [3].

2.2 Single-Labeled Signaling Aptamers

Fluorescence enhancement is governed by changes in the fluorophore’s spectro-

scopic properties and therefore, susceptible to an aptamer’s conformational change

which can cause significant perturbations in a fluorophore’s local electronic envi-

ronment [56].

Ellington’s group illustrated this concept of single-labeled signaling aptamers

with modified constructs of an ATP-binding aptamer that are labeled with a single

Fig. 2 Label-free approach for the design of fluorescence aptamer reporters. (a) Displacement of

a fluorescent dye. In the absence of target, the binding between the aptamer (black line) and the

DNA-binding dye (round disks) produces a fluorescence signal (left). The presence of the target

causes the dissociation of the dye and as a result, the fluorescence signal is decreased (right). (b)
Displacement of a fluorescent polymer. In the absence of target, the binding between the aptamer

(black line) and the cationic conjugated polymer (rod shape) quenches the fluorescence signal

(left). The target binding to the aptamer displaces the cationic conjugated polymer and the

fluorescence signal is restored
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fluorophore (Fig. 3) [57]. Rational design was possible because the three-dimensional

structure of this aptamer was available [58]. However, the signaling probes developed

in this study only showed moderate fluorescence enhancement upon ATP binding.

Ellington and coworkers then went on to perform an in vitro selection experiment to

isolate ATP-binding aptamers containing fluorophore-modified nucleotide analogs

[59]. The isolated signaling aptamers exhibit a 200-fold increase in binding affinity

and a 2-fold fluorescence enhancement at the saturating ATP concentration.

Early attempts to convert aptamers into signaling probes required optimization

steps based on the structure of the aptamer and significant fluorescence enhance-

ment is not always observed in the presence of target [56]. It can be difficult to

achieve a substantial change in fluorescence intensity with the single fluorophore-

labeled aptamer approach. The site of attachment for a fluorophore on an aptamer is

critical for both target recognition and fluorescence enhancement [3]. If a fluor-

ophore is labeled at a location where no conformational change takes place during

ligand binding, it will not produce detectable fluorescence enhancement when the

cognate target is added. On the other hand, if a fluorophore is introduced at a

conserved nucleotide, it may abolish the aptamer’s binding affinity. The major

limitations of the single-labeled approach include high background signal and the

requirement of the availability of structural information for a specific aptamer.

Therefore, it can be difficult to generalize this strategy for different aptamers.

2.3 Double-Labeled Signaling Aptamers

The double-labeled signaling aptamer approach involves labeling an aptamer with

either a fluorophore and quencher pair for fluorescence quenching or a pair of

fluorophores for fluorescence resonance energy transfer (FRET). This strategy often

exploits conformational changes of aptamers to perturb spatial arrangements

between the fluorophore/quencher or fluorophore/fluorophore pair; consequently,

this allows the synchronization of the ligand-binding event with signal transduction.

One common double-labeled method is “aptamer beacon”, based on the molec-

ular beacon design that was originally developed for the detection of nucleic

acid sequences through hybridizations [60, 61]. An aptamer beacon consists of a

Fig. 3 Single fluorophore labeling approach. Detection using an aptamer (black line) modified

with a fluorophore (F). The interactions between target (star shape) and aptamer (black line) alter
the fluorophore’s electronic environment, which leads to an increase of fluorescence signal (right)
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target recognition region flanked by complementary ends that are labeled with a

fluorophore and a quencher (Fig. 4a). In the absence of target, the aptamer beacon

folds into a hairpin structure so that the fluorophore and quencher are forced into

close proximity for fluorescence quenching. In the presence of target, the binding

between an aptamer and its target promotes a conformational change that disrupts

the hairpin structure allowing the fluorescence signal to be restored. Hamaguchi

et al. adapted the aptamer beacon design to construct a double-labeled aptamer that

binds thrombin [62]. Complementary sequences were added at the terminal ends,

which facilitate the formation of a hairpin structure in the absence of thrombin.

Under this conformation, the fluorophore and quencher located on the terminal ends

are closely positioned to achieve efficient fluorescence quenching. When thrombin

is introduced, this aptamer undergoes a transition from the hairpin structure to the

guanine quadruplex structure so that the fluorophore and quencher are separated

and this spatial rearrangement restores the fluorescence signal. This fluorescent

reporter shows a 2.5-fold increase in fluorescence when thrombin is present.

The self-assemble design requires an aptamer to be split into two oligonucleo-

tides and each oligonucleotide is either labeled with a fluorophore or a quencher

(Fig. 4b). Signal transduction is coupled to the ligand-dependent formation of a

stable target-bound complex. Stojanovic and colleagues made biosensors that

detect cocaine and ATP using the self-assemble design [63]. In the absence of

cognate target, the fluorophore-labeled and quencher-labeled oligonucleotides do

Fig. 4 Double-labeled approach. (a) Aptamer beacon design. Fluorescence is used to probe a

hairpin structure (left) and a complex with target (right). Aptamer (black line) is labeled with a

fluorophore (F) and a quencher (Q) appended on the terminal ends (gray lines). In the absence of

target (star shape), fluorescence is low because the fluorophore and the quencher are oriented in

close proximity (left). In presence of target, the binding between the aptamer and target disrupts

the hairpin structure and a fluorescence signal results (right). (b) Self-assemble aptamer design. An

aptamer is split into two single-strand oligonucleotides, one labeled a fluorophore (F) and the other

with a quencher (Q). High fluorescence background results in the absence of target (left). These
oligonucleotides assemble into a complex with the target (star shape) and the fluorescence

background is decreased (right)
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not assemble and therefore, a fluorescence signal is produced. In the presence of

cognate target, these oligonucleotides undergo ligand-dependent self-assembly,

causing the fluorophore and quencher to be in close proximity; consequently, the

fluorescence signal is reduced. Yamamoto and coworkers constructed an aptamer

beacon for the Tat protein of HIV that undergoes ligand-dependent self-assembly

[64]. The Tat-binding aptamer was separated into two oligonucleotides, one strand

was double-labeled with a fluorophore and a quencher and the other was unmodi-

fied. In the absence of Tat protein, the labeled strand forms a hairpin structure (like

an aptamer beacon) and low fluorescence signal is produced. In the presence of Tat,

the unmodified strand forms a complex with the labeled strand producing signifi-

cant fluorescence enhancement (up to 14-fold).

The above examples illustrate that aptamers labeled with a fluorophore– quencher

pair can effectively reduce the background level of fluorescence. However, the

compatibility between the binding structure of an aptamer and the structural restric-

tions imposed by a given design can greatly affect the performance of the aptamer.

For example, aptamers that cannot be split are not compatible with the self-

assemble approach.

2.4 Structure-Switching Signaling Aptamers

Significant fluorescence enhancement from the aforementioned design strategies

can be difficult to achieve because specific structural information of an aptamer is

required to produce signaling aptamers with optimal settings. Our group came up

with a more generalizable rational design strategy for making “structure-switching”

fluorescent aptamer reporters (Fig. 5) [65]. This method utilizes fluorescence-

labeled DNA aptamers and quencher-labeled complementary DNA strands. The

production of a fluorescence signal is dependent on structural differences between

the bound and unbound states of an aptamer. In the absence of the ligand for the

aptamer, a weak DNA duplex is formed between the fluorophore-labeled aptamer

and the quencher-labeled oligonucleotide, and this conformation allows the fluor-

ophore and quencher to be in close proximity and therefore, the fluorescence from

the fluorophore is quenched. In the presence of the ligand, the complex is formed

Fig. 5 Structure-switching approach. Target (star shape) promotes structure-switching of an

aptamer from a DNA–DNA duplex (left) to a DNA–target complex (right). The dissociation of

quencher-labeled DNA strand (QDNA) from the aptamer is accompanied with an increase of

fluorescence signal. F and Q denote fluorophore and quencher, respectively
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between the aptamer and its ligand causing the dissociation of the quencher-labeled

oligonucleotide from the fluorophore-labeled aptamer with a concomitant increase

in the fluorescence signal.

To demonstrate the structure-switching concept, the ATP- and thrombin-binding

aptamers were converted into structure-switching reporters [65]. These fluorescent

probes were able to provide real-time detection and delivered over 10-fold fluores-

cence enhancement when the cognate target was introduced. Furthermore, the

rational design of structure-switching biosensors can be accomplished with either

a tripartite (as shown in Fig. 5) or bipartite system, both of which have been shown

to be able to signal the presence of target. Ellington’s group has also developed

structure-switching aptamers using quantum dots [66]. These studies demonstrate

that the structure-switching design does not impose structure limitations that an

aptamer needs to adapt in order to be signaling competent.

Similar to other rational design methods, structure-switching also has an

inherent caveat, that is, the native binding affinity of an aptamer can be affected

when the aptamer is confined in a duplex structure. Strategies to overcome this

limitation have been reported in greater detail elsewhere [67]. In general, the

number of base pairs occupied by the complementary DNA can be optimized to

suit the temperature at which the biosensor will operate or mismatch base pairs can

be employed to form a flawed duplex to facilitate the structure-switching process.

Alternatively, the structure-switching concept can be implemented with in vitro

selection to isolate aptamers with the “trained” structure-switching ability, as

illustrated in a study by our group [68]. The DNA library used in this work

contained a fixed region flanked by two variable domains that are further flanked

by primer-binding sites. The fixed region is complementary to a short oligonucleo-

tide modified with biotin, which allowed the library to be immobilized onto avidin

beads. Upon ligand-binding, the variable domain would interact with the target and

trigger a conformational change so that the aptamer became dissociated from the

short oligonucleotide. Under this condition, the structure-switching mechanism is

linked to the isolation of aptamers. The aptamer sequences are required not only to

be able to recognize its cognate target but also respond in a structure-switching

manner. In this way, the isolated aptamers possess the inherent ability to undergo

conformational change via structure-switching. Consequently, the effect of duplex

structure on an aptamer’s binding affinity can be reduced. Fluorescent reporters for

ATP and GTP were isolated by this approach. The obtained structure-switching

fluorescent probes showed signaling capability and target specificity without addi-

tional optimization steps.

Tan and coworkers showed an approach using fluorophore-labeled aptamers that

are covalently attached with their quencher-labeled complementary DNA through a

PEG linker [69]. Their study showed that the number of base pairs between the

complementary DNA and the aptamer can be reduced and potentially make the

structure-switching process easier. Aptamers that bind ATP and thrombin were

chosen to demonstrate this working principle. The ATP and the thrombin fluores-

cent probes showed a 30-fold and 16-fold fluorescence enhancement in the presence

of cognate target, respectively.
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By exploiting predictable conformation changes of aptamers, structure-switching

provides a simple and general solution for the design of fluorescent aptamer

biosensors. Our group further exploited the structure-switching aptamers for moni-

toring enzymatic reactions for alkaline phosphatase [70], screening of inhibitors for

adenine deaminase in a high-throughput screening (HTS) format [71] and develop-

ing a nanoengine that utilizes structure-switching as a precise delivery mechanism

[72]. Structure-switching signaling aptamers have also been incorporated into

sol-gel derived silica to allow detection on solid support [73]. The implementation

of the structure-switching concept has considerably simplified the operational

procedures in these applications.

3 Fluorescent Nucleic Acid Enzyme Biosensors

As discussed earlier, deoxyribozymes (DNAzymes) and ribozymes, collectively

known as nucleic acid enzymes, are single-stranded DNA or RNA molecules that

exhibit catalytic activity [74]. Many nucleic acid enzymes exist in nature or have

been isolated to catalyze different types of chemical reactions, such as DNA and

RNA cleavage, ligation and DNA phosphorylation [75, 76]. Nucleic acid enzymes

can function in two forms: cis and trans. In cis, the enzyme and the substrate are

linked together, while in trans they are separated [77].

Many nucleic acid enzymes require certain divalent metal ions as cofactors to

function properly, and thus, they can be used as sensors for these metal ions [78]. In

addition, a nucleic acid enzyme can be coupled to an aptamer to produce an

allosteric nucleic acid enzyme (also known as an aptazyme). In this case, a change

in the aptamer’s ligand-binding state (bound or unbound) is translated into a change

in the catalytic activity of the nucleic acid enzyme. Therefore, an aptazyme can

function as a sensor for a specific target, expanding the nucleic acid enzyme’s

sensing utility. Nucleic acid enzymes and aptazymes can also be easily developed

into fluorescent sensors, making them useful for biosensing and related applications

such as molecular computation [79].

3.1 Nucleic Acid Enzyme Sensors

Synthetic nucleic acid enzymes are typically developed through the process of

in vitro selection (see the discussion in the Introduction), which starts with a pool of

random DNA or RNA sequences. Sequences that possess the desired catalytic

activity are separated from the noncatalytic sequences, and amplified. After several

iterations of selection and amplification, catalytic sequences will prevail in the

selected population [74]. These sequences can then be cloned, sequenced, and

characterized. Some nucleic acid enzymes can then be further developed into

different types of sensors, including fluorescent ones.
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One common reaction catalyzed by DNAzymes is the cleavage of the embedded

RNA linkage within a DNA substrate (chimeric DNA/RNA substrate). Lu and

colleagues have found that one particular DNAzyme named “8-17” can highly

efficiently cleave a chimeric DNA/RNA substrate in the presence of Pb2+; this

finding has allowed them to turn a DNAzyme into a Pb2+ sensor. For example, they

have made 8-17 into a fluorescent sensor by attaching a fluorophore (F; specifically

tetramethylrhodamine or TMR) to the 50 end of the substrate and a quencher

(Q; specifically 4-((4-(dimethylamino) phenyl) azo) benzoic acid or DABCYL) to

the 30 end of the DNAzyme (Fig. 6a). When the substrate and DNAzyme strands

are hybridized, DABCYL quenches the fluorescence of TMR. In the presence of

lead, the DNAzyme cleaves the substrate, generating two short DNA fragments that

can no longer hybridize to the DNAzyme strand. The dissociation of these two

Fig. 6 Pb2+-sensing 8-17 DNAzyme. (a) One fluorophore–one quencher design. F is TMR

attached to one end of the substrate strand (gray line); Q is DABCYL linked to one end of the

DNAzyme (black line); R denotes the RNA linkage to act as the cleavage site. The substrate strand

hybridizes with the DNAzyme strand through Watson–Crick base-pair formation (short gray
dashes), which leads to a low level of fluorescence due to the quenching by Q towards F. In the

presence of lead ion, the substrate is cleaved by the DNAzyme at the location of R into two short

fragments, which can no longer anneal with the DNAzyme strand. The separation of F and Q

produces a high level of fluorescence. (b) One fluorophore–two-quencher design. This specific

design places a fluorophore and quencher at the two opposite ends of the substrate which itself can

form an intramolecular fold-back structure to bring F and Q close to each other. Thus, any free

substrate that is not hybridized to the DNAzyme strand will stay in fluorescence quenching state to

keep the background fluorescence low
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fragments from the DNAzyme is accompanied with a datable fluorescence signal

(Fig. 6a) [78].

A limitation of the above design is that the substrate molecules are not completely

hybridized with the DNAzyme strands and thus, the presence of unquenched F can

result in high background fluorescence. In an effort to overcome this issue, the Lu

group employed a clever strategy: they redesigned the substrate strand with two

important features. First, they attached a Q at one end of the substrate and an F to the

other. Second, they reconfigured the sequence of the substrate to allow the formation

of intramolecular base pairs to bring the two ends into a fold-back structure. Thus any

free substrate molecules that are not annealed will adopt this internal structure to

reduce the background fluorescence (Fig. 6b) [78].

The Lu group has also reported a different method for designing the 8-17

DNAzyme into a fluorescent lead sensor without having to label the DNA strands

with fluorophores and quenchers (Fig. 7). In this case, they replaced one of the bases

on one of the two 8-17 DNAzyme’s substrate binding arms with a dSpacer to create

a baseless (abasic) nucleotide unit in the DNAzyme. When the rest of the binding

arm is hybridized with the substrate, 2-amino-5,6,7-trimethyl-1,8-naphthyridine

(ATMND, a fluorescent compound) binds the dSpacer unit, which quenches its

fluorescence. When the substrate is cleaved by 8-17 in the presence of Pb2+, the

substrate dissociates from the DNAzyme strand, releasing ATMND and producing

a fluorescence enhancement [80].

Another approach to lower the background fluorescence was to use the 8-17

DNAzyme in the cis format where the 30 end of the substrate and the 50 end of 8-17
were linked with a 10-T base sequence. This increases the amount of substrate

hybridizing with 8-17, reducing the background fluorescence. The length of the

substrate was also optimized so that it can efficiently hybridize with 8-17 when the

substrate is in one piece but efficiently dissociates once it is cleaved [81].

Our group has found that internally labeling the substrate with a fluorophore

and quencher on opposite sides of the cleavage site can significantly reduce

Fig. 7 Lead ion-sensing DNAzyme fluorescence reporter by a label-free design using a dSpacer

(baseless) unit (rectangle) and ATMND (star shape) as the binding dye. ATMND acts as a base to

occupy the abasic site and in doing so, the intrinsic fluorescence of ATMND is significantly

reduced. In the presence of lead ion, the DNAzyme cleaves the substrate. This action dissolves the

duplex structure between the DNAzyme and substrate and releases ATMND, leading to an

increased level of fluorescence
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background fluorescence (Fig. 8). This arrangement would produce low back-

ground fluorescence when the substrate was intact, and a large fluorescence

enhancement when the RNA linkage was cleaved. The substrate was internally

doubly labeled with one of three Alexa Fluor fluorophores (Alexa488, Alexa546,

and Alexa647) and one of two quenchers (QSY9 and QSY21) at different loca-

tions along the substrate. It was found that the closer the fluorophore and quencher

were to each other, the higher the fluorescence enhancement became once the

substrate was cleaved. But if they were located too close to the cleavage site, the

catalytic efficiency of 8-17 decreased [82].

Our group has also developed a series of fluorescence-generating DNAzymes by

in vitro selection. These DNAzymes were selected to cleave an RNA linkage

sandwiched between a fluorescein-labeled nucleotide on one side and a DABCYL

quencher-labeled nucleotide on the other (Fig. 8). In their first report, they isolated a

DNAzyme named “DEC22-18”, which could efficiently cleave the embedded RNA

linkage sandwiched between the fluorophore and quencher, producing a 10-fold

fluorescence increase in 5 min [83]. Since the substrate was already internally

labeled with fluorophore and quencher during in vitro selection and not just labeled

afterwards, their presence did not interfere with DEC22-18’s catalytic efficiency.

The same approach was also used by this group to develop a set of signaling

DNAzymes that function under different pH conditions. For example, pH3DZ1,

which was selected under a solution acidity of pH 3.0, had an optimal pH of 3.0.

Similarly, pH6DZ1, which was selected at pH 6.0, exhibited an optimal pH of

6.0 [84].

Other fluorescent non-8-17-based DNAzyme sensors have been reported. A

DNAzyme with high sensitivity and selectivity for uranyl (UO2
2+) was developed

into a fluorescent sensor using the one-fluorophore–two-quencher design. It was

found to have a detection limit of 45 pM and had a greater than a million-fold

selectivity over other metal ions [85]. The same one-fluorophore–two-quencher

design was used to develop a Cu2+-specific fluorescent sensor with a detection limit

of 35 nM. It was developed by rational design using a DNA-cleaving DNAzyme

that uses Cu2+ as a cofactor. Using the fluorescent DNAzyme sensors for Cu2+,

Pb2+, and UO2
2+ in tandem, the Lu group tested different solutions with different

Fig. 8 Fluorescent reporter DNAzymes with internal labels. F: fluorophore; Q: quencher;

R: cleavage site
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combinations of these metal ions. All three sensors successfully detected their

respective metal ions in each solution [85].

In addition to DNAzymes, ribozymes can also be developed into fluorescent

sensors. The glmS ribozyme is part of the glmS gene, which encodes a protein

enzyme whose product is glucosamine-6-phosphate (GlcN6P). The glmS ribozyme

regulates the translation of the protein from its messenger RNA (mRNA). When the

cellular GlcN6P concentration is high, the glmS ribozyme cleaves a specific RNA

linkage in the mRNA, preventing the mRNA from being translated into more

proteins. The glmS ribozyme is found in many Gram-positive bacteria, with the

version in Bacillus subtilis having a detection limit of 200 nM of GlcN6P [48]. It

cleaves in the presence of certain analogs of GlcN6P, but the cleavage rates are

always lower compared to the rate in the presence of GlcN6P itself [86].

The glmS ribozyme of Staphylococcus aureus has been developed into a fluores-

cent sensor by converting it to trans and attaching 5/6-FAM (the FRET donor) to the

30 end and Cy3 (the FRET acceptor) to the 50 end of the substrate. When the substrate

is cleaved, FRET between the two fluorophores is abolished. Using this fluorescent

sensor, a high-throughput screen of a chemical library was conducted, searching for

compounds that could stimulate glmS ribozyme cleavage, which would inhibit the

bacteria’s growth. Five compounds were found but they were determined to be false

positives that did not increase glmS ribozyme cleavage. However, this study does

demonstrate the possibility of using natural ribozymes as new drug targets [87].

Most fluorescent nucleic acid enzyme sensors have been developed for use in the

analytical chemistry and biochemistry fields but the following fluorescent DNAzyme

sensors have been developed for computational purposes [88]. A NOT gate was

developed using the E6 DNAzyme. The presence of the oligonucleotide (as the input)

prevents cleavage (0) and the absence of it allows cleavage (1). An AND gate using

the 8-17 DNAzyme (requires two different oligonucleotide inputs for cleavage to

occur) and an eXclusive OR (XOR) gate using a set of two E6 DNAzymes (cleavage

occurs in the presence of one, and only one oligonucleotide input) were also

developed. All substrates of the DNAzymes were labeled on the 30 end with fluores-

cein and on the 50 end with a tetramethylrhodamine quencher so the gates’ outputs

(amount of cleavage) could be monitored fluorescently. The gates, and various

combinations thereof, could be adapted for use in potential diagnostic applications,

such as whether a set of multiple molecular markers of disease are present or not [88].

3.2 Aptazyme Sensors

Aptazymes are typically developed by replacing a portion of a nucleic acid enzyme

with an aptamer such that the activity of the nucleic acid enzyme is modulated by

the appended aptamer. This can be accomplished by rational design, in vitro

selection, or a combination of both [75].

The Breaker group developed the first group of aptazymes using several RNA

aptamers and the well-known hammerhead ribozyme. For example, they replaced
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one variable stem (Stem II) of the hammerhead ribozyme with an RNA aptamer that

binds flavin mononucleotide (FMN), and more importantly, they devised a four

random-sequence base-pair bridge to link the aptamer to the ribozyme. This

approach created a library of molecules from which a specific bridge was selected

to provide two functions: (1) in the absence of FMN, it prevents the hammerhead

ribozyme from cleaving; (2) in the presence of FMN, it registers the conformation

change of the FMN aptamer when bound to its target. The bridge then allows the

hammerhead ribozyme to cleave, indicating the presence of FMN (Fig. 9a) [89].

Other aptazymes were developed by replacing the FMN aptamer with other

aptamers (such as the theophylline-binding aptamer), while leaving the bridge

Fig. 9 Several aptazymes demonstrating different ways of an aptamer’s allosteric control over the

nucleic acid enzyme. Drawing in dark gray is the aptamer, that in light gray is the base-pair bridge,
black line is the nucleic acid enzyme, the triangle with an imbedded “R” represents the cleavage

site, and the star shape denotes the target. (a) The FMN aptamer linked to the hammerhead

ribozyme via a base-pair bridge. (b) The caffeine-responsive aptazyme fluorescent reporter. (c) An

ATP-binding aptamer used to regulate the availability of the substrate (gray) to a DNAzyme

(MgZ)
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intact [89]. The theophylline aptazyme was later developed into a fluorescent sensor

by attaching Cy3 (the FRET donor) to the 50 end and Cy5 (the FRET acceptor) to

the 30 end of the substrate. FRET between Cy3 and Cy5 was abolished when the

substrate was cleaved and dissociated in the presence of theophylline [90].

A fluorescent aptazyme sensor for Hg2+ was also developed by rational design

using the fluorescent UO2
2+ sensor seen earlier. The sequence of its hairpin loop

was modified so that it would only hybridize into a hairpin loop when Hg2+ ions

were present. The sensor had a detection limit of 2.4 nM Hg2+ and had a selectivity

of greater than 100,000-fold over other metal ions [91].

An aptazyme can also be developed through in vitro selection using a random-

sequence library containing a known nucleic acid enzyme; the use of such a library

is to facilitate the selection of de novo aptamers that can regulate the enzyme

activity through target binding. For example, aptazymes for caffeine and aspartame

in the setting of the hammerhead ribozyme were developed by this method [92].

These aptazymes were further developed into fluorescent sensors by further modi-

fication with fluorescein and DABCYL system (Fig. 9b) [92].

Although nucleic acid enzymes that catalyze RNA cleavage reactions are the

most popular, they are not the only allosteric reporters used. Aptazymes were

developed by rational design using the L1 ribozyme, which catalyzes the ligation

of two RNA strands. A specific stem in the ribozyme was replaced with either the

ATP or theophylline aptamer so that RNA ligation activity of the ribozyme was

controlled by the addition of ATP or theophylline. An FMN aptazyme was also

developed by in vitro selection for a bridge linking the FMN aptamer and the

aforementioned stem in the L1 ribozyme [93].

Other fluorescent ATP-sensing aptazymes employ alternate rationally designed

arrangements. One of these arrangements uses EC56, the minimized version of

pH6DZ1. In trans, EC56 was developed into a fluorescent aptazyme by replacing

one of its stems with the ATP aptamer [77]. When there is no ATP present, the

DNAzyme cannot fold properly into its catalytically active structure, so little

cleavage occurs. But when ATP is present, the ATP aptamer portion binds ATP,

allowing the DNAzyme portion to fold properly and cleave its substrate, producing

a fluorescence enhancement [77].

Another rationally designed arrangement has the ATP aptamer modulating the

activity of the MgZ DNAzyme by a completely different method. MgZ cleaves the

single RNA linkage in the same fluorophore-RNA linkage-quencher sandwich

design as other DNAzymes developed by our group. In trans, an aptamer was

attached to the substrate so that when no target was present, the aptamer would

hybridize with the substrate, preventing MgZ from cleaving the substrate. But when

the target was present, the aptamer would change its conformation to bind the

target, allowing MgZ to cleave the substrate, producing a fluorescence enhance-

ment (Fig. 9c) [94].

Fluorescent nucleic acid enzyme sensors and their allosteric counterparts have

tremendous potential in many fields of study including diagnostics, biosensing,

molecular computation, and drug screening [79]. Some of their many uses have
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already been demonstrated. As seen above, the fluorescent glmS ribozyme was used

in a drug screen [87]. As well, the UO2
2+ fluorescent sensor accurately determined

the concentration of UO2
2+ in contaminated soil samples [85]. The Pb2+ fluorescent

sensor accurately determined the concentration of Pb2+ in lake water samples [78].

Considering the significant advancements taken by the field of nucleic acid

enzymes in its short history, it will be interesting to see their future applications,

especially outside of academic institutions. For more information on these types of

fluorescent sensors, please see [79].

4 Concluding Remarks

The discovery and application of FNAs has been an extremely exciting and

productive research arena for the past 30 years. Various biological systems have

invented many ribozymes and riboswitches and use them as important players for

precision controls of various biological processes such as RNA splicing, protein

synthesis, and gene expression. The human invention of the in vitro selection

technique has provided researchers an extremely powerful yet simple test-tube

technique to isolate man-made DNA and RNA aptamers, ribozymes and deoxyr-

ibozymes, and allosteric ribozymes and deoxyribozymes from synthetic DNA or

RNA libraries. It is certain that continuing applications of this technique will

generate more and better FNAs. With the build-up of a large reservoir of FNAs,

more and more of them will be explored as building blocks to make useful

molecular tools for research and real-world applications.

FNAs have found, and will continue to find, useful applications in many fields,

such as bioanalysis, therapeutics, diagnostics, chemical biology, and nanotech-

nology. This chapter has intended to serve the purpose of providing a focused

review of only a particular research field where FNAs have been explored for the

design of fluorescent biosensors and bioassays. As discussed in this chapter,

different dye moieties (fluorophores and quenchers) can be used to provide

aptamers and aptazymes with many choices of fluorescence signaling set-ups

such that a molecular recognition event can be reported through fluorescence

signals. The availability of both a wide selection of fluorophores and quenchers

and a large collection of FNAs will continue to provide a great opportunity for

the design of highly effective fluorescent reporters for many important appli-

cations such as drug screening, metabolite profiling, and any other sensing

application in need. With the increasing demand of molecular reporters that

can make a quick response to the presence of the target of interest with high

specificity, a large detection dynamic range and a fluorescence output, we hope

our chapter will motivate more researchers to consider fluorescent FNA sensors

as a possible choice when they seek to design a biosensor for their applications

of interest.
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Part IV

Cell Imaging with Organic Dyes



Covalent Labeling of Biomolecules in Living

Cells

Tilman Plass and Carsten Schultz

Abstract Putting fluorescent and other labels on proteins and small molecules in

living cells is an important tool for studying cell biology and developing drugs. The

required chemical reactions need to be bioorthogonal to produce selectivity. Here,

we summarize currently used bioorthogonal reactions that have been successfully

applied for labeling biomolecules in cells. Further, we discuss the various methods

available to include orthogonally reactive groups into proteins.

Keywords Activity-based probes � Bioorthogonal reactions � Cycloaddition

reactions � Expanded genetic code � Fusion proteins
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1 Introduction

Arguably the most relevant and the most common instrument in biology is the

microscope. There is hardly another experiment where we learn more about cells

and organisms then when we are able to observe the object of interest in real time

and with as much resolution as possible. What we are able to observe, however,

depends in part on the probes we are able to introduce to cells. Surely, fluorescent

and luminescent probes are the most effective ones and an entire industry is

developing to make optical imaging available for biology. While stains and fluo-

rescent dyes for organelles and fluorescently labeled antibodies have a long tradi-

tion in histochemistry and cell biology, the introduction of fluorescent protein

fusion proteins has revolutionized our ability to follow protein location and protein

function in living cells. Yet, it is not a trivial task to stain a protein of interest (POI)

specifically without manipulating its expression level, metabolism, and molecular

interaction potential. Even less accessible are other cellular molecules that are only

indirectly depending on the genetic code, such as carbohydrates, nucleotides, and

lipids. In addition, ex vivo tagging and subsequent administration to cells often

results in mislocation of the biomolecules. Therefore, specific labeling techniques

that attach a fluorophore or any other label at a distinct location inside the living or

fixed cell are highly desirable for all biologically relevant molecules. There is now a

growing branch of chemical biology addressing this issue. In this chapter, we will

discuss the current state-of-the-art in performing bioorthogonal labeling reactions

on biomolecules in cells.

2 The Chemical Bioorthogonality Approach

Chemical reactions, even when performed under controlled conditions in a glass flask,

are not always producing the desired results. Even more difficult to predict are

unnatural reactions in cells. Physiological conditions include moderate temperatures,

mostly neutral pH, a large variety of competing functional groups, high ion concen-

trations, and last but not least water as the solvent. These conditions restrict the scope

of many chemical reactions commonly used in synthetic organic chemistry. Therefore,

a limited set of useful chemical transformations is currently available.

About a decade ago, Sharpless and coworkers established the so-called click

chemistry concept that included a number of very reliable chemical reactions. This

concept influenced both chemical synthesis and chemical biology strongly in the

following years [1]. The idea is not to copy the exceptional synthetic power of
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nature, e.g., by trying to mimic enzymes, but instead to consider nearly perfect

reactions known to chemists. Amongst those, transformations resulting in new

carbon–heteroatom links are particularly promising because nature’s ability to

form new carbon–carbon (C–C) bonds in its width is still unattainable. A process

or reaction to earn click chemistry status has to fulfill certain stringent criteria:

(1) high yield (high thermodynamic driving force, usually greater than

20 kcal mol�1) and fast reaction rates at relatively low biomolecule concentrations;

(2) simple reaction conditions (such as insensitivity to oxygen and water or neutral

pH); (3) simple product isolation; (4) benign solvent (such as water); (5) produce no

or only inoffensive byproducts; (6) wide in scope and modular; (7) stereospecific;

and (8) the product must be stable under physiological conditions.

The most common categories for these often called spring-loaded transforma-

tions belonging to the click chemistry toolbox are [1]: (1) cycloadditions of

unsaturated species, particularly 1,3-diploar [3þ2] and [4þ2] cycloadditions; (2)

additions to C–C multiple bonds, such as Michael additions of nucleophilic reac-

tants, but also especially oxidative reaction types such as dihydroxylation and

epoxidation; (3) carbonyl chemistry (‘nonaldol’ type), such as the formation of

amides, hydrazones, oxime ethers, (thio)ureas, and aromatic heterocycles; and (4)

nucleophilic substitutions, for instance ring-opening reactions of strained heterocy-

clic electrophiles, such as aziridines and epoxides.

Even though many of these reactions are very reliable for organic synthesis,

chemical reactions suitable for chemical biology – that explicitly includes reaction

types which also work under physiological conditions – have to satisfy another

requirement: bioorthogonality. The property of bioorthogonality implies per defini-

tion that reactants must not cross-react with abundant nucleophiles and electro-

philes inside cells. Instead, they should only react with the artificially introduced

reaction partners [2].

For applications to biological problems, as will be addressed in this chapter, the

emphasis lies on making use of bioorthogonal functionalities for labeling or

modifying different kinds of biomolecules covalently in vitro as well as in vivo.

Furthermore, ways to combine two or more bioorthogonal reactions which also

have to be chemically orthogonal to each other in a multiparameter experiment will

be discussed.

The latest techniques and achievements in covalent labeling of biomolecules can

be roughly divided into two categories: on the one hand, there are several geneti-

cally encodable tags dedicated to study protein function and structure. Fusion

protein tags usually consist of at least a few amino acids up to sequences of

tens of kDa. As described in Sect. 5, these tags are employed by a diverse set of

small molecule probes including fluorophores and antigens in a time- and space-

dependent manner. In this context, the direct fluorescent labeling with genetically

encoded autofluorescent proteins (AFPs) is explicitly not mentioned here because

this method works outside the principle of bioorthogonal labeling.

On the other hand, there are many other very important and intriguing classes of

molecules and compounds occurring in cells that are not directly dependent on the

genetic code. Nonetheless, they are as important for all life forms as proteins are.
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Among those, carbohydrates, nucleotides, and lipids are among the most prominent

building blocks of living organisms and very specific labeling techniques are

necessary to gain insights into their intracellular distribution and function. To

study nonproteinogenic biomolecules in their native environment, techniques

such as harnessing metabolic pathways for introducing modified molecules and

supplying cells with an external source of modified molecules received a lot of

attention in the past years. Novel advanced labeling and imaging technologies for

small molecule probes contributed eminently to a better understanding of processes

of life on the molecular level. Again, bioorthogonality is the key feature.

3 Suitable Bioorthogonal Reactions

Bioorthogonal ligation reactions afford the covalent fusion of two molecules by

utilizing functional groups which are distinct from those present in biomolecules.

Amongst those, the Staudinger ligation, the 1,3-diploar [3þ2] and other cycloaddi-

tion reactions, oxime ligation, and the hydrazone coupling are the most prominent

representatives. All mentioned reaction types have been demonstrated to be valu-

able tools for labeling biomolecules in vitro as well as in vivo. The scope of each

bioorthogonal reaction depends on the delivery of the reactants to cells, competing

endogenous functional groups that might cross-react with the target molecule–

reporter system, and the ease of incorporating bioorthogonal functional groups

into the biomolecule. In the following, commonly used bioorthogonal reactions in

chemical biology will be discussed.

3.1 The Aldehyde/Ketone–Hydrazide/Alkoxyamine Pair

Both aldehyde and ketone functionalities are adequate bioorthogonal chemical

reactants [2]. Aldehyde and ketone functionalities are easily accessible by synthe-

sis, for instance via periodate cleavage of 1,2-diols. The small size enables incor-

poration into biomolecules via the biosynthetic machinery. Both groups are

moderately inert under physiological conditions. However, especially aldehydes

tend to react with nucleophiles and both functional groups are target to oxidation

and reduction. A pH optimum between ~5–6 is required for an amine group to

attack the electrophilic carbonyl carbon atom. In case of unreactive amines such as

aliphatic amino groups, the equilibrium of this reaction favors the free reactants and

not the reversibly formed Schiff base adduct. When reactive amines, especially

hydrazides and alkoxyamines, are used, stable hydrazone and oxime adducts,

respectively, were formed due to the a-effect of nearby lone pair electrons [3].

Limiting factor for intracellular application of the carbonyl/reactive amine pair is

the cross-reaction of reactive amines with other highly abundant electrophiles in

cells such as pyruvate or oxaloacetate. Furthermore, the need for an acidic environ-

ment restricts this bioorthogonal labeling reaction to the extracellular space
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or lysosomal compartments. However, the potential of this chemistry was demon-

strated on cell surface oligosaccharide derivatives bearing a ketone group [4].

Jurkat cells were treated with N-levulinoyl mannosamine resulting in the installa-

tion of cell surface ketones via the native biosynthetic machinery (Fig. 1). Covalent

labeling with biotin hydrazide led to the display of a specified molecular target

onto the cell surface. In the next step, a ricin A chain–avidin conjugate was used to

selectively target biotin-modified cells. Due to the modular principle of bioortho-

gonal reactions, probes other than biotin were modified with hydrazide or alkox-

yamine moieties and reacted with ketone- or aldehyde-bearing biomolecules. The

established hydrazone coupling as well as the oxime ligation is based on this

bioorthogonal carbonyl/amine reaction pair. Both couplings can be used to cova-

lently ligate protein and peptide fragments or to couple nonpeptidic building blocks

to proteins and peptides [2].

3.2 The Azide–Phosphine Pair

The detection of biomolecules that are not directly encoded in the genome, such as

glycans, lipids, and other metabolites, can be achieved using the azide as a

bioorthogonal chemical reporter (see also Sect. 3.3). One of the first highly selec-

tive and bioorthogonal reactions applied to living organisms is the Staudinger

reaction that converts azides into primary amines upon treatment with phosphine

reagents and subsequent hydrolysis [2]. Advancements in the design of the phos-

phine reagent by Bertozzi and coworkers permit the trapping of the aza-ylide

intermediate by a nearby electrophilic carbonyl group yielding a stable covalent

adduct [5]. This modification, also referred to as Staudinger-ligation, transforms
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azides into secondary amine adducts upon treatment with phosphine reagents

(Fig. 2). The method is highly bioorthogonal, forms a stable amide bond and

works in living cells. Drawbacks are the bulkiness of the phosphine reagent and

its sensitivity to oxidation by air or metabolic enzymes which makes the use of

large excesses of phosphine reagents necessary. Azides can be reduced by glutathi-

one, which is highly abundant inside and outside cells. Moreover, phosphines are

known to interact with proteinogenic disulfide bonds. Thus, the Staudinger ligation

is best suited for applications on cell surfaces. In a seminal work, the metabolic

pathway for the biosynthesis of cell surface glycans was harnessed to install azide-

bearing mannosamine building blocks [5]. Human Jurkat cells were grown in

peracetylated N-azidoacetylmannosamine (Ac4ManNAz)-containing medium yield-

ing azide-functionalized cell surfaces. In the next step, the metabolically generated

azido sialic acid (SiaNAz) moieties were covalently linked to biotin-containing

phosphine reagents via the Staudinger reaction both in vitro and in vivo. The same

technology for incorporating bioorthogonal azides into cell surface glycans was

performed in living animals using FLAG-modified phosphines [6]. The FLAG-tag

is an octapeptide (H–DYKDDDDK–OH) which is used in many different assays that

require recognition by an antibody. Glycoconjugate labeling in vivo was observed

under the fluorescence microscope by injecting the fluorescein isothiocyanate

(FITC)-labeled anti-FLAG antibody (FITC-anti-FLAG) into the organism.

3.3 The Azide–Alkyne Pair

To date, the reactions with the probably largest influence on click chemistry and

bioorthogonal labeling are based on the 1,3-dipolar [3þ2] cycloaddition described by
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Fig. 2 Bioorthogonal labeling via Staudinger ligation of azides and triarylphosphines resulting in

a covalent linkage between the azide-bearing biomolecule (gray; either amino acid or any other

biomolecule) and the phosphine-functionalized probe (red)
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Huisgen almost five decades ago [7]. Azides react with alkynes upon heating to yield

triazoles. A dramatic rate acceleration was achieved when copper(I) (Cu(I)) ions were

used as catalyst as was uncovered by the groups of Sharpless and Meldal (Fig. 3a)

[8, 9]. Both the azide and alkyne moiety are very small functional groups and are

highly bioorthogonal. Additionally, the ligation product – the five-membered ring of

the triazole – is small and the azide–alkyne pair is very universal with respect to

potential applications to biopolymers, small biomolecules, or in material science. The

Cu(I)-catalyzed azide–alkyne 1,3-dipolar cycloaddition reaction proceeds extremely

efficient under physiological conditions; in fact, water has a rate-accelerating effect

due to its favorable Cu(I) ligand properties compared to organic solvents such as

acetonitrile [2]. Commonly, this Cu(I)-catalyzed Huisgen cycloaddition is widely

referred to as click chemistry, although the original definition of the click chemistry

concept includes diverse reaction types (see Sect. 2) [1]. This type of modified

Huisgen cycloaddition has been employed in many biological studies due to its

matchless functional group tolerance and its fast reaction kinetics. Amongst those,

biological processes and applications involving lipid distribution in living and in fixed

cells as well as in animals [10, 11], virus surface remodeling [12], site-selective

protein modification in vitro and in vivo [13, 14], labeling of nucleotides for imaging

DNA, RNA [15] as well as peptide nucleic acid (PNA) [16], and activity-based

protein profiling [17] have been investigated using this powerful covalent labeling

reaction. The major drawback of Cu(I) catalyzed Huisgen cycloaddition reactions

is the cytotoxicity of copper ions which precludes long-term in vivo experiments

(but see [107]). This limitation was overcome by the development of metal-free

azide–alkyne 1,3-dipolar [3þ2] cycloaddition reactions employing highly strained

cyclic alkyne derivatives, such as cyclooctynyl groups (Fig. 3b) [18]. The Cu-free

azide–alkyne coupling proceeds at room temperature under physiological conditions

and comes very close to a perfect bioorthogonal ligation reaction. The new driving

force is the release of the ring strain of the spring-loaded alkyne reactant.
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The Bertozzi lab used mouse models to demonstrate the applicability of copper-

free click chemistry to living animals [19]. Similar to the exploitation of the scope of

the Staudinger ligation for in vivo applications (see Sect. 3.2), mice were adminis-

tered with peracetylated Ac4ManNAz to metabolically label cell surface sialic

acids with azides. Feeding mice with an Ac4ManNAz-containing diet (300 mg/kg

in 70% DMSO) resulted in the incorporation of SiaNAz into cell surface glyco-

conjugates harnessing the native metabolic pathway. A panel of cyclooctyne–FLAG

peptide conjugates was examined regarding water solubility, bioavailability, and

labeling efficiency (Fig. 4). The highest intrinsic reactivity was measured for a

difluorinated cyclooctyne (DIFO) in Jurkat T cells. The cyclooctyne–FLAG probes

were injected into mice and glycoconjugate labeling was observed by adding the

FITC-anti-FLAG antibody. Surprisingly and in contrast to phosphine’s in vitro

reaction efficiency, the best two reagents for Cu-free click chemistry, dimethoxy

azacyclooctyne (DIMAC)–FLAG and DIFO–FLAG, produced less reaction pro-

ducts in vivo than the same dose of PHOS–FLAG linked to SiaNAz via Staudinger

ligation [19]. Nevertheless, Cu-free click chemistry has significant advantages

regarding the bioorthogonality of reactants over the Staudinger ligation, particularly

for intracellular applications. A comparative study of bioorthogonal reactions with

azides was presented by the Bertozzi lab [20]. Staudinger ligation, Cu(I)-catalyzed

azide–alkyne cycloaddition, and the strain-promoted [3þ2] cycloaddition were

investigated in the context of various biological applications. For example, the

labeling of biomolecules in cell lysates and on live cell surfaces using the already

mentioned SiaNAz as target was performed. The Cu(I)-catalyzed cycloaddition has

proven to be the most efficient reaction for detecting azides in proteins in in vitro

applications. Due to the cytotoxicity of Cu, only the Staudinger ligation and the

strain-promoted [3þ2] cycloaddition were applied to label azides on live cell
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surfaces. Both reactions proceed comparatively efficient and fast with only minor

differences. It was shown that the best most suitable reaction type depended on the

specific structure of the azide, the nature of the azide-modified biomolecule, and

the coupling partner [19, 20].

Besides designing probes for rational entry into metabolic pathways, minimally

modified biomolecules can also be employed for direct analysis of the activities of

small molecules within cells. Our group described recently the first successful

labeling of lipids by azide–alkyne 1,3-dipolar cycloaddition both in fixed and in

living cells (Fig. 5) [10]. For this purpose, bioactivatable derivatives of phosphatidic

acid (PA) were synthesized bearing a terminal triple bond or cyclooctyne ether,

respectively. PA is an important signaling and regulatory phospholipid. The inves-

tigation of PA distribution demonstrated significant differences between the use of

prelabeled lipids and those labeled in vivo via 1,3-dipolar cycloaddition.

Probably very soon, the 1,3-dipolar cycloaddition will become even more

valuable since it is possible to genetically incorporate unnatural amino acids

(UAAs) of different origin (Phe, Lys) into proteins bearing either azide or alkyne

functional groups (see Sect. 4).
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3.4 The Tetrazine–Alkene Pair

Very recently, the potential of strain-promoted inverse electron-demand hetero-

Diels–Alder cycloaddition reactions of 1,2,4,5-tetrazines for bioconjugation and

bioorthogonal labeling of biomolecules under physiological conditions was

explored by the groups of Fox and Weissleder [21, 22]. Either modified norbor-

nene or substituted trans-cyclooctene was used as dienophil for chemo- and

regioselective [4+2] cycloaddition with asymmetric tetrazines functioning as

diene coupling partner (Fig. 6). For example, Her2/neu receptors on live human

breast cancer cells were targeted with a monoclonal antibody modified with a

norbornene and conjugated selectively to a near-infrared fluorophore-bearing

tetrazine [22]. Due to the slow reaction rate of norbornene in serum at 20�C, all
following studies utilized ring-strained trans-cyclooctene derivatives [24].

In proof-of-principle cell experiments, the commercially available antibody for

the epidermal growth factor receptor (EGFR) cetuximab was labeled with trans-
cyclooctene succinimidyl carbonate. EGFR overexpressing cancer cells were first

exposed to the cetuximab–cyclooctene conjugate. In the second step, pretargeted

cells were selectively labeled with a benzylaminotetrazine linked to a fluorophore

such as VT680. Further advancements of this technique for covalent labeling

include bioorthogonal fluorogenic probes for imaging small molecules inside

living cells [23]. Commonly used fluorophores coupled to benzylamino tetrazine,

especially tetrazine–BODIPY TMR-X and tetrazine–Oregon Green 488, exhibit

remarkable fluorogenic properties. Conjugation to the tetrazine caused fluores-

cence quenching for all dyes with emission between 400–600 nm. Fluorescence is

restored after reaction with dienophiles delivering a 15- to 20-fold increase in

fluorescence. Live-cell intracellular labeling studies were carried out with a

trans-cyclooctene-modified taxol in PtK2 kangaroo rat kidney cells. The clinically

important drug paclitaxel (taxol), well-known for its ability to stabilize micro-

tubules, was selectively labeled with the tetrazine–fluorophore conjugate in

20 min at room temperature and analyzed using confocal microscopy [23]. It

was shown that the Diels–Alder cycloaddition of a tetrazine to a highly strained

trans-cyclooctene is applicable both to biomolecules on the cell surface and to

intracellular biomolecules. This method could facilitate the tracking of tagged

small-molecule drugs, signaling proteins, or other components of the cellular
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Fig. 6 Covalent labeling via inverse electron-demand hetero-Diels–Alder [4+2] cycloaddition
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machinery within live cells. Moreover, it might be feasible to site-specifically

incorporate either tetrazine- or trans-cyclooctene-substituted UAAs into proteins

and then to express them in living cells (see Sect. 4). Given its speed, stability,

efficiency, and sensitivity in whole serum, this covalent labeling reaction should

be suitable for many diverse in vivo imaging applications comparable to the scope

of 1,3-dipolar [3+2] cycloadditions.

3.5 The Tetrazole–Alkene Pair

Apart from Cu-catalyzed and Cu-free 1,3-diploar [3+2] cycloadditions, there is

another type of cycloadditions belonging to the same family and referred to as

photoclick chemistry [25]. Based on early investigations of Huisgen and coworkers,

a photoactivated 1,3-diploar cycloaddition between a diaryltetrazole and an alkene

derivative could be adjusted recently to physiological conditions possessing excel-

lent bioorthogonality. Mechanistically speaking, the tetrazole is photoactivated by

ultraviolet (UV) light (302 nm) producing a nitrile imine as highly reactive inter-

mediate. Subsequent to photoinduction, nitrile imines react regioselectively with

alkenes yielding a pyrazoline cycloadduct in good tolerance to other functional

groups, excellent solvent compatibility including water, and high yields (Fig. 7) [2].

The utility of this photoinducible cycloaddition for in vivo labeling of proteins was

demonstrated in proof-of-principle experiments in E. coli [26]. Bacteria cells over-
expressing an alkene containing Z-domain protein (alkene-Z) were incubated with

tetrazoles, photoirradiated and finally analyzed by fluorescence microscopy. Only

cells expressing the alkene-Z protein exhibited strong fluorescence. It is not neces-

sary to attach a fluorophore to the alkene because the pyrazoline cycloadduct emits

fluorescent light in the range of cyan fluorescent protein (CFP) after excitation with

the corresponding laser. In the near future, reaction kinetics might be improved by

optimizing the reactivity of the reaction pair to allow faster and more efficient

labeling. Thereby, photoclick chemistry might be a suitable chemical tool for the

time- and space-resolved study of biological processes. Already now the scope of

the bioorthogonal tetrazole–alkene pair is remarkable. When combined with the

incorporation of UAAs into proteins (see Sect. 4), the tetrazole–alkene pair might
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become a powerful tool for covalent labeling of proteins. Apart from the intrinsic

fluorescence of the pyrazoline, other probes fulfilling the requirements of bioortho-

gonality can be attached to the alkene in order to add new functionalities to the POI.

3.6 Transition Metal-Catalyzed Reactions

Transition metal-catalyzed reactions are amongst the most powerful and efficient

organic transformations, particularly when it comes to the formation of new C–C

bonds. Very recently, long established reactions of organic chemistry were adapted

to benign solvents and physiological conditions and became a valuable tool for

protein modification and labeling of biomolecules in general.

The basic requirement for olefin metathesis is an alkene–alkene pair. Usually,

ruthenium (Ru) catalysts, such as the Hoveyda–Grubbs second-generation catalyst,

are employed to covalently link two alkenes with each other yielding a single C–C

double bond (Fig. 8a) [2]. For example, cross-metathesis was used to modify

proteins containing an allyl sulfide group (S-allylcysteine, Sac) in aqueous buffer

with allyl alcohol [27]. Various site-specific modifications of the serine protease

subtilisin Bacillus lentus (SBL), such as mini-PEGylation and glycosylation, were

successfully demonstrated with this metathesis reaction.

Another type of transition metal-catalyzed transformation is the palladium

(Pd)-catalyzed cross-coupling reaction suitable for protein functionalization. The

arene–alkene/alkyne/arene pair permits chemoselective covalent labeling of bio-

molecules under aqueous cross-coupling conditions, with high yield and with

excellent functional group tolerance. Cross-coupling reactions known from organic

chemistry, such as the Mizoruki–Heck reaction, the Sonogashira reaction, and the
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Suzuki cross-coupling reaction, were successfully applied to label proteins in vitro

with biotin derivatives or other small molecule probes (Fig. 8b) [2].

In further attempts to adapt the tools of organic chemistry to synthetic biology,

the scope of the Suzuki–Miyaura cross-coupling reaction on peptides and proteins

was explored [28]. Outstanding features of this Pd-catalyzed reaction are its good

yields on amino acid and peptide models under physiological conditions (37�C in

buffered water, no organic solvent needed), short reaction time (complete conver-

sion after 30 min), its need for a comparably small excess of catalyst (50 equiv) and

cross-coupling partner (500 equiv), and its tolerance to oxygen. The catalytic

complex formed by the sodium salt of the ligand 2-amino-4,6-dihydroxypyrimidine

and Pd(OAc)2 was used in initial experiments to covalently link halogenated

phenylalanine derivatives, such as the genetically encodable UAAs p-bromo-

L-phenylalanine and 3-iodo-L-tyrosine (see Sect. 4.2), to phenylboronic acid.

Next, the bioorthogonality of this labeling technique in competition to endogenous

functional groups was successfully tested. Therefore, an SBL mutant was chemi-

cally modified containing an aryliodide side chain suitable for subsequent cross-

coupling reaction. The reaction proceeded to completion and vindicated extensive

efforts to genetically incorporate aromatic halides as cross-coupling partners into

proteins (see Sect. 4).

3.7 Miscellaneous

Protein modification is successfully achieved by strain-promoted alkyne–nitrone

cycloaddition (SPANC) [29]. It was shown that 1,3-dipolar cycloadditions of

cyclooctynes with nitrones containing ester or amide a substituents proceed with

much faster kinetics than comparable reactions with azides. A one-pot three-step

protocol was implemented for the site-specific installment of carbonyl groups in

proteins and peptides (e.g., via serine oxidation) followed by reaction with

reactive cyclooctyne derivatives such as 4-dibenzocyclooctynol and the more

polar azacyclooctyne. SPANC is a metal-free click reaction and anticipated to be

an attractive alternative to the well-established oxime ligation due to the ease of

synthesis of nitrones, the stability of reactants, and its potential for chemical

biology applications.

One important type of covalent modification of proteins is doubtlessly the

ligation of two protein or peptide fragments. Since the impact of semisynthetic

proteins on basic research, drug discovery, pharmaceutical industry, and biotechni-

cal applications is continuously increasing, robust methods to isolate and modify

recombinant proteins have been developed and further progress is supposable [30].

A powerful tool for chemical protein synthesis is the native chemical ligation (NCL).

The most widespread method besides normal amino acid coupling in peptide

synthesis that leads to the formation of a native amide bond between two peptide

segments was introduced by Kent and colleagues in 1994 [31]. Mechanistically

speaking, NCL involves a rapid equilibration of thioesters (transthioesterification)
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that is interrupted by an irreversible intramolecular reaction with the N-terminal

amine of the fused protein (S–N acyl shift), ultimately forming a native amide bond

[32]. Therefore, a C-terminal a-thioester and an N-terminal cysteine residue are

required. Both functionalities can be either produced synthetically or recombinantly.

Advantages of the NCL are the smooth reaction (aqueous buffer), widely orthogonal

conditions, and its ease of application. NCL has been used to study protein structure

and function by producing semisynthetic protein analogs with tailor-made properties

[33]. Semisynthetic proteins of diverse protein families were synthesized via NCL,

such as histone modifications [34, 35], semisynthetic ubiquitylated proteins [36], and

potassium channel membrane proteins with noncanonical amino acids [37]. Further-

more, the NCL method was employed for the intein-mediated synthesis of lipidated

Ras proteins [38] and to fluorescently label prenylated GTPases [39]. In general, the

scope of the NCL is restricted to in vitro use and limited to proteins and peptides.

However, NCL works also in living cells as shown for the in vivo generation of a

circular protein domain (Src homology 3, SH3) in E. coli [40]. Besides the ligation
of two peptidic molecules, NCL can also be used for cyclization of peptides. For

example, linear precursors of cyclic plant-defense proteins – named cyclotides –

synthesized via solid-phase peptide synthesis (SPPS) can be cyclized after cleavage

from the solid support in basic buffer at room temperature [41].

4 Unnatural Amino Acids as Reactants

Traditionally, it is difficult to covalently label the protein under investigation with

small molecule probes inside living cells. The multiplicity of functional groups

present in cells and the lack of unique chemical reactivities among the 20 canonical

amino acids made protein-, residue-, or site-specific in vivo labeling of endoge-

nously expressed proteins close to impossible [37]. Diverse fusion protein and

peptide tags of different size have been developed that allow the covalent attach-

ment of chemical probes with distinct properties (see Sect. 5). Drawbacks of the

fusion tag strategy are the potential disturbing influence of the tag on protein

structure or function and the size of the tag itself – one of the smallest reported

tags for covalent in vivo labeling is the tetracysteine (TC) tag with a minimal size of

six amino acid residues. This technique is extensively reviewed in this volume.

Here, the alternative to genetically encoded fusion proteins suitable for covalent

labeling with small molecules is described. In comparison to fusion tags, the

expanded genetic code concept for incorporating UAAs requires the modification

of only a single amino acid of the POI. Encoding rationally designed and chemi-

cally synthesized amino acids with bioorthogonal functional groups opens up new

possibilities for covalent labeling using bioorthogonal reactions out of the toolbox

of click chemistry (see Sects. 2 and 3). In addition to bioorthogonal labeling, the

incorporation of fluorescent UAAs or UAAs with eligible properties for different

detection methods allows the direct labeling of a protein without further modifica-

tions or disturbing posttranslational labeling procedures.
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4.1 Genetic Code Expansion

The genetic code specifies the information transfer from the linear sequence of the

four letter alphabet of the DNA into the 20 amino acid language of proteins. With

four possible nucleotides at each position, the total number of permutations of

triplets is 64 (4 � 4 � 4), but only 61 encode the 20 amino acids leaving three stop

codons. Proteins carry out an almost endless diversity of functions and duties in

living organisms. Protein function and structure is determined by their primary

structure and therewith, by the limited number of functional groups of proteino-

genic amino acids augmented partially by cofactors and posttranslational modifica-

tions (PTMs). For decades, one of the dogmas of the genetic code has been its

limitation to the same canonical 20 amino acid building blocks for all known

organisms. Two rare exceptions that can be additionally encoded are the noncanon-

ical amino acids selenocysteine found in some species of archaea, bacteria, as well

as in eukaryotes and pyrrolysine used by only some representatives of archaea and

bacteria [42]. This dogma (universality, uniqueness) and other important features of

the genetic code, especially its degeneracy, triplet codon usage, and its redundancy

of codons, are of course still valid for genetically unmodified genomes and organ-

isms – but remarkable achievements in cloning and understanding of the biosyn-

thetic process of proteins have led to some momentous advancements establishing

the concept of the expanded genetic code [43–45].

Fundamental biological processes such as DNA replication, transcription, load-

ing amino acids to specific tRNAs by aminoacyl-tRNA synthetases (aaRSs), and

translation of mRNA into proteins can be harnessed for the incorporation of UAAs

with tailor-made properties. The fidelity of tRNA aminoacylation is determined by

both high substrate specificity and subsequent proofreading of the amino acid–

tRNA adduct. The ability to paste UAAs into proteins bearing optical or physical

probes, bioorthogonal functional groups, photocleavable cages of active site resi-

dues, or structure-relevant side chain analogs [45] will allow the design and

synthesis of proteins with improved or completely novel properties. Finally, an

expanded genetic code might provide unprecedented powerful tools in the evolu-

tion of new function on the molecular and cellular level [46].

About three decades back, first biosynthetic approaches for the in vitro synthesis

of proteins containing UAAs were developed using truncated tRNAs [47, 48].

Chemically aminoacetylated nucleotides were enzymatically ligated to tRNA and

used in cell-free expression systems for protein biosynthesis. The position of the

UAA was specified by either blank (nonsense or frameshift codons) or coding

codons (codon bias, depletion conditions). Despite the technically demanding

procedure, this in vitro method has proven its value for studying protein function

and structure, amongst others through the introduction of optical probes or non-

proteinogenic functional groups [45]. In the next step toward the in vivo biosynthe-

sis of UAA-containing proteins, UAAs grafted onto tRNAs were injected into cells

making use of the biased nature of the genetic code and noncoding codons again.

For example, a chemically aminoacetylated truncated amber (UAG) suppressor
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tRNAGln (CUA) derived from Tetrahymena thermophilica was shown to incorpo-

rate amino acids at the amber stop codon position with high fidelity and efficiency

when injected into Xenopus oocytes [49]. Self-evident drawbacks of these methods,

particularly the need for stoichiometrical and continuous supply of aminoacyl-

tRNAs, the limited synthetical or biological accessibility, as well as the potentially

troublesome injection and transfection techniques, encouraged several specialized

laboratories to dive deeper into the complex process of protein biosynthesis.

Some years later, Tirrell and coworkers introduced a novel, robust approach for

the residue-specific incorporation of UAAs applicable to living cells [43, 50, 51]

based on earlier findings of Cohen and coworkers from the 1950s [52, 53]. This

technique employs wild-type aaRSs that tolerate close structural analogs of their

native amino acid substrates. In order to reliably insert an UAA into proteins, a

strain auxotrophic for the natural amino acid corresponding to the harnessed tRNA/

aaRS pair has to be used [43]. A drawback of this wholescale replacement of a

canonical amino acid is that host cell cultures have to be starved and cannot

maintain exponential growth. Noteworthy, either bacteria or eukaryotic cells can

be used without limitations a priori [54] and the gene encoding the protein under

investigation does not necessarily have to be mutated. Nevertheless, nondividing

cells can survive and still overexpress the UAA-modified protein in good yields. In

these recombinant proteins, the UAA residue specifically replaces the canonical

amino acid – as well as in all simultaneously expressed proteins using the same

codon (Fig. 9a) [43, 45]. The total replacement enables chemical modification at

multiple sites and substantial changes in the physical properties of the POI. The

technique became even more precious after broadening its scope with the help of

elaborate screening strategies for aaRS active-site engineering [55, 56], aaRS

overexpression [50], and editing domain mutations [57]. Applications include the

incorporation of heavy atoms to solve the phase problem of X-ray crystallography

(e.g., methionine substituted with selenomethionine) or the synthesis of protein

analogs bearing spectroscopic probes suitable for fluorescence microscopy [43].

In summary, this method allows residue-specific global replacement of canonical

amino acids with UAAs. However, so far only those UAAs can be incorporated that

have a close structural similarity to a canonical amino acid.

Despite the wide scope of the residue-specific replacement technique, in other

cases it is desirable to substitute only a single amino acid with an UAA. To date, the

most sophisticated approach for site-specifically adding new chemistries to the

genetic code is the generation of organisms that can genetically encode 21 or

more amino acids. This epoch-making technology with its promising potential

was mainly discovered and introduced by P. G. Schultz [44–46, 58] and his

numerous coworkers. UAAs, rationally designed and synthesized at the chemistry

bench, are encoded and site-specifically incorporated into proteins ideally with the

same fidelity, efficiency and genetic manipulability of natural amino acids by using

tRNA/aaRS pairs of donor organisms that are orthogonal to their new host organ-

isms (Fig. 9b) [45].

This site-specific concept makes use of exactly the same biological principles

(e.g., triplet code, mRNA as template and messenger, uniqueness, and tRNA as
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adapter) and biosynthetic machineries (e.g., polymerases, aaRSs, and ribosomes)

essential for the natural protein biosynthesis. Every amino acid is encoded by a

specific set of codons (only one codon each for Met and Trp), but the codon usage

differs from organism to organism. For example, the amber nonsense codon (UAG)

is the least used stop codon of E. coli and S. cerevisiae and was harnessed to encode
UAAs [45] using orthogonal tRNA/aaRS that encode an amino acid in response to

UAG. All components involved in the in vivo translation with new amino acids,

such as UAAs, tRNAs, tRNA/aaRSs, elongation factors (EFs), and the ribosome,

must meet several criteria: first, the UAA has to be cell-permeable as well as

metabolically stable and possess good cellular bioavailability. Second, the UAA

should not be a substrate for endogenous tRNA/aaRS pairs; its unique codon must

be recognized exclusively by the new tRNA/aaRS pair and must be accepted by EF-

Tu and the ribosome. Third, the new tRNA/aaRS pair must be functional in the host

organism, highly specific for the UAA, and orthogonal to endogenous tRNA/aaRS

pairs in the host cell.

The concept of Schultz in comparison to previously described methods has

the advantage that only the UAA has to be added to the growth medium.
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Fig. 9 Schematic representation of methods for incorporating unnatural amino acids (UAAs) into

recombinant proteins. (a) A general method for residue-specific incorporation of UAAs; Phe

phenylalanine, p-F-Phe p-fluorophenylalanine, PheRS phenylalanyl-tRNA synthetase; (b) a gen-

eral method for site-specific incorporation of UAAs
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Furthermore, transfected cells expressing UAAs can divide, use all 20 canonical

amino acids, grow at exponential rates, and overexpress the modified protein.

However, the genetic code encoding the POI has to be rewritten or mutated,

respectively, in order to have the codon deciphering the UAA at the desired

position.

In conclusion, UAAs with rationally designed properties can be pasted into

recombinant proteins in either a residue- or site-specific manner. Both methods

are complementary to each other and have their advantages. Further developments

of the expanded genetic code concept break with several fundamental features of

the classical genetic code interpretation. Amongst these advancements, the evolu-

tion of a quadruplet-decoding ribosome that is orthogonal to endogenous ribosomes

is probably the most striking one [59]. In the future, the establishment of quadruplet

codons and the belonging biosynthetic machinery might result in an entirely

orthogonal genetic code. An orthogonally expanded genetic code together with

the very recently published results of scientists around J. C. Venter regarding the

creation of synthetic life [60] will definitely shake our understanding of traditional

biology to the core.

4.2 Unnatural Amino Acids Suitable for Covalent Labeling

The incorporation of UAAs with improved or novel properties in comparison to

natural amino acids can contribute to obtain new insights into both protein structure

and function. Investigations may be performed in vitro as well as in vivo and probes

or functional groups suitable for fluorescence microscopy, nuclear magnetic reso-

nance (NMR), electron paramagnetic resonance (EPR), or chemical biology appli-

cations can be introduced. In the following, UAAs bearing bioorthogonal functional

groups suitable for in vivo labeling and subsequent imaging will be discussed.

As mentioned in Sect. 3.3, azides and alkynes are the most widely used

bioorthogonal functional groups when it comes to efficient labeling of both extra-

cellular as well as intracellular biomolecules. Other functionalities, such as alkenes

and ketones, are particularly valuable for in vitro protein modification and cell

surface labeling. The first UAAs introduced site-specifically were analogs of

the aromatic amino acid phenylalanine. For example, p-azido-L-phenylalanine,
p-acetyl-L-phenylalanine, O-(2-propynyl)-L-tyrosine, p-iodo-L-phenylalanine, and
O-allyl-L-tyrosine (Fig. 10) have been successfully added to the genetic code of

E. coli, yeast, and mammalian cells [44, 61]. Even if bioorthogonal taggable Phe

derivatives could be used for many studies [44], their aromatic nature limited the

scope because not every canonical amino acid can be replaced by an aromatic

residue without causing misfolding or loss of function. Recent publications reported

the utilization of robust tRNA/aaRS pairs that allow the incorporation of aliphatic

lysine, nonaromatic pyrrolysine, and other amino acid derivatives with distinct

side chains [62, 63]. Amongst those, the Methanosarcina barkeri MS pyrrolysyl

tRNA synthetases/tRNACUA (MbPylRS/MbtRNACUA) pair is a new orthogonal
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pair in E. coli and in mammalian cell lines [64]. As the name indicates, the

MbPylRS/MbtRNACUA pair incorporates UAAs in response to the amber stop

codon. Aliphatic azide, alkene and alkyne lysine derivatives (Fig. 10) synthesized

in two steps from Boc-L-Lys-OH and the corresponding chloroformates permit

bioorthogonal labeling using 1,3-diploar [3+2] cycloaddition chemistry.

In a proof-of-principle study, myglobin–his6 bearing the alkyne-modified lysine

was covalently attached to a fluorophore azide (By3 azide) or a biotin azide via Cu

(I)-catalyzed Huisgen [3+2] cycloaddition (Fig. 11) [64].
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Fig. 11 (a) Covalent attachment of a fluorescent probe (red) to an alkyne-bearing lysine

incorporated into the protein of interest (POI; gray) via Cu-catalyzed 1,3-dipolar [3+2] cycloaddi-

tion; (b) chemical structure of the azide-modified fluorophore By3 azide

O

O

NH

O

O

I

H2N

N3

H2N CO2H

NH

O

O

N3

O

H2N CO2H

H2N CO2H

H2N CO2H H2N CO2H

H2N CO2HCO2H H2N CO2H

NH

O

O

1

5

2

6

3

7

4

8

Fig. 10 A selection of unnatural amino acids suitable for click chemistry that have been introduced

into proteins. p-azido-L-phenylalanine (1), p-acetyl-L-phenylalanine (2), O-(2-propynyl)-L-tyrosine
(3), p-iodo-L-phenylalanine (4), O-allyl-L-tyrosine (5), azidoethyloxycarbonyllysine (6), allyloxy-

carbonyllysine (7), and propynyloxycarbonyllysine (8)

Covalent Labeling of Biomolecules in Living Cells 243



Therefore, E. coli was transformed with pBKPylS (a plasmid which encodes

MbPylRS) and pMyo4TAGPylT–his6 (a plasmid which encodes MbtRNACUA and

a C-terminally hexahistidine (his6) tagged myoglobin gene with an amber codon at

position four) [64]. Protein expression and labeling reactions were analyzed using

SDS-PAGE and ESI-MS and resulted in site-specific incorporations into proteins in

good yields (3 mg UAA/L culture medium) and a labeling efficiency of 90–100%,

respectively. Directed evolution of the MbPylRS/MbtRNACUA pair enabled the

efficient incorporation of additional UAAs into genetically determined sites [45, 63,

65]. In addition, the MbPylRS/MbtRNACUA pair is mutually orthogonal in its

aminoacylation specificity to the aromatic UAAs incorporated by the Methanococ-
cus jannaschii tyrosyl-tRNA synthetase (MjTyrRS/tRNACUA) pair [66]. Making

use of this relationship, it is possible to incorporate the aliphatic lysine azide or

alkyne, respectively, in combination with aromatic alkyne- or azide-bearing amino

acids [64, 66]. In a recent work, Liu and coworkers incorporated two different

lysine-derived UAAs suitable for bioorthogonal labeling at two defined sites into a

single protein by combining the PylRS–PylT pair and the MjTyrRS–MjtRNATyr
pair [67].

A limitation of the expanded genetic code concept is predominantly its very

recent discovery. Evolution and development of enhanced or novel ways to incor-

porate UAAs are still in the focus of interest. Advanced applications of the great

opportunities penetrating far into biology or resulting in commercial profit are still

emerging. The situation will very likely change in the near future due to the large

scope of new academic research and industrial applications, as in total more than

70 UAAs can already be encoded in E. coli, yeast, and mammalian cells [45].

5 Reactive Protein Fusions

In an alternative to genetically encoded AFPs, small molecule probes suitable for

specific covalent attachment to particular protein tags, especially physical probes or

organic dyes, offer the advantage of smaller probe sizes and application to a much

higher variety of functionality, from photoinducible processes such as cross-linking

of proteins, imaging at wavelengths outside the spectrum of AFPs, to imaging of

biological processes with nonoptical methods, particularly magnetic resonance

imaging (MRI) or radioactivity assays. While AFPs can be attached to almost

every POI and given that its biological properties are not disturbed by fusion to

the AFP, the major limitation of using small molecule probes for protein labeling

and subsequent imaging is the shortage of robust and specific methods for targeting

them to specific POIs. In this chapter, prominent representatives of covalent

taggable fusion tags, especially the Halo-tag, SNAP-tag, and ACP-tag as well as

less widely used protein tags such as Q-tag, cutinase tag, and b-Gal-tag, will be
discussed taking into account their scope, ease of usage, and results of the latest

research.
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5.1 Self-Labeling by Alkylguanine Transferases

Shortly after the introduction of the fluorescein arsenical hairpin (FlAsH)-tag

technology for in vivo and in vitro labeling of fusion proteins by Tsien and

coworkers [68], the group of Kai Johnsson established a novel protein tag suitable

for covalent labeling with small synthetic molecules based on the human DNA

repair protein O6-alkylguanine-DNA alkyltransferase (human AGT, hAGT) [69].

The native function of the 21 kDa hAGT is to recognize O6-alkylated guanine

in the DNA and to transfer the alkyl group to an active site cysteine residue,

yielding alkylated enzyme and – most importantly – repaired DNA. hAGT is

sufficiently unspecific to react with the monomeric and cell-permeable nucleobase

O6-benzylguanine (BG) and its derivatives substituted at position four of the benzyl

ring. A broad variety of substrates turned out to be useful for labeling hAGT when

fused to the protein under investigation (Fig. 12) [69]. Mechanistically, an active

site cysteine thiol group reacts with a probe-functionalized BG derivative via

nucleophilic substitution to yield a covalently modified hAGT and guanine as

leaving group.

Many of the optical, physical, and chemical probes are commercially available

as activated esters and can simply be coupled to the free amine group of BG

derivative in a one-step reaction [70]. Former limitations of the hAGT/BG labeling

technology, such as the inability to distinguish between the BG probe and alkylated

DNA for both the protein tag hAGT as well as the endogenous AGT, were

overcome using mutants of the protein tag [71]. One of these mutants – called

SNAP-tag – is slightly smaller (19 kDa) and reacts 50-fold faster with its BG

derivative than hAGT. Background labeling of endogenous AGT is not an issue

when the fast hAGT-based mutant SNAP is used and can be completely eliminated

by using a specific inhibitor for native AGT [71]. The scope of the SNAP-tag

exceeds most of the other tags described in the following subchapters: proteins in

any cellular compartment can be labeled without any restriction a priori. SNAP

fusion proteins were successfully and efficiently labeled on the cell surface, in the

cytoplasm, in the endoplasmic reticulum (ER), and in the nucleus [72, 73].

In initial but representative experiments, the nuclear protein human estrogen

receptor a (hERa) was fused to hAGT. The cellular localization of hERa was

determined in hAGT-deficient HeLa cells by labeling the hAGT–hERa construct
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Fig. 12 The human O6-alkylguanine-DNA alkyltransferase (hAGT; blue)-tag fused to the protein
of interest (POI, gray) reacts with probe (red)-bearing benzylguanine (BG) derivative, resulting in
the covalent attachment of the label (red) to the active-site cysteine of hAGT
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with fluorescein by using BG–fluorescein [70]. In addition, the SNAP-technology

was successfully applied to measure calcium Ca(II) concentrations in defined loca-

tions in living cells [74]. A BG derivative was synthetically linked to the Ca(II)-

sensitive dye Indo-1 which in turn was covalently attached to nucleus-localized

SNAP-tag fusion proteins inside living cells. This approach combines the spatial

specificity of genetically encoded SNAP-tag-based Ca(II) indicators with the benefi-

cial spectroscopic properties of Indo-1 upon Ca(II) binding (change in fluorescence).

The former limitation of the SNAP-tag to allow labeling of only a single

intracellular protein was overcome by a novel AGT-based tag generated via

directed evolution [75]. This probe, called CLIP-tag, reacts specifically with

O2-benzylcytosine (BC) derivatives (Fig. 13) yielding a covalent adduct and is

orthogonal to the SNAP-tag (1,000-fold less efficient reactivity with BC than with

BG derivatives [76]) regarding its substrate selectivity [75]. Thus, CLIP and SNAP

fusion proteins can be used for simultaneous and orthogonal protein tagging in two

colors in vivo with different small molecule probes fused to BC or BG, respectively

[76]. Compared to SNAP, the CLIP has a similar size, similar selectivity as well as

speed of labeling, and its substrates can be easily synthesized from commercially

available precursors. Furthermore, BC derivatives are not substrates for original

AGTs – an important fact for the sometimes problematic background staining

observed for other tags, in particular in the case of the TC/FlAsH system.

Specific double labeling with more than 99% selectivity could be achieved in

cell extracts as well as in living cells [76]. HEK293T cells were used transiently

coexpressing either FK506 binding protein (FKBP) fused to the C-terminus of

CLIP-tag (CLIP-FBBP) plus the FKBP-rapamycin binding domain (FRB) fused

at the C-terminus of SNAP-tag (SNAP-FRB) or vice versa. Cells were incubated

with a mixture of BC- and BG-derivatives and no significant cross-labeling or

background staining was observed [76]. Furthermore, the self-labeling SNAP- and

CLIP-tag technologies can be used for cross-linking of interacting proteins using

bifunctional probes that contain the substrates of both tags connected via a fluor-

ophore [77]. Very recently, photoactivatable and photoconvertible fluorescent

probes for covalent protein labeling have been developed [78]. These new and

advanced tools can be selectively coupled to SNAP-tag fusion proteins in living

cells via click chemistry. Photosensitive BG derivatives designed for SNAP-tag

labeling exhibit a change in their fluorescence spectrum upon labeling. To make

use of the fluorogenic nature of the probe, a photocleavable linker based on

4,5-dimethoxy-2-nitrobenzyl derivatives is cleaved by irradiation with UV-light

(365 nm). Thereby, donor and acceptor fluorophore are separated and exhibit distinct

spectra compared to unreacted intact or attached intact probe. Photosensitive protein
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labels are powerful tools and expand the scope of protein tags to study cellular

processes at low molecular concentrations.

5.2 The Halo-Tag

The commercially marketed Halo-tag [79] is based on a modified ~33 kDa haloal-

kane dehalogenase domain. In general, dehalogenases degrade compounds with

haloalkane functionality in a two-step process: First, the alkyl chain is transferred

by a nucleophilic displacement mechanism to the side chain of an active site Asp

which is deeply buried within a hydrophobic pocket [80]. The formation of an ester

bond is coupled with the loss of the halide ion. Second, hydrolysis of the alkyl–

enzyme linkage and regeneration of the Asp side chain is catalyzed by an active site

His residue [81]. Wood and coworkers have developed a mutant which lacks the

capability of hydrolysis and therewith, preserves the alkyl–enzyme adduct perma-

nently (Fig. 14) [82].

The enzymatic reaction is not depending on PTMs or cofactors which broadens

the scope of this technology. Trapping the covalent intermediate offers the possi-

bility to attach bioorthogonal chemical functionalities or small molecule probes, for

instance fluorophores, irreversibly and permanently with high specificity and
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Fig. 14 Schematic representation of the covalent labeling approach based on a haloalkane

dehalogenase domain (Halo-tag; blue) fused to the protein of interest (POI; gray). The Halo-tag

ligand bearing any kind of probe (red) forms a covalent adduct with an active-site aspartate
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efficiency. The newly generated ester bond turned out to be stable under both

physiological and denaturing conditions such as boiling or SDS treatment [83].

Cell-permeable haloalkanes bearing different fluorophores or biotin are either

commercially available or can be synthesized easily. As a result, the Halo-tag

technology permits specific fluorescent labeling of fusion proteins with efficient

interchangeability of tag properties both in living and in fixed cells as well as in

in vitro assays and by immobilizing the fusion protein onto solid supports [83]. The

reporting dehalogenase can be used in a manner similar to other genetically

encoded fusion tags such as AFPs and AGT-tags.

The utility of this modular protein tagging system was demonstrated for protein

immobilization and cellular imaging by means of analyzing multiple molecular

processes associated with the nuclear factor (NF)-kB physiology [83]. A single

genetic mutation was used in multiple analytical methods including the labeling and

subsequent imaging of temporally different expressed target proteins. A set of

alternative chloralkane ligands was employed to analyze subcellular localization,

translocation, and degradation of NF-kB proteins. Assays in HeLa cells showed

convincingly that protein labeling was completed within 15 min at room tempera-

ture and that no unspecific labeling occurred. It is worth mentioning that the length

of the linker between the functional reporter and the reactive terminal halogen atom

affects the efficiency of the halide release and has proven to be optimal for

carboxyfluorescein (FAM) with 14 atoms in length [83]. Since there are no enzymes

homologous to bacterial dehalogenases in eukaryotic cells, background staining in

cells is insignificant.

Limitations of the Halo-tag technologymight be cytotoxicity of the haloalkane, the

solubility of the reagent, unspecific side reaction with similar endogenous nucleo-

philes, and drawbacks known from other genetically encoded fusion tags, particularly

size or interference with physiological properties of the protein under investigation.

5.3 Carrier Protein Tags

Another valuable and sophisticated class of protein tags with a broad scope of

applications are carrier protein (CP) tags. CPs are labeled by enzyme-catalyzed

PTM. Commonly used CPs for protein labeling are the acyl carrier protein (ACP),

the peptityl carrier proteins (PCP), and peptides derived from them [84].

Carrier proteins can be labeled covalently on cell surfaces with various probes

attached to their native substrate phosphopantetheine (Ppant). These small adapter

proteins play important roles in diverse metabolic pathways, especially the fatty

acid and polyketide biosynthesis. CPs, as for instance the ACP of E. coli (77 amino

acids [85]), are generally smaller than the green fluorescent protein (GFP; 238

amino acid residues, ~27 kDa) or the Halo-tag (~33 kDa) [86]. Specific phospho-

pantetheine transferases (PPTases) catalyze the transfer of Ppant derivatives from

coenzyme A (CoA) onto a conserved Ser residue of CPs in order to form a

phosphate ester bond (Fig. 15) [86]. During biosynthesis, metabolic intermediates

are bound to Ppant via a thioester bond. Since PPTases generally have proven to
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accept thiol-modified derivatives of CoA, fusion proteins of a CP and the cell

surface POI have been designed and studied toward labeling and imaging with

diverse set of probes such as fluorophores, quantum dots, or other chemical probes

with tailored properties [85, 87, 88]. Either labeling of one fusion CP with several

probes for studying time-dependent protein expression or the selective labeling of

different CPs in the same approach is feasible and has been demonstrated [84].

Notably, a study of the Johnsson laboratory showed the use of CP fusion tags for

sequential in vivo labeling followed by live-cell imaging in budding yeast [84].

Newly synthesized cell wall protein a-agglutinin (Sag1p) of Saccharomyces cere-
visiae was tagged at different time points. Sag1p is known to be transported to sites

of active cell growth and to be linked covalently to a specific cell wall glucan.

Multicolor imaging of CP fusion proteins with a clear separation of differently

colored tags occurred and demonstrated the power of this technology.

The protein tag can be adapted to differing experimental conditions and require-

ments without modifying the genetic construct due to the interchangeable design of

the CoA-linked Ppant derivatives. The major limitation of this technology is, as

mentioned already, that all CP-tags reported so far can only be used to label cell

surface proteins due to the intracellular competition with endogenous CPs. Bioortho-

gonal mutants of CPs and their substrates might overcome this limitation in the future.

5.4 Emerging Fusion Tags for Protein Labeling with Small
Molecule Probes

5.4.1 Suicide Inhibitors for Protein Labeling

Unlike the SNAP- or CLIP-tag, other protein–ligand pairs suitable for the covalent

attachment of imaging probes rely on the targeted use of irreversible active-site

inhibitors often called suicide substrates.
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Fig. 15 Covalent protein labeling of the protein of interest (POI; gray) using the carrier protein

(CP; blue)-tag techniques. Phosphopantetheine transferase (PPTases) transfers probe (red)-bearing

phosphopantetheine (Ppant) from coenzyme A (CoA) derivatives to a conserved serine on the CP

fusion protein by releasing 30,50-adenosine bisphosphate (30,50-ADP)
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A reporter system based on the fungal cell wall enzyme cutinase and its

corresponding suicide substrate p-nitrophenyl phosphonate (pNPP) was shown to

be very useful for studying membrane proteins [89]. Cutinase, a small globular

serine esterase of ~22 kDa size, can be either fused to the termini of target proteins

or inserted into the gene of the POI due to the proximity of the cutinase N- and

C-termini (distance: 28.2 Å) without affecting its activity. The active-site serine is

opposed to both termini and reacts chemo- and regioselectively with pNPP to

irreversibly form a covalent adduct (Fig. 16).

Derivatives of the inhibitor can be easily synthesized bearing a reactive thiol

group (pNPP–SH) connected via an alkyl linker to the phosphorus of pNPP using

organic chemistry. The alkyl chain of pNPP sticks out from the catalytic pocket of

cutinase and allows the attachment of probes suitable for imaging [90]. Making use

of the nucleophilicity of the thiol group, many commercially available labels in the

form of their activated esters, for instance fluorophores and quantum dots, can be

fused to pNPP–SH. pNPP adducts are stable under physiological conditions and

therefore allow to study protein dynamics.

In a study by Bonasio et al. pNPP derivatives were used to covalently attach a

variety of labels to the integrin lymphocyte function-associated antigen-1 (LFA-1)

on the surface of living cells followed by live cell imaging. The cutinase was

inserted into a domain which was known to localize to the outer leaflet of the

plasma membrane after stimulation facilitating the reaction with the probe-bearing

pNPP derivative [89].

Since cutinase is orthogonal in mammalian cells, background staining is negli-

gible. Finally, the cutinase/pNPP technology turned out to be a flexible strategy

to covalently label specific proteins noninvasively in vivo as well as in vitro.

Ser O
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Probe

Cutinase
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pNPP-S-
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Fig. 16 Schematic representation of the covalent labeling method based on cutinase and its

suicide substrate p-nitrophenyl phosphonate (pNPP). Cutinase is fused to the protein of interest

(POI). An active-site serine attacks the pNPP–probe conjugate to yield a covalently probe-labeled

POI–cutinase fusion protein
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However, the scope of the cutinase/pNPP system has not yet been exploited

intensively [91].

5.4.2 Enzyme–Substrate Labeling Technologies

Apart from the covalent labeling tags described above, several other modified

enzyme/substrate, enzyme/inhibitor (see Sect. 5.4.1) or enzyme/cosubstrate systems

have been developed but often are not yet applied extensively. Among these tags

are, for instance, technologies based on the E. coli b-galactosidase (b-gal) [92, 93],
E. coli biotin ligase (BirA) [94], guinea-pig liver transglutaminase (TGase) [95].

Nagano and coworkers [92] have chosen b-gal for labeling fusion proteins in

living cells because of its high substrate specificity for the glycan unit, its high

turnover number for b-galactopyranosyl-protected phenols, and its wide tolerance

for the aglycan unit. b-Galactosidase of E. coli is encoded by the LacZ gene and is

frequently used for genetics and molecular biology for decades. The designed probe

coumarin–mandelate–fluorescein–b-galactopyranosyl (CMFb-gal) consists of two
fluorophores forming a FRET pair – 7-hydroxycoumarin as donor and fluorescein

as acceptor – which is cleaved upon labeling resulting in an increase in donor

fluorescence (Fig. 17).

The dramatic spectral change allows real-time imaging of the formation of

labeled product. In the study presented, CMFb-gal was used for ratiomeric imaging

in LacZ-positive and LacZ-negative HEK293 cells [92].

Another approach to tag surface proteins is provided by the two-step labeling

protocol based on BirA [94]. First, BirA ligates sequence-specifically biotin or its

ketone isoster to an acceptor peptide (AP) of 15 amino acids length (first labeling

step) [96]. In the next step, a hydroxylamide- or hydrazide-functionalized small

molecule probe bearing for instance a fluorophore is attached to the ketone func-

tional group in the presence of ATP (Fig. 18). The AP is very small compared to

other fusion tags and thus might be advantageous for investigations in which

the size of the tag is an issue. Furthermore, bacteria have only one natural substrate

for BirA and endogenous mammalian proteins are not modified by BirA.
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Fig. 17 Covalent protein labeling using the b-galactosidase (b-gal)-tag fused to the protein of

interest (POI; gray). The probe coumarin (blue)–mandelate–fluorescein (green)–b-galactopyranosyl
(red) (CMFb-gal) forms a FRET pair that is cleaved by an active-site nucleophile (Nu) upon labeling

Covalent Labeling of Biomolecules in Living Cells 251



The laboratory of Ting applied the BirA/reactive biotin analog/hydrazine technol-

ogy to in vitro and cell lysate labeling of AP-fusion proteins and an AP fused to the

N-terminus of human epidermal growth factor receptor (hEGFR) in HeLa cells

[94]. To date the BirA labeling approach is restricted to cell surfaces, although BirA

can be expressed in mammalian cells. However, some endogenous small molecules

contain ketone and aldehyde functionalities and might prevent specific labeling.

Likewise, reduction of the ketone group in the cell environment might take place.

Another drawback is the two-step labeling procedure with a minimal labeling time

of 20 min which limits its application for fast biological processes.

An additional system worth mentioning is based on the guinea-pig liver trans-

glutaminase (gpTGase) [95]. The 77 kDa cytosolic and monomeric enzyme cata-

lyzes highly specific amine bond formation between a small glutamine-containing

peptide tag and a lysine side chain or other primary amines, such as fluorescein

cadaverine [97], by releasing ammonia (Fig. 19).

The gpTGase substrate peptide called Q-tag (H–PKPQQFM–OH) or similar

sequences with conserved glutamine residues are small enough to be fused to the

termini of the POI or to be inserted into a loop of the POI. For example, very

efficient and highly specific gpTGase-catalyzed labeling of Q-tagged cell surface

proteins was accomplished for the EGFR [95]. For probes, biotin (followed by

streptavidin–Alexa 568 conjugate for imaging) or Alexa 568 cadaverine itself were
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Fig. 18 General approach for labeling an acceptor peptide (AP; blue)-tagged protein of interest

(POI; gray) on the cell surface with diverse probes (red). The first labeling step is catalyzed by

biotin ligase (BirA) ligating the ketone derivative of biotin to the AP. In the second step,

subsequent bioorthogonal ligation between the ketone and a hydrazide enables the introduction

of a probe (red)
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used and neither tagging nor labeling interfered with the biological function of the

EGFR. Possible in vitro applications include the cross-linking of proteins or

attaching fluorophores for visualization on SDS-PAGE which also proves the

covalent nature of the protein tag [95]. However, it is unlikely that the TGase

labeling technology can be applied to label intracellular proteins due to competing

endogenous TGases substrates.

Amongst the peptide tags, a very versatile method for site-specific covalent

protein labeling referred to as sortagging (sortase-mediated transpeptidation) con-

vinces with its small size (<2 kDa) and interchangeability of attached probes [98].

The natural function of bacterial sortases, such as the Staphylococcus aureus sortase
A (SrtAstaph), is to covalently attach proteins to the bacterial cell wall. Engineered

variants of these enzymes can be used to label site-specifically proteins at both the

C- [98] and the N-terminus [99]. In initial experiments, the C-terminal recognition

site (H–LPXTG–OH) was fused to the POI and was sequence-specifically cleaved

by SrtAstaph between the Thr and Gly prior to the linkage with the N-terminus of a

pentaglycine nucleophile which has to be provided and can be modified with a

probe or peptide fragment. Sortases suitable for catalyzing the site-specific trans-

peptidation transformation can be expressed and purified easily in E. coli and used

for the modification of proteins. The sortagging technique was successfully applied

to label proteins in vitro on cell surfaces of living cells [98] as well as to attach

different chemical labels at the two ends of the same POI by using two orthogonal

sortases [99].

Very recently, a method for fluorescent labeling of peptide-fused recombinant

proteins on cell surfaces [100] as well as in living cells [101] was introduced by Ting

and coworkers. This so-called PRIME (PRobe Incorporation Mediated by Enzymes)

approach for covalent labeling is based on the enzyme lipoic acid ligase (LplA) from

E. coli. LplA is absent from the mammalian proteome and catalyzes in its native form

the ligation of lipoic acid to three E. coli proteins of the oxidative metabolism. The

mutant generated by mutagenesis recognizes 7-hydroxycoumarin as substrate and

conjugates this fluorophore to a 13-amino acid peptide referred to as LAP (LplA
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Fig. 19 A general method for labeling specific peptide (Q)-tagged cell surface proteins via a

transglutaminase (TGase) catalyzing the amide bond formation between a glutamate side chain

and a reactive amine. Probes of different kind bearing for instance a lysine can be used as

substrates resulting in a probe (red)-labeled Q-tag (blue)–protein of interest (POI; gray) fusion
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Acceptor Peptide). It was shown that fluorophore ligation is both highly specific for

LAP fusions to the POI over all endogenous mammalian proteins and highly efficient

(labeling completed within 10 min at 37�C) [101]. Humanized genes for both LplA

and the most kinetically efficient LAP were reproducibly expressed in HEK and

HeLa cells. Finally, PRIME was used for imaging nuclear actin. Therefore, LAP was

fused to b-actin, coexpressed with LplA in COS-7, incubated with coumarin, and

analyzed by confocal microscopy after washing out unreacted fluorophore. In com-

parison to other protein tags, PRIME offers several advantages, especially regarding

the size of the tag, the efficiency and specificity of the labeling, low toxicity, and the

applicability to both cell surface as well as intracellular proteins.

Most of the above-mentioned labeling methods do not exhibit fluorogenic prop-

erties. The treated cells need to be washed prior to microscopic investigations to

eliminate background fluorescence resulting from unreacted probe. Recently, a new

technique for covalent labeling of proteins was published that satisfies the dual

criteria of specificity and fluorogenicity [102]. Bacterial b-lactamase that usually

hydrolyzes antibiotics containing a b-structure was evolved to sustain the acyl–

enzyme intermediate which is normally cleaved straight away after acylation

(Fig. 20). A FRET probe referred to as CCD for the class A b-lactamase mutant
E166NTEM (29 kDa) was developed consisting of the FRET donor 7-hydroxycou-

marin, the enzyme substrate cephalosporin, and 4-(40-dimethylaminophenylazo)

benzoic acid (DABCYL) as FRET acceptor. Experiments with E166NTEM fused to

maltose binding protein (MBP; 42 kDa) in HEK293T cell lysate as well as in vivo

studies with E166NTEM fused to the N-terminus of EGFR in HEK293T cells proved

high specificity and negligible background staining through unspecific labeling.

As expected, upon labeling and after the loss of the DABCYL group, the cyan

fluorescence of coumarin was restored due to a loss of FRET. Fast, covalent and

complete reaction in less than 45 min was observed by a 30-fold increase of the

fluorescence signal compared to unreacted CCD.
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Fig. 20 Labeling mechanism of the b-lactamase (E166NTEM; blue)–substrate technology. The
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b-lactam structure and thus, destroying the FRET of the CCD (7-hydroxyCoumarin (blue)–
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An interesting approach to evaluate protein activity employs activity-based

probes. This kind of probes were designed to react covalently with their specific

enzyme and thus allow labeling of the adduct via a bioorthogonal reaction (see

Sects. 2 and 3). In a recent study, functional subclasses of phospholipases (PLAs)

belonging to the serine hydrolase (SH) superfamily of enzymes were selectively

targeted by activity-based probes [103]. Fluorophosphonate (FP) activity-based

protein-profiling (ABPP) probes bearing a terminal alkyne suitable for click chem-

istry were linked at different positions (sn-1 or sn-2, respectively) to phosphatidyl-

choline (PC) and shown to selectively react with either PLA1 or PLA2 activity.

New protein fusion tags for covalent labeling of the target protein with small

molecule probes will very likely be introduced in the near future and will expand

the toolbox of genetically encodable fusion tags of this type. For instance, protein

farnesyltransferases (name of the tag: farnesylation motif) [104] or formyl glycine

generating enzymes (name of the tag: formyl glycine tag) [105] have been success-

fully harnessed to label proteins in vitro. However, their adaptability to cell surfaces

or intracellular imaging has not yet been demonstrated.

5.4.3 Ligand-Directed Protein Labeling

One of the major limitations of all methods for protein labeling mentioned earlier in

this chapter is that they all rely on either metabolic or genetic manipulations that

might disturb native protein function.

Recently, Hamachi and coworkers reported a novel ligand-directed tosyl (LDT)-

based covalent labeling technique [106]. The LDT-approach permits the site-

selective, covalent and traceless attachment of diverse synthetic small molecule

probes to endogenous proteins in living cells, tissues and living animals without

genetic or metabolic alterations. In this affinity-based approach, a modified protein

ligand bearing a probe binds to the target protein at a specific ligand-binding site.

Very importantly, the probes have to be attached to the native ligand via an

electrophilic phenylsulfonate ester group. Thereby, a SN2-type chemical reaction

of the modified ligand with a nucleophilic amino acid side chain on the protein

surface in close proximity is enabled. The outcome is a probe-labeled protein and a

ligand bearing only the toluene sulfonic acid that can leave the ligand-binding site

by simple diffusion (Fig. 21). The advantage of this approach is the noncovalent

nature of the ligand–protein adduct (in contrast to the covalent attachment of the

probe to the protein surface) which allows the protein to regain its native function

after the probe transfer. The method combines excellent target selectivity and site

specificity with the possibility to attach different kinds of probes, provided that a

suitable ligand for the POI is available and that a nucleophilic amino acid side chain

is able to react with the probe. The LDT-labeling technology allows tagging of

proteins inside cells as well as on the cell surface.

The scope of the so-called tosyl chemistry technique was initially tested on

carbonic anhydrase II (CAII) as the POI and benzenesulfonamide-containing

synthetic probes for three different detection modalities (fluorophores, biotin tag,
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19F-NMR probe) [106]. Experiments in test tubes (in vitro), human red blood cells,

as well as in live mice showed very specific labeling and no disturbing effect of the

probe on the catalytic activity of CAII after the removal of the small molecule

reagents. Since the ligand was specific for CAII, no background signal was

observed after washing out the unreacted ligand.

In the near future, it might be possible to label several distinct proteins with

different probes in the cell using LDT chemistry due to the ligand-determined target

selectivity. LDT chemistry might also be a powerful tool when it comes to studying

and engineering of biologically complex processes. In summary, the LDT approach

is part of the ongoing progress of expanding the power of organic chemistry in

biological systems.

6 Conclusion and Outlook

The number of methods for labeling proteins in living cells rapidly expands.

Especially, there are now several new bioorthogonal reactions available that are

applicable for this purpose. This development is essential as experiments performed

in cells become more and more important for many areas in the life sciences. What

is particularly needed in the future are methods that permit tagging of endogenous
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proteins because this will permit quantifying protein levels more accurately and

will reduce artifacts from protein overexpression. In this respect, the expansion of

the genetic code will hopefully penetrate further into the scientific community.

Another aspect that will develop in the near future is the use of several orthogonal

labeling techniques within a single experiment. This will largely increase the

information content and will allow following the relative timing of cellular events

simultaneously.
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Tetracysteine and Bipartite Tags for Biarsenical

Organic Fluorophores

Carla Spagnuolo, Marı́a Joselevich, Federico Coluccio Leskow,

and Elizabeth A. Jares-Erijman

Abstract Genetically encoded fluorescent tags enabling the direct determination of

biomolecular functions, interactions and dynamics in living cells and organisms,

have had a tremendous impact on cell biology. Key among them are the fluorescent

proteins, which despite their great utility present a number of shortcomings. Thus,

there has been a very active development of alternative approaches for chemically

labeling proteins in live cells, with special interest in small probe molecules. This

review depicts a comprehensive review of one of the most remarkable examples of

such approaches for intracellular targeting, namely biarsenical ligands that selec-

tively bind to tetracysteine motifs and bipartite dicysteine motifs incorporated into

protein targets. The state-of-the-art with respect to small biarsenical molecules and

peptide tags are presented, with consideration of their binding properties, labeling

aspects, photophysical properties, and applications. The latter include purification

of proteins, localization, trafficking and conformational changes of proteins, pulse-

chase labeling, chromophore or fluorophore-assisted light inactivation (CALI or

FALI), correlated fluorescence and electron microscopy (CLEM), and FRET-based

investigations. The development and applications of bimolecular tetracysteine tags
is a recent, promising extension of the method.

Keywords Biarsenical ligands � Bimolecular tetracysteine tags � CALI � CLEM �
Tetracysteine motifs
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1 Introduction

The advent of genetically encoded fluorescent tags for the direct determination of

biomolecular functions, interactions and dynamics in living cells and organisms has

had an immense impact on cell biology. Expression probes are peptides, proteins or

nucleic acids that the cell generates and locates either in its interior or on its surface.

They display an intrinsic and specific fluorescent signal or constitute a target for a

fluorescent probe supplied externally and/or taken up by the cell. Of the large

family of expression probes (see Table 2 in [1]), the visible fluorescent proteins

(VFPs) are in widespread use and constitute one of the most significant develop-

ments of the last years in live cell imaging, as exemplified by the award of the Nobel

Prize for Chemistry in 2008. However, despite their extreme versatility, VFPs are

unsuitable in many applications due to their large size (27 KDa). Smaller probes are

desirable in that they offer reduced stereochemical interference, faster rates of

labeling, and the ability to provide readouts in addition to or other than, fluores-

cence. Moreover, for the study of function over time, the limited photostability of
VFPs poses a distinct disadvantage, particularly in imaging processes at the single-

molecule level.

The family of biarsenical probes, introduced by Tsien and colleagues, constitute

a labeling strategy capable of addressing several of the limitations described

for VFPs. This strategy is based on a metal–chelation approach by which a

genetically encoded –CCxxCC– tetracysteine (TC) tag binds with high affinity to
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membrane-permeant biarsenical fluorophores [2–4]. The TC tag is only a few

amino acids in length (6–12), imposing fewer constraints than larger tags on the

introduction by fusion with the protein sequence at either end, in loops or within

domains. The fluorogenic nature of the biarsenical ligands is one of the unique

features of the system. The biarsenical dye, initially in a nonfluorescent complex with

EDT, becomes highly fluorescent upon binding to a target tag (Fig. 1). Griffin et al.

proposed that the small size of EDT probably permits rotation of the aryl–arsenic

bond allowing an excited state quenching by vibrational deactivation or photoin-

duced electron transfer. The peptide complex may evade such quenching because

its more rigid conformation hinders conjugation of the lone electron pair of the

arsenic atoms with the fluorescein orbitals [2].

A comparison between the properties and characteristics of fluorescent proteins

and biarsenical ligands with tetracysteine motifs is presented in Table 1.

The great expectations generated by the original publication showing the excel-

lent potential of the biarsenical ligands were somewhat tempered by the time and

effort required to overcome certain difficulties of application, especially when

trying to label species present at low concentration. The problems at the time

included: background staining caused by nonspecific binding due to the presence

of endogenous cellular proteins with thiols displaying a weak affinity for FlAsH,

aggregation of the TC tags through the formation of intermolecular disulfide

linkages, and other limitations such as the limited photostability of the probes or

the difficulty of reproducing their synthesis. Furthermore, the application of the

methodology was not possible in oxidizing environments since the reduced form of

the TC motif is easily oxidized. By this time, many of these limitations have been

overcome. Biarsenical compounds in combination with TC motifs are becoming

increasingly applied for the specific labeling of proteins and peptides with small

molecules. Key advances in the field include the introduction of high affinity and

high quantum yield peptide sequences by Martin et al. [1]. The identification of two

naturally occurring TC-containing sequences which have essentially the same

binding affinity for FlAsH as current CCPGCC tags, but forms brighter complexes

without intermolecular cross-linking was made by Wang’s group [5]. Other impor-

tant developments include photostable and pH insensitive compounds in the physi-

ological pH range [6], and methods such as CALI and correlated fluorescence and

electron microscopy (CLEM) (see below). The introduction of polar groups in the
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biarsenical structure led to a less hydrophobic molecule [7]. The lack of modular

structures was tackled by the introduction of SplAsH and its derivatives [8].

SplAsH is a nonfluorescent fluorescein derivative that operates as a carrier for a

second dye that can be virtually any molecule. Perhaps the main drawback of this

approach is the general lack of fluorogenicity.

2 Binding Properties

2.1 Sequence Matters

On the conformation of the complex. The original target peptide was designed

to favor the binding of the biarsenical probe in the i, i þ 1, i þ 4, i þ 5 positions

of an a-helix [2]. The name of the original biarsenical fluorophore, FlAsH-EDT2

Table 1 Comparison between fluorescent proteins and tetracysteine–biarsenical system [3]

Property Fluorescent proteins derived

from Aequorea and Discosoma

Tetracysteine–Biarsenical

System

Length of polypeptide (aa) 238–900 6–12

Maturation or time delay

to develop

fluorescence

Minutes to days Seconds to minutes

Chemical requirements O2 must be present Reducing environment

Toxicity concerns H2O2 generated 1,2-Dithiol requirement

Extinction coefficients

(mM�1 cm�1)

20–60 30–80

Fluorescence quantum

efficiencies

0.2–0.8 0.1–0.6

Fluorescence detection

limits

<1 mM Several mM

Utility for fluorescence

polarization assays

Limited because protein itself is

large enough to be rotationally

immobile, regardless of host

Very promising because tag

is small and rigidly

attached to its host

Fluorescence remaining

after denaturing gel

electrophoresis

None to slight Good, if boiling with excess

thiols avoided

Simultaneous multicolor

labeling of different

proteins

Yes Yes

Sequential (pulse-chase)

multicolor labeling of

a single protein

Possible by photobleaching or

without precise temporal control

Yes

Photoconvertible into

electron-microscopic

image

No Yes

Utility for affinity

chromatography

No Yes

Adapted with permission from [3]. Copyright 2002 American Chemical Society
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(Fluorescein Arsenical Helix binder, bis-ethanedithiol adduct) was based on the

a-helical stereochemistry conceived for the binding site, the peptide tag [2]. This

proposal has been since revised (see below). Sequence-affinity studies by the same

group showed that placing proline and glycine as the central amino acids flanked by

the two cysteine pairs led to complexes with the highest affinities [3]. However,

these complexes displayed a preference for a hairpin rather than an a-helical
conformation. Finally in 2009, Madani et al. determined by NMR the conformation

of the complex formed by the 12-mer peptide FLNCCPGCCMEP and ReAsH [9].

A family of conformations (Fig. 2) shows a relatively tight hairpin interacting with

the fluorophore and also closely with the N-terminal phenylalanine side chain. The

backbone structure of the peptide is fairly well-defined, with a hairpin-like turn,

similar to a type-II b-turn, formed by the central CPGC segment. Two clear

NOESY cross-peaks between the Phe1 side chain and ReAsH confirmed the close

positioning of the phenyl ring of Phe1 and ReAsH. Phe1 was found to have an edge-

to-face geometry relative to ReAsH. The close interaction between Phe1 and

ReAsH may be relevant for the fluorescence properties of the ReAsH complex.

As was mentioned before, FlAsH-EDT2 is nonfluorescent but develops bright

emission after addition of the TC peptide to displace EDT. The excitation and

Fig. 2 Structure calculation of the peptide bound to ReAsH, based on the NOESY-derived

distance constraints. The arsenic atoms are fixed to the cysteine thiol (colored red) at a distance
of 2.25 Å. An ensemble of the 30 best structures, which appear as semitransparent, represents the

peptide backbone and ReAsH, while the average peptide backbone structure from the ensemble,

including the Phe1 side chain and the ReAsH moiety, is shown as a solid line. The overlay was

made on the backbone atoms from residue 4 to 8 and also included ReAsH. Reprinted with

permission from [9]. Copyright 2009 American Chemical Society
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emission maxima are 508 and 528 nm, respectively, i.e., ~20-nm red-shifted

compared to the corresponding spectra of free fluorescein. After binding to the

CCPGCC motif, the quantum yield of the FlAsH–Cys4 complex is 0.49, more than

50,000 times brighter than unbound FlAsH [3]. The formation of the FlAsH–peptide

is essentially irreversible in the absence of excess of EDT.

Adams et al. measured the rate constants for the dissociation and formation of

the FlAsH–tetracysteine complex at neutral pH and in the absence of EDT [3],

assuming the reaction sequence:

FlAsH bis� arsenoxideþ tetracysteinepeptide

! FlAsH� tetracysteinepeptideþ 2H2O

It was found that the reaction of FlAsHO (FlAsH bis-arsenoxide) with excess

peptide in 5 mM MES follows pseudo-first-order kinetics. The various complexes

showed fast association rates, particularly those with the CCPGCC motif [3]. The

equilibrium dissociation constant values ranged from 2 to 70 pM at different

monothiol concentrations. Thus, biosynthesized TC sequences would become fluo-

rescent in just a few seconds depending on the availability of the biarsenical dyes,

which could be preloaded into the cell. By comparison, fluorescent proteins require

minutes to hours to develop their emission. Since the reaction studied by Adams did

not involve thiol exchange the reported binding rates might have overestimated the

rates of reaction.

In 2005 Martin et al. developed a retrovirally transduced mammalian cell-based

library approach for optimization of the residues flanking the TC motif, the goal

being to maximize binding affinities and quantum yields [1]. They identified

FLNCCPGCCMEP and HRWCCPGCCKTF as the best sequences, displaying the

highest fluorescence quantum yields upon binding and a remarkable resistance of

the TC–biarsenical complex to high concentrations of dithiol washes. The authors

suggested that large aromatic residues could function as a shield to protect the

complex from dissociation by competing thiols.

Wang et al. using a proteomic approach with cell lysates of the metal-reducing

microorganism Shewanella oneidensis, identified in 2007 two naturally occurring

tetracysteine containing sequences: S_peptide (GCCGGSGNDAGGCCGG) and

E_peptide (GCCGGHGHDHGHEHGGEGCCGG) [5]. The two peptides leaded

to complexes with improved quantum yields and most importantly, without forma-

tion of intermolecular cross-linking.

Moreover, also in 2007 Chen et al. applied a high-throughput peptide screen-

ing technique to identify alternate binding motifs, and found that the CCKACC

(KA tag) has a brightness similar to that of the classical sequence (CCPGCC),

but displays altered rates and affinities of association [10, 11]. The authors took

advantage of this property to accomplish differential labeling of coexpressed

proteins with the red probe ReAsH-EDT2 and FLAsH-EDT2. Thus, they fol-

lowed the expression of PG- and KA-tagged subunits of RNA polymerase in

E. coli. Specific labeling of two subunits of RNA polymerase in cellular lysates
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was achieved, whereby ReAsH-EDT2 was shown to selectively label the PG-tag

on RNA polymerase R-subunit prior to the labeling of the KA-tag sequence of

the b-subunit of RNA polymerase with FlAsH-EDT2. Their result showed that

chelation of ReAsH or FlAsH in the presence of EDT reduces the rates of

formation of the complex, yielding labeling times of approximately 10 min

(Fig. 3). Furthermore, the apparent binding affinities are also reduced in the

presence of EDT.

A very nice example of orthogonal labeling was recently developed by Z€urn
et al., who performed a sequential labeling method of two motifs: CCPGCC and

FLNCCPGCCMEP allowing site-specific labeling with FlAsH and ReAsH,

respectively [12]. The authors labeled the cell surface receptor for parathyroid

hormone and its cytosolic binding protein, b-arrestin, and showed their selective

visualization in intact cells. In addition, the orthogonal labeling allowed an

analysis of the interaction by colocalization and fluorescence resonance energy

transfer (FRET) [12].

A comparison of the affinities of the different sequences is shown in Table 2.
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2.2 Labeling Aspects

Complex formation requires reduced thiol groups and labeling with biarsenical

probes is typically performed in the presence of a reducing agent such as dithio-

treitol (DTT) or tris(2-carboxy)ethylphosphine (TCEP). The latter is considered a

better choice since high concentrations of DTT could compete with FlAsH, thereby

decreasing the efficiency of labeling [13]. Coadministration of micromolar concen-

trations of ethanodithiol or 2,3-dimercaptopropanol (also called BAL) prevents

unspecific binding of the biarsenical probes, but this procedure reduces the affinity

to the nanomolar range. Millimolar concentrations of these compounds can com-

petitively remove the biarsenical from the TC motif, allowing the labeling to be

reversed. On the other hand, the presence of monothiols like 2-mercaptoethanol

(ME) or 2-mercaptoethansulfonic acid (MES) as components of the buffer has

shown to favor the labeling inducing the right conformation of the complex [3].

Within the cell, the same task falls to the endogenous glutathione. The apparent

pKa of the fluorescein chromophore in the FlAsH–peptide complex was initially

measured as 5.4, and it was concluded that the fluorescence would not be sensitive

to variations in cytosolic pH near 7. However, further research showed a strong

dependence of the fluorescence upon pH and that the fluorescence signal associated

with the FlAsH–peptide complex has a transition point pH of ~7 [7]. The fluores-

cein moiety of the FlAsH–peptide complex has multiple pKa’s, two of which were

calculated to be 5.6 and 8.1 and assigned to the neutral-to-anion, and anion-to-

dianion transitions, respectively.

A detailed protocol for the labeling of tetracysteine-tagged proteins in intact

cells will be reported in Nature Protocols along with the publication of this book

(Tsien Personal Communication). Hoffman et al. describe a general labeling meth-

odology that can be applied to a wide range of proteins including those with low

expression levels. The authors discuss the problems and considerations to take into

account during the experiment in a very detailed fashion. The labeling procedure

using FlAsH-EDT2 as described is expected to take 2–3 h depending on the number

of samples to be processed.

Table 2 Apparent affinities of FlAsH-EDT2 and ReAsH-EDT2 for peptide tags

Kapp (mM)

ReAsH-Peptide PG [11] 1.3 � 0.2

ReAsH-Peptide KA [11] 3.3 � 1.2

FlAsH-Peptide PG [11] 0.24 � 0.09

FlAsH-Peptide KA [11] 0.85 � 0.23

FlAsH-PG_peptide [5] 2

FlAsH-S_peptide [5] 2

FlAsH-PG2_peptide [5] 3.5

FlAsH-E_peptide [5] 3.5

Apparent dissociation constant in presence of 200 mM EDT
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3 Biarsenical Probes: What Is Available or

the State-of-the-Art

A recent review authored by Soh describes available probes for different metal–

chelation methodologies for the chemical labeling of proteins [14]. FlAsH (1, 40,50-
bis(1,3,2-dithioarsolan-2-yl)fluorescein), the first biarsenical introduced by the

Tsien group in 1998 [2], was originally prepared in a single step by transmetallation

of commercially available fluorescein mercuric acetate, followed by the addition of

EDT to facilitate purification; the yields were poor. Improved general synthesis

methods for FlAsH-EDT2, ReAsH-EDT2 and other derivatives were reported by

the same group in 2002 [3] and in 2008 [15]. FlAsH-EDT2 and ReAsH-EDT2 are

commercially available as Lumio™ Green and Lumio™ Red, respectively, as part

of a labeling kit provided by Invitrogen Corporation (USA) (Fig. 4).

Several other biarsenical derivatives with complementary spectroscopic proper-

ties have been synthesized (Fig. 5).

3.1 ReAsH (2)

The phenoxazine analog of fluorescein was used to obtain a red biarsenical derivative.

Adams et al. proposed that this fluorophore is a better choice than rhodamine for
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avoiding steric interactions in the complex between the peptide and 30, 60-alkylamino

groups of rhodamine, which result in the loss of fluorescence [3]. As in the case

of FlAsH-EDT2, ReAsH-EDT2 is nonfluorescent but rapidly forms a fluorescent

complex with a TC-containing peptide (i.e., AcWEAAAREACCRECCARA-NH2).

This complex has excitation and emission maxima of 593 and 608 nm, respectively.

Thus, it is slightly red-shifted to resorufin. As a particular feature, ReAsH generates

reactive oxygen species upon illumination [16]. This characteristic may be problem-

atic for extended time lapse imaging of live cells, but enables targeted knockout

of protein function by chromophore–fluorophore-assisted light inactivation (CALI,
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FALI) and specific staining for correlated electron microscopy (see below). The

photostability and localization of ReAsH were studied at the single-molecule level,

showing that it is possible to measure the step sizes of biomolecular motors using this

probe [17].

3.2 HoXAsH-EDT2 (3) and CHoXAsH-EDT2 (4)

Blue-fluorescing biarsenicals (HoXAsH-EDT2 and CHoXAsH-EDT2) can be

generated by the usual mercuration and subsequent transmetallation reactions

upon 3,6-dihydroxyxanthone and its 2,7-dichloro derivative, respectively. These

compounds form isolable complexes upon binding to a TC peptide (i.e.,

AcWEAAAREACCRECCARA-NH2) with over 20-fold enhancement of fluores-

cence, and with excitation and emission maxima of 380 nm and 430 nm, respec-

tively [3]. CHoXAsH-EDT2 showed a brighter peptide complex (quantum yield of

0.35) and no pH sensitivity within the physiological range (pKa < 5). HoXAsH-

EDT2 and CHoXAsH-EDT2 are both less efficient than FlAsH or ReAsH with

respect to contrast, brightness, and photostability of the complexes. CHoXAsH-

EDT2 might be useful as a FRET donor for GFP or YFP (see below) and for

multicolor labeling with other biarsenicals or fluorescent proteins. Apart from the

initial reports, there have been no further applications of these compounds.

3.3 F2FlAsH-EDT2 (5) and F4FlAsH-EDT2 (6)

The pH sensitivity and limited photostability of fluorescein derivatives in the

physiological range constitute inherent limitations to the original biarsenical binding

motif. In order to overcome these drawbacks F2FlAsH-EDT2 (5) and F4FlAsH-

EDT2 (6), were synthesized and characterized as two new fluoro-substituted deri-

vatives from FlAsH-EDT2 [6]. F2FlAsH-EDT2, and F4FlAsH-EDT2 are practically

nonfluorescent but F2FlAsH shows a striking increase in fluorescence upon forming

a complex with a 12-mer sequence (FLNCCPGCCMEP, P12) as a model peptide

target (Fig. 6). The absorption maximum of the complex F2FlAsH-P12 (522 nm) is

shifted 11 nm to the blue, compared to FlAsH-P12, whereas the maximum of

F4FlAsH-P12 is displaced 17 nm to the red. Comparing to FlAsH-P12, F2FlAsH-

P12 has higher absorbance, larger Stokes shift, higher quantum yield, higher

photostability (Fig. 6), and reduced pH dependence. The emission of F4FlAsH-

P12 lies in a region intermediate to that of FlAsH-P12 and ReAsH-P12, providing a

new color and excellent luminosity with an increased fluorescence lifetime of 5.2 ns.

In addition, the two fluorinated probes form a new FRET pair with a substantially

larger Ro value than any obtained with these dyes. Also in this article, lifetimes and

anisotropies of the dyes bound to the peptide were reported for the first time [6].
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3.4 CrAsH-EDT2 (7)

In 2006 Cao et al. proposed that a less hydrophobic fluorescein derivative should

have reduced nonspecific binding [7]. They added a carboxyl group to fluorescein

and utilized the 5-carboxy derivative of FlAsH-EDT2 (CrAsH-EDT2) originally

synthesized by Adams et al. As in the case of FlAsH, CrAsH-EDT2 exhibits a

fluorogenic behavior and strong pH dependence upon binding to the TC motif.

However, the CrAsH–Cys4 complex reaches a maximum at about pH 7 and is

stable at higher pH. In contrast, the fluorescence signal associated with the FlAsH–

peptide complex is at a transition point near pH 7 (Fig. 7). CrAsH, therefore, should

be a more sensitive probe for quantitative fluorescence measurements, especially in

cases in which labeled proteins translocate between different cellular environments

(with different pH) or when stress factors induce pH changes [7]. The CrAsH–peptide
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complex has the disadvantage of being half as fluorescent as the FlAsH–peptide

complex and having a lower affinity for the TC peptide motif. However, CrAsH

shows less unspecific binding to hydrophobic proteins such as albumin than FlAsH.

Acetylation of CrAsH-EDT2 as a way to reduce the polarity that might interfere with

its ability to cross the cell membrane, led to the completely nonfluorescent, Acetyl-

CrAsH-EDT2 (8) [3].

3.5 SplAsH-EDT2 (9)

Inspection of the structures of Fig. 5 shows that biarsenicals in general are not

modular, i.e., the TC-binding moiety is coupled directly to the fluorophore. A type

of biarsenical probes introduced byBhunia et al., named SplAsH-EDT2, was designed

with the intention of extending the range of dyes that can be exploited with the TC

motif [8]. The authors synthesized the precursor SplAsH-EDT2-Boc starting from

commercial fluorescein. To ensure that the fluorescein-based targeting moiety would

not interfere with the fluorescence properties of the attached dye, they attached a

primary amine group to the aromatic carboxylic group and thus favored the formation

of a spirolactammoiety. SplAsHmaintains the planarity of the xanthene ring, exhibits

no inherent fluorescence, and provides a convenient handle for attaching fluorescent

dyes. According to the authors, SplAsH-EDT2-Bocwas easily synthesized and readily

purified. They also mentioned that the arsenic transmetallation reaction for this com-

pound proceeded with high yield (95%). Removal of Boc and subsequent reaction

with an active ester (or sulfonyl chloride) of the desired fluorophore leads to the

respective SplAsH conjugate: N-methylanthranilate (MANT), dansyl, diethylamino-

coumarin (DEAC), X-rhodamine (ROX), and Alexa-594 (Fig. 5). All of these dye

conjugates were stable and could be purified. Each of them imparts the fluorescent

properties of their respective payloads to the SplAsH conjugate and interestingly

exhibits the same specificity for the TC tag (FLNCCPGCCMEP) as FlAsH under

both native and denaturing conditions. In particular, the red rhodamine-based dyes

SplAsH-ROX and SplAsH-Alexa594 exhibit great photostability typical for such type

of fluorophores. The modularity of the SplAsH approach offers the flexibility for

specifically tailoring other properties of the conjugate to suit a given application, such

as solubility, cell-permeability, and photophysical properties.

Unfortunately, the SplAsH moiety itself lacks one of the most important char-

acteristics of the FlAsH-type biarsenical derivatives: its fluorescence does not

increase upon binding to a TC motif.

3.6 AF568-FlAsH (14) and Bio-FlAsH (15)

Novel modular biarsenical probes were introduced by Taguchi et al. in 2009 [18].

They synthesized two new FlAsH derivatives: AF568-FlAsH and Bio-FlAsH,

consisting of conjugates to Alexa Fluor 568 dye and biotin, respectively [18]
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(Fig. 5). These probes display unique advantages over FlAsH, such as improved

fluorescence properties, versatility of detection, and ease of affinity purification.

The authors exploited these probes in a new method for labeling extracellular and

cell surface proteins, called Instant with DTT, EDT, And Low temperature (IDEAL-
labeling). The high pH sensitivity and poor photostability of FlAsH precluded its

use in IDEAL-labeling. The synthesis of both derivatives was accomplished by

coupling the succynimidyl ester of CrAsH-EDT2 with Alexa Fluor® 568 6-carboxyl

cadaverine or a long chain derivative of biotin.

3.7 AsCy3-EDT2 (10)

A biarsenical probe intended for simultaneous use with FlAsH-EDT2 was designed

and synthesized by Cao et al. [11]. AsCy3-EDT2 is based on Cy3, a member of the

cyanine dye family, whose brightness and photostability are well-recognized [11].

AsCys3-EDT2 (Fig. 5) was designed to have a greater interatomic distance between

the two arsenic atoms (~14.5 Å) than FlAsH-EDT2 and its derivatives (~6 Å). As a

consequence, AsCy3-EDT2 and its complementary sequence do not interact with

the components of the traditional TC-biarsenical systems. Therefore, both labeling

systems can be used in the same cell in a biorthogonal manner. In addition, AsCy3

and FlAsH can act as a FRET couple.

The synthesis of AsCy3-EDT2 involved five steps, starting from 2,3,3-trimethyl-

indole and 1,4-butane sultone, with an overall yield of 38%. A complementary

binding sequence was designed (CCKAEAACC-Cy3TAG) with an affinity (Kd ¼
80 nM) comparable to that of FlAsH with the CCPGCC motif [3]. The absorbance

spectrum of AsCy3 is insensitive to the binding, whereas the fluorescence spectrum

is red-shifted from 568 to 576 nm with a 6-fold increase in quantum yield (0.28).

The fluorescence of AsCy3 is pH independent in the range 4–9. Compared to FlAsH

and ReAsH, AsCy3 shows superior photostability and a minimal environmental

sensitivity. The authors also claimed that binding of AsCy3 is rapid, and occurring

in <15 s, whereas under similar conditions FlAsH and ReAsH require minutes for

reaction.

3.8 BArNile-EDT2 (11)

Environment-sensitive fluorophores have been extensively applied in vitro to assess

conformational changes of proteins. Nakanishi et al. extended these studies to live

cells using an ad hoc designed biarsenical derivative of Nile Red (9-diethylamino-

5H-benzo[a]-phenoxazin-5-one) [19]. Nile Red is structurally similar to fluores-

cein; however, a bulky diethylamino group at the 9 position appears to hinder the

entrance of ethanedithiol. Therefore, the equally environmentally sensitive 9-amino

analog was preferable.
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BArNile-EDT2 was synthesized in seven steps starting from 2-hydroxy-4-nitroa-

niline and 2-hydroxy-1,4-naphthoquinone with an overall yield of 0.25%. The

fluorogenic nature of this compound is lower than that of FlAsH; that is, the

fluorescence increase upon complex formation is not as pronounced. A possible

rationale is that aminobenzophenoxazone, the fluorophore of BArNile, has an

inherently lower quantum yield in polar environments such as water, and even a

higher emission in nonpolar solvents (Fig. 8). In contrast, fluorescein (FlAsH) is

highly fluorescent in water. FRET experiments were used to confirm that BArNile

can bind to the TC motif inside live cells.

3.9 Mansyl-FlAsH-EDT2 (12)

Following the intention of developing a protein conformation indicator with

increased sensitivity than BArNile-EDT2, Nakanishi et al. designed a fluorophore

capable of undergoing photoinduced electron transfer (PET) [20], a property highly

sensitive to the molecular environment.

The fluorescence quantum efficiency of fluorescein (the fluorophore of FlAsH) is

known to be affected by variations of the energy level of its benzoic acid moiety via

a PET-process [21]. Therefore, the authors attached a mansyl group to the benzoic

acid moiety of FlAsH-EDT2 so as to obtain mansyl-FlAsH-EDT2 as a new fluores-

cent probe (Fig. 5). The extended benzoic acid moiety promotes a more flexible

interaction of the fluorophore with protein surfaces. Thus, the fluorophore is more

sensitive to the protein conformational change than BArNile, which is rigidly

attached to the TC motif. 5-aminofluorescein was used as the starting material for
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the synthesis of mansyl-FlAsH-EDT2 following the classic methodology of mer-

curation and transmetallation.

The fluorescence of both mansyl-FlAsH conjugates to calmodulin recom-

binants was far stronger than that of mansyl FlAsH-EDT2. No emission peaks

could be observed corresponding to the mansyl moiety (when excited at 330 nm,

an emission peak was expected around 450 nm) suggesting that the excited

energy of the mansyl moiety transferred to the fluorescein group within the

same molecule. Nevertheless, the quantum efficiencies of mansyl FlAsH–tetra-

cysteine complex were less than of FlAsH-TC, indicating a partial fluorescence

quenching of mansyl FlAsH via the PET process as mentioned above. The

maximal fluorescence changes of mansyl FlAsH for the conformational rear-

rangement of calmodulin recombinants were two times higher than the fluores-

cence change with BArNile. This finding confirms the prediction that the

extended benzoic acid moiety enables flexible interactions between the fluoro-

phore and the protein surface and shows that mansyl-FlAsH is highly dependent

on protein conformational changes.

3.10 CaGF (13)

The genetic targetability of biarsenical dyes can be combined with the fast kinetics

and small size of organically synthesized calcium indicators. In this framework, an

interesting biarsenical compound that detects calcium was introduced recently by

Tour et al. [22]. Calcium green FlAsH (CaGF-EDT2, Fig. 5) was designed and

synthesized as a triple hybrid combining a fluorescein with biarsenical substituents

and a BAPTA-like chelator (BAPTA: 1,2-bis(o-aminophenoxy)ethane-N,N,N0,N0-
tetraacetic acid). The BAPTA-like domain provides the Ca2+ binding site, the

fluorescein structure is the fluorophore, and the two arsenic atoms that form four

covalent bonds with the two pairs of cysteines of the tagged peptide provide genetic

targetability [22].

As expected for biarsenical dyes, the CaGF fluorescence is highly quenched

when the dye is not bound to a TC peptide. Peptide binding increases the fluores-

cence more than 4-fold, after which Ca2+ binding enhances the fluorescence a

further tenfold with a Kd ¼ 100 mM for Ca2+. The rate constants for Ca2+ binding

were too high for experimental resolution, yet using a stopped-flow apparatus the

authors determined that the dissociation rate constant was >2 s–1. This value is

consistent with the >20,000 s–1 rate constants of structurally similar calcium-

binding molecules with comparable Kd’s.

The presence of multiple carboxylates in CaGF imparts greater hydrophilicity

compared to FlAsH or ReAsH. For this reason, CaGF was less membrane perme-

able than other biarsenicals and it was necessary to generate an ester derivative in

order to test CaGF in living cells. CaGF/AM penetrated living cells, and after

esterase cleavage successfully bound the target protein. CaGF-EDT2 was added

to HeLa cells expressing TC-tagged connexin 43. The gap junctions were
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successfully labeled and Ca2+ waves through gap junctions were monitored in real

time (Fig. 9).

3.11 DOPA–Biotin–FlAsH (16)

Liu et al. developed a label transfer method that eliminates the need for covalent

modification of the protein of interest [23]. The procedure involves tagging the

“bait” protein with the TC-containing peptide (CCPGCC) and binding to a FlAsH

derivative containing a tethered biotin and DOPA residues (Fig. 10). When DOPA

is oxidized with sodium periodate, it is transformed into a reactive ortho-quinone

Fig. 9 In vitro and intracellular titration of CaGF fluorescence. (a) Structure of CaGF bound to a

TC-containing peptide or protein. (b) In vitro calibration of CaGF; fluorescence increased ca. tenfold

(concentration is indicated in red above the traces). (c) A large gap junction between two HeLa

cells expressing recombinant connexin 43 tagged with a TC in its C-terminus and stained with CaGF.

(d–g) Intracellular calibration of CaGF bound to cx43-GFPC4. A field of cells with an en-face

and a perpendicular gap junction (red and blue arrows, respectively) bathed in zero calcium plus

1 mM EGTA (d); the same field in 15 mM calcium (e); raw data of CaGF titration (f). The calcium

concentrations are indicated by numbers: 1 ¼ 15 mM; 2 ¼ zero calcium plus 1 mM EGTA; 3 ¼
25 mM; 4 ¼ 100 mM; 5 ¼ 400 mM and 6 ¼ nominal zero estimated at 3 mM. (g) Dose–response

curves constructed from the data shown in f (red,Kd¼ 50 mM; blue,Kd¼ 61 mM) [22]. Reprinted by

permission from Macmillan Publishers Ltd: Nature Chemical Biology. Copyright 2007
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that can cross-link with nearby nucleophilic amino acids only when the reactive

partners are held in close proximity. If this is the case, cross-linking takes place and

the biarsenical complex can be dissociated by boiling in an excess of dithiol,

resulting in transfer of the biotin label to nearby partner proteins [23].

The photophysical properties of the probes described above are summarized in

Table 3.

Protein complex

FRP = CCPGCC

A

FRP FIAsH

Biotin

DOPA NaIO4

BAL
SDS

A A
A

B
B B

X X
B

Fig. 10 Label transfer system designed by Liu and col. Reprinted with permission from [23].

Copyright 2007 American Chemical Society

Table 3 Properties of biarsenical dyes and some of their conjugates

lex (nm) lem (nm) Fluorescence

quantum yield

Єmax

(M�1 cm�1)

Fluorescein 494 521 0.92 –

FlAsH-EDT2 508 – – 41,000

FlAsH-Cy4 508 528 0.49 –

FlAsH-P12 511 527 52,000

FlAsH- CaM4Cys – – 0.80 –

FlAsH-CAMpep – – 0.83 –

ReAsH-EDT2 579 – – 63,000

ReAsH-Cy4 593 608 0.2 –

ReAsH-AcWEAAAREACCRECCARA-NH2 590 632 – –

HoXAsH-Cy4 – – 0.12 –

CHoXAsH-AcWEAAAREACCRECCARA-

NH2

388 433 0.35 –

BArNile- CaM4Cys 520 604 0.034 –

BArNile- CaMpep – – 0.037 –

Mansyl-FlAsH-CaM4Cys 480 540 0.14 –

Mansyl-FlAsH-CaMpep – – 0.053 –

F2FlAsH-P12 500 522 – 65,500

F4FlAsH-P12 528 544 – 35,100

AsCy3 560 568 0.28/6 –

AsCy3-Cy3TAG 560 576 0.28 180,000

SplAsH-MANT 332 415 – –

SplAsH-Dansyl 351 497 – –

SplAsH-DEAC 418 465 – –

SplAsH-Alexa594 582 617 – 71,000

CrAsH-EDT2 – 513 – 15,221

CrAsH-CCKACC – – – 172,191

CrAsH-CCKACC – – – 17,780
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4 Applications of the Biarsenical–Tetracysteine Technology

In this section we describe a number of applications of the biarsenical–TC complexes

serving as analytical tools, as well as in the study of biological systems in vitro

and in vivo. It is interesting to notice the remarkable variety of applications of this

technology, showing its versatility and potential.

4.1 Purification of Proteins

The high specificity of the binding combined with the low occurrence of endoge-

nous proteins containing TCmotifs provide the basis for a convenient application of

immobilized biarsenicals to purify proteins of interest. One example is provided by

Adams et al. [3]. They immobilized the N-hydroxysuccinimide ester of 5-carboxy-

FlAsH-EDT2 to an amino modified agarose support. This affinity matrix was mixed

with lysate from bacterial cells expressing a low level of calmodulin containing

an inserted TC site. The desired protein was eluted with a high concentration of

2-dimercaptopropanesulfonate. SDS-PAGE of these fractions (Fig. 11) indicated a

high and comparable purity to the same protein construct purified by a conventional

polyhistidine: Ni2+-NTA method. Unlike the latter, the biarsenical–TC method

requires milder elution conditions. This result agrees those obtained earlier by

Thorn & col. for the purification of kinesin [24].

In order to achieve effective high-throughput electrophoretic analysis, Feldman

et al. investigated the binding of FlAsH to TC-tagged proteins fractionated by

microplate array SDS-PAGE [25]. The proteins were treated with FlAsH prior to

gel electrophoresis, becoming fluorescent and thus detectable upon exposure to UV

light. Conveniently, the fluorescence signal was conserved even when the protein

was denatured by the SDS, and the stoichiometry remained constant, i.e., at one

fluorescent reporter molecule per protein molecule [25].

Fig. 11 Affinity purification

by a tetracysteine tag yields

protein of purity similar to

that by conventional his6 tag.

Reprinted with permission

from [3]. Copyright 2002

American Chemical Society
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4.2 Localization, Trafficking and Conformational Changes
of Proteins

The PhoP/PhoQ two-component system regulates numerous virulence phenotypes

in Salmonella enterica. Using the FlAsH labeling technique, Sciara et al. examined

PhoP cytolocalization in response to extracellular Mg2+ in vitro and in vivo [26]

(Fig. 12). They found that previous permeabilization of the cells envelope of gram-

negative bacteria to the dye was unnecessary, as the same labeling efficiency was

achieved without the treatment. They also determined that the 1 FlAsH : 10 EDT2

Fig. 12 Cytolocalization of PhoP in the SCV (Salmonella-containing vacuole in macrophages).

A gentamicin protection assay was carried out infecting murine macrophage RAW264. The

fluorescence pattern observed for the phoP/pPhoPAs (a) or the 14028s/pGFP (b) strains used for

infection, previously grown in either LB without or with addition of Mg2+, as indicated, is shown.

DIC and fluorescence images of the macrophages after infection were acquired. An overlay of the

green (GFP or FlAsH-stained PhoPAs) and blue (DAPI stain for DNA) fluorescence in macro-

phage-infected cells with bacteria grown in inducing (left) or repressing (right) Mg2+ conditions is

illustrated. Reprinted by permission from [26]. Copyright 2008
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ratio was the most effective in their labeling conditions, and demonstrated that a

preferential localization of PhoP under inducing and repressing conditions, consti-

tuting a new insight into the mechanism of the PhoP/PhoQ system.

The advantages of TC tag labeling over VFPs were clearly demonstrated in

another gram-negative model organism. Senf and coworkers studied the polar

secretion of proteins via the Xcp type II secretions system in Pseudomonas aeru-
ginosa [27]. Expression of chimeric XcpS and XcpR proteins fused to GFP did not

restore the secretion of elastase, the mayor substrate of the Xcp system, in xcpS and
xcpR mutants respectively. These results indicated that these GFP-fusion proteins

were not functional. They then placed the TC tag in both the N-terminal and

C-terminal of XcpS and XcpR. Surprisingly; only the C-terminally tagged proteins

rescued the secretion system in the mutant strains. These functional recombinant

proteins were used to determine the localization of the Xcp system in P. aeruginosa
at the poles of the cells. Moreover, it was also shown by direct visualization of the

Xcp-mediated protease secretion that this phenomenon takes place at the poles [27].

Another interesting example of the use of this labeling strategy in the localiza-

tion of a protein of interest was reported by Panchal et al. [28]. The matrix protein

VP40 plays a critical role in Ebola virus assembly and budding, a process that

utilizes specialized membrane domains known as lipid rafts. The study involved the

imaging of Ebola VP40 in live cells with FlAsH, revealing the localization of VP40

in plasma membrane rafts in human cells and the enrichment of VP40 oligomers in

DRMs detergent-resistant membranes, virus-like particles (VLPs), and in the virus.

The authors also identified C-terminal residues critical for membrane association

and vesicular budding.

The work of Ignatova et al. has enabled the determination of the stability and

aggregation of mammalian cellular retinoic acid-binding protein I (CRABP I)

directly in bacterial cells [29]. The unfolding of labeled TC-CRABP I was accom-

panied by enhancement of FlAsH fluorescence, which made it possible to determine

the free energy of unfolding of this protein by urea titration in cells and to follow in

real time the formation of inclusion bodies by a slow-folding, aggregation prone

mutant (FlAsH-labeled P39A tetra-Cys CRABP I). The aggregation in vivo dis-

played a concentration-dependent apparent lag time similar to observations of

protein aggregation in purified in vitro model systems.

The conformational changes of proteins in live cells were monitored by Nakanishi

et al. using Mansyl-FlAsH-EDT2, the environment-sensitive biarsenical probe des-

cribed above [19]. The high sensitivity of the fluorophore to its environment enabled

monitoring of the conformational changes of the proteins in live cells as changes in

fluorescence intensity. The present method was applied to calmodulin (CaM), which

exposes hydrophobic domains depending on the Ca2+ concentration.

The use of TC tags has proven useful in real time studies of the relocalization

of proteins within different cell compartments. In particular, Muñoz-Pinedo

et al. showed by labeling different mitochondrial intermembrane-space proteins

with FlAsH and ReAsH that their release during apoptosis is coordinately initi-

ated but can vary in duration [30]. These results support the model by which the
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permeabilization of the mitochondrial membrane is due to the rapid formation of a

pore that allows the release of many soluble proteins.

4.3 Pulse-Chase Labeling

Due to the high stability of the TC–biarsenical complex (complex stabilities of up to

weeks [3]) a two-color pulse chase of protein turnover allowing one to distinguish

between old and newly synthesized proteins, can be performed with the sequential

addition of biarsenical probes. As opposed to the traditional method based on the

incorporation of radioactive amino acids, this technique permits continuous imag-

ing of the cell. The method was first introduced by Gaietta et al., to study the

turnover of gap junctions in HeLa cells [16]. Gap junctions are channels formed by

connexins subunits and they connect adjacent cells. The authors reported the

modification of connexin43 with a C-terminal TC motif and the labeling of the

old protein with FlAsH and the subsequent newly synthesized with ReAsH. Varia-

tions of the staining interval showed freshly synthesized protein (red) on the outside

of the plaque and older protein removed (green) from its center, in addition to the

protein trafficking through the cytoplasm.

Another protein of interest studied by means of the pulse-chase methodology

was the AMPA receptor (AMPAR). Ju et al. investigated the trafficking and

synthesis of the subunits GluR1 and GluR2 by labeling with FlAsH and ReAsH

[31]. They used sequential ReAsH/FlAsH labeling to identify the AMPARs that had

been recently synthesized in a known, finite time period. Their work provided a

novel mechanism for synaptic modifications and established several advantages of

using this labeling strategy in the study of trafficking and synthesis of proteins in a

cellular compartments. The sequential staining provided high sensitivity while

retaining high specificity.

4.4 Chromophore- or Fluorophore-Assisted Light Inactivation

CALI is a technique that allows a controlled inactivation of selected proteins with

high spatial and temporal resolution in living cells. Normally, an antibody is used to

direct a fluorophore to the protein of interest. A local generation of reactive oxygen

species (ROS) is induced by illumination, which reacts with the protein and

inactivates it. The use of TC tags to direct the fluorophore has several advantages

over the use of antibodies.

Marek et al. first demonstrated this application in live organisms by introducing

a TC tag into the cytoplasmatic tail of Drosophila synaptotagmin I (Syt I), a protein

involved in transmitter release at synapses and neuromuscular junctions [32].

The TC tagged Syt I has been shown to be functional, inasmuch as it rescues the

syt I null mutant fly to adult viability. The FlAsH labeled protein was correctly
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localized at the neuromuscular junction as seen by FlAsH staining in rescue larvae.

This experiment demonstrated for the first time that FlAsH could be used to label

proteins in live transgenic animals. Efficient labeling was achieved when incubat-

ing with FlAsH even for as little as 5 min of labeling followed by 5 min of rinsing.

Control wild-type flies showed no fluorescence at the synapses or elsewhere when

treated under identical labeling conditions. Recombinant tagged Sty I labeled with

FlAsH was successfully inactivated after a few seconds of illumination with a

mercury lamp in an epifluorescence microscope. This feature is of great advantage

compared to probing with VFPs since no laser illumination is needed and higher

levels of inactivation are achieved. Neurotransmitter release by Sty I causes

changes in the excitatory postsynaptic potential (EPSP). After a minute of illumi-

nation, complete inactivation of Sty I was reached as the EPSP dropped to a plateau

with similar levels of release as the null mutant. Importantly, continuous illumina-

tion for up to 10 min did not cause any further changes in EPSP. This powerful

technique is a significant addition to the arsenal of tools available for studying

protein function in vivo, and it was used in Drosophila to successfully inactivate

other proteins such as clathrins light and heavy chains [33, 34]. Venken et al.

developed an elegant procedure to generate TC protein fusions at either terminus in

a genomic context using recombinant engineering [35]. This methodology allows

an efficient and quick tagging of proteins under endogenous control of expression in

flies. The authors successfully tagged and inactivated several genes. The recombi-

nant proteins show normal expression, activity, and no toxicity when labeled with

FlAsH, demonstrating the power of this technique.

4.5 Correlated Fluorescence and Electron Microscopy

Fluorescent staining of intracellular components with appropriate dyes may also be

visualized at much higher resolution by electron microscopy (EM) using photo-

conversion of diaminobenzidine (DAB). Under intense illumination, some dyes

catalyze the formation of singlet oxygen causing highly localized polymerization of

DAB into an insoluble osmiophilic precipitate visible by EM.

Gaietta et al. illustrated how ReAsH (described earlier) can be used for correlat-

ing optical recording of live cells and ultrastructural analysis by electron micro-

scopic images [16]. They used this technology to study the trafficking of connexin

(the gap junction channel) to the cell surface monitoring by fluorescence and with

electron microscopy snapshots of the photoconverted product, yielding detailed

ultrastructural information (see Fig. 2 in [16]).

In subsequent work by the Ellisman group [36], the former methodology was

applied to study the Golgi apparatus during cell division. Duplication of the Golgi is a

complex and controversial process. During mitosis it undergoes vesiculation and

fragmentation and its components are found scattered throughout the cytoplasm in

the form of Golgi clusters and thousands of small vesicles. These vesicles, also known

as the Golgi haze, are approximately 50 nm in size, i.e., below the resolution of light
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microscopy. Using the first 117 aminoacids of a-mannosydase II, a Golgi-resident

enzyme fused toGFPwith a C-terminal TC-tag, it was possible tomonitor the changes

occurring to the Golgi apparatus during mitosis. The fluorescent protein allowed

direct live imaging without any labeling, and labeling with ReAsH was used both

for live cell imaging and for FRET-based studies. In addition, the ReAsH labeling and

further photoconversion of DAB led to high resolution analysis by electron micros-

copy. It was possible to label the recombinant Golgi-resident protein in the oxidizing

environment of the Golgi lumen but it was necessary to treat the cells withmembrane-

permeant reducing agents such as tributylphosphine or trietylphosphine. These pro-

cedures allowed the authors to image Golgi fragmentation and reconstitution during

mitosis both by light microscopy and EM, showing that the Golgi reassembly is

preceded by the formation of four collinear clusters at telophase, two per daughter

cell, that migrate and rejoin on the far side of each nuclei to asymmetrically reconsti-

tute a single Golgi apparatus first in one daughter cell and then in the other.

5 FRET-Based Investigations

Imaging Fluorescence Resonance Energy Transfer (FRET) is a powerful tool for

studying changes and molecular interactions of biomolecules in their physiological

cellular environment [37, 38]. Biarsenicals constitute useful donor–acceptor pairs,

in combination with other fluorophores, fluorescent proteins, or another biarsenical.

Hoffman et al. investigated the activation of the G protein-coupled receptor

(GPCR) by FRET monitoring, comparing the use of CFP/FlAsH pair and CFP/ YFP

[39]. The FRET signals gave an improved detection of the GPCR activation in

single living cells without alteration of the receptor function.

Evans and Walker obtained significant results in a study of the ability of the

endothelins ETA and ETB to form homo and heterodimers that could affect receptor

trafficking and function. They measured conformational changes bymeans of FRET

between CFP and FlAsH, instead of YFP which could interfere with the receptor

function or orientation in the membrane [40].

In 2006 Liu et al. reported on a single-molecule FRET study of interactions

between FlAsH labeled Calmodulin (CaM) and Texas Red labeled oligomer C28W,

the effective CaM-binding sequence of the plasma membrane Ca-ATPase [41].

They also studied the single-molecule fluorescence polarization of unlabeled C28W

peptide interacting with FlAsH labeled CaM. Only when CaM and C28W interact

or bind to each other can the distance between FlAsH and Texas Red fall in the

FRET-resolvable range (2–10 nm) (Fig. 13). The authors were able to resolve

binding–unbinding motions of the N-terminal domain of the CaM in CaM/C28W

complexes, providing strong evidence for a two-state binding interaction of CaM-

mediated cell signaling.

Another example of FRET measurements based on a pair FlAsH-fluorophore

was reported by Granier et al., who used fluorescence resonance energy transfer

to examine ligand-induced structural changes in the distance between two
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positions on the b2-adrenoreceptor (AR) C-terminus and cysteine 265 (Cys-265)

at the cytoplasmatic end of the transmembrane domain [42]. The donor fluor-

ophore FlAsH was attached at position 351–356 in the proximal C-terminus or at

the distal C-terminus. As acceptor, Alexa Fluor 568 was attached to Cys-265.

FRET analyses provided new insight into the structure of the C-terminus of the

b2-AR as well as ligand-induced conformational changes, relevant to regulation

and signaling.

5.1 FRET Measurements Between Members of
the Biarsenical Family

Robia et al. performed the site-directed labeling with FlAsH and ReAsH of several

positions of phospholamban (PLB), a protein associated with dilated cardiomyopa-

thy and heart failure in humans [43]. The calculated transfer radii were comparable

to distances predicted by a computer molecular model of the phospholamban

pentamer constructed from NMR solution structures.

In 2007 Roberti et al. generated a recombinant a-synuclein (a-synuclein-C4)
bearing a TC target for fluorogenic biarsenical compounds [44]. a-Synuclein is

a major component of intraneuronal protein aggregates constituting a distinctive

N-terminal
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Fig. 13 CaM and C28W interaction process (A) CaM without C28W interaction; (B) the C-

terminal domain of CaM binds to the N-terminal domain of C28W; (C) CaM tightly binds to

C28W through both domains. Reprinted with permission from [41]. Copyright 2006 American

Chemical Society
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feature of Parkinson disease. Direct imaging of a-synuclein aggregation was

possible inside living cells via the monitoring of FRET between FlAsH and ReAsH

in microaggregates, confirming the close association of fibrillized a-synuclein-
TC molecules (Fig. 14). The results indicate that reliable FRET between FlAsH

and ReAsH, and presumably between improved biarsenical FRET pairs like

F2FlAsH–F4FlAsH [6], constitutes a valuable reporter of dynamic protein– protein

interaction in associated and aggregated forms of a-synuclein and other systems.

Recently, the Hoffman group developed a sequential labeling procedure of intra-

cellular proteins in intact cells with minimal disturbance of their function using

Fig. 14 Characterization of aggregated a-synuclein-C4 in vitro and in cells by apbFRET micros-

copy. (a) Determination of EFRET in aggregates prepared from a 1:4 monomer mixture of

a-synuclein-C4–FlAsH and a-synuclein-C4–ReAsH in vitro. FlAsH emission before and after

ReAsH photobleaching (left), ReAsH emission channel before and after photobleaching (middle)
and EFRET map (right). (b) Histogram of the EFRET values obtained from the set of aggregates

(number of samples, n ¼ 5), calculated on a pixel-to-pixel basis. The distribution was fitted to

a Gaussian function, mean EFRET ¼ 36%. (c) Living SH-SY5Y cells transiently expressing

a-synuclein-C4, labeled with a 1:4 mixture of FlAsH and ReAsH. FlAsH emission channel before

and after ReAsH photobleaching (left), ReAsH emission channel before and after photobleaching

(middle) and EFRET (right). Scale bars, 10 mm (top) and 20 mm (bottom). (d) Two-dimensional

histogram of the correlation between FlAsH fluorescence intensity and EFRET. For each sample,

the values of the histogram within the red box were mapped back onto the FlAsH fluorescence

image (right), to highlight the regions (red) that jointly displayed high FlAsH fluorescence and

high EFRET. The color scale bars represent frequency (number of pixels). Reprinted by permission

from [44]. Copyright 2007
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FlAsH and ReAsH [12]. The labeling was orthogonally directed to two different

motifs CCPGCC and FLNCCPGCCMEP, which bind FlAsH and ReAsH, respec-

tively, as a consequence of differential affinities. The motif with the highest affinity,

FLNCCPGCCMEP, was inserted into the C-terminus of a PTH receptor located on

the cell surface, and the motif with the lowest affinity, CCPGCC, was fused to the

C-terminus of b-arrestin2, its binding protein in the cytosol (Fig. 15).

The procedure resulted in virtually no background, but essentially complete

labeling of the two sites. It was not possible to label the ReAsH-site with FlAsH

after the ReAsH labeling step. Thus, despite its higher affinity FlAsH did not

displace ReAsH from the FLNCCPGCCMEP motif, confirming the site specificity

of the labeling procedure. This orthogonal and specific nature of the labeling

allowed the authors to demonstrate the agonist-dependent interaction of the two

proteins by colocalization and by FRET between the labels.

6 Bimolecular Tetracysteine Tags

Bimolecular fluorescence complementation has been widely used to monitor pro-

tein folding and protein–protein interactions as an alternative to FRET [45].

Chimeric proteins carrying a split GFP in their primary sequence have been utilized

as biosensors by taking advantage of the reconstitution of GFP to monitor confor-

mational changes [46]. Similarly, protein interactions have been approached by

means of reconstituting the fluorescence of two chimeric interacting proteins, each

carrying complementary halves of VFPs. Although this method has been success-

fully used [45], it presents several constrains such as the time it takes to restore the

fluorescence and the size of the proteins.

In contrast, TC tags have proved to be ideal for this purpose. The strategy is to split

the TC motif by placing two cysteine pairs on interacting proteins or distal in the

primary sequence of a single protein such as they come into close proximity when

the proteins interact or when the protein is folded in a particular conformation. Thus,

the bulky VFPs commonly used in cellular fluorescence assays and FRET-based

biosensors are replaced by just two Cys–Cys pairs that when assembled into close

proximity (about 7 Å), bind to biarsenical dyes and form a stable fluorescent complex.

Fig. 15 Schematic representation of the labeling protocol. Initially, the FLNCCPGCCMEP motif

in the PTH receptor (asterisk) as well as the CCPGCC motif in b-arrestin2 (hash) were both

covalently labeled with ReAsH (R). In a washing step with BAL, ReAsH was selectively removed

from the CCPGCC motif in b-arrestin2. Finally, the latter motif was again labeled with FlAsH (F).

Reprinted with permission from [12]. Copyright 2010 American Chemical Society
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The changes in fluorescence upon binding of a biarsenical to the reconstituted motif

are higher than those due to FRET, as was first demonstrated by Luedtke et al. by

reconstituting intra- and intermolecular bipartite TC displays on four structurally

characterized polypeptides and protein domains [47]. Reconstitution of intramolecu-

lar bipartite TCswas achieved using avian pancreatic polypeptide (aPP) and Zip4, two

well-folded polypeptides forming a-helix and b-sheet structures respectively, which
were modified to contain one-half of TC motif at each terminus [47]. Intermolecular

bipartite TC display reconstitution was also accomplished by using the protein–

protein dimerization domains from the basic region leucine zipper (bZIP) proteins

GCN4 and Jun. These were modified to contain a single dicysteine motif at the C- and

N-terminus, respectively. After dimerization the dicysteine-peptides formed stable

complexes with FlAsH with apparent dissociation constants (Kapp) comparable to

those of optimized linear tetracysteine sequence. The brightness, quantum yield, and

extinction coefficient of the FlAsH complexed to Jun, aPP, andGCN4 at saturation are

comparable to that of the optimized linear tetracysteine complex and show a 1:1

protein FlAsH stoichiometries [47].

Using the same approach it is possible to differentiate folded and misfolded

polypeptides. By introducing destabilizing point mutations in aPP (F24P, Y31P)

and Zip4 (W9A, W16A), without affecting their secondary structure, their emission

intensities after binding biarsenical dyes diminish two- to tenfold as compared to

the wild-type complexes. Analogously, bipartite TC motives serve to detect inter-

molecular protein assemblies. Weakening the formation of GCN4 and Jun dimers

by introducing point mutations at the dimerization interface (L20P), drastically

diminish the affinity to FlAsH and ReAsH and lower fluorescence brightness of the

complexes [47]. Thus, biarsenical affinity and brightness are sensitive to the precise

tetracysteine arrangement.

These experiments proved the principle that well-folded polypeptides and pro-

tein–protein binding domains, when properly adapted for bipartite TC motives,

bind biarsenicals with high affinity and generate fluorescence signals that rival the

optimized linear TC display. Moreover, bipartite TC display can be used to sense

discrete conformational states and to trace stable protein–protein interactions.

It is interesting to consider related experiments by Krishnan and Gierasch

describing intramolecular bipartite display between adjacent b-strands in the cellu-
lar retinoic acid-binding protein I (CRABP I) [48]. CRABP I is a 136 aminoacid

protein containing ten antiparallel b-strands in a close b-barrel. The authors con-

structed several bipartite CRABP 1 mutants by introducing two pair of cysteines in

alternating positions (Cys–Xaa–Cys) on adjacent b-strands. The four thiols are

situated so as to form a FlAsH binding site on the folded protein. Although the

authors showed successful coordination of FlAsH to these variants under permis-

sive conditions, a lower affinity and quantum yield of the bound FlAsH was

observed, as compared to the C-terminus liner TC tag. This finding indicates that

biarsenical binding is sensitive to the inherent flexibility of the TC configuration,

suggesting that these might best be placed in flexible regions.

The Schepartz group went one step forward in examining the requirement of a

flexible environment by evaluating the viability of reconstituting intramolecular
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bipartite moieties between adjacent loops of the oncogenic protein p53, and

between adjacent b-strands of the robust b-barrel folded EmGFP [49]. Under

stringent conditions, only on those proteins whose thiols are located within flexible

regions bound biarsenicals with high affinity and generated fluorescence com-

plexes. These regions were always located within protein loops; neither binding

nor fluorescence was detected when thiols were located within rigid b-strands.
It can be concluded that the utility of bipartite TC display will depend on how

easily and predictably the split Cys–Cys motif can be introduced into proteins of

complex structure. In the case of intramolecular bipartite display, the chances of

success are clearly increased when the Cys–Cys pairs are located in loops rather

than stiff b-strands.

7 Conclusion: Pros and Cons

The specific targeting with biarsenical compounds presents unique features. In first
place, the biarsenical derivatives show a dramatic increase in fluorescence upon

binding to their target, minimizing the deterioration in contrast from background

contributions in labeling experiments.

Secondly, the TC motif is sufficiently small so that it can be fused not only to the
C-terminus of a protein, but it can also be incorporated into loops or on the outer

surface of the protein of interest, thereby decreasing the chance of interference with

the target protein function. In addition, the probes are generally membrane perme-

able and do not require complicated procedures such as microinjection.

Additionally, the stability of the biarsenical–TC motif interaction and the avail-

ability of different colors enable the consecutive labeling of fusion proteins in

pulse-chase experiments.

A further advantage of the biarsenical targeting is that it allows the fluorescence

detection to be confirmed by electronmicroscopy. This requires labelingwithReAsH-
EDT2, which photoconverts diaminobinzidine into an electron-rich precipitate.

Finally, a very important quality of biarsenical labels is that they can be used as

mediators of specific techniques such as (CALI).

Currently, several biarsenicals, such as the Lumio™ dyes, are commercially

available, facilitating the advances of different specific targeting techniques.

Some limitations of this methodology have precluded, especially in former

times, of its extension to a number of applications. Today, many of these limitations

have been overcome. One general restriction is the need of a reducing environment.

As the cysteines of the receptor tag must be in their reduced form, labeling of

proteins in cellular oxidizing environments becomes problematical. Another limi-

tation is that some of the biarsenical derivatives can lead to a reduced signal at low

pH (for example in endosomal compartments or in lysosomes). This restriction has

been overcome by the synthesis of new biarsenical probes with a low pKa value,

such as CHoAsH-EDT2 and the fluorinated derivatives F2FlAsH-EDT2 and

F4FlAsH-EDT2.
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The pioneering work by the Tsien group has inspired many researchers to

develop new selective chemical labeling of proteins with small fluorescent mole-

cules. This achievement has required an interdisciplinary effort of biologists and

chemists to improve the tag sequence and the molecular probes in order to over-

come the limitations of the method. The variety of applications described here

demonstrate the remarkable contribution that this methodology is making to the

elucidation of protein biochemistry and function in living cells.
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Labeling of Oligohistidine-Tagged Proteins

Jacob Piehler

Abstract Complexation of Histidine residues by chelated transition metal ions can

be exploited for noncovalent, reversible labeling of His-tagged proteins. While the

affinity of individual transition metal ions complexed by nitrilotriacetic acid (NTA)

is not sufficient for stable fluorescence labeling, this problem has been overcome by

multivalent NTA, which bind His-tagged proteins with subnanomolar affinity and

complex lifetimes of >1 h. Selective labeling with a defined stoichiometry is

possible in cell lysates and on the surface of living cells. Thus, rapid labeling in

situ with these relatively small probes at low concentration is possible, which can be

reversed under mild conditions.

Keywords Cyanine dye � F€orster resonance energy transfer (FRET) � His-tag �
HisZiFit � Metal chelator � Multivalency � Nitrilotriacetic acid � Quantum dot �
Transition metal ion
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1 Introduction

Peptides consisting of 6–12 consecutives histidine residues – commonly called

“His-tags” – have become the most prominent affinity tags for protein purification,

protein immobilization, protein detection and many other biochemical applications

[1]. Recognition of the His-tag is based on the strong coordination of the imidazole

side chain of Histidine by transition metal ions such as Zn2+, Cu2+, Co2+ or Ni2+.

For His-tag-specific capturing of proteins these transition metal ions are complexed

by chelating compounds such as iminotriacetic acid (IDA) or nitrilotriacetic acid

(NTA) so that two coordination sites remain free for complexation with Histidine

residues (Fig. 1a). Thus, simultaneous coordination of two histidine residues of

the His-tag by a single transition metal ion is achieved. Specificity is accomplished

due to the relative low abundance of Histidines and other transition metal ion-

coordinating residues such as cysteine in natural proteins. Compared to traditional

biochemical binders of short affinity tags such as antibodies or other proteins, this

interaction has two important advantages:

1. The small, chemically defined chelating compound enables for controlled syn-

thetic conjugations as well as attachment of the chromophore close to the protein

of interest.

2. The interaction between the His-tag and the transition metal ion can be switched

off by competing agents such as imidazole or by complexing of the transition

metal ion with EDTA (Fig. 1b).

For these advantages, transition metal ion mediated attachment of fluorescence

probes to His-tagged proteins is highly attractive, e.g., for FRET experiments, which

N
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(NTA)
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Fig. 1 Noncovalent interaction of the His-tag with chelated transition metal ions. (a) Schematic

structure of NTA complexed with Ni2+, which is coordinated by two adjacent histidine residues from

a His-tagged protein. The site for chemical attachment is indicated by a red dot. (b) Switchable,
reversible binding of chelated transitionmetal ions toHis-tagged proteins. By loading transitionmetal

ions (1), affinity toward the His-tag is triggered (2), which can be reversed by competition with

imidazole or removal of complexed transition metal ions by ethylene diamine tetracetate (EDTA) (3)
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require close proximity and defined position of fluorescence donor and acceptor dyes.

However, the binding affinities of the His-tag toward individual transition metal ions

are relatively low. For Ni-NTA, binding affinities of 10–20 mMhave been determined

[2–4], corresponding to a complex lifetime (binding stability) of a few seconds [2].

Such affinities and binding stabilities are not sufficient for most applications in vitro

and in living cells. Stable, high affinity binding ofHis-tagged proteins to affinity resins

or solid supports are based on simultaneous interaction of a single His-tag with several

immobilized transition metal ion, which is possible due to a high density of chelating

moieties. For labeling with fluorescence dyes, however, such surface-mediated multi-

valent interactions cannot be exploited. For this reason, efficient approaches for

specific fluorescence labeling of His-tagged proteins are based on supramolecular

entities, which incorporate more than one chelator moiety. While some of these

approaches exploit fluorescence dyes with multiple functionalities, more generic

labeling strategies have been implemented based on multivalent chelator heads.

2 NTA-Based Labeling

Despite the low affinity of individual metal ions, fluorescence dyes conjugated to

single NTA moieties have been used for fluorescence labeling in vitro and on the

surface of living cells [3–6]. Vogel and coworkers synthesized two rhodamine

derivatives conjugated with NTA, which were loaded with Ni(II) ions [3]. These

probes were shown to bind to purified hexahistidine-tagged GFP in vitro as detected

by FRET, yielding a binding affinity of 3 and 6 mM, respectively. This dye was

successfully used for reversible labeling of the 5HT3 serotonin receptor (5HT3R) on

the surface of living cells. Interestingly, different binding affinities were observed

for different positions of the His-tag within the 5HT3R, as well as an increase in

binding affinity with increasing numbers of histidine residues in the His-tag fused to

the 5HT3R, though only two His residues are involved in recognition of the NTA-

complexed Ni(II) ions. Possibly, different structural constraints given by the envi-

ronment of the His-tag affect their binding affinity. Specific cell surface labeling was

confirmed by FRET between acceptor-labeled 5HT3R and a donor-labeled 5HT3R

antagonist [3]. Moreover, detection of individual cell surface receptors was possible

in living cells [7]. A similar approach toward cell surface labeling based on fluor-

esceine conjugated to NTA has also been reported [4]. However, in both reports the

severe drawbacks of the low binding affinities become obvious.

3 Multivalent Recognition

3.1 Dye-Specific Approaches

In order to increase the stability and the affinity of His-tag-specific fluorescence

probes, some chromophores have been modified with two chelating moieties.

Cyanine dyes are particularly attractive for this approach, because bifunctionality
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is readily achieved (Fig. 2a). This approach was pioneered by Ebright and cow-

orkers, who synthesized Cy3 and Cy5 derivatives conjugated to two NTA moieties

[8]. Binding to hexahistidine-tagged proteins was probed by fluorescence anisot-

ropy in vitro, yielding submicromolar binding affinities. Substantial loss of the

quantum yield (by 75%) was observed for these probes upon complexing the NTA

moieties with Ni(II)-ions, which was ascribed to photoinduced electron transfer

(PET) due to unpaired electrons in the d-orbitals of Ni(II), This problem, though

less pronounced, has also been observed for probes conjugated with single NTA

moieties.

While the binding affinities of these probes were substantially higher compared

probes with a single NTA moiety, they have not been tested for protein labeling on

cell surfaces.

Tsien and coworker synthesized a dimethylfluoresceine derivative, which

integrated the chromophore itself into the chelating moieties (Fig. 2b) [9]. Similar

approaches have been used to design metal-ion sensitive fluorescence probes. In

this case, the two 3-dentate chelating moietes were complexed with Zn(II) ions,

yielding a His-tag-specific probe termed “HisZiFit” (Fig. 2b) with a binding

affinity of 40 nM toward the hexahistidine-tag [9]. In contrast to approaches

based on Ni-NTA, Zn(II) has the tremendous advantage to be a diamagnetic,

colorless transition metal ion. Thus, the fluorescence of this probe is not quenched

by PET or FRET as observed for Ni(II)-based probes (see also below).

The HisZiFit probe was successfully applied for rapid and stable labeling of

membrane proteins in the plasma membrane. Orthogonality of this approach with

tetracysteine-specific labeling with biarsenical probes (cf. [10]) was demonstrated,

enabling for dual color tag-specific labeling with small probes. Moreover, the

importance of small tags for appropriate membrane protein trafficking was demon-

strated. Thus, HisZiFit was proved to be a very powerful compound for membrane

protein labeling on the surface of live cells. However, this approach is dye-specific
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and thus not applicable to the majority powerful organic dyes with drastically

improved photophysical properties compared to fluoresceine.

3.2 Multivalent Chelator Heads

For more generic application of multivalent recognition of His-tagged proteins,

multivalent chelators have been synthesized [2, 11]. These are based on NTA

moieties, which have higher metal binding affinity than 3-dentate chelators such

as IDA or HisZiFit. Both linear and cyclic scaffolds have been used for obtaining 2,

3 and 4 metal ion binding sites within close proximity (Fig. 3) [2]. With increasing

N

O
O

O

O

O

O

NiX
X

H
N H

N

O

N O

O

O

O

O

O

Ni

X X

HN O

N
O

O

O

O

O

O

Ni

XX

NH

N

O
O

O

O

O

O

Ni X
X

O

O

NH N

O O

N

O
O

O

O

O

O

Ni
X X

N

O O

O

O

O

O

Ni
X

X

NH HN

O O

N
O

OO

O
O

O

Ni

X
X

N

O O

O

O

O

O

Ni X
X

N

O

O

O O

O O

NiX

X

NH2

N

O

N
O

N

O

N

O

bis-NTA tris-NTA

tetrakis-NTA

Ni
2+

Ni
2+

Ni
2+

Ni
2+

probe

protein

probe

protein

a

b

H2N

H2N

Fig. 3 Multivalent chelators. (a) Concept: recognition of a H6-tag by a single Ni-NTA and tris-

NTA in comparison. (b) Structures of some multivalent chelator heads based on linear (bis-NTA,

tetrakis-NTA) as well as cyclic (tris-NTA) scaffolds. The orthogonal functional group for attach-

ments of spectroscopic probes is highlighted in orange

Labeling of Oligohistidine-Tagged Proteins 301



number of NTA moieties, substantially increased binding affinities were obtained

by this approach. Highly stable, stoichiometric labeling of His-tagged proteins with

fluorescence probes attached to tris-NTA or tetrakis-NTAwas demonstrated by size

exclusion chromatography [12]. Depending on the length of the His-tag (six or ten

histidine residues), binding affinities in the subnanomolar regime were estimated

for tris-NTA, the most potent multivalent chelator. Tris-NTA offers six coordina-

tion sites, perfectly matching the classic hexahistidine tag (H6), which is still very

frequently applied. However, up to fivefold stronger binding of tris-NTA to the

decahistidine-tag (H10) was observed.

Complexes of tris-NTA with His-tagged proteins have a lifetime of >1 h. Thus,

tris-NTA-labeled proteins can be purified prior to further applications. Tris-NTA is

readily conjugated to NHS-functionalized derivatives of fluorescence dyes, which

are available for all relevant probes used for fluorescence imaging. Various con-

jugates have been synthesized, which have been applied for fluorescence labeling

in vitro [13] (Fig. 4).

Multivalent binding of tris-NTA not only increases the affinity but also the

specificity toward cumulative oligohistidine peptides. Thus, selective labeling of

His-tagged proteins in crude Escherichia coli lysates is possible [13]. In several

applications, interactions between proteins labeled with tris-NTA conjugated chro-

mophores have been analyzed by FRET [13, 14]. Moreover, tris-NTA conjugated
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chromophores are particularly interesting for dual-color protein labeling for prob-

ing protein conformation (Fig. 5). High affinity and rapid, His-tag-specific binding

at stoichiometric concentrations of the probe enables for incorporating FRET

acceptor [15] or quencher molecules [16] in situ. Thus, FRET is readily detected

and FRET efficiencies can be quantified very reliably. Owing to the paramagnetic

complexed Ni(II) ions, however, very low sensitized fluorescence from the acceptor

probe is detected (cf. Fig. 5) [13, 14].

Fluorescence probes conjugated to tris-NTA have also been successfully

employed for labeling membrane proteins on the surface of living insect cells

[13]. Also for mammalian cells, rapid and selective labeling was achieved (unpub-

lished result, Fig. 6).
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Fig. 5 In situ labeling with a tris-NTA conjugated chromophores as FRET acceptor for probing

protein conformations and conformational changes. (a) IFNAR1 labeled with Oregon Green 488

was incubated with AT565tris-NTA, followed by binding of a nonfluorescent ligand. (b) The

corresponding fluorescence
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If required, tris-NTA functionalized probes can be rapidly dissociated from

His-tagged proteins on the cell surface by incubation of 100 mM imidazole for a

few minutes [13]. For a neuronal cell line, however, substantial nonspecific

binding of tris-NTA probes has been observed (Maxime Dahan, private commu-

nication). Specificity may be optimized by washing with lower imidazole con-

centrations (10–20 mM) as also done in affinity chromatography of His-tagged

proteins.

A critical issue for multivalent NTA-based labeling is the strong loss of

fluorescence quantum yield upon coordination of Ni(II) ions (by 70–80% for

tris-NTA chromophores). This effect has been ascribed to the paramagnetism of

Ni(II), which facilitates radiation-less deactivation from the excited state based

on photoinduced electron transfer (cf. [17]). Since very close proximity is

required for electron transfer, increasing the distance between the multivalent

NTA and the chromophore by a spacer should drastically increase the quantum

yield of such probes. With flexible oligoethylene-glycol linker, only a small

increase in quantum yield was obtained [13], while with more rigid polyproline

linkers substantially improved quantum yields were achieved [14]. However, the

brightness of tris-NTA chromophore conjugates without additional spacers are

still sufficient for probing protein–protein interactions on the single molecule

level [18]. Reversible His-tag-specific labeling with tris-NTA functionalized

Fig. 6 Labeling of His-tagged IFNAR2 in live cells. HeLa cells transiently transfected with

H10-IFNAR2 were labeled with 100 nM FEW646tris-NTA (a) for 5 min and imaged by confocal

laser-scanning microscopy after thorough washing. Specific labeling of H10-IFNAR2 was con-

firmed by binding of a fluorescent ligand (b) to the same cells. (c) Transmission image showing

that only one out of two cells was transfected. (d) Overlay of the images shown in panels a–c
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fluorophores has recently been exploited for single molecule localization-based

super-resolution imaging of cell surface receptors in living cells [19].

3.3 Labeling with Fluorescent Nanoparticles

Fluorescent nanoparticles such as semiconductor are powerful labels. The His-tag

has also been successfully applied for targeting of fluorescent nanoparticles – e.g.,

quantum dots (QD) – to cell surface receptors. Since the inorganic materials used for

QD synthesis involve transitionmetal ions with affinity toward the imidazole moiety

(e.g., the ZnS shell of a CdSe/ZnS core/shell nanoparticle), His-tag-specific protein

binding to QDs is readily achieved. This feature has been exploited for decorating

the surface of QD with recombinant proteins [20–23]. Interestingly, this interaction

cannot be reversed by imidazole. However, the specificity of this approach is not

sufficient for selectively targeting His-tagged proteins on the cell surface, because

several other amino acid side chains also interact with the ZnS surface, thus

mediating nonspecific binding. Moreover, only very stable proteins do not unfold

and lose their function upon direct adsorption on the inorganic surface of a quantum

dot. For this reason, covering the QD surface with a protein-repellent coating

followed by surface functionalization with NTA chelating transition metal ions is

a more promising approach. Since multiple NTA moieties are readily incorporated

on a nanoparticle surface with multiple functional groups, stable binding of His-

tagged proteins by multivalent interaction is readily achieved. Indeed, efficient

capturing of His-tagged proteins to such surface architectures has been reported

[24, 25].

These approaches were demonstrated to be useful for capturing His-tagged

protein in vitro and on the surface of living cells. For biophysical applications,

e.g., tracking of individual membrane receptors, stable binding in a 1:1 ratio is

required, which cannot be achieved by dense surface functionalization with NTA.

Again, multivalent NTA can be used in order to achieve high stability and

selectivity, and to control the stoichiometry. Commercially available QDs func-

tionalized with streptavidin have been targeted to His-tagged proteins by using

tris-NTA conjugated to biotin (BTtris-NTA, Fig. 7) [26]. These QDs were success-

fully applied for labeling cell surface receptors in HeLa cells [26]. The average

degree of particle functionalization is readily controlled by the relative concentra-

tion of BT-tris-NTA.

Direct surface coating of QDs and their functionalization with tris-NTA were

achieved by using amphiphilic gallic acid derivatives depicted in Fig. 8. Hydro-

phobic QDs were solubilized in micelles containing tris-NTA functionalized and

nonfunctionalized gallates [27]. Thus, the average number of tris-NTA functional-

ities per QD was controlled by the mixing ratio. Again, selective targeting of these

tris-NTA functionalized QDs to His-tagged receptors at the cell surface was

demonstrated, enabling for dual color single particle tracking in living cells [27].

Both these techniques allow to control the average number of tris-NTA groups on
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QDs, yielding a statistic distribution around this average value. For avoiding

experimental bias due to protein cross-linking on the cell surface, a single tris-

NTA on each QD is required.

Monofunctionalization was achieved in a simple chemical functionalization

approach depicted in Fig. 9 using commercially available, PEG-coated QDs [28].

This reaction by itself provides a statistic distribution as other coupling techniques.

However, when this reaction was carried out at a very low ionic strength, mono-

functionalization was observed, which was ascribed to electrostatic control: once a

tris-NTA group was coupled to the QD surface, the strong negative charge of the

first tris-NTA strongly reduces the probability for coupling of the second tris-NTA

moiety. This approach probably depends on the charge of the nanoparticle before

the coupling reaction (relatively low) and a kinetically controlled coupling reaction.
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These monofunctional tris-NTA QDs have been successfully used for protein

labeling in vitro and for reversible protein labeling on the cell surface (Fig. 9) [28].

4 Conclusions and Outlook

While the interaction of His-tags with individual Ni-NTA moieties lacks stability

and selectivity required for efficient labeling of His-tagged proteins, this problem

has been overcome by multivalent NTA. Tris-NTA groups loaded with Ni(II) ions

perfectly match the hexahistdine-tag, which is the most often applied affinity tag for

protein purification in vitro. Multivalent NTA bind His-tags with nanomolar affin-

ity, which yields sufficient stability for purifying labeled proteins and for cell

surface labeling. Yet, dissociation of the probe under mild conditions is possible.

Multivalent NTA also increase the specificity since multiple Histidine residues in

close proximity are required for efficient binding. However, the specificity is

inferior compared to biological recognition based on proteins and thorough controls

are required – in particular in case of low cell surface expression of the target

protein. A key advantage of this noncovalent labeling technique is that both the

recognized tag and the multivalent NTA are small molecules, and thus the chromo-

phore is localized very close to the labeled protein. This is important not only for

minimizing interfering with protein function, but also for analyzing interaction and

conformational changes by FRET. Simple and rapid labeling in vitro and on the

surface at low concentrations is possible, often not requiring the removal of excess

dye. The application of this elegant labeling scheme, however, is limited by the

sensitivity of Ni-NTA complexes to reducing conditions, chelating compounds

(including amino acids at high concentrations) and bivalent metal ions. Moreover,

Ni–Histidine complexes are not stable at a pH below 7 due to protonation of the

coordinating imidazole nitrogen. Another critical issue is the loss in fluorescence

quantum yield by the proximity of paramagnetic Ni(II) ions. For these reasons,

combining rapid and selective targeting by the His-tag/Ni-NTA interaction with an

irreversible covalent reaction (cf. [29]) could be a future solution for improving the

performance of His-tag-specific labeling schemes.
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Part V

Tissue and Whole Body Imaging



In Vivo Imaging of Vascular Targets Using

Near-Infrared Fluorescent Probes

Jan Klohs and Markus Rudin

Abstract The development of new optical imaging devices over the past few years

has facilitated the translation of fluorescence imaging from the microscopic imag-

ing of cellular processes to the macroscopic imaging of intact animals. Novel near-

infrared fluorescent (NIRF) probes have been designed and synthesized for in vivo

application. The probes come with different targeting moieties and possess differ-

ent mechanism of contrast generation, determining their specific use. Herein, we

present examples for the application of NIRF probes for imaging thrombus forma-

tion, expression of vascular and cell adhesion molecules, angiogenesis and proteo-

lytic activity in animal models of cancer and cardiovascular diseases.

Keywords Fluorescent dyes � Near-infrared fluorescence imaging � Optical

molecular imaging
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1 Introduction

Cancer, diabetes, and cardiovascular diseases, such as atherosclerosis, myocardial

infarction, and stroke account collectively for approximately two-thirds of all

deaths in the Western world and cause enormous suffering, disability, and socio-

economic costs [1]. Despite the remarkable progress that has been made in the last

decades in understanding the pathologic processes underlying these diseases and in

developing treatments to alleviate symptoms and improve quality of life in these

patients, there is a high medical need for new, disease-modifying therapies. The

development of such therapies critically depends on the availability of novel

diagnostic approaches with improved sensitivity and specificity.

In the past few years, imaging technologies such as positron emission computed

tomography, single-photon emission computed tomography, magnetic resonance

imaging (MRI), ultrasound and near-infrared fluorescence (NIRF) imaging using

specific probes have emerged which enable the imaging of physiological, metabolic

and molecular function in experimental models and patients [2]. Due to the non-

invasiveness of these methods, repetitive imaging over the course of the disease is

feasible, enabling disease staging, assessing the role of a specific pathophysiological

process, and monitoring the response to therapeutic intervention. Among the exist-

ing noninvasive imaging methods, NIRF imaging combines the advantage of high

detection sensitivity, the use of nonionizing radiation with a demand for relatively

simple and inexpensive instrumentation. Today, NIRF imaging has grown into an

important tool in biomedical research and drug discovery [3–5].

While cancer and cardiovascular diseases are distinctively different diseases with

complex disease etiologies, they share common pathophysiological processes. These

include endothelial activation, infiltration of leukocytes, remodeling of the extracel-

lular matrix with an increase of vascular permeability and angiogenesis. Most of

these processes occur within or in the vicinity of blood vessels which renders the

vasculature a suitable target for therapeutic drugs and imaging probes. In addition,

the endothelium is the most accessible compartment for imaging probes. The probes

need to be injected and delivery to targets distal to the vascular wall is often

hampered by the presence of blood–tissue barriers. Given the potentially generic

applicability of the probes and the target accessibility it is not surprising that major

efforts have been invested in developing imaging probes for vascular targets. In this

chapter, we give an overview on currently used NIRF imaging approaches and their

application to study vascular pathophysiology in animal models of cancer and

cardiovascular diseases.

1.1 The Use of NIR Light as Basis for In Vivo Fluorescence
Imaging

In the NIR spectral domain, ranging from 700 to 900 nm, major absorbers in the

tissue like hemoglobin, lipids, and water have their lowest absorption coefficient,
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enabling photons to propagate deep into the tissue (Fig. 1). In addition, metabolites

and structural components in animal tissue, such as elastin, collagen, tryptophan,

NADH, porphyrins, lipofuscins, and flavins have high autofluorescence emission in

the visible andmidinfrared spectrum, but not in the NIR range [6]. This enhances the

sensitivity for detecting exogenously administered fluorochromes against reduced

background fluorescence. It has been shown that NIRF imaging can detect picomole

amounts of NIR dyes noninvasively in mice [3, 7].

When applying NIRF imaging to living animals one faces various methodologi-

cal constraints: The interaction of the photons with tissue components, such as

membranes and cell organelles, leads to an attenuation of the photons by absorption

and scattering. The absorption limits the ultimate depth photons can penetrate into

the tissue. Depth penetration can range from several millimeters to 5 cm, depending

on the optical properties of the tissue [3]. The scattering of photons increases

exponentially with depth in tissue. The result is a reduction of the achievable

image resolution. The overall photon attenuation increases nonlinearly with increas-

ing depth of the fluorescent object. This nonlinear relationship hampers the ability to

absolutely quantify the fluorochrome concentration. Therefore, the in vivo applica-

tion of NIRF imaging relies on the technical ability to spatially resolve the fluores-

cence emission from a specific NIRF probe and requires complex image acquisition

schemes and reconstruction algorithm for quantification of the signal.

1.2 NIRF Instrumentation and Techniques

A number of NIRF imaging devices with different set-ups and mode of data

acquisition have become available. The standard NIRF imaging instrumentation

consists of an excitation light source, most commonly a laser diode, and fiber optics

Fig. 1 Absorption coefficient of oxyhemoglobin and deoxyhemoglobin as a function of wave-

length. The absorption coefficients of these endogenous absorbers are at the minimum between

700 and 900 nm
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to direct the excitation light to the surface of the object (Fig. 2). The emitted

fluorescence photons are captured using a highly sensitive charged-coupled device

(CCD) camera fitted with adequate emission filters and a lens to adjust the focal

plane. By choosing different combination of excitation sources and emission filters,

multichannel imaging in the same object is feasible [8].

The most common method for NIRF imaging is to illuminate the object with a

plane wave, i.e., an expanded coherent light beam. The method is generally referred

to as planar NIRF imaging and can be applied both in reflectance and transillumi-

nation mode (Fig. 3). In fluorescence reflectance imaging (FRI), the excitation light

source and the detector are on the same side of the object. The excitation photons

propagate a few millimeters below the surface of the object. Scattered excitation

and emission photons travel back to the surface and are detected using a CCD

camera. In transillumination fluorescence imaging (TFI), the excitation light source

Fig. 2 NIRF imaging instrumentation. Typical planar NIRF imaging set-ups consist of an

excitation light source (e.g., a laser diode) and fiber optics to direct the excitation light to the

surface of the object. Fluorescence is detected using a CCD camera fitted with adequate emission

filters

Fig. 3 Modes of data acquisition in NIRF imaging. In FRI the excitation light is applied and the

fluorescence emission is collected from the same side of the object. In TFI the excitation has to

travel through the object before it gets collected by the detector on the opposite site of the object.

In FMT the object is sequentially illuminated at different locations. The fluorescence emission is

collected by the detector and a three-dimensional image is reconstructed. Modified after [3], with

permission
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and the detector are on opposite sides. The advantage of TFI is that the entire

volume of the object is sampled upon the passage of the excitation light. Further-

more, autofluorescence in the skin is reduced in TFI because the photon fluence

(i.e., flux of photons per unit area) impinging on the surface of the animal is

significantly lower compared to the FRI mode [9].

Planar NIRF imaging methods have the advantage that they require relatively

inexpensive instrumentation, are easy to operate and facilitate high-throughput

imaging of animals. However, planar NIRF imaging methods have some limita-

tions: The detected fluorescence emission depends linearly on the fluorochrome

concentration and nonlinearly on the depth of the fluorescent object and the optical

properties of the surrounding tissue. As a consequence, planar NIRF images do not

allow for absolute quantification of the detected fluorescence. Hence, in most

studies the fluorescence emission is expressed in terms of a contrast, i.e., as a

ratio of the fluorescence intensity measured over the disease-affected region to the

intensity of measured over a nonaffected region, termed target-to-background ratio

(TBR).

Quantitative analysis of fluorescence emission can be achieved using fluores-

cence molecular tomography (FMT). In FMT, the excitation light is coupled

sequentially to the object at different locations, while the position of the detector

array is fixed. In hybrid FMT/X-ray computerized tomography (CT) system both

source and detector array are rotated using gantry [10]. Recording multiple projec-

tions yields a sufficient number of source–detector pair combinations for constructing

a synthetic measurement and to apply to an inversion code for three-dimensional

reconstruction of the fluorochrome distribution [11]. The reconstruction leads also

to an improved image resolution of the order of 1 mm in all three dimensions as

compared to planar NIRF techniques, where image resolution is about 2–3 mmwith

no information of depth [11].

1.3 Near-Infrared Fluorescent Probes

Today, a large number of fluorochromes emitting in the NIR including cyanine

dyes, lanthanide chelates, squaraines, tetrapyrrole-based probes, quantum dots, and

others are available for the generation of NIRF probes [12]. NIRF probes can be

classified by their mechanism of contrast generation as nonspecific, targeted, and

activatable probes.

Nonspecific fluorescent probes are usually NIR dyes which achieve contrast by

distributing differentially in tissue based on the pharmacokinetic properties. This

kind of probes can be used for imaging physiological processes such as vascular

perfusion and for detecting changes in vascular permeability. Since there is always

a fraction of circulating fluorescent probe, the degree of background fluorescence is

in general high, leading to low TBRs.

Targeted NIRF probes consist of a NIR dye and a targeting moiety such as a

peptide, antibody, or antibody fragment. Contrast is achieved when the probe binds
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to the target, e.g., a receptor, while the unbound probe fraction is cleared from the

circulation. The higher the proportion is between the target-bound probe and

unbound probe fraction, the higher the resulting TBRs.

Activatable probes change their biophysical properties upon interaction with the

target, typically an enzyme. Most activatable probes are designed in such a way

that the fluorescent dye molecules are in close proximity to each other, leading to

dark quenching of the fluorescence. The fluorescence emission is recovered by

enzyme-mediated cleavage, which liberates the dye molecules. Other activation

principles such as addition reaction or molecular rearrangements are feasible.

Since activatable probes have almost no fluorescence emission in the inactivated

state, but generate a strong fluorescence signal upon activation, high TBRs can be

achieved.

Regardless of the mechanism of contrast generation of the probe, factors such as

the degree of target expression, the biodistribution and clearance kinetics of the

probe, the ability of the probe to penetrate blood–tissue barriers and its metabolic

stability are essential in determining the TBR that can be ultimately achieved

in vivo.

2 Imaging Vascular Targets with Near-Infrared

Fluorescent Probes

An increasing number of imaging probes, including probes for NIRF imaging, that

probe molecular targets and processes at the vasculature have been developed

(Table 1). They have been used to detect of thrombus formation and the activity

of proteolytic enzymes, to assess the expression of vascular and cell adhesion

molecules and the formation of new blood vessels during angiogenesis.

2.1 Thrombus Formation

Coagulation is an important process to restore vascular integrity and prevent

excessive loss of blood when a blood vessel becomes damaged. The blood vessel

wall is then covered by a clot containing platelets and fibrin to stop bleeding and to

initiate repair of the damaged vessel. Coagulation can be impaired during inflam-

mation and atherosclerosis which may lead to thrombus formation, ischemia, and

tissue injury. Noninvasive assessment of this process might therefore be of consid-

erable interest.

The coagulation cascade is complex and involves a number of mediators (i.e.,

coagulation factors), which can be visualized with NIRF probes. The first step in

coagulation is the formation of a stable fibrin clot. The initiator of this process

is the tissue factor protein, which is expressed in subendothelial tissue, platelets,

and leukocytes. NIRF probes to visualize tissue factor accumulation, platelet
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deposition, and fibrin generation were developed by labeling antibodies against a

tissue factor, fibrin-IIb chain and CD41 receptor with Alexa dyes emitting at

different wavelengths [13]. These processes were monitored in mice after laser-

induced endothelial injury in real-time using intravital microscopy. In a different

approach, an A15 probe peptide directed against fibrin stabilizing factor a (FXIIIa)

was labeled with Alexa680 [14]. The use of the A15 probe for studying thrombus

formation with intravital microscopy and FRI has been demonstrated in a mouse

model of cerebral venous formation and intravascular thrombus formation [15, 16].

Thrombin is a serine protease that cleaves fibrinogen to form fibrin monomers

that polymerize to form networks. Hence, thrombin plays a central role in thrombus

formation. An activatable NIRF probe was developed by conjugation of a NIR

fluorochrome to an oligopeptide substrate as a cleaving motif for thrombin [17].

The probe showed an 18-fold increase in fluorescence intensity upon in vitro

activation with thrombin and detected acute and subacute thrombus formation in

a mouse intravascular thrombosis model [18].

The glycoprotein IIb/IIIa receptor is expressed at the surface of activated

thrombocytes, binds to fibrinogen and leads to platelet aggregation. The expression

of the receptor has been monitored using a glycoprotein IIb/IIIa peptide ligand that

was conjugated to the NIR dye Cy5.5 [19]. The probe showed a 16-fold increase in

fluorescence intensity when incubated with clots generated from platelet-rich

plasma. This study demonstrated the general potential of the probe for visualizing

activated platelets during thrombosis.

Table 1 Examples of imaging vascular targets in cancer and inflammatory diseases

Imaging application Target References

Thrombus formation

Targeted Tissue factor, fibrin-IIb chain and CD41 [13]

Targeted FXIIIa [14–16]

Targeted Thrombin [17, 18]

Activatable Glycoprotein IIb/IIIa [19]

Adhesion molecules

Targeted VCAM-1 [20–22]

Targeted E-selectin [23]

Targeted CD40 [24]

Targeted aVb3 Integrin [25–31]

Targeted a3 Integrin subunit [32, 33]

Angiogenesis

Targeted ED-B fibronectin [34–36]

Targeted VEGF receptor [37, 38]

Targeted PECAM-1 [39]

Proteolytic activity

Activatable Cathepsin D [40]

Targeted Aminopeptidase N [41]

Activatable Cathepsin B [42–44]

Activatable Cathepsin K [45]

Activatable MMP [22, 46–50]
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Tumor cells also posses the capacity to directly activate the coagulation cascade

by producing procoagulant factors and the methods described could be readily

applied for tumor studies. Yet, to our knowledge, NIRF imaging of thrombus

formation has not yet been described for mouse models of cancer.

2.2 Expression of Vascular Adhesion Molecules

A hallmark of most cardiovascular diseases is the local infiltration of leukocytes,

which on the one hand contribute to tissue damage, e.g., in nascent atherosclerotic

lesions and on the other hand are involved in repair and regeneration of injured

tissue. Tumors usually promote an immunosuppressive environment and are devoid

of leukocytes. The infiltration of leukocytes has been implicated to partake in the

spontaneous regression in some form of cancers.

A common mechanism underlying leukocyte infiltration is the expression of

adhesion molecules at the vasculature, which direct leukocytes to the site of

inflammation. Vascular cell adhesion molecule 1 (VCAM-1) and E-selectin expres-

sion causes leukocytes to roll at the vascular wall and intercellular adhesion

molecule 1 (ICAM-1) expression results in a firm adherence. Ultimately, the

expression of platelet endothelial cell adhesion molecule 1 (PECAM-1) or CD31

leads to a transmigration of the leukocytes through the endothelial cells. Imaging

the expression of the different adhesion molecules is therefore of interest when

studying the processes of leukocyte infiltration in different diseases.

VCAM-1 adheres to very late antigen 4 (VLA4), a receptor expressed on the

plasma membrane of activated leukocytes. A peptide was identified as VCAM-1

binder from a phage display screen [20]. A VCAM-1 targeted probe was created by

conjugation of the peptide segment with a cross-linked iron oxide (CLIO) nanopar-

ticle and the NIR dye Cy5.5 for detection with MRI and intravital microscopy. The

probe was found to be internalized in VCAM-1 expressing cells in atherosclerotic

lesions [20]. Similarly, the probe was used in a mouse model of atherosclerosis and

in a model of aortic valve disease [21, 22].

E-selectin recognizes and binds to sialylated carbohydrates on the surface of

certain leukocytes. A targeted probe was synthesized by conjugation of E-selectin

binding peptide sequence to a CLIO nanoparticle and Cy5.5 [23]. E-selectin

expression was visualized with FRI in a mouse xenograft model of Lewis lung

carcinoma.

CD40, belonging to the tumor necrosis factor receptor superfamily, is found on

the surface of endothelial cells, platelets and immune cells like B cells, monocytes,

and dendritic cells. CD40 is mediating a variety of inflammatory and immune

responses. An antibody against the CD40 receptor labeled with Cy5.5 was used

to detect stroke-induced inflammation with FRI in a mouse model of cerebral

ischemia [24]. Some of the fluorescence detected within the ischemic lesion was

attributed to the presence of blood-derived cells which infiltrated the site of injury

after binding and internalization of the Cy5.5-labeled antibody.
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2.3 Expression of Cell Adhesion Molecules

Cell adhesion molecules are transmembrane proteins involved in the adhesion of

cells to other cells or to the extracellular matrix. The family comprises calcium-

dependent adhesion molecules (cadherins), selectins, and lymphocyte homing

receptors. The cell adhesion molecules are located at the cell surface and hence

constitute attractive targets for NIRF probes.

For example, the expression of the cell adhesion molecule aVb3 integrin is

involved in mediating migration of endothelial cells into the basement membrane

and in regulating endothelial cell growth, survival and differentiation during angio-

genesis. In cancer, aVb3 integrin expression promotes the development, invasion

and metastasis of the tumor cells. A variety of fluorescent peptides probes based on

the arginine–glycine–aspartic acid (RGD) binding motif have been developed as

ligands for targeting aVb3 integrin expression in small animal models of cancer.

The exact structure of the RGD peptide is determining the metabolic stability, the

selectivity for a subtype of aVb3 integrin, the affinity, and hence the TBR that can

be achieved in vivo.

Several studies assessing aVb3 integrin expression in tumors with different

RGD-based NIRF probes have been reported. For example, monomeric RGD

peptides were conjugated to Cy5.5 for NIRF imaging aVb3 integrin expression in

a glioblastoma xenograft and Kaposi’s sarcoma [25, 26]. A RGD peptide labeled

with IRDye800 and a disulfide bridged RGD peptide labeled with Cy5.5 were used

for FRI and FMT of melanoma xenograft, respectively [27, 28]. A cyclic pentapep-

tide containing the RGD motif was conjugated with Cy5 for FRI of human embry-

onic kidney cells engrafted subcutaneously in mice [29]. Subcutaneously inoculated

tumors were detected with FRI after either injecting a mono-, di-, and tetrameric

RGD peptide conjugated with Cy7 [30]. The tetrameric peptide showed the highest

accumulation in the tumor and gave the highest TBR. A probe for detecting aVb3
integrin expression in BT-20 tumor with FRI, FMT, and MRI was created by

conjugating the RGD peptide with CLIO nanoparticles and Cy5.5 dye [31].

NIRF probes with selectivity for the a3 integrin subunit have been developed.

A a3 binding peptides were conjugated to Cy5.5 or Alexa680 as well as to biotin

and were complexed with streptavidin-Cy5.5 for FRI of ovarian cancer xenografts

[32]. Similarly, a cyclic peptide was biotinylated and complexed with streptavidin-

Cy5.5 for FRI of subcutaneous and orthotopic U-87MG xenograft mouse model

[33].

2.4 Angiogenesis

The formation of new functional blood vessels from pre-existing vessels is a

physiological process. In cancer, angiogenesis is a part of tumor development. As

the tumor outgrowths, oxygen and nutrients are supplied through molecular diffu-

sion. When the tumor reaches a certain size it becomes hypoxic and initiates
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signaling programs that trigger the formation of new blood vessels. This so-called

“angiogenic switch” is a key element in promoting tumor growth and is associated

with high malignancy and poor prognosis. Angiogenesis is also involved in inflam-

matory processes occurring for example in certain cardiovascular diseases.

During angiogenesis, marker molecules such as integrins (see Sect. 2.3), growth

factor receptors and G-protein coupled receptors are expressed de novo in the

stromal compartment associated with newly formed blood vessels or on the endo-

thelial cell membrane where they can be targeted for imaging.

Fibronectin is a glycoprotein that binds to integrins and extracellular matrix

components such as collagen, fibrin, and proteoglycans. The protein is highly

expressed on activated endothelial cells during angiogenesis. A NIRF probe against

the extra domain-B (ED-B) of fibronectin was created by conjugation of a human

antibody fragment against ED-B to the NIR dyes Cy5 and Cy7 for NIRF imaging

[34]. It has been shown that these probes can detect neovasculature in different

mouse models of angiogenesis, including cancer. In a related study, an ED-B

fibronectin targeting minibody labeled with Cy5 and Cy7, with improved pharma-

cokinetic properties as compared to the full antibody, was used to visualize plaque

angiogenesis in a mouse model of atherosclerosis. A high TBR of 18 was achieved

in the atherosclerotic plaque allowing the identification of the molecular target with

high sensitivity [35]. Similarly, a single chain antibody against the ED-B fibronec-

tin was labeled with tetrasulfonated carbocyaninemaleimide for FRI of atherosce-

lotic plaques [36].

Vascular endothelial growth factor (VEGF) is a proangiogenic factor. The

protein is involved in the mitogenesis and cell migration of endothelial cells.

VEGF leads also to an increase in vascular permeability. A VEGF receptor targeted

probe was produced by coupling the NIR dye Cy5.5 to single-chain VEGF [37].

FRI detected angiogenesis in tumor bearing mice injected with the conjugate

(Fig. 4). The specificity of the approach was demonstrated by using an inactive

form of VEGF, which showed no binding to the VEGF receptor, as control. With

this approach it was demonstrated that tumor uptake was most likely due to

inVEGF / Cy scVEGF / Cy
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2,073

2,315 BLI BLINIRF NIRF Merge

1,588 279
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Fig. 4 Multimodel tumor imaging (reproduced from [37]; with permission). The tumor was stably

transfected with luciferase for detection with bioluminescence imaging. Mice were mice injected

with Cy5.5 labeled VEGF (scVEGF) for FRI imaging of angiogenesis. Inactive VEGF labeled

with Cy5.5 (inVEGF) was used as a control for the specificity of the approach. The FRI system was

also equipped with X-ray for visualization of the mouse anatomy
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specific binding to the VEGF receptor and not due to extravasation from leaky

tumor vessels. Alternatively, VEGF receptor expression was demonstrated using a

monoclonal antibody against the VEGF receptor 2 labeled with the IRdye 800CW.

FRI detected NIRF signals in tumor xenografts in mice [38].

Inhibiting angiogenesis as treatment strategy in cancer is a widely studied. An

attractive application of NIRF imaging is the evaluation of therapy efficacy of an

antiangiogenic drug by directly labeling the therapeutic compound with a NIR dye.

For example, the angiogenesis inhibitor Endostatin was labeled with Cy5.5 for

NIRF imaging of mice bearing Lewis lung carcinomas [39]. The probe was found

to colocalize with its target receptor PECAM-1, indicating that in fact the drug

is interacting with this vascular adhesion molecule inhibiting and its endogenous

ligands.

2.5 Proteolytic Activity

Proteases such as cathepsins and matrix metalloproteinases (MMP) cleave peptides

and proteins and take part in a multitude of physiological reactions. They are

capable of degrading extracellular matrix proteins and tissue remodeling. Proteases

are involved in the disruption of blood–tissue barriers, angiogenesis, tumor inva-

sion and metastasis, regeneration and wound repair, processes which are implicated

in the pathophysiology of cancer and in many cardiovascular diseases.

The peptide cleavage function of proteases has led to the development of so-

called activatable NIRF probes, which produce a substantial fluorescent signal

when the peptide substrate is cleaved. The detected fluorescent signal is not only

indicative for the presence of a particular protease but also for its particular degree

of activity. And because a single protease can process multiple substrate molecules

(imaging probes) over time the NIRF signal can be amplified.

The principle of activatable NIRF probes targeting proteases was first demon-

strated in mouse models of carcinomas [51]. In a follow-up study, a NIRF probe

that is specifically activated by cathepsin D was developed and tested in mice

bearing tumors with and without having cathepsin D activity [40]. FRI detected

significantly higher NIRF signal in cathepsin D positive tumor, demonstrating the

specificity of the probe. Similarly, a NIRF probe activated by cathepsin B was

evaluated in a mouse model of human breast cancer [42]. MMP specific probes

have been used for NIRF imaging of mice bearing human fibrosarcoma [46, 47].

FRI did not detect fluorescence emission in mice bearing mammary adenocarci-

noma which have little specific MMP activity [47].

Similarly, a peptide containing the asparagine-glycine-arginine-motive labeled

with Cy5.5 was used to target CD13/aminopeptidase N expression, a cell surface

metalloproteinase, which is associated with tumor malignancy [41]. The probe was

detected in tumor xenografts both with FRI and FMT.

While initial characterization of protease probes was achieved in tumor models,

they soon found application in other disease conditions involving inflammation.
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For example, a cathepsin B specific NIRF probe has been used in a mouse model of

myocardial infarction and atherosclerosis [43, 44]. FMT localized the NIRF signal

in the atherosclerotic aorta and microscopy demonstrated colocalization of the

NIRF signal with the lyosomal cysteine protease cathepsin B [44]. Alternatively,

a cathepsin K specific NIRF probe has been used for ex vivo imaging of carotid

plaques with a laser scanning microscope [45]. Also, MMP specific NIRF probes

were used in mouse models of cardiovascular diseases. FRI detected fluorescence

emission due to MMP activity in a mouse model of myocardial infarction and aortic

valve disease [22, 48]. FRI and FMT were used to detect NIRF signal in the aortic

root, arch and thoracic aorta of ApoE�/� mice on a high-cholesterol diet [49].

Finally, MMP activity was detected with FRI in the brain of mice after focal

cerebral ischemia [50]. NIRF was confined to the ischemic hemisphere and was

significantly higher than in mice that received a nonactivatable NIRF probe as

control (Fig. 5). Since MMP activity in the brain leads to an impairment of blood–

brain barrier (BBB) function this can be visualized with unspecific NIRF probes.

Albumin was labeled with Cy5.5 and an indotricarbocyanine dye to serve as NIRF

probes [52, 53]. Extravasation of conjugates, which under physiological conditions

do not cross the BBB, was observed to occur after focal cerebral ischemia.

3 Summary and Conclusion

Recent progress in the development of optical instrumentation and reconstruction

algorithms together with the design and synthesis of fluorescent probes that absorb

Fig. 5 NIRF imaging of MMP activity after cerebral ischemia (reproduced from [50]; with

permission). FRI was performed 24 h after induction of cerebral ischemia in vivo and after

removal of the brain ex vivo. While no differences between the hemispheres were in sham-

operated mice injected with the MMP-activatable probe, slightly higher fluorescence intensities

over the ischemic hemisphere were detected in mice after cerebral ischemia injected with the

nonactivatable probe as control and strong fluorescence was seen in mice injected with the MMP-

activatable probe
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and emit in the NIR spectral domain has enabled researchers to study physiological,

metabolic, and molecular function in intact, living animals. The examples presented

here demonstrated the successful application of NIRF probes to assess relevant

pathophysiological processes at the vasculature. These comprise the visualization

of thrombus formation, endothelial activation, infiltration of leukocytes, proteolytic

activity, and the formation of new blood vessels. Since these processes are crucially

involved in cancer and cardiovascular diseases, NIRF imaging with specific probes

can help to give new insight into the role of these processes during the course of the

diseases and to develop specific therapies.

Compared to other existing noninvasive imaging modalities NIRF imaging

offers several advantages. The techniques share with SPECT and PET the high

detection sensitivity in vivo, but the fluorochromes are stable tracer and nonioniz-

ing radiation is used for probe detection. Of all available imaging modalities, NIRF

imaging requires relatively simple and inexpensive instrumentation and the ease of

use enables high-throughput imaging of animals. An added advantage of using

NIRF probes is that microscopic techniques can be used to track the distribution of

the injected probes ex vivo with high spatial resolution, thus enabling to evaluate

probe specificity. However, the application of NIRF probes in vivo also possesses

several limitations. Unlike in MRI, PET, and SPECT imaging, the ultimate

penetration depth of light is limited. While the application of NIRF imaging is

most often not restricted in small animals, the use of the technique in humans is

confined to applications on tissue surfaces, for studies of low absorbing tissue such

as the female breast, and to use in intraoperative systems [54, 55]. The nonlinear

dependence of fluorescence signal and depth makes quantification technically

difficult, in particular for planar NIRF imaging. In addition, the scattering of the

light limits the achievable resolution of the method. Although further research

effort is needed before fluorescent probes reach a significant stage in clinical

practice, it is expected that NIRF imaging will continue to play a pivotal role in

studying animal models of human disease and for the preclinical development of

drugs.
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Whole-Body Imaging of Hematopoietic

and Cancer Cells Using Near-Infrared Probes

Vyacheslav Kalchenko, Michal Neeman, and Alon Harmelin

Abstract Noninvasive in vivo monitoring of cell behavior presents a major chal-

lenge to imaging researchers. Cells labeled with fluorescent probes or expressing

bioluminescent reporter genes offer opportunities for in vivo tracking. However, it is

important to verify that labeling remains stable once it is in the cell, does not impair

cell phenotype or influence engrafting behavior. Herein, we provide a brief outline of

current approaches to whole-body fluorescence imaging of cancer and hematopoietic

cells by means of near-infrared (NIR) fluorescence-emitting agents. Cell-labeling

approaches will be reviewed, with particular focus on the use of NIR lipophilic

membrane dyes, nontargeted NIR cyanine-based fluorescent markers, NIR esterase-

activatable fluorescent probes, and NIR Quantum Dots. Each approach features both

advantages and limitations, typically related to ease of use, sensitivity, specificity,

toxicity or stability. The beneficial aspects of NIR imaging are maximized when used

in conjunction of complementary imaging modalities. Thus, the final section of this

chapter is devoted to the use of NIR imaging in the context of multimodal imaging.

Keywords Cancer cells � Hematopoietic cells � Near-infrared fluorescence imaging �
Whole-body optical imaging
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1 Introduction

Imaging technologies have revolutionized medicine by significantly improving

noninvasive diagnosis, monitoring of disease progression, and the effectiveness

of therapy. In basic and preclinical research, noninvasive imaging systems provide

dynamic and multiparametric access to complex anatomical, physiological, and

molecular information. Such technologies offer important tools for investigating

the biological basis of diseases and facilitating the development of novel therapeu-

tic approaches. The ability to simultaneously follow multiple cell lineages, analyze

their patterns of migration, determine their sites and rates of proliferation and

subsequently monitor their differentiation and function at the terminal site, have

significantly broadened scientific research capacities.

More specifically, changes in tissue organization and organ growth can be

derived from anatomical imaging protocols. Functional imaging provides real

time information on hemodynamics, vascular permeability, muscle contraction,

cardiac function, and cognitive brain activity. Molecular imaging allows for

in vivo detection of gene or cell surface marker expression monitoring and analysis

of enzymatic activity. Cellular imaging methods allow for tracking of cell migra-

tion, differentiation, proliferation, and survival within the living organism. Tight

monitoring of cell fate is critical during fetal growth, pathological processes, and

therapeutic processes, such as tissue repair.

The ever-growing demand for temporal evaluation of cell distribution, pharma-

cokinetics and pharmacodynamics of administered agents, progression of infectious

agents, and expression of cell surface antigens, with simultaneous recording of

anatomical, hemodynamic, or other tissue function parameter changes has outlined

the need for multifaceted imaging techniques. Integration of diverse imaging tools

and coregistration of their output can provide imaging systems with unprecedented

capacities. To date, a number of imaging approaches concurrently incorporate

various instruments for whole-body in vivo cell imaging. Inmost cases, cell-labeling

contrast materials, each designed to be detected by a unique imaging technique, are

simultaneously applied to allow for detection and integration of multiple signals

from a single live sample. Cell-labeling methods enabling cell visualization in vivo

include introduction of exogenous contrast media (fluorescent dyes or nanoparticles)

or use of reporter genes (fluorescent protein such as GFP/RFP or bioluminescent

enzyme/luciferin).

In this chapter we will provide an overview of the state-of-the-art of whole-body

near-infrared (NIR) fluorescence-based imaging techniques applied toward in vivo

monitoring of cell fate.
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2 Levels of Spatial Resolution for In Vivo Fluorescent

Cellular Imaging

Optical imaging provides a unique opportunity to observe cellular behavior

within the intact organism at different levels of resolution. Cellular behavior

could be observed both on the level of single cell or at the level of groups of

cells. In order to achieve different scales such as microscopic magnification or

panoramic view different approaches should be chosen. For example, intravital

microscopy (IM) and especially fluorescent intravital video microscopy (fIVM) is

a technique that enables visualizing single cell or small groups of cells inside live

animals at high spatial and temporal resolution (Fig. 1). This technique requires

specific adaptations of the microscope so as to optimize it for in vivo imaging

applications [1]. The major limitation of fIVM is the small depth of penetration

(up to 1 mm when using two-photon microscopy) [2]. IM systems are optimized

for high resolution imaging of superficial cells, but have limited capabilities for

panoramic imaging of relatively large objects such as live experimental animal.

To overcome those limitations whole-body fluorescence imaging applies sensitive

Fig. 1 Two levels of fluorescent cellular imaging (Intravital Microscopy andWhole-Body Optical

Imaging)
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cameras, without microscopic magnification, allowing capturing images from

larger objects ranging from millimeters up to ten or more centimeters [3]. Com-

bined macroscopic imaging systems adapted with an in vivo microscope are

available and provide a continuum of spatial resolution with a reciprocal shift in

depth of penetration [4].

Translation from superficial intravital microscopy to whole organism (whole

body) raises various challenges including the need to overcome fluorescent light

absorption, scattering and higher auto-fluorescence. Fluorescent probes that pro-

vide good images for superficial intravital microscopy imaging are frequently

not optimal for whole-body imaging. For example, the most popular fluorescent

probes, dyes, and fluorescent reporter genes emit in the visual spectrum of

400–650 nm. At this visible light range, the emitted fluorescence is highly

absorbed by the endogenous body chromophores [5]. Increasing sensitivity, spec-

ificity, three-dimensional reconstruction, and spatial resolution are the major

challenges for whole-body optical imaging. Imaging cellular behavior using

whole-body optical imaging, and particularly visualizing signal from labeled

cells located in deep tissue, requires combination of state-of-the-art instruments

with advanced cell-labeling technologies.

3 Near-Infrared Fluorescence Imaging

Hemoglobin, the primary biological chromophore, strongly absorbs visible light,

thereby limiting the penetration of short wavelength light to a few millimeters.

Other components of biological tissues, such as water and lipids, are optically

transparent at wavelengths within the visible to NIR range (600–1,000 nm), but

strongly absorb infrared light. In addition, light scattering and auto-fluorescence

of biological fluorophores [6, 7] are lower in the NIR when compared to the

visible light range (<600 nm), where they can strongly interfere with detection of

short wavelength-emitting probes [8]. Thus, this transparent window, where the

absorption coefficient of tissue is at a minimum, can be utilized for optical

imaging.

4 NIR Fluorescence Imaging Approaches for Small

Animal Imaging

Table 1 presents a short list of modern fluorescent imaging approaches applicable

for cellular imaging, their advantages and limitations [3, 9–16].

332 V. Kalchenko et al.



5 General Approaches for Flourescent Labeling of

Hematopoietic and Cancer Cell

Cells can be fluorescently labeled either in vivo or ex vivo, using either endoge-

nously expressed reporter genes with constitutive or induced expression, or using

exogenously applied targeted fluorescent probes (targeted to specific chemicals

including antigens) or untargeted probes, depending on the aim of the study.

Exogenously applied cell-labeling probes allow rapid labeling of all cell types,

but rapid cell proliferation will lead to dye dilution and corresponding loss of

signal. Long term cell lineage tracking frequently requires the use of endoge-

nously and constitutively expressed reporter genes. In vivo cell labeling for the

purpose of cell tracking is a common practice in intravital microscopy [17]. For

example, intravenous administration of the cationic fluorescent dye Rhodamine

6G (Rh6G) results in selective accumulation in nuclei and mitochondria of living

cells such as leukocytes. In vivo administration of NIR fluorescent (NIRF) dyes

for the purpose of hematopoietic or cancer cell labeling (following whole-body

optical imaging) is not yet a common practice. Nevertheless the use of NIRF

probes targeted (and/or conjugated with antibodies) might have a good potential.

For example anticancer antibodies conjugated with NIRF dye like Cy7 could be

administrated in vivo and their accumulation in site of tumor growth could be

visualized using whole-body fluorescence imaging [18]. On the other hand,

ex vivo cell labeling by NIRF dyes and probes is a common and widespread

practice as will be described below.

Table 1 NIR fluorescent imaging approaches for small animal whole-body imaging

Type of instrumentation Advantages Disadvantages

Two-dimensional single

channel

epifluorescence

Simple operation; fast Quantitative only for superficial signals;

offers no anatomical information

Two-dimensional

spectral imaging

Multiplexing Only semiquantitative and only for

superficial signals; offers no

anatomical information

Time-domain

fluorescence imaging

Multiplexing Quantitative only for superficial signals;

offers no anatomical information

Fluorescence

tomography

Three-dimensional

rendering;

quantitative also for

deeper signals

Complex operation; computation of light

dispersion through the tissue is based

on many approximations

Fluorescence

endoscopy/intravital

microscopy

High spatial and

temporal resolution

Limited to superficial organs

Whole-Body Imaging of Hematopoietic and Cancer Cells Using Near-Infrared Probes 333



6 Ex Vivo Cell Labeling Using Nonspecific NIR

Fluorescent Dyes

The standard procedure for ex vivo cell labeling is based on introducing a contrast

agent (fluorescent dye) to cell culture or cell suspension. Schematically it is shown

in the Fig. 2.

A number of infrared dyes can be used for labeling of cancer and hematopoietic

cells. However, as any labeling procedure induce cellular stress, validation of cell

viability is critical in determination of the labeling protocol most appropriate for the

cell model of interest.

To ensure effective labeling, the fluorescent molecule must cross the cell mem-

brane, either spontaneously or with the aid of membrane permeabilizing treatments

(such as the use transfection agents), and remain within the cell for an extended

period. For example, the FDA-approved NIRF Indocyanine green (ICG) contrast

agent is commonly used in ophthalmological applications, such as retinal and

choroidal vasculature imaging, or for measuring and monitor cardiac output, liver

function and various parameters related to peripheral circulation. Its absorption and

emission in the NIR region allow for deep tissue penetration (absorption maximum:

780 nm and emission maximum: 820 nm in aqueous solution) [19]. ICG concentra-

tion and solvent largely influence its optical properties, where aggregation leads to

self-quenching and a consequential reduction in fluorescence while micellar orga-

nizations improve signals and are often used as delivery vehicles [9]. In aqueous

solutions, ICG forms dimers and oligomers at dye concentrations>3.9 mg/L [20] or

large J-aggregates at concentrations >103 mg/L ICG with an absorption maximum

Fig. 2 A schematic representation of whole-body near-infrared imaging of ex vivo fluorescently

labeled hematopoietic or cancer cells
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at l ¼ 900 nm after 7 days [21]. Alternatively, organic solvents such as DMSO and

or the Protamine sulfate polycation transfection agent improve ICG solubility,

in vitro cellular uptake and fluorescence emission [22].

In addition to ICG, dyes such as Cy7, Cy5.5, Alexa Fluor 680, Alexa Fluor 750,

IrD700, IrD800, which fluoresce in NIR region, can be used for ex vivo cell labeling

and whole-body fluorescence imaging.

7 Cell Labeling Using Lipophilic NIR Fluorescent Probes

The cell membrane with its lipid bilayer provides an important target for labeling

cells using lipophilic fluorescent probes. Lipophilic carbocyanine dyes with long

hydrocarbon chains and lipophilic styryl fluorescent dyes, each with its unique

chemical and optical specifications, are often used for in vivo imaging. Cell

labeling with lipophilic carbocyanines is generally performed by incubating the

cells ex vivo with the fluorescent molecule prior to transplantation [23–25]. The

cells remain labeled for extended periods, providing a powerful tool for routine cell

labeling and whole-body NIRF optical imaging.

Due to its suitable optical properties, DiR (1,1-dioctadecyl-3,3,3,3-tetramethy-

lindotricarbocyanine iodide, Invitrogen), excitation maximum: ~750 nm, emission

maximum: 782 nm [26] is one of the most widely applied NIRF lipophilic dyes in

cell-labeling techniques and in vivo imaging in Figs. 3 and 4.

Some relevant examples for the use of lipophilic dyes in human cancer and

murine hematopoietic cell models are described below and illustrated in Figs. 5–9.

Imaging of trans-endothelial migration of macrophages in a cutaneous granu-

loma model by means of two-dimensional fluorescence imaging and by three-

dimensional fluorescence-mediated tomography are versatile techniques to monitor

and quantify cellular inflammatory response in vivo [27]. An example of recruit-

ment of fibroblasts into s.c. tumors detected by NIR fluorescence imaging is shown

in Fig. 10 [28].
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Fig. 3 (DiR) 1 “DiR”; DiIC18(7)1,1
0-dioctadecyl-3,3,30,30-tetramethylindotricarbocyanine iodide.

Molecular Formula: C63H101IN2, Molecular Weight: 1,013.41
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However, a thorough analysis demonstrated that in addition to signal arising

from the labeled cells and their progeny, some of the fluorescence could be

attributed to dye transfer to neighboring cells either by cell–cell contacts or by
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Fig. 4 Fluorescence excitation and emission spectra of DiIC18(7) (“DiR”) bound to phospholipid

bilayer membranes

Fig. 5 Near-infrared-fluorescent (NIRF) images of DiR-labeled cell homing in mice. (a) Color

coded NIRF images of unlabeled (DiR-) and DiR-labeled human leukemic Pre-B ALL G2 cells

homing in CD1 nude mice, 48 h after transplantation (DiR+) and following noninvasive imaging.

(b) Color coded NIRF image of DiR-labeled mice splenocyte homing overlaid on a photographic

image. The threshold was set above the background auto-fluorescence. The color bar defines

fluorescence intensity (from blue/minimum to red/maximum). Images were obtained by IVIS 100

from Caliper Life Sciences (Xenogen), Alameda, CA, USA (Kalchenko et al. unpublished)
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released microparticles, resulting in “microenvironmental contamination” of the

regions penetrated by labeled cells [29]. Such contamination was observed for

various cell types and various lipophylic dyes. Thus, tracking cells labeled with

lipophilic dyes must be performed with caution and independent tools should

critically validate the data.

8 Esterase-Sensitive Fluorescent Probes for Cell Tracking

Esterase-sensitive fluorescent probes show effective intracellular accumulation,

and are therefore widely used for cell labeling. After cellular uptake and ester

bond hydrolysis by intracellular esterases, these probes are activated to their

fluorescent derivatives and are trapped within the cell. A widely used esterase-

sensitive probe is carboxyfluorescein succinimidyl ester (CFSE) [30]. CFSC or

Fig. 6 Color-coded NIRF image of the cranium of sacrificed CD1 nude mouse 24 h after

transplantation of 1 � 107 DiR-labeled human leukemic Pre-B ALL G2 cells. The cell homing

pattern shows that the G2 cells reached the bone marrow. Bar is 1 mm (adapted from [23])
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analogs are long acting probe and biocompatible and are acceptable for intravital

microscopy and in vitro studies, however, the use in whole-body imaging is limited

because CFSC maximum emission is in the range which is highly absorbed by

Fig. 7 Color-coded NIRF

image of the cranium of a

sacrificed NOD/SCID mouse

48 h after transplantation of

1 � 107 DiR-labeled ARH-

77, Epstein–Barr plasma

cells. Bar is 1 mm

(Kalchenko et al.

unpublished)

Fig. 8 Color-coded NIRF

image of the internal organs

of CD1 nude mice overlaid on

a photographic image 24 h

after transplantation of

1 � 107 DiR-labeled G2L

(human leukemic) cells. The

color bar defines fluorescence
intensity (from blue/
minimum to red/maximum).

Images were obtained by

IVIS 100 from Caliper Life

Sciences (Xenogen),

Alameda, CA, USA (adapted

from [23])
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tissue chromophores. Additional esterase-triggered NIRF probes, such as Alexa

Fluor 750 carboxylic acid, succinimidyl ester (AF750) were recently reported [31,

32]. An example for noninvasive NIRF imaging of Alexa Fluor 750-labeled donor

cells homing into bone marrow is shown in the Fig. 11. Esterase-sensitive NIRF

probes appear to provide a convenient alternative for labeling hematopoietic and

cancer cells for whole-body NIRF optical imaging.

9 NIR Imaging by Means of Reporter Genes

Development of fluorescent proteins with bright emission in NIR region will

dramatically change whole-body imaging approach of hematopoietic and cancer

cells. The currently known infrared-fluorescent proteins (IFPs) can be used for cell

DiR – DiR +

Epi-fluorescence

Radiance
(p / sec / cm2/ sr)

109

108

9

7

5

4

3

2

9

7

Color Scale
Min = 6.85e7
Max = 1.31e9

Fig. 9 Color-coded NIRF images overlaid on photographic images of Cd1 Nude mice 5 min

after i.v. implantation of 1 � 107 DiR-labeled human prostatic cancer cells. The color bar
defines fluorescence intensity (from blue/minimum to red/maximum). Images were obtained

by IVIS 100 from Caliper Life Sciences (Xenogen), Alameda, CA, USA (Kalchenko et al.

unpublished)
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Fig. 10 Recruitment of fibroblasts into s.c. tumors detected by near-IR fluorescence imaging.

Tumors were initiated in the left hind limb of CD-1 nude mice by s.c. inoculation of MLS cells

labeled with DiASP followed by a second i.p. injection of CV-1 fibroblasts (2 � 106) labeled with

DiR or unlabeled cells (left and right mice, respectively). Color-coded near-IR fluorescent images

were acquired by IVIS 100 (Xenogen) system and were overlaid on photographic images of s.c.

tumors. (a) and (b), mice were viewed using near-IR fluorescence (top, no masking; middle, black
tape covering on the abdomen) as well as DiASP fluorescence imaging (a and b, bottom). Images

were acquired 2 days (a) and 7 days (b) after fibroblast injection. (c), excised tumors. Top, near-IR
fluorescence imaging of MLS tumors derived from mice injected with DiR-labeled (right) and
unlabeled (left) CV-1 cells. Bottom, DiASP fluorescence of the labeled MLS tumor cells. (d) CV-1

fibroblasts labeled with DiR were injected into the peritoneum of a tumor-bearing mouse (left
mouse, tumor located at the left limb) or to a control tumor-free mouse (right mouse). Mice were

viewed 10 days after inoculation (c and d) (adapted from [28])
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imaging using whole-body imaging but application is limited by their low quantum

yield [33].

Reporter genes provide a stable signal level for the cells and their progeny thus

facilitating lineage tracking, as signals are not diluted with cell proliferation.

Furthermore, molecular tools now allow to study specific differentiation pathways.

Beta-galactosidase (betaGal) is one of the most popular reporter genes, and its

activity can be detected by fluorescence imaging after NIR activation of the X-Gal

reaction product. Far red fluorescence signals can be provided by using an alterna-

tive betaGal substrate [34].

10 Quantum Dots in NIR Imaging Applications

Fluorescent quantum dots (QDs) are inorganic nanometer-sized, luminescent semi-

conductor crystals featuring unique chemical and physical properties due to their

size and highly compact structure. QDs are characterized by a very well-defined

absorption and a narrow emission spectrum, but on the other hand, QDs are

available for a broad range of emission wavelengths, from the visible to infrared,

depending on their size and chemical composition [35]. Use of QDs in imaging

applications, bypasses many limitations associated with organic fluorescent dyes

such as photobleaching and chemical instability [36]. QDs are particularly useful

for in vivo studies requiring long-term and multicolor imaging of cellular and

molecular interactions [37]. A number of reports demonstrate feasibility of QD

usage in in vivo cellular imaging of hematopoietic and cancer cells. Figure 12

shows an example of uptake of QDs by dendritic cells (DC) [38].

Pre-BMT 30 min 24 h

Tibia

Spleen
LiverLiver

LungLung

Bladderintrinsic fluorescence
of preputial glands

Stemum

Neck lymph nodes

Fig. 11 Noninvasive NIRF imaging of Alexa Fluor 750-labeled donor cells homing into bone

marrow. In vivo imaging was performed using an IVIS Spectrum system (Xenogen, Alameda, CA,

USA). Alexa Fluor 750 carboxylic acid, succinimidyl ester (AF750) (peak excitation: 749 nm,

peak emission: 775 nm; Invitrogen, Eugene, OR, USA). Pre-BMT – Before bone marrow

transplantation (Alexa Fluor 750-labeled donor cells administration). Adopted under Creative

Commons Attribution License (CCAL) from [32]
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NIR-emitting QDs have also been applied for noninvasive in vivo tracking of

DC migration into lymph nodes [39] and for targeting cancer cells for NIRF

imaging [40, 41]. The relatively large size of QDs (15–30 nm), along with their

low biocompatibility and biostability [42], and their high cost, limit their broad

application.

11 Multimodal Imaging

Whole-body NIR imaging alone lacks anatomical information. Therefore, unless

specific anatomical structures are targeted with fluorescence probes, it can be

difficult to assign a signal to a specific location. Integration of NIR fluorescence

imaging with complementary optical and nonoptical imaging modalities can

enhance the molecular information provided by the fluorescent probes and can

aid in interpretation of the data, especially for macroscopic imaging systems.

Multimodality imaging approaches combine two or more imaging modalities.

NIRF imaging can be combined with visual fluorescence [43], bioluminescence

(BLI), X-ray or X-ray computed thomography (CT) [44], magnetic resonance

imaging (MRI) (Fig. 13) [9], [28, 45], and positron emission tomography

(PET), FMT version of NIRF can be combined with MRI and PET [46]. Beside

gaining anatomical localization of the NIRF signal in the body it simulta-

neously allow visualization of multiple functions. For example, it might allow

the uncovering of the functions of different components of the microenviron-

ment while cancer or inflammation forms. Furthermore, the ability to noninva-

sively follow these cells may potentially be beneficial for targeted image-guided

cellular therapy.

Fig. 12 Two-photon image

showing endocytosed QDs

(red) inside CD11c+DCs
(green) cultured from bone

marrow of transgenic EYFP-

CD11c reporter mice. Image

adopted under Creative

Commons Attribution

License (CCAL) from [38]
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12 Summary and Conclusions

Whole-body imaging of cancer and hematopoietic cells facilitates monitoring of

complex biological processes, disease progression, and response to therapy. Visu-

alization of cancer cell in living animals reveals tumor growth and metastasis,

allowing researchers to monitor tumor burden and assess the efficacy of candidate

antitumor and antimetastatic agents. Similarly, observation of hematopoietic cell

rolling, homing and interactions within vessels and tissues such as bone marrow,

spleen, lymph-nodes, and liver can contribute toward an in-depth understanding of

the cells in their natural and disease environments.

The use of NIRF dyes for labeling hematopoietic and cancer cells enables

in vivo imaging of cell fate at microscopic and whole-body levels. Further

innovations in probe design, multichannel techniques, and streamlined toxicity

screening, will result in the development of safer and more versatile imaging

agents. The added value obtained by combining molecular information provided

by optical imaging agents with anatomical data collected from other imaging

modalities will expand the use and potential applications of optical imaging in the

coming years.

Fig. 13 In vivo FMT of cathepsin B expression levels in 9L gliosarcomas stereotactically

implanted into unilateral brain hemispheres of nude mice. (a and b) Axial and sagittal MR slices

of an animal implanted with a tumor, which is shown in green after gadolinium enhancement. (c, d,

and f) Consecutive FMT slices obtained from top to bottom from the volume of interest shown on

(b) by thin white horizontal lines. (e) Superposition of the MR axial slice passing through the tumor

(a) onto the corresponding FMT slice (c) after appropriately translating the MR image to the actual

dimensions of the FMT image (adopted from [9])
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Glass transition, 100

Glass transition temperature, 47

Glass–polymer composites, 47

Glucosamine-6-phosphate (GlcN6P), 214

Glycerol, 78

Green chemistry, 66

GTPases, 238

Guest–host composites, 48

H

H33258, 149

Halo-tag, 246

Hematopoietic cells, 329

His-tag, 297

HisZiFit, 297

HIV, 208

Human serum albumin (HSA), 186

Hydrazides, 228

Hydrogen bonding, 17

10-Hydroxybenzo[h]quinoline (HBQ), 35

3-Hydroxychromone (3HC), 128, 142

3-Hydroxyflavone (3HF), 128

I

IAENS, 40

Iminotriacetic acid (IDA), 298

Implicit solvation, 10

In vitro selection, 201

Indocyanine green (ICG), 334

Infrared-fluorescent proteins (IFPs), 339

Insulin, 189

Intensity sensing, 33

Interfaces, 3

Intramolecular charge transfer (ICT), 15

Ionic liquids, 65

Isomerization dynamics, 21

Isotactic polypropylene (iPP), 110

J

J-aggregates, 124

K

K114, 189, 192

Ketocyanines, 34

Kinesin, 282

L

Langmuir–Blodgett (LB) films, 15, 124

Laser confocal fluorescence microscopy

(LCFM), 93

Latex, 106

Layer-by-layer films, 123

Layer-by-layer polyelectrolyte multilayers, 125

N-Levulinoyl mannosamine (ManLev), 229

Lifetime sensing, 34

Ligand binding sites, 145

Ligand-directed tosyl, 255

Lipid bilayers, 16

Lipid membranes, 138

Lipids, 233

spin-labeled, 40

Lipoic acid ligase (LplA), 253

Liquid crystals, 119, 122

Liquid–liquid interface, 3, 43

Liquid–solid interface, 3

Local electric fields, 15

Lucy dyes, 184

M

Malachite green, 20, 100

Maleimidofluoroprobe, 98
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Matrix metalloproteinases (MMP), 323

Maximum entropy method (MEM), 97

Membranes, 7, 17, 37, 40, 78, 136

dielectric relaxations, 139

proteins, 146, 238, 250, 300, 321

2-Mercaptoethansulfonic acid (MES), 270

Merocyanines, 124, 161, 179

Metal chelator, 297

Methyl-N-(4-(7-nitrobenzo-2-oxa-1,3-
diazole))-2-aminoethylmethacrylate

(NBD-MMA), 109

Micelles, 119, 126

Microfluidity, 3, 19

Micropolarity, 3

Molecular dynamics (MD), 6, 40, 120

Molecular environment, 9

Molecular mechanics (MM), 8, 121

Molecular recognition element (MRE), 201, 203

Molecular relaxations, spectroscopy, 22

Molecular rotors, 20, 81, 96

Molecular rulers, 44

Multivalency, 297

Myoglobin, 145

N

Nanocavities, 3, 48

Nanocomposites, 3

NanoOrange, 185

Nanoparticles, 305

Nanoviscosity, 19

Naphthyl styryl dyes, 15

Native chemical ligation (NCL), 237

Near-infrared fluorescence imaging,

313, 317, 329, 332

Nile Red, 26, 34, 38, 51, 124, 277

Nitrilotriacetic acid (NTA), 297, 298

p-Nitroanisole, 44
Nitrobenzene, 43

4-Nitrobenzoic acid, 11

[1-(4-Nitrophenyl)-2-pyrrolidinemethyl]

acrylate (NPP-A), 108

Nitrophenylpyrrolidine, 107

Nuclear polarizability, 12

Nucleic acid enzymes, 201

biosensors, 210

Nucleic acids, 119, 148, 161

cyanine dyes, 164

functional, 201

ligands, 163

O

Onsager–Debye model, 151

Optical molecular imaging, 313

Orientational polarizability, 13, 16

Oxazole yellow (YO), 166

P

Parkinson’s disease, 187

PBBO probe, 124

PBT/PEG, 104

Pentamethine cyanine dyes, 173

Peptide nucleic acid (PNA), 231

Perylene bisimide, 109

Phenanthrene methacrylate (Phe-MA), 108

1-Phenyl-4-(4-cyano-1-naphthylmethylene)

piperidine, 96

Phosphatidic acid (PA), 233

Phospholipid bilayers, 136

Phosphopantetheine (Ppant), 248

Photoinduced electron transfer (PET), 81

Platelet endothelial cell adhesion molecule

1 (PECAM-1), 320

Platelet-derived growth factor BB (PDGF-BB),

204

Polarity, 6, 7, 12, 35, 47, 67, 141

nanoscale, 3

Polarizable continuum model (PCM), 45

Poly(butyl acrylate) (PBA), 103

Poly(isobutyl methacrylate) (PiBMA),

101, 102

Poly(methylmethacrylate) (PMMA),

107, 109

Poly(2-vinylpyridine) (P2VP), 101

Polybutylene terephthalate (PBT), 104

Polyelectrolytes, 125

Polymerization, fluorescence methods, 95

Polymethine cyanines, 18, 21, 164

Polystyrene (PS), 97, 101, 108

Posttranslational modifications (PTMs), 239

PRIME (PRobe Incorporation Mediated by

Enzymes), 253

Probes, fluorescence, 119

homogeneous, 161

location, control, 39

Prodan, 17, 34, 68, 128, 137

Prostatic cancer, 339

Protein fusions, reactive, 244

Protein–lipid systems, 146

Proteins, 119, 140, 161

dynamics, 142

in-solution detection, 185

polarity, 141

surface, Trp residues, 40

Proticity, 3, 17, 35

PS-GMA, 97

Pulse-chase labeling, 285
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Pyrene, 18, 34, 40, 102

1-Pyrenylmethylmethacrylate (MApyrene),

102, 125

Pyrogallol red protein, 187

Q

Q-tag, 252

Quantum dots (QD), 297, 305, 341

Quantum dynamics, 9

Quantum mechanics, 121

Quantum mechanics/molecular mechanics

(QM/MM), 8, 121, 141

Quenching, 39

R

Reactive oxygen species (ROS), 285

ReAsH, 271

Red edge excitation shift (REES), 78

Red-edge effect (REE), 23, 65, 78, 134

Reporter genes, 339

Reverse micelles, 126, 132

Rhodamine 6G, (Rh6G), 333

Ribonuclease A, 40

Ribozymes, 201

Rigidochromic dyes, 94

RNA, 164, 202, 240

Room temperature ionic liquids (RTILs), 66

Rotating sphere, 19

Rotation, induced, 21

RT-PCR, 202

S

Second-harmonic generation (SHG), 39

Selenocysteine, 239

SELEX, 202

Self-assembled monolayers (SAMs), 123

Shewanella oneidensis, 268
Single molecule fluorescence techniques

(SMD), 108

Single molecule spectroscopy (SMS), 94

Sodium dodecyl sulfate, 42, 128

Sol-gel derived materials, 51

Solid–liquid interface, 46

Solid-phase peptide synthesis (SPPS), 238

Solids, surfaces, 47

Solid–solid interface, 46

Solvation, dynamics, 10, 65

preferential, 27

shells, 10, 27

Solvatochromic fluorescent probes, 94

Solvatochromy, 3

Solvent polarity, 67

Solvent-free synthesis, 66

Sphingolipids, 139

Spring-loaded transformations, 227

Squaraine dyes, 186

Stains-All, 170

Staudinger ligation, 228

Steady-state fluorescence, 92

Stern layer, 131

Steroids, 139

Stilbene, 124

Stimulated-emission depletion (STED)

microscopy, 39

Strain-promoted alkyne–nitrone cycloaddition

(SPANC), 237

Streptococcal protein G (GB1), 144

Styrene, 95

Styryl dyes, 15

Styryl pyridinium dye, 21

Styrylcyanine dyes, 175

Suicide inhibitors, protein labeling, 249

Supercritical fluid, 31

Surfaces, 3

SYBR Gold, 164

Synaptotagmin I, 285

a-Synuclein, 190
SYPRO dyes, 179

T

T-284, 191

Tetracysteine motifs, 263

Tetracysteine tags, 238, 263

bimolecular, 263, 290

Tetrazine–alkene, 234

Tetrazole–alkene, 235

Thermoplastic olefins (TPO), 110

Thiazole orange (TO), 165, 177

Thioflavin T, 187

Thrombus formation, 318

Time-correlated single photon counting

(TCSPC), 74

Time-resolved emission spectra (TRES), 70

Time-resolved fluorescence, 93

2.6-TNS (2-toluidinonaphthalene-

6-sulfonate), 139

Toluene, 29

TOTO, 203

Transition metals, 236, 297

4-Tricyanovinyl-[N-(2-hydroxyethyl)-N-ethyl]
aniline (TC1), 21

Trimethine cyanines, 161, 169

Trimethylamine-N-oxide, 43
Triphenylmethane dyes, 20, 178

Tris(2-carboxy)ethylphosphine (TCEP), 270

Triton X-100, 128
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Twisted intramolecular charge transfer

(TICT) states, 21

Two-photon excited (TPE) probes, 161, 175

U

Uranium oxide, 216

V

Vascular adhesion, 320

Vascular cell adhesion molecule, 1

(VCAM–1), 320

Vascular targets, 318

Very late antigen 4 (VLA4), 320

Viscosity, 6, 7

nanoscale, 3

sensors, dyes, 19

W

Wavelength ratiometry, 34

Whole-body optical imaging, 329

near-infrared, 334

X

X-34, 189

X-ray crystallography, 40
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