1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Org Biomol Chem. Author manuscript; available in PMC 2021 August 05.

-, HHS Public Access
«

Published in final edited form as:
Org Biomol Chem. 2020 August 05; 18(30): 5747-5763. doi:10.1039/d0ob01131b.

Rational Design of Small Molecule Fluorescent Probes for
Biological Applications

Joomyung V. Jun&P, David M. Chenoweth?, E. James Peterssonc

a.Department of Chemistry, University of Pennsylvania, 231 South 34th Street, Philadelphia, PA
19104, USA.

b.Department of Chemistry, Massachusetts Institute of Technology, 77 Massachusetts Avenue,
Cambridge, MA 02139, USA.

¢-Department of Biochemistry and Molecular Biophysics, Perelman School of Medicine, University
of Pennsylvania, 3700 Hamilton Walk, Philadelphia, PA 19104, USA.

Abstract

Fluorescent small molecules are powerful tools for visualizing biological events, embodying an
essential facet of chemical biology. Since the discovery of the first organic fluorophore, quinine, in
1845, both synthetic and theoretical efforts have endeavored to “modulate” fluorescent
compounds. An advantage of synthetic dyes is the ability to employ modern organic chemistry
strategies to tailor chemical structures and thereby rationally tune photophysical properties and
functionality of the fluorophore. This review explores general factors affecting fluorophore
excitation and emission spectra, molar absorption, Stokes shift, and quantum efficiency; and
provides guidelines for chemist to create novel probes. Structure-property relationships concerning
the substituents are discussed in detail with examples for several dye families. Then, we present a
survey of functional probes based on PeT, FRET, and environmental or photo-sensitivity, focusing
on representative recent work in each category. We believe that a full understanding of dyes with
diverse chemical moieties enables the rational design of probes for the precise interrogation of
biochemical and biological phenomena.
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Introduction

Chemical biology is a rapidly-growing field that utilizes chemical strategies to decipher and
manipulate natural biology with high precision.}# Interdisciplinary research at the
chemistry/biology interface has generated revolutionary technologies to probe biological
systems, innovated diagnostic platforms to improve human health, and allowed synthetic
biology to benefit both medical and environmental needs. These advances often rely on
fluorescence-based imaging techniques that can detect, visualize, and characterize
morphological and dynamic phenomena of biology at the molecular level in multi-
dimensional fashions.3 4 Therefore, fluorescent probes have become indispensable tools for
the field of molecular biology and medicine.* Owing to their high sensitivity and rapid
response, fluorescent probes offer diverse benefits in visualizing spatiotemporal changes in
biological systems.3 5 Though there are many fluorescent probes, including genetically
engineered fluorescent proteins® and quantum dots,” this review is focused on synthetic
fluorescent small molecules. Small molecule fluorophores present a highly attractive space
for organic chemists as they hold several key advantages over other imaging systems, such
as small size, ease of use, and chemical tunability.: 8

Left: E. James Petersson was born in Connecticut, USA and completed his undergraduate
education at Dartmouth College and his graduate study under Dennis Dougherty at the
California Institute of Technology. After receiving his Ph.D. in 2005, he was an NIH
Postdoctoral Fellow at Yale University with Alanna Schepartz. He joined the Department of
Chemistry at the University of Pennsylvania in 2008 and the Department of Biochemistry
and Molecular Biophysics in the Perelman School of Medicine in 2018. His research has
been recognized by several awards, including the Searle Scholar, an NSF CAREER award,
and a Sloan Fellowship.

Center: Joomyung (Vicky) Jun was born in South Korea and received her B.Sc. degree in
chemical biology at U. C. Berkeley in 2012, performing undergraduate research with
Kenneth Raymond. She then worked with Ronald Zuckermann at the Molecular Foundry in
Lawrence Berkeley National Laboratory until 2014. Her research (Ph.D. 2019) at University
of Pennsylvania focused on the development of novel and underexplored fluorogenic small
molecules. She was co-advised by Professors Chenoweth and Petersson. She is currently a
postdoctoral scholar with Ronald T. Raines in the Department of Chemistry at
Massachusetts Institute of Technology.
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Right: David M. Chenoweth was born in Indiana, USA and received his B.S. degree from
Indiana University-Purdue University Indianapolis (IUPUI) in 1999. He worked at Dow
AgroSciences and Eli Lilly before joining Peter Dervan’s group at the California Institute of
Technology to pursue a Ph.D. After graduation in 2009, he was an NIH Postdoctoral Fellow
with Timothy Swager at Massachusetts Institute of Technology. David was appointed
Assistant Professor in the Department of Chemistry at the University of Pennsylvania in
2011 and was promoted to Associate Professor with tenure in 2017. He is also a member of
the Biochemistry and Molecular Biophysics Graduate Group in the Perelman School of
Medicine and the Bioengineering Graduate Group in the School of Engineering and Applied
Science.

Brief History and Significance

The first well-defined small molecule fluorescent compound was the antimalarial drug
quinine sulfate (ESI, Fig. S1). The fluorescence of quinine was discovered by Fredrick
Herschel in 1845 when he noticed the visible emission from an aqueous quinine solution
(tonic water).? Later, in 1852, British scientist Sir George Stokes explained that this
phenomenon of emission was due to absorption of light by quinine and coined the term
“fluorescence.’10 However, fluorescent compounds did not receive much attention until the
development of the fluorimeter and fluorescence microscopy in the 1950s.11 Since then,
fluorophores have been widely used in bioanalytical techniques to stain tissues and bacteria,
spurring many discoveries of other organic dyes. In the early 1990s, Roger Tsien and others
developed a series of fluorescent probes by engineering green fluorescent protein (GFP)
variants with different colors than wild type GFP as well as superior photophysical
properties.8: 12 Tsien, as well as Osamu Shimomura and Martin Chalfie,13 received the
Nobel Prize in Chemistry in 2008 for the discovery and development of GFP.14 The extant
collection of fluorescent probes has exponentially grown in conjunction with development of
imaging instruments. In 2014, the Nobel Prize in Chemistry was awarded to William E.
Moerner, Eric Betzig, and Stefan Hell for the development of super-resolution fluorescence
microscopy, which overcomes the diffraction limits of conventional light microscopy.1®
Today, synthetic fluorogenic probes are found in the vast majority of cell biological
experiments, demonstrating diagnostic and even clinical utility.16-18

Fluorescent small molecules have utility in a wide variety of experiments, including cellular
staining, detection of specific bioanalytes, and tracking biomolecules of interest (Fig. 1).
These synthetic fluorophores are generally modified as fluorescent tags that can be appended
to the target molecule either by chemical (e.g., biorthogonal click chemistry)1® or biological
(e.g., self-labelling protein tag)20-22 means. The target molecules can be as small as
inorganic bio-analytes (e.g., calcium, iron, copper), they can be intermediate size molecules
like metabolites or lipids, and as big as macromolecules, such as proteins, DNA or RNA. A
fluorescent probe commonly consists of a fluorophore, linker, and recognition motif (tag),
which can be the site of attachment to the target (ESI, Fig. S2). The small size of synthetic
fluorophore probes provides many benefits over fluorescent proteins, including minimal
perturbation to the native functions of the target and high flexibility in molecular design and
application. Beyond biological imaging, fluorescent materials enable many useful
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technologies, such as high-throughput screening, genome sequencing, and activity-based
protein profiling (ESI, Fig. $3).23

Successful development of a fluorescent small molecule for biological imaging can be
achieved through a combination of the following approaches: 1) efficient synthetic
strategies, 2) high throughput /n vitro and in silico analytical methods, 3) sufficient imaging
instrumentation for /n cellulo and in vivo studies, and 4) background knowledge in a
biological system.

The first key step is efficient chemical synthesis because all probe properties, including
photophysical characteristics of the small molecule, can be tailored by changing chemical
structure. In particular, employing advances in chemical synthesis and high-throughput
analysis is essential for the discovery of optimized ‘functional’ fluorophores. A functional
fluorophore changes fluorescence in response to some external stimuli such as interaction
with target biomacromolecules, reactive chemical species, modifying enzymes, light, or
environmental changes (Fig. 1).24-27 Such probes empower sophisticated bioassays and real-
time imaging of biological systems. With recent revolutionary advances in imaging
techniques, these functional fluorophores have been used for multi-color time-resolved
imaging and super-resolution microscopy.

3. Principles of Fluorescence

Over several decades, myriad different fluorophores have been developed with various
photophysical and chemical properties. The photophysical characteristics of fluorophores
include the absorption maximum (A4s); the emission maximum (Agry); the extinction
coefficient (e), typically reported at A4ps; and the fluorescence quantum yield (&). The
process of fluorescence is well described by a Jabtoriski diagram (Fig. 2A-B).28: 29 Upon
absorption of light at A4, @ molecule initially reaches a singlet excited state (Sq, Sy, etc.).
Typically, an excited molecule will then rapidly lose energy due to solvent reorganization
around the distorted dipole of the excited state and relax to the first singlet excited state (S1).
From the S, state, a molecule relaxes back to the ground state (Sg) and emits a photon of
wavelength Agn in a process known as fluorescence emission. The difference between A ¢
and Agn is termed the “Stokes shift” in homage to Sir George Stokes (Fig. 2C). Due to the
energy loss stemming from relaxation to S; and solvent reorganization, A¢n, is generally
longer than Agps. However, Aqps > A €an occur during multiphoton excitation where two
or more photons are simultaneously absorbed to yield the singlet excited state. Alternatively,
intersystem crossing (ISC) to and from a triplet state (T4) can occur when the excited
electron is no longer paired (parallel/same spin) with the ground state electron. This causes
the excited molecule to relax and emit a photon through either radiative (phosphorescence)
or nonradiative (quenched) means. Phosphorescent processes usually have significantly
longer lifetimes and longer emission wavelengths than fluorescent ones. ISC can be
commonly found in heavy-atom containing fluorophores (e.g., those containing iodine or
bromine) or fluorophores in the presence of paramagnetic species in solution.

The sequence of events leading to fluorescence emission is consistent and thus allows one to
analyze fluorescent properties in terms of structural motifs. The fluorescence lifetime () is
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the average time between excitation and emission and allows the quantification of competing
rates of fluorescence and nonradiative processes. This delay also enables fluorescence
anisotropy/polarization measurements. The extinction coefficient e, also known as molar
absorptivity, measures the capacity of a dye to absorb photons. The quantum yield ®
measures the efficiency of the fluorescence process based on the ratio of the number of
photons emitted to the number of photons absorbed. Taking these values into account, the
relative brightness of fluorophores can be determined by multiplying the extinction
coefficient and quantum yield (e x ®). Another important property is photostability or
photobleaching, which demonstrates the robustness of the dye to continued irradiation.
Lastly, important chemical characteristics of fluorophores include environmental
sensitivities based on the pH or polarity of solvents, aggregation induced properties,
solubility, and cell permeability.3°

4. Photophysical and Chemical Properties

Combining classical strategies for the synthesis of fluorophores with recent advances in
synthetic methods has allowed rapid growth in small molecule fluorescent probe
development. A plethora of small molecule fluorophores have been synthesized, structurally
tailored and applied for specific biological experiments with desired properties. However,
the vast number of fluorophores are generated from a modest set of “core” scaffolds as
reported in several reviews by Nagano, Raines and Lavis.1: 8 31. 32 The structures of
common fluorogenic cores used in current biological research are shown in Fig. 3. Each
scaffold has been derivatized into dyes with improved photophysical and chemical
properties. We have analysed the utility and popularity of each fluorogenic core by the
number of publications based on the SciFinder database in the ESI (Fig. S4).33
Unsurprisingly, fluorescein was the most ubiquitous core as it was discovered in 1871 and is
a Food and Drug Administration (FDA) approved dye. Interestingly, quinoline was the least
studied of these cores despite being the first well-defined fluorophore.3*

Studying the dye family based on each core allows us to understand the distinct structure-
photophysical property relationships of each scaffold and to generate plans for the
development of future probes (Table 1). For instance, boron dipyrromethene (BODIPY) dyes
generally have high brightness, but suffer from self-quenching, due to a small Stokes shift.
On the other hand, coumarins and quinolines usually have large Stokes shifts, but generally
exhibit blue-shifted (shorter wavelength absorption relative to that of fluoresceins or
rhodamines). Each fluorescent core can be paired with other fluorophores to exhibit Forster
resonance energy transfer (FRET). Coumarin (e.g. methoxycoumarin) can be combined with
xanthone derivatives like acridones.3® Fluorescein and rhodamine derivatives are a widely
used FRET pair, as those are the most modular and versatile scaffolds, with precisely tunable
photophysical properties that have been optimized for imaging or for single molecule FRET
studies.8: 36

Modification of these cores has generated numerous synthetic dyes with a variety of utilities;
however, only a small number of them are compatible with /n vivo studies. In fact, only two
(fluorescein and indocyananine green) are FDA-approved contrast agents for optical imaging
in human health studies (ESI, Fig. S4).40 This shows that there is still a great need for
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“ideal”/n vivo or live cell probes that are non-cytotoxic, red-shifted (i.e., long wavelength),
substantially bright, and highly selective to the target of interest. The major bottleneck in
ideal /n vivo probe development is that some properties (e.g., low cytotoxicity and high
selectivity, sensitivity, and photostability) under physiological conditions cannot currently be
rationally designed or computationally predicted from first principles. One of the formidable
challenges for /n vivoimaging is the requirement of highly red-shifted spectra. Longer
excitation wavelengths are needed to penetrate deeper into tissue and to avoid eliciting
cellular autofluorescence (>750 nm excitation) and photon scattering for high-resolution or
two-photon imaging (>1400 nm excitation). Additionally, the necessary instrumentation to
readily analyze these red-shifted probes, such as infrared lamps for microscopy, are also not
widely available.#1

Addressing both predictable and unpredictable properties of small molecule probes, we will
discuss how dye chemistry has been developed by a rational design approach. We survey the
development of fluorophores over the past 20 years and highlight the exemplary use of
sophisticated, custom-made probes. Understanding the chemistry that underlies the
fluorophore design and synthesis is essential to inspire the design and creation of new, high-
precision tools.

5. Rational Design of Fluorophores

Each step in the fluorescence process can be modulated by organic synthesis. To accelerate
rational and efficient probe development, many efforts to understand the mechanism of each
fluorescence process by computational chemistry have been made in recent years. Here, we
detail a curated collection of fluorophores and highlight both general strategies and unique
approaches that are employed to control fluorescence through rational design. Three general
guidelines are considered for the design of new dyes at the present time. First, absorption
and emission spectra of a fluorophore can be modulated by attaching electronically diverse
groups to the fluorescent core. Second, the brightness of the fluorophore can be modulated
by controlling photoinduced electron transfer (PeT) and restricting bond rotation. Lastly, the
fluorescence readout can be modulated by utilizing interchromophore FRET#2 or PeT. Each
modulation method will be further discussed below.

Intrinsic Properties (absorption/emission/¢/Stokes shift)

In general, a donor-rt-acceptor moiety is the key structural framework to give fluorescence
to small organic compounds (Fig. 4).43 44 Within the core fluorophore, changes in the
electronics of the donor-re-acceptor dye can cause changes in fluorescence.*® 46 An increase
in the “push—pull” effect of electronics in dyes, whose excitation involves intramolecular
charge transfer (ICT), results in a bathochromic (red) shift in their UV-vis absorption and
emission spectra.34

Additionally, expanding the r-conjugated network by appendages such as methylene
moieties or aromatic substituents leads to a bathochromic shift and typically to an enhanced
extinction coefficient (Fig. 5). Nagano and Lavis separately developed series of fluorescein
and rhodamine derivatives with fine-tuned absorption and emission spectra by changing
substituents.#”: 48 Replacing the oxygen at the 10-position of fluorescein (compound F490)
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or rhodamine (compound R550) with a C or Si atom red-shifted Ay up to 650 nm (R606,
R646). Additional general methods to increase both absorption and the lactonization
equilibrium constant (K .z regulates brightness, see details in Fig. 9B) were realized by
fluorinating the pendant phenyl ring of rhodamine (R662).4° Near-Infrared (NIR) florescent
dyes (Aem>700 nm) are essential for live-cell and /in vivo imaging because of deep tissue
penetration, reduced phototoxicity, and lower autofluorescence of biological substances.?® A
NIR rhodamine (R704) was achieved by modifying the 10-position of rhodamine to a
sulfone group, exhibiting 700-704 nm absorption and 733-742 nm emission due to unusual
d*-m* conjugation.5?

This general trend was also observed in xanthene chromophores (pyronines) supporting the
use of xanthene as a an “antenna” for absorption in modular fluorophore design. Replacing
the 10-position of the xanthene with boron (X611)°2 or group 14 elements such as tin
(X614), germanium (X622), or silicon (X634), showed bathochromic shifts compared to the
oxygenated parent molecule.?® The trend indicated that the red-shift in absorption was due
to stabilization of lowest unoccupied molecular orbital (LUMO) energy levels by o*-n*
conjugation between o* orbitals (Si-C, Ge-C, or Sn-C) and a rc* orbital of the fluorophore.53

Absorption and emission of cyanine dyes can be red-shifted by extending the methylene
bridge or modifying heterocycles with stronger electronic donating and accepting groups.
Moving away from traditional NIR region (750-800 nm), the Sletten group has developed
fluorophores in the shortwave infrared region of the spectrum with A¢, of 908 nm(C862) to
1045 nm (C1026) by utilizing a 7-dimethylamino flavylium heterocycle within the cyanine
dye scaffold.#! Including the most bathochromic NIR agent, C1061, which is commercially
available, most NIR agents suffer from problems of insolubility (Table 1). Thus, cyanine
probes are generally utilized with nanoparticles or micelle carriers for biological imaging.>*

Alteration of substituents can also contribute to improving @ or water solubility of synthetic
dyes.>>-57 Briefly, Lavis and coworkers reported that azetidinyl substitutions in place of
dimethylamino groups in rhodamine derivatives greatly enhance @ without modifying
absorption or emission spectra.5” Likewise, Michie and Renikuntla et. a/. dramatically
improved @ of cyanine dyes by conformationally restraining the trimethine or pentamethine
bridge (C559, C670).%8 9 Through installation of fused 6-membred rings to the
polymethine bridge, the major deactivation pathway, excited-state frans-to-c/s polyene
rotation, is blocked. Hence, the photon output is maximized by reducing the energy loss.58

To overcome lipophilicity and water insolubility of synthetic dyes due to the planar structure
of fused rings, sulfonate or carboxylic groups can be installed (C820). However, highly
charged or polar fluorogenic probes can be limited by poor cell permeability possibly due to
affinity for the cell membrane. Recently, the Johnsson group reported a general strategy to
improve cell permeability of rhodamines and related fluorophores by simply converting a
carboxyl group into an electron-deficient amide, N, A-dimethylsulfamide,(R510, R618,
R700).60 By rationally tuning the lactonization equilibrium (K| .z) with chemical
modifications, amidated rhodamines showed increases in fluorescence up to 1,000-fold
without affecting the spectroscopic properties of the fluorophore.
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The addition of substituents to a fluorophore framework shifts not only the absorption but
also the emission spectra. The main challenge in developing detailed strategies to modulate
fluorescence is that multiple factors change upon a single modification. However, because
substitution affects both the absorption and emission spectra, the Stokes shift generally
remains unchanged. To modulate the Stokes shift, it has been suggested that a large
structural change (e.g., the rotation of a key bond or substituent) upon its excitation leads to
increased geometrical relaxation, resulting in a large Stokes shift (Fig. 6).61 Such molecular
structure perturbations can be quantified by taking the root-mean-square (RMS) of the
cumulative atomic displacements in comparison to the ground-state molecular structure.
This geometry relaxation-induced change in Stokes shift can be found in biphenyl, 9-fert

butylanthracene, stilbene derivatives, heptamethine cyanine dyes, and BODIPY dyes (Fig.
6).40,42,43

PeT-Based Fluorescent Sensor

We can modulate the brightness (via ®) of small molecule dyes through PeT or the tailoring
of bond rotations. Fig. 7 presents a schematic representation of these different modes of
modulation and corresponding examples of fluorogenic compounds based on the fluorescein
scaffold.52: 63 This concept was successfully applied to BODIPY as well (Fig. 8).54 Nagano
and co-workers have divided the fluorophore into acceptor and donor regions: the xanthene
moiety is the source of fluorescence, and the benzene moiety acts as an intensity switch.
65,66 The benzene moiety can be either a PeT donor or acceptor depending on the highest
occupied molecular orbital (HOMO)-lowest occupied molecular orbital (LUMO) gap
relative to that of the xanthene moiety. Fig. 8A shows that the PeT-based molecular switch
can be tuned by installing steric groups in the benzene moiety. Although the fluorescein
derivative with the unsubstituted benzene ring is weakly fluorescent, those with substituted
benzene rings are highly fluorescent. This demonstrates that the steric bulk of the group at
R! reduces the PeT quenching in fluorescence by keeping the benzene moiety orthogonal to
the fluorophore.®2 Fig. 7B shows that the molecular switch can also be modulated by
introducing electronic substituents that change the HOMO-LUMO levels. Fig 9 shows that
the change in electronic properties of substituents upon structural modification leads to
either suppression or restoration of fluorescence. The most straightforward method for
structural modification is to install a protecting group onto the dye to suppress fluorescence,
which can later be removed by external stimuli to restore fluorescence. Such protecting
groups can be light-sensitive photocages, enzyme-cleavable linkers, or other covalent bonds
that can be removed upon exposure to chemical stimuli. Initially suppressed fluorescence
can be restored by an enzyme-catalyzed reaction, photolysis, or other bond cleavage event.
Expanding this chemical concept, zinc sensing and enzymatic or photoactivable probes have
been developed (Fig. 8).31. 67

Tuning Bond Rotations

Another general method to modulate brightness or @ of fluorophores relies on restricting
bond rotation. Lavis and co-workers have shown that installing azetidine in place of a
dimethylamino donor greatly enhances brightness by increasing the rotational barrier and
eliminating quenching through twisted ICT (Fig. 9).4°9 Azetidinyl substituents have
improved the fluorescence quantum yield of several classes of fluorophores (Fig. 9A). The
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azetidinyl moiety has also been shown to tune the ring opening-closing equilibrium (K _7),
which dictates important parameters of rhodamine dyes (Fig. 9B). Electron-withdrawing
groups on the azetidine force the molecule to adopt a “closed” lactone form (L), which is
nonfluorescent, while electron donating groups favor the “open,” highly fluorescent,
zwitterionic form (Z) of rhodamine. Precise control of the open—closed equilibrium in
rhodamine provides a rational guideline to modulate brightness and cell-permeability.
49,57, 68 For 3 smaller K .z, rhodamine exist more in the L form, which is non-fluorescent,
but highly cell-permeable due to lipophilicity. K| .z can also play a role as a turn-on probe
when rhodamines are used as a fluorogenic ligand as shown in Fig. 9B. In order to improve
cell permeability, the electron density of the xanthene core was decreased via fluorine
substitutions, resulting in an even smaller K| _z than for the non-fluorine substituted probe
(Fig. 9B). A recent study showed that a K| . between 1072 and 1073 is needed for
rhodamines to have effective fluorescence turn-on up to 10-fold upon binding to their protein
targets.59

Lastly, restricting the rotation of the dimethylamino group in a coumarin photocage has also
been shown to improve the efficiency of photocleavage (Fig. 9C). As azetidinyl substitution
increased @, and this relationship was utilized to modulate photochemical process of
photocages. A series of photocleavable coumarins (1c-3c) were tested for photorelease by
measuring the disappearance of starting material upon irradiation.’® Similarly, the K 7 of
fluorescein can be modulated via acetylation of the phenolic oxygens.8 71 72 Acylated
fluorescein diacetate forces the molecule to adopt a nonfluorescent “closed” lactone form
and the “open” form fluorescein can be generated upon hydrolysis of those acetates.

FRET-Based Fluorescent Sensor

Another approach to modulate fluorescence is to use FRET or interchromophore PeT. FRET
requires energy transfer from the excited state of one “donor” dye to another “acceptor” dye
(Fig. 10).36 Generally, two structurally distinct dyes are assigned as a

FRET-pair, where the FRET efficiency is related to the overlap of regions of the emission
spectrum from the donor fluorophore and the absorption spectrum of the acceptor dye.
Homo-FRET can also occur between two dyes with the same structure if there is a small
Stokes shift (Fig. 10B). Such energy transfer mechanism can be useful for versatile
applications: for instance, BODIPY dyes, which show small Stokes shifts of <20 nm, can be
utilized as homo-FRET probes (Table 1).73 74 In one example, calpain and casein proteins
over-labelled with BODIPY dyes in close proximity are auto-quenched because homo-FRET
among BODIPYs increases the probability of non-radiative processes occurring.”3 Upon
calpain proteolytic activity, fluorescence increased as the BODIPY dyes got farther apart.

Metal-Based Fluorescent Sensor

Previous sections discussed several methods to modulate photophysical properties of
fluorophores with rationally designed chemical modifications. The utility of these probes
can be further extended by incorporating metals in controlling fluorescence output. These
metal-based sensors can be divided into two main categories: activity-based fluorescent
probes triggered by metals (molecular reactivity) and metal-chelating probes (molecular
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recognition).”® Probes in the first category have been extensively explored by Chris Chang,
including several biologically important metal (e.g. Cu*, Fe2*) detecting probes based on
molecular reactivity.”® To develop ratiometric fluorescent probes, a copper probe (FCP-1)
used a Tris[(2-pyridyl)methyl]amine bridge between a FRET pair (fluorescein donor and
rhodamine acceptor), which can be oxidatively cleaved upon coordination of Cu(l) to the
bridge.”” Similarly, an iron-selective fluorescence probe (FIP-1) was developed with a
Fe(ll) cleavable endoperoxide bridge between a FRET pair (fluorescein and Cy3).”8 The
second category exploits metal-based sensors by utilizing metal-chelating groups. Fura-2 is
one of the most commonly used ratiometric fluorescent dyes for quantitative [Ca2*]
measurement.”® Fura-2 AM is an esterified cell permeable form of Fura-2. As esterase
enzymes cleave the ester groups (R) of Fura-2 AM, the free acid of Fura-2 is released to
bind CaZ*, which changes the Fura-2 A 4,5 from 380 nm (Ca?* free) to 340 nm (Ca2*
bound).”® The Kool group localized fluorescence sensing of metal ions to DNA by
developing novel fluorescent A-deoxyribosides having 2-pyrido-2-benzimidazole groups.80
Though the probe lacks selectivity toward one specific metal, substantial enhancements in
emission intensity with Ag*, Cd2*, and Zn2* are seen, even after the probe in incorporated
into oligonucleotides (13mer DNAS). Lastly, metals can also be utilized as part of a
biomolecule labelling sites. Tsien and coworkers reported a membrane-permeable non-
fluorescent arsenic(l11)-based probe called FLAsH-EDT, (EDT = ethanedithiol) that
fluoresces upon binding to a liner amino acid sequence including four cysteines.81 The
mechanism for fluorescence turn-on when bound to the tetracysteine motif can be a change
in orbital alignment due to hindered rotation or a decrease in ring strain, eliminating PeT
quenching.82

Optically Controlled Fluorescent Sensors

The utility of fluorogenic probes can be further extended by developing them into photo-
activatable fluorescent dyes, a group of activatable fluorophores that can be triggered by
light. Photoactivatable dyes are compatible with many of the recently developed super-
resolution microscopy techniques such as stochastic optical reconstruction microscopy
(STORM) and (fluorescence) photoactivated localization microscopy ((F)PALM).83 These
dyes are generally grouped into three categories: photoactivatable, photoswitchable, and
photoconvertible molecules. Photoactivatable probes switch from a weakly fluorescent “off”
state to a strongly fluorescent “on” state upon illumination (Fig. 12A). Similarly,
photoswitchable probes switch “on and off” but in a reversible manner (Fig. 12B). In
contrast to photoactivatable and photoswitchable probes, photoconvertible dyes are initially

“on” but change their fluorescent emission spectrum by irradiation with light (Fig. 12C).
84, 85

A variety of photoactivatable fluorescent probes have been previously reported (Fig. 12).
Photoactivation can occur by azide decomposition (PA1), a “photo-click” reaction (PA2),
and by uncaging photolabile protecting group (PA3). Photoswitching can be achieved by
light-activation, reversible thiol or phosphine addition to the polymethine chain of Cy5
(PS1), or by the generation of a long-lived reduced non-fluorescent radical in a rhodamine
dye (PS2). A stable radical anion of rhodamine dye, which can survive up to several hours,
is generated when the triplet state of the dye is quenched by thiol or oxygen in aqueous
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solution yielding thiyl radical or singlet oxygen species.86: 87 Unlike previously described
“on and off” probes, the number of reported photoconvertible small molecules are extremely
low. Generally, a photoconvertible effect was achieved by using light as a source to cleave
the linker between two FRET pairs.88 Recently, Chenoweth and coworkers serendipitously
discovered diazaxanthilidene-based compounds (PC1,PC2) that change emission from
green to red via photo-electrocyclization and oxidation reactions.84 8% 89 The Chenoweth
and Petersson groups further expanded the utility of PC1 into a clickable and
photoconvertible probe, termed CPX, that can be conjugated to any targets through azide
—alkyne cycloaddition. They successfully demonstrated that CPX labelled a-synuclein (a.S)
aggregates can be transduced to live neurons, where a single lyso/endosome can be precisely
photoconverted in a spatiotemporally controlled manner to allow tracking over its
intracellular fate (Fig. 13).8°

Whereas PC1 and PC2 undergo irreversible photocyclization, 2016 Nobel Laureate Ben
Feringa and coworkers have generated compounds incorporating an ethene bridge with 2,5-
substituted thiophene groups (RP1) display reversible fluorescence switching upon photo-
isomerization (Fig. 14).90 Just as the Nobel Prizes awarded for GFP and super-resolution
microscopy signalled large shifts in fluorophore research, we envision that the 2016 Nobel
Prize will demarcate an increase in research on optically-controlled fluorescent sensors.

Rational Design and Beyond

In the last part of this review, we highlight progress and guidelines for fluorescent probe
development through ‘rational’ design. Emphasis is placed on combining the rational design
approach with other methods to discover novel or underexplored probes. We have
summarized representative examples of cases showing how rational design has been applied
in parallel with computational analysis, genetic engineering, or combinatorial approach to
build unprecedented multi-functional probes (Figs. 15 and 16).

One of the remaining challenges is to accurately predict photophysical properties by
quantum calculation.3 Recently, progress has been made by performing systematic studies
of a single fluorescent core scaffold assuming that its derivatives will undergo similar
nonradiative decay.®? For instance, Park and coworkers successfully extrapolated the linear
relationship between the calculated energy gap (Sp and S; states using time-dependent DFT)
and the wavenumber (1/Aqn,) of indolizine-based fluorophore (Seoul-Fluor) analogues to
predict Aeny, of “virtual” Seoul-Fluor derivatives.?! Unlike many reports based on gas-phase
calculations, Petersson and coworkers optimized and improved the calculations to represent
aqueous solution Agns and Ao, Spectra of derivatives of fluorescent unnatural amino acid
acridonylalanine (Acd), used previously in protein labelling (Fig. 15A).92-95 They
performed ab initio electronic structure calculations (APF-D density functional,
Gaussian16™, 6-311+G(2d,p)) and vibrational calculations to generate Franck-Condon
corrected spectra. Calculated wavelengths and intensities of the T — m* transition, which is
important in microscopy and spectroscopy applications, agreed well with the experimental
data validating the success of this theoretical approach to guide synthetic efforts.%6
Screening different substituents on the Acd core predicted aminoacridonylalanine (Aad) to
be a superior FRET partner for methoxycoumarinylalanine (Mcm) than the parent Acd. This
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non-classical Acd/Mcm FRET pair was applied in three color FRET experiments with
tryptophan (Trp) to simultaneously monitor multiple interactions of proteins (Fig. 16A).3°

It should be noted that fluorescent amino acid probes are designed in forms appropriate for
site-specific genetic incorporation by tRNA synthetases, which requires synthetic effort as
well as genetic engineering. Likewise, now the effort on rational probe design has
expanded to both synthetic and genetic means. Miller and coworkers reported a series of
PeT-based fluorescent voltage indicators, called Voltage-Fluors, for studying membrane
potential (Figs. 15B and 16B).%7 Voltage-Fluors consist of a xanthene based fluorescent
reporter (fluorophore) and an electron-rich aniline (PeT donor) bridged by a conjugated
molecular wire that facilitates PeT as well as membrane-specific localization.98 Here,
efficiency of PeT is dictated by the changes in the membrane voltage.

The carbofluorescein skeleton was chosen to have red-shifted excitation (>560 nm) in the
presence of oxygen substitution at the 3’ and 6” position for C-alkylation. A sulfonic acid
functional group and chlorines were installed to reduce spirocyclization, which is a
nonfluorescent configuration.98 Alkylation with a hydrolytically stable ether at phenolic
oxygen also results in weak fluorescence, but it is designed to restore the fluorescence when
the ether bond is cleaved by exogenously expressed porcine liver esterase (PLE).9 Lastly,
Boggess et al. showed a fluorene-based molecular wire in place of the canonical
phenylenevinylene moiety substantially decreased phototoxicity.190

As Voltage-Fluors demonstrated, the high modularity of fluorescein scaffold can be
leveraged to make highly functional probes. The majority of early work has focused on
manipulating chemical structures of conventional scaffolds such as fluorescein or
rhodamines. Thus, there is still a need for non-traditional scaffolds, which allow for the
rational design of molecules with predictable photophysical properties and are readily
synthesized for high-throughput screening. To meet those requirements, Jun, Petersson, and
Chenoweth introduced a highly modular quinoline-based probe, called DMAQ (Fig. 15C).34
DMAQ contains four strategic domains that are allotted for (1) compound polarization, (1)
structural diversity, (111) tuning of photophysical properties, and (IV) ion sensing. The
library of DMAQ was synthesized in two to three steps from commercially available starting
materials enabling combinatorial development of structurally diverse quinoline-based
probes. This work highlights an efficient strategy in rational design and stream-lined probe
analysis in a high-throughput manner to reveal unique properties of underexplored
quinoline-based probes such as a pH dependent dual emissive property (>170nm shift, Fig.
16C).

6. Conclusions and Perspective

This review has summarized current methods to modulate the fluorescence of synthetic dyes
and sensors in biological applications. The rational design approach has successfully
improved intrinsic photophysical or chemical properties of the dyes in a test tube (or /in
vitro), but the behaviors of dyes in a physiological setting are still unpredictable.5’
Designing probes for 7n cellulo or in vivo experiments is an additional challenge due to the
intricate and dynamic nature biological systems.4? Moreover, the oft-used dyes in
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biochemical research are still limited to a few fluorogenic core families shown in ESI Fig.
S4.

The development of new fluorophores is still largely based on trial-and-error or by
serendipitous discovery. Addressing these issues, the combinatorial chemistry approach has
sped up the probe discovery process with efficient syntheses of diversity-oriented fluorescent
libraries, or DOFLs, by Yong-Tae Chang (ESI, Fig. S5-S7).101 With DOFLSs, a series of cell-
permeable and highly selective probes were successfully discovered and helped to
revolutionize the fluorophore field. Taken together, rationally designed, tunable fluorescent
cores can be used to generate DOFLs through combinatorial synthesis methods for high-
throughput analysis which can then further inform a rational understanding of photophysical
properties, a combined approach to enable design a next generation of fluorophores with
improved optoelectronic properties.
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CELLULAR STAIN
ENVIRONMENTAL INDICATOR
ENZYMATIC CATALYSIS
BIOMOLECULE LABELING
Functional Probe (FLUOROPHORE TAG)

o0 w>»

click reaction

o,
o,
:

Fig. 1.
General types of fluorescent probe for biological applications. A. Cellular stains with

specific localization; B. Environmental indicators that activate fluorescence upon reacting
with substrates (e.g., protonation, intracellular metals); C. Indicators for enzymatic activity
(e.q., esterase cleaving off ester tag in fluorophore); D. Biorthogonal tags (e.g., azide-alkyne
1,3-dipolar cycloaddition, oxime/hydrazine formation from aldehyde/ketones, tetrazine
ligation, and photo-crosslinking).
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Fig. 2.

Photophysical processes and properties. A. Jabtonski diagram; B. Time scale of each process
in order of fastest to slowest?8; C. Fluorescence spectra (e.g., coumarin)?® with schematic
view of Stokes shift, absorption maximum (A4,s) and emission maximum (Aep)-
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Fig. 3.

Core fluorescent scaffolds. Common scaffolds listed in order of increasing absorption
values. R groups indicate sites for common functionalization.
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2™

Donor-rt-Acceptor “Push-Pull” moiety in three fluorescent small molecule scaffolds. Donor

(D) typically refers to aliphatic, aromatic, or saturated cyclic amines. Acceptor (A)
frequently refers to formyl, succinyl, keto, or triazolyl electron withdrawing groups.
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Fig. 5.

Structure-photophysical relationship chart of visible and NIR dyes. From ‘top to down’ or
‘left to right’ within the core, increase in absorption and emission (red-xanthene substituent /
orange-phenyl ring substituent), Increase in quantum yield (green), increase in cell
permeability (purple), and increase in solubility in water (blue). Compound naming consist
of first letter (F, R, X, or C) of core scaffold and its maximum absorption. R group is
HaloTag ligand.
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Fig. 6.

Choice of rotating substituent on Stokes shift (AA). A. Schematic illustration of absorption
and emission process in fluorophore, B. Steric hinderance effect on Stokes shift, C. Effect of
frontier molecular orbital in Stokes shift, and D. Resonance effect on Stokes shift.
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A. Steric Effect
R2 R'=COOH R'=H R'=CH,

e, R

Benzene moiety
PeT donor or acceptor

N Xanthene moiety
Fluorophore

HO O o}

1
J

fluorescence P = LUMO

_H.Homo. -ﬂ_nomo

Excited Benzene + + Excited Benzene
fluorophore moiety +  fluorophore moiety

Excited Benzene
fluorophore moiety

+_._
N
*
:

Fig. 7.

Rgtional design of PeT-based fluorescein scaffold. A. Steric effect of R in modulating PeT
by rotation restriction of benzene moiety. B. Electronic effect of R in modulating PeT by
tuning HOMO/LUMO of benzene moiety. Adapted with permission from ref 62. Copyright
(2005) American Chemical Society.
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Fig. 8.
Examples of PeT based turn-on probes.®7. A. Development of PeT-based sensors in

BODIPY scaffold. Chemical stimuli (nitric oxide) or light to change stereo-electronic
property of benzene moiety via chemical modification or removal of photocleavable
protecting group (PG), respectively. B. PeT-based sensors utilizing metal, enzyme, or light.
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Application to cell-permeability (ref 69)
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Effect of restricting the bond rotation of dialkyl amine by installing restricted azetidine. A.
Improved quantum yields of fluorophore with azetidine than that with dialkyl amine. B.
Electronic effect of azetidinyl ring in spirolactam equilibrium constant (K| .7) and cell
permeability.89 Adapted with permission from ref 69. Copyright (2019) American Chemical
Society. C. Effect of the bond rotation in photocleavage.’® Adapted with permission from ref
70. Copyright (2018) Published by Royal Society of Chemistry
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independent FRET and its photophysical process in Jabtoriski diagram.36
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Calcium probe
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Examples of activity-based metal sensing probes (left),””- 78 and metal-chelation based
probes (right). Adapted from ref 77 with Copyright (2016) American Chemical Society.
Adapted from ref 78 with Copyright (2019) National Academy of Science
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Fig. 12.
A. Examples of photoactivatable dyes that undergo irreversible fluorescence off to ON (i.e.,

turn-on), B. examples of photoswitchable dyes with reversible fluorescence on and off, and
C. examples of photoconvertible dyes with irreversible change in fluorescence from one to
the other (e.g., change from green to red fluorescence) upon light illumination.
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Fig. 13.

Application of photoconvertible probe (PC1) in tracking a-synuclein (aS). A. Synthesis and
transduction of CPX labelled preformed fibrils of engineered aS (CPX-pffs) B. Sequential
photoconversion of internalized CPX-pffs in white brackets. (blue channel: trypan blue
staining extracellular membrane, green channel: unactivated CPX-pffs, and red channel:
post-activated CPX-pffs) are shown in merged images. C. Tracking of CPX-pffs under
yellow triangle after irradiation, zoomed in (white dotted box) below. Merged images of
differential interference contrast (DIC), green and red channels are shown. Scale bars are 10
pum. Adapted from ref 85. Copyright (2019) American Chemical Society.
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Fig. 14.
Reversible photocyclization processes of atropisomeric dithienylethenes (RP1). Reversible

switching of a conformational isomer (antiparallel rotamer only) upon irradiation.
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Fig. 15.
A. Design and photophysical properties of acridonylalanine (Acd) based probe. a)

Calculated and experimental values of Acd core derivatives. 8Lowest energy absorption and
highest intensity emission values. PExtinction coefficients (e) reported as 104 M1 cm™. ¢
Normalized emission intensity (Int.) of the highest emission of acridone (R, R2 = H). b)
Franck-Condon corrected spectra with molecular orbitals (MOs) involved in the n—n* and
1t — 1t* transitions of acridone (R1,Ro=H). ¢) Jabtonski diagram of frozen ground or
excited state solvation. Adapted from ref 96. Copyright (2018) John Wiley & Sons, Ltd. B.
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a) Rational design of Voltage-Fluor. b) Scheme of voltage-sensitive fluorescence
mechanism is shown. Membrane labelling of Voltage-Fluor to porcine liver esterase (PLE)-
expressing cells. At rest, negative membrane potential (hyperpolarized) enhances PeT
quenching and diminishing fluorescence. Upon depolarization, the positive membrane
potential reduces PeT quenching, resulting in enhanced fluorescence. C. a) Modularity and
b) synthesis of dimethylamino quinoline (DMAQ) dyes. Stream-line probe discovery from
scaffold design to ¢) multi-well plate reader analysis followed by d) live cell imaging.
Specific examples of applications of these fluorophores are shown in Fig. 16. Adapted from
ref ref 34. Copyright (2019) American Chemical Society.
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A. Three color FRET probe B. Voltage-dependent PeT Probe C. Under-explored Tunable Scaffold
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Fig. 16.

A. Three color FRET to detect binding (Trp excitation) and conformational change (Mcm
excitation) simultaneously. Adapted from ref 35 and 96. Copyright (2018) John Wiley &
Sons, Ltd and Copyright (2017) Published by The Royal Society of Chemistry B. Functional
imaging in neurons with Voltage-Fluor. Differential interference contrast (DIC) images of
neurons, nuclear-localized mCherry to indicate PLE expression, wide-field fluorescence
images of Voltage-Fluor on membrane, and merged images of Voltage-Fluor and mCherry.
Adapted from ref 99. Copyright (2017) American Chemical Society. C. a) DMAQ domain
allotted for tunable photophysical property is shown. A range of aryl substitution with
emission maximum under 405 nm excitation is shown. b) Confocal imaging of DMAQ
probe with two-stage fluorescence response to intracellular pH. Excitation laser (A¢y) and
emission filter (Aem4+25 Nm) used for imaging is indicated as 405ex/450em. Adapted from

ref 34. Copyright (2019) American Chemical Society.
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