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Abstract: Recent advances in optical microscopy enable the visualization and quantification of biological pro-
cesses within live cells. To a great extent, these imaging techniques remain limited by the physical properties
of the chemical probes that are used as fluorescent tags, detectors and actuators. At the same time, the quan-
tification of concentrations in the intracellular medium is not trivial, but a few approaches that employ optical
microscopy have been developed. Herein, we highlight a few examples of how a combination of novel chemical
probes and microscopy methods could be used to bring a much-needed quantitative dimension to the field of
biological imaging.
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1. Introduction

Optical microscopy has contributed
greatly to our understanding of biological
systems at the cellular level. Recent meth-
odological advances in this field allow sci-
entists to not only visualize but also quan-
tify biological processes.[1] A judicious
combination of appropriate (bio)chemical
probes and microscopic techniques can
be used to relate the intensity and spatial
distribution recorded in a microscope to
structural and chemical quantities such as
distances, concentrations, interactions, or
reactions.[2] One branch of our research
focuses on the photoactivation of small
molecules in defined intracellular loca-
tions and quantifiable amounts. For this
purpose, our lab is developing new pho-
toactivatable groups, intracellular target-
ing units, switchable dyes, and fluorescent
sensors, with the aim of exploring the ef-
fects that diverse small molecules exert on
intracellular signaling. In this review, we
provide a brief discussion of representative
chemical tools and imagingmethodologies
available for the controlled release and
quantification of small molecules in living
cells employing fluorescence microscopy.
We have not attempted to survey exten-
sively all the available probes and imaging

strategies, but rather we showcase a selec-
tion of those that highlight the benefits of
combining novel synthetic probes with
quantitative microscopic and bioanalytical
techniques.

2. Chemical Tools

Photoactivatable molecules, also
known as ‘caged’ or ‘photocaged’, consti-
tute a class of molecular probes that allow
the activation of a bioactivemolecule using
light (Scheme 1a). This activation mode
has the advantage of providing excellent
spatial and temporal resolution.[3]The gen-
eral concept of photoactivatable probes is
that the protecting group masks the bio-
logical activity of the molecule of interest
until it is cleaved through a photochemical
reaction. This strategy has been applied to
a very diverse range of biologically active
species, including metal ions,[4,5] diatom-
ic signaling agents (i.e. NO, CO, etc.),[5]
neurotransmitters,[6–8] lipids,[9] nucleic ac-
ids,[8] sugars,[3,8] and proteins.[8] Whereas
light has been the most popular trigger to
activate chemical probes,[3] other stimuli
have been successfully applied, including
enzymatic cleavage[10] and bioorthogonal
reactions with small molecules.[11,12]

Many photoremovable groups have
been applied to the activation of fluoro-
phores.[13,14] One reason is that it is ex-
perimentally convenient to evaluate the
properties of new photoremovable groups
when the released molecule becomes col-
ored and/or fluorescent. In addition, pho-
toactivatable fluorophores possess other
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such quantification was included in the
report.[25] It is worth highlighting that al-
though HPLC analysis of lysates gives
useful information about the population
of cells, it does not account for cell-to-cell
variability. In particular when studying
complex populations of cells, such as tis-
sue or whole animals, being able to obtain
quantitative information directly from im-
aging data will greatly increase our ability
to understand biological systems.

Linker 3, also developed by Shabat and
coworkers, operates based on an ortho-
benzylic elimination. This linker was com-
bined with a hydrogen peroxide-activated
trigger to generate probe 5 (Fig. 1), which
was used for selective drug delivery of
anticancer agents to mice.[26] Similarly to
the coumarin linker, a correlation between
fluorescence intensity and amount of drug
released was measured in vitro. The modu-
lar nature of these compounds makes them
attractive candidates for the development
of light-activated, self-immolative com-
pounds that could potentially be applied in
quantitative microscopy.

The Porter[27] and Jullien groups[28,29]
developed a conceptually different fluoro-
genic, photoremovable protecting group.
These trans-cinnamic acid derivatives
release the molecule of interest triggered
by a photoinduced cis-trans isomerization
and subsequent intramolecular lactoniza-
tion (Scheme 2b).[27] In particular, com-
pound 6 (Fig. 1) has the advantage of being
efficiently activated under two-photon ex-
citation conditions,[28,29] which is desirable
because light of longer wavelength dis-
plays deeper penetration into non-translu-
cent media. Exploiting the large contrast in
fluorescence between the protected (trans-
cinnamic acid) and activated (coumarin)
product, the photoinduced release of cy-
tosolic ethanol from the cinnamic ester in
zebrafish embryos was quantified via fluo-
rescence correlation spectroscopy.[28,29]

tive microscopy because the stoichiomet-
ric release of a fluorescent reporter makes
it possible to quantify the amount of re-
leased (bio-)molecule.

Coumarin 1 is based on the elimina-
tion of a leaving group from a benzylic-
like position promoted by the increased
electron-donating ability of the deprotect-
ed hydroxide group. This self-immolative
linker has been incorporated into a series
of enzyme-activated compounds (i.e. com-
pound 4, Fig. 1) and used as reporter in
drug delivery systems by Shabat and co-
workers.[25] The compounds were tested in
live cells, and it was observed that more
intense fluorescence correlated with an in-
crease in released drug, as determined by
HPLC analysis of cell lysates. Although
quantitative microscopic approaches could
have been used to determine the intracel-
lular concentration in individual cells, no

interesting applications. For instance,
emitters that can be turned on with light are
useful for super-resolution microscopy, in
particular in localization microscopies.[15]
Photoactivatable dyes are also useful for
labeling and tracking cells,[16] to evaluate
exchange rates of intercellular junctions[17]
or to calibrate photolysis experiments.[18]

A less explored area is the development
of protecting groups that become fluores-
cent (fluorogenic) or change their emission
wavelength after they are cleaved from the
biologically active molecule. The devel-
opment of such protecting groups is chal-
lenging because the functional groups that
facilitate photoactivation are often incom-
patible with high quantum yields of lumi-
nescence (e.g. NO

2
groups).[19] A strategy

that has overcome these difficulties is to
insert a spacer that, upon release from the
protecting group, undergoes a spontane-
ous rearrangement resulting in the release
of the bioactive molecule of interest and
a fluorescent molecule (Scheme 1b).[20,21]
These reactive spacers were introduced
in the 1980s[21] and are known as ‘self-
immolative’ linkers because they trigger
their own elimination.[22]A number of self-
immolative linkers has been developed,
mostly based on benzylic eliminations or
spontaneous intramolecular cyclization
following the release from the protecting
group.[22–24]

Among the probes that exploit self-
immolative linkers and other rearrange-
ments, the three shown in Scheme 2 stand
out because, upon release of the molecule
of interest, they generate a fluorescent spe-
cies in a 1:1 stoichiometry. These exam-
ples include coumarin derivatives 1 and 2,
and cyanine dye 3. This class of protecting
group is of particular interest for quantita-

Scheme 1. Chemical tools and principles useful for controlled release in quantitative fluorescence
microscopy. a) Photoactivatable compounds and b) self-immolative linkers. A biologically active
molecule or a fluorophore (represented as a magenta pentagon) is rendered temporarily inactive
or non-fluorescent (grey pentagon) through covalent binding with a protecting group (blue hexa-
gon). Interaction with an external stimulus (orange lightning) cleaves the protecting group, result-
ing in the activation of the protected compound. When self-immolative linkers are used, upon
removal of the protecting group, the linker itself undergoes spontaneous rearrangement (symbol-
ized as a change in shape) in order to release the active molecule.

Scheme 2. Examples of fluorogenic, small-molecule releasing units (1–3) and their mechanisms
of release. The structures of the released fluorophores are shown in green.
Hexagon = protecting group; pentagon = activatable molecule.
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ence dye and interpolating the measured
fluorescence intensity of the sample.[36,37]
Hsu and Dervan further validated their
quantification by building a calibration
curve in a flow cytometer with commer-
cially available fluorescent standard beads.
This method also involved the estimation
of the concentration by interpolation into a
calibration curve. Even though there were
some discrepancies between the results
obtained by each method, the measured
concentration was consistently lower than
in the incubating solution used,[37] giving
valuable information about the membrane
permeability of their polyamides.

Fluorescent standard beads are mi-
crospheres with different loading levels
of one or multiple dyes.[38,39] The use of
such beads for calibration is based on the
concept of ‘molecules of equivalent solu-
ble fluorophore’ (MESF).[40] To assign an
MESF value to a population of fluores-
cent beads, a calibration curve is built by
plotting the fluorescence intensity against
concentration for a series of solutions of
the same dye bound to the beads. The fluo-
rescence intensity of a suspension with a
known number of beads is measured, and
the equivalent number of fluorophores in
solution is assigned by interpolation em-
ploying the calibration curve. Assignment
of aMESF value to a fluorescent bead does
not require the emission quantum yield of
the dye in the bead and in solution to be
the same or even known. MESF values
are assigned by comparison of the absor-
bance-normalized fluorescent intensities
that, under the appropriate experimental
conditions, are dependent on the product
of the number of molecules present and
the quantum yield of emission, a procedure
that does not require knowledge of either
parameter for the sample to be character-
ized.[40] On the other hand, the dependence
of the emission quantum yield on the en-
vironment matters when using the beads
to estimate the absolute number of fluoro-
phores in an unknown sample (e.g. the in-
tracellular environment),[38,39] because the
quantum yield of emission for the dye in
the sample might well be different from the
one in the standard solutions used to gen-
erate the original MESF calibration curve.
In fact, the dependence of the dye spectral
features on the environment is a problem
that all these methods with external cali-
bration share, and it highlights the impor-
tance of developing new fluorescent dyes
with emission that has minimal sensitivity
towards the environment.

Chiu and coworkers used an alterna-
tive approach to estimate the number of
emitters per imaged region. In their stud-
ies, they fitted the measured intensity dis-
tribution for small ensembles of labeled
proteins with the intensity distribution of
a single labeled protein.[41,42] The starting

diffusion time constants and the number of
molecules within the illuminated volume,
for populations of both single and multiple
emitters.[30,32] In the case of compound 6,
there is a large contrast between the dark
cinnamic ester and the activated, highly
emissive coumarin, and therefore it is safe
to assume that the only emitting species
is the latter. In this way, the authors could
estimate an initial intracellular concentra-
tion of the protected compound, which was
very close to the one used to incubate the
sample (0.5–10 µM). Another example of
quantification in live cells via FCS is the
work by Cluzel and coworkers, who quan-
tified the expression of the chemotactic
signaling protein Che-Y fused to GFP in
order to characterize the behavior of indi-
vidual flagellar motors in E. coli.[34]

Alternatively, the construction of cali-
bration curves has been suggested as a
method to relate the fluorescence intensity
observed in a confocal microscope to the
concentration of the dye of interest in the
sample.[35] This method is based on the as-
sumption that the fluorescence intensity
measured toward the center of an object
larger than the point spread function gen-
erated by the microscope optics is directly
proportional to the fluorophore concentra-
tion, provided that the region probed by
the focused beam is entirely contained
within the cellular volume.[35] Following
this approach, Loew and coworkers built a
calibration curve bymeasuring the fluores-
cence intensity of a series of solutions of
different concentrations of the dye (Fura-2,
a calcium indicator) between coverslips,
keeping the same instrumental parameters
used for cell imaging. A similar approach
was followed by Schultz and coworkers
to quantify bioactive lipids photoreleased
from coumarin-protected derivatives[36]
and byHsu andDervan to quantify polyam-
ide-fluorescein conjugates in cellular nu-
clei.[37] In both studies, calibration curves
were built taking a series of images of stan-
dard solutions of known amounts of refer-

This study is a good example of how to
photoactivate a bioactive molecule and
quantify its concentration directly using
microscopic techniques.

3. Approaches for Quantifying the
Absolute Concentrations of Dyes
Using Microscopy

In general, the concentration of a dye
in a biological sample cannot be inferred
directly from the intensity of its emission
recorded by fluorescence microscopy. The
reason is that the emission quantum yields
of small-molecule emitters can vary greatly
depending on their concentration, the pH
of the medium, the presence of quenchers,
the polarity, and even the temperature and
viscosity of the sample. As a consequence,
more information about the photophysical
properties of the dye and the conditions
of the medium are needed for quantitative
microscopy.

A technique that can provide some
of this information is fluorescence cor-
relation spectroscopy (FCS). In FCS, the
fluctuations in the fluorescence of a small
ensemble of equilibrated molecules are
recorded.[30–32] The local concentration of
molecules can be extracted with the aid of
computational modeling provided that an
autocorrelation trace of the fluorescence
intensity is available.[30–32]An autocorrela-
tion function is built bymeasuring the fluc-
tuations of the intensity against the mean
value over time and reports on how the
values correlate as a function of their sepa-
ration within the time series (i.e. the time
interval between signals).[33] In order to
obtain meaningful autocorrelation curves,
only very few emitters need to bemeasured
at once, but this difficulty is overcome in
a confocal setup because the illuminated
volume can be decreased to the order of
femtoliters by tight focusing of the laser
beam.[31] Models are available to describe
the autocorrelation function in terms of the
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being able to release small molecules, in
quantifiable amounts, within selected sub-
cellular compartments using fluorescence
microscopy. A combination of synthetic
chemistry, chemical biology, and quantita-
tive microscopy will be crucial for the de-
velopment and application of these probes.
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point was to obtain a set of intensities from
fluorescent regions where there is only a
single protein and find the distribution that
best describes the set (usually a lognormal
one). That signal was then used as the ba-
sis for fitting the distribution intensities of
regions where more proteins are present.
They found that these intensities are not
linearly related (i.e. the intensities of a re-
gion with 10 proteins is not 10 times the in-
tensity of the individual one). Instead, they
estimated the number of emitters by find-
ing the best fit for the intensity distribution
by multiplying the distribution of the indi-
vidual labeled protein by an integer.[41,42]
The lognormal character of the distribution
arises from instrumental factors that are
function only of the position within the im-
age but not the fluorophore concentration;
they also considered factors related to the
labeling efficiency, such as the existence
of a preferential labeling site, quenching of
the fluorophore by the antibody or differ-
ent extent of labeling between proteins. In
the system under study, the authors found
that these factors do not affect the lognor-
mal character of the distribution within the
experimental and fit errors.[42] Both stud-
ies were performed on proteins that were
labeled using organic fluorophores, there-
fore it is possible that this approach could
be used for small-molecule fluorophores in
solution, but this hypothesis remains to be
tested.

Closing Remarks

With the advent of advanced imaging
techniques and improved equipment, the
time is ripe to start using optical microsco-
py as a widespread quantitative technique.
The development of new fluorogenic
molecules specifically tailored to take ad-
vantage of this opportunity is pivotal and
demonstrates that chemistry is at the heart
of modern microscopy and bioimaging. In
this review we focused on selected strate-
gies that could be applied to the activation
and quantification of small molecules in
the intracellular medium. This is one of the
goals of our research group at ETH Zurich,
and our current work is directed towards


