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1. Introduction

Fluorescence microscopy has been proven
to be an invaluable and versatile tool for
medical diagnosis.[1] In the case of infec-
tious diseases, pathogens such as bacteria,
fungi, or viruses can be easily and specifi-
cally detected using targeted fluorescence
labels, for example, antibodies that bind
to a specific antigen in immunofluores-
cence tests.[2] Beyond this, fluorescence
microscopy is widely used to study the
onset and development of diseases and
assess the action of medicaments.[3,4]

This is all based on the study of intracel-
lular processes, molecules and organelles,
and the bulk properties of the cells (e.g., vis-
cosity, pH, temperature) which can be facil-
itated using fluorescent agents based on
proteins, dyes, or particles.[5,6] Each of
these fluorescent markers presents differ-

ent advantages and disadvantages. For example, cells can be
transfected with fluorescent proteins or reporter genes, so they
can self-produce the fluorescent contrast agent. This reduces the
toxicity introduced by exogenous agents, such as dyes and fluo-
rescent particles. However, the transfection process is slow,
sometimes not very efficient for certain types of cells, and it can-
not currently be used in the clinic. Quick labeling (within
minutes) can be achieved using fluorescent dyes. There is a wide
library of commercial fluorescent dyes emitting along the whole
visible spectra (reaching even the near-infrared) and that can tar-
get any region or organelle of the cell.[7,8] In addition, the staining
procedure is usually simpler and faster than transfection or intra-
cellular incorporation of particles: cells need hours to uptake par-
ticles via endocytosis or days to genetically express the
fluorescent proteins, while the small size of the dye molecules,
around 2 nm, and their hydrophobic nature allow them to faster
enter the cell via diffusion.[9–11] On the other hand, fluorescent
dyes, as well as luminescent particles, are known to induce some
stress to live cells or present some unspecific intracellular
staining.

Luminescent particles offer other advantages to fluorescent
dyes such as better fluorescence stability (i.e., reduced photo-
bleaching) and versatility. Currently, it is possible to find lumi-
nescent particles emitting from the UV to the infrared.
In addition, they can be engineered to present special fluorescent
characteristics such as persistent luminescence,[12,13] where the
emission lasts long after the excitation is interrupted, or upcon-
version emission,[14,15] where the absorption of multiple low
energy photons (e.g., infrared radiation) results in an emission
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Fluorescent microscopy has enabled the study of intracellular processes and
revealed the most intricate details of the subcellular structure. This has benefitted
not only the basic biological science, but also has had an impact in numerous
biomedical applications. Basic fluorescent sensing techniques use the change in
the absolute emission of a fluorescent sensor. This entails some disadvantages
as the signal might be influenced by factors not directly related to the process
under study (e.g., fluctuations in the excitation source). To overcome these
drawbacks, one can use multiple emissions of a single or various fluorophores.
There are numerous examples of multichannel fluorescence microscopy tech-
niques that have given rise to numerous ratiometric methods and multiplexing
assays. Herein, how the use of multiple emission channels has impacted fluo-
rescence microscopy in terms of speed, sensitivity, and resolution is reviewed.
Using recent examples, how the easy implementation of multichannel detection
can overcome current limitations of the main used fluorescence techniques and
promote the development of novel microscopy methods is shown.
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of higher energy (e.g., visible light). There is a large variety of
luminescent particles that are used in microscopy studies, such
as semiconductor nanocrystals,[16] metallic nanoparticles
(NPs),[17,18] carbon-based nanomaterials,[19] rare-earth (RE)-
doped particles,[20] and silica-based particles.[21,22] In addition,
the development of synthetic methods makes it possible the com-
bination between different emitting agents, including particles
and organic-based molecules, for the construction of fluorescent
nanocomposites with combined properties that can be used as
fluorescent sensors at the nano- and microscale.[23,24]

Fluorescent sensing takes advantage of the effect of the sur-
rounding medium on the emission properties of the fluorescent
reporter (i.e., the probe or sensor).[25,26] The emission of fluores-
cent molecules and particles can be influenced by changes in the
characteristics of the surrounding medium (e.g., temperature,
pH, viscosity, or ion concentration), and this can be harnessed
for sensing. Fluorescence-based sensing usually makes use of
the intensity of a single emission that depends on, ideally,
one characteristic/parameter of the surrounding medium.
This entails some drawbacks and limitations, such as the depen-
dence on the local concentration of the emitting probe, which
reduces the reliability of the measurement. However, studies
have proven the utility and enhanced sensing capability and reli-
ability when using more than one emission.

As we discuss in this review, multiple channel techniques take
advantage of the various emissions of a single or several emitters.
The basic example is routine multilabeling, where the cells under
study are stained with two or more fluorophores to simulta-
neously visualize different cellular regions or organelles
(i.e., the nucleus and the cellular membrane) in different colors
or channels. Also, more reliable sensing probes can be
engineered using fluorophores with multiple emission bands.
In addition, the utilization of multiple emissions offers new fea-
tures that have an impact on the speed, complexity, sensitivity,
and resolution of the measurement.[27]

This review is aimed to explain the benefits of using multiple
emissions or color channels in fluorescence microscopy. We aim
to make the readership working on a specific technique to easily
understand how going beyond the use of the total intensity in a
particular color channel can benefit their specific field of study.
We provide examples of the utilization of multiple emissions in
the main fluorescence microscopy techniques. We first include a
broad view of how fluorescence microscopy can benefit from the
use of two or more emission channels. Then, we separately dis-
cuss how the use of multiple emission bands can enhance the
most widely used fluorescence microscopy techniques, and high-
light relevant examples of different applications, namely, label-
ing, characterization of the cellular structure and properties,
and subcellular sensing. The different materials used in each
fluorescence technique are presented and their strengths and
weaknesses are discussed. Finally, we present our vision on
future applications and perspectives of the use of multiple
emissions.

In this review, we aim to give a different and broader view than
previous reviews on the topic that focus on specific ratiometric
sensors.[28–30] Also, we discuss a wider variety of applications and
fluorescence microscopy techniques, some of which have not
been reviewed before, on the topic of multichannel techni-
ques.[31,32] As material scientists, we aim to give a description

of the fundamentals of the different fluorescence microscopy
techniques based on the properties of the materials they use.
Finally, we do not restrict ourselves to dual-emission ratiometric
sensing and imaging as we also discuss multilabeling and multi-
plexing applications.[33] We believe this review will encourage the
fluorescence microscopy community to pursue the development
of the field to reach more accurate and sensitive techniques
through the design of multiple emitting fluorescent agents
and new detection schemes to make of use of more than one
emission and its benefits.

2. What Can Multiple Emissions Do for
Fluorescence Microscopy?

In this section, we aim to compare multichannel microscopy
techniques with conventional single-emission methods and give
the reader a broad vision of the positive impact of the use of mul-
tiple detection channels before moving to the description of spe-
cific examples in different microscopy fluorescent techniques.

The basic strategy for fluorescence sensing is based on the
comparison between the measured intensity at a particular
instant with a reference value (usually the intensity at the begin-
ning of the experiment or a control sample) to determine its evo-
lution when the fluorescent agent is subjected to the presence of
the analyte (specific protein, ion) or a change in the parameter
(temperature, pH) under monitoring. These were sometimes
called ratiometric techniques as the response is presented as
the ratio of the measured intensity to the reference one.
These single absolute emission (SAE) techniques (as they are
going to be called hereinafter to distinguish them from actual
ratiometric techniques that use two separate emissions to
compute the ratio) present different well-known drawbacks.
For example, they are very sensitive to changes produced on
the probe’s emission intensity by other factors than the presence
of the analyte or the action of the parameter that is being
monitored (e.g., variation in the excitation light intensity, photo-
bleaching, changes in fluorescence probe concentration, or the
existence of background fluorescence). This could lead to
artifacts in the measurement which are sometimes difficult to
identify and correct but must be accounted for.[34] As we are
going to demonstrate in the following sections with specific
examples, the use of multiple channels can improve the perfor-
mance of fluorescence microscopy techniques and minimize the
drawbacks of SAE methods.

For a better understanding of the comparison between the use
of single or multiple emissions, Figure 1 shows a schematic
representation of a dual-channel technique. The total intensity
from the sample is collected (Figure 1A) and then spectrally sep-
arated into two color channels (green, Figure 1B, and red,
Figure 1C) using a beam splitter. The dual-channel technique
allows one to image and distinguish different organelles of
the cell simultaneously as each can be visualized in one of the
channels (e.g., nucleus in green channel, Figure 1B.1, and actin
filaments in the red channel, Figure 1C.1). For sensing, a dual-
emitting sensor (probe) that emits in both channels (i.e., emits
green and red light) can be placed in the intracellular medium
and its emission used to sense a certain parameter with time
(Figure 1B.2,C.2). To illustrate the benefits of the use of multiple
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emissions, we have simulated an artifact (marked with an arrow)
in the emission of the probe that consists in a sudden well-
localized reduction in the intensity detected in both channels.
This could be caused, for example, by a decrease in the intensity
of the excitation power.

The combination of both channels (dual-channel technique,
Figure 1D) can eliminate the effect of the decrease in the mea-
sured intensity (that is clearly nonconsistent with the general
trend). Instead of just utilizing the absolute emission from
the sensor (i.e., total emission intensity or emission in a single
channel, SAE technique), one can compute the intensity ratio
between the two emissions, which eliminates the artifact, as

shown in Figure 1D.1. In addition, in the dual-channel tech-
nique, the information of the two channels can be spectrally ana-
lyzed (Figure 1D.2) to use the spectral information of each
emission separately. Moreover, the intensity of the two channels
can be merged and visualized at the same time to generate a mul-
ticolor image (Figure 1D.3) to obtain better information on the
cellular structure and see, for example, how those two subcellular
components react to the parameter under study.

Usually, the utilization of multiple emissions requires small
and easy-to-implement modifications of the typical experimental
setup of fluorescence microscopes. For example, filters, polar-
izers, and beam dividers (as in the example of Figure 1) can

Figure 1. Single absolute emission versus dual-channel technique. A) The total emission from the sample is collected and spectrally separated using a
beam splitter to create the two channels (B, green, and C, red). Each channel can image a different cellular organelle: B.1) nucleus in green channel, and
C.1) acting filaments in red channel making use of distinct fluorescent labels. An emitting sensor (probe) located inside the cell presents emission in both
channels whose intensity can be used to sense a certain intracellular parameter with time (B.2 and C.2). At some time instant, the probe’s emission
intensity presents a decrease that is not consistent with the overall trend of the signals. This artifact can be eliminated using the information of the two-
color channels simultaneously (dual-channel technique, D) to compute the intensity ratio (D.1) that serves as the sensing signal to measure the intra-
cellular parameter. The emission of the two channels can also be spectrally analyzed (D.2) to use all their spectral characteristics, not only the intensity.
Finally, the merge of the two channels also allows the simultaneous imaging of the two intracellular regions (D.3).
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be used to select the spectral range or polarization state of the
light of the different channels to be imaged in the same detector,
even simultaneously.

Multiple emissions can be achieved using different emitting
fluorophores excited in the same or separate spectral ranges.[35,36]

However, it is preferable the use of a single emitter to minimize
the cytotoxicity of multiple external agents. In addition, if the
used fluorophores require different excitation sources, this will
introduce uncertainties and experimental errors because each
excitation source might present different fluctuations. The com-
parison between all these modalities of multichannel techniques
and the SAE method is summarized in Table 1.

When measuring a single parameter, the combination of the
response of two emission bands through the ratio can benefit
the detection sensitivity of the reporter or spatial resolution of
the imaging technique.[37,38] Self-reference sensors present at least
one emission that does not change (or presents a weaker variation)
in the presence of the analyte or when the parameter under mon-
itoring varies.[39] Thus, one can account for changes in the sensing
emission due to fluctuations in the excitation source, for example.
Also, multiple coupled emissions that should respond in the same
way and change synchronously can serve as a proof that the var-
iations in the parameter to be measured are the sole cause of the
luminescence changes.[40] This is critical to proof the reliability of
intracellular measurements that is always under question due to
the complex nature of the intracellular environment.

It is also worth noting that the use of multiple channels
enabled the development of colorimetric or visual detection tech-
niques.[41,42] These techniques measure the emission intensity of
distinct color bands (e.g., blue, green, and red) that give rise to
different color tones in the spectrum. The sensing technique is
based on the change of apparent color of the signal due to the
presence of a particular analyte. This variation can be the
result of the change in the relative intensity of two emission
bands,[43–45] or the spectral shift of a single band that moves
to a distinct color channel.[46] This change in the apparent color
can be detected by the naked eye, which gave rise to simple detec-
tion techniques that do not require a mechanic detector.

Once we have given this general overview, in the following
sections we will give specific examples of the impact of the
use of multiple emissions in different fluorescence microscopy
techniques. A summary with some relevant examples can be
found in Table 2.

3. Labeling Techniques

Identification, distinction, and tracking of individual cells in a
microscope under regular illumination (i.e., using a lamp and
a condenser) are challenging tasks especially in live cell assays
because the cellular morphology (shape and size) fluctuates
along time. In addition, morphology cannot be used to unambig-
uously identify intracellular changes (e.g., different level in pro-
tein expression), cell status (e.g., live round floating cells might
look like dead cells), or cell type (e.g., normal vs cancerous cell).
Furthermore, although the widely used differential interference
contrast imaging improves the acquisition of cellular images,[47]

the different cellular organelles are not easy to identify due to
their small size, and similarities in composition, refractive index,
and density. Fluorophores enable all this tasks, as it is evidenced
by the multitude of fluorescence microscopy assays and tinctions
that are commercially available. As we explain in this section,
these studies can be further improved using multiple emission
wavelengths (i.e., various labeling fluorophores or a single fluo-
rophore with many emission bands) to, for example, label differ-
ent cell organelles (Figure 2A.1) or to differentiate between cell
populations (Figure 2A.2).

An example of regular practice that is performed with fluoro-
phores is cell viability tests. These procedures are used to study,
for example, the cytotoxicity produced by particles or to assess the
action of treatments and drugs.[48] Nonviable cells are permeable
to certain dyes, thus only they will be stained and easily distin-
guished from the viable cells.[49,50] Staining of both dead and live
cells with dyes that emit at different wavelengths can allow one to
directly quantify the amount of cells of each population by com-
paring the total intensity of each emission band.[51,52]

Furthermore, apoptotic cells can be distinguished from dead
and living cells using a ratiometric fluorescent probe whose
two-band emission is highly sensitive to the lipid composition
of the biomembranes. This makes it possible to sense the loss
of the plasma membrane asymmetry occurring during the early
steps of apoptosis.[53]

Beyond viability assays, multiple emission bands enable the
detection, distinction, and tracking of numerous individual cells
at the same time.[54–56] For example, the use of two labeling
probes with different emission wavelengths (detected in two dif-
ferent channels) can serve to enhance the detection sensitivity
and specificity of cytometry assays as only a positive response

Table 1. Comparison between SAE and multiple channel techniques. Different drawbacks and advantages of the use of a single or multiple emitters and
one or several excitation sources are listed. Low, medium, and high are levels assigned in comparison between the five different cases. For example, the
low toxicity attributed to the use of a single fluorophore is only in respect to the use of multiple emitters because the actual toxicity of the fluorophore
depends on its characteristics.

Parameters to consider SAE techniques Multiple channel techniques

Number of emitters One One One Multiple Multiple

Number of excitation sources One One Multiple One Multiple

Number of detection channels One Multiple Multiple Multiple Multiple

Risk of toxicity Low Low Low High High

Effect of excitation fluctuations Medium Low High Low High

Effect of fluorescence efficiency Low Low Low Medium High

Effect of concentration Medium Low Low High High
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Table 2. Multiple channel imaging and sensing. List of some important examples of fluorescent agents used in the different fluorescence microscopies
techniques discussed in this review. SAE, single absolute emission; FRET, Förster resonance energy transfer; MRBF, molecular rotor-based fluorophore;
FPA, fluorescent polarization anisotropy; SERRS, surface-enhanced resonance Raman scattering; STED, stimulated emission depletion.

Emitter type Task Fluorescent method Ref.

Fluorescent protein Thermal reading Intensity (SAE) [34]

Semiconductor nanoparticle Cell tracking Multiple emissions [58]

Fluorescent protein, quantum dot, fluorescent dye, fluorescent antibody Multilabeling Multiple emissions [64]

Rare-earth-doped particle, fluorescent protein pH sensing FRET [120]

Fluorescent compound Viscosity measurement MRBF [123]

Membrane probes Membrane viscosity and packing density characterization FPA [127]

Fluorescent protein Temperature sensing Peak fraction analysis [148]

Endogenous Fatty acid structure characterization Raman [151]

Hybrid structure Distinction between normal and cancer cells Ratiometric SERRS [157]

Fluorescent compound Characterization of phase membrane Lifetime [148]

Organic fluorophore High-resolution imaging STED [173]

Figure 2. Multicolor labeling. Labeling with multiple colors allows to A.1) distinguish different cellular organelles, and A.2) differentiate between distinct
cell populations. B) Colocalization of intracellular components. Cells fixed at various time points and then immunostained for markers of the cis-Golgi
complex (top row) or the trans-Golgi network (TGN, lower row), both in red, for their colocalization with the transfected protein CFP-ts045G (green). The
algorithm used to match the two-color channels allows to track CFP-ts045G along the secretory pathway: from the endoplasmic reticulum (5min),
through the Golgi complex (20 and 30min), and toward the cell surface (60min). Adapted under the terms and conditions of the Creative
Commons Attribution license 2.0.[38] Copyright 2012, The Authors; licensee BioMed Central Ltd. C) Study of different parameters in a single assay
for stem cell therapy studies. Bright field and fluorescent images of collagen scaffold sections obtained from Balb/c calvarial defect mice 30 days after
transplantation with humanmesenchymal stem cells (hMSCs). SCID indicates mice with immunodeficiency and BMP those that were treated with a bone
morphogenetic protein. The green channel served to locate the living hMSCs among all the transplanted hMSCs showed in the yellow channel. The blue
channel was used to locate both transplanted and host cells and the red emission served to assess the degree of osteogenic differentiation. Adapted with
permission.[64] Copyright 2018, Wiley-VCH.
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in both channels will be count as a hit.[57] In microscopy studies,
the ability to study multiple cells individually and simultaneously
would allow the obtention of relevant statistical results in a
shorter time. Fikouras et al.[58] proposed that semiconductor
nanodisk lasers internalized by cells could allow one to unequiv-
ocally tag more than 109 cells. These NPs present a very narrow
emission whose spectral position depends on small changes in
the nanodisk size. Thus, a single batch of slightly different sized
NPs (i.e., with distinct emission wavelengths that can be distin-
guished thanks to their narrowness) could serve as barcodes to
independently label single cells and track them during long peri-
ods of times. In this case, the emission of each nanodisk consti-
tutes a single channel that is used to monitor a particular cell.

Detection of the spatial distribution of intracellular molecules
or internalized particles within the cell volume and its organelles
is required for numerous studies, such as to assess the tagging
efficiency of functionalized particles or localize proteins within
the cell volume. The usual strategy is labeling the entity to be
localize (not needed if it fluoresces) and the cellular regions
or organelles (e.g., nucleus, lysosomes, mitochondria) with com-
mercial cell markers that emit at different colors. Then, the dif-
ferent color emissions are used to colocalize (find if there is
spatial overlap between) the target and a particular cellular region
using a visualization of the merged channels. As an example, the
study of mitophagy can be facilitated through the dual staining of
lysosomes and mitochondria for their colocalization.[59,60]

Different imaging analysis algorithms have been developed to
quantify the correlation between the two-color channels in coloc-
alization assays.[38,61–63] One example is the algorithm developed
by Singan et al.[38] that allowed them to study the transport of a
target protein along the first steps of the secretory pathway. They
colocalized the emission of the transfected protein CFP-ts045G
and the immunostained endoplasmic reticulum and the Golgi
complex in cells fixed at different transport stages. They were
able to reconstruct the transit of the protein through the organ-
elles and localize it at their entrance and exit (Figure 2B), proving
that the algorithm was able to detect relatively small changes in
the distribution of the protein in those compact organelles. Their
results agreed well with those obtained with biochemical techni-
ques (normally used for these type of studies), but they were
obtained more easily and even provide with quantitative informa-
tion at cellular level.

Finally, multilabeling can facilitate the full understanding of
biological processes that requires the simultaneous study of the
role played by different agents or molecules, and cellular activity
and state.[64,65] An example is stem cell therapy which requires to
locate the transplanted cells and assess their survival and degree
of differentiation. This would allow to fully understand the role of
the stem cells in the therapeutic process and further improve the
treatment. In this regard, multiple labels can be used for differ-
ent purposes in a single assay. Huang et al.[64] studied the thera-
peutic capabilities of human mesenchymal stem cells (hMSCs),
a type of cell present in the adult human bone marrow which
contributes to the regeneration of multiple connective tissues.[66]

They develop an essay (see Figure 2C) to 1) understand the role of
both hMSCs and host cells in the regenerative process of Balb/c
mice with a calvarial defect (top row); 2) study the effect of immu-
nosuppression (SCID) on cell survival (middle row); 3) and deter-
mine the action of a bone morphogenetic protein (BMP), a key

promoter of osteogenic differentiation (bottom row). To do so,
they transduced hMSCs with a Zoanthus sp. green fluorescent
protein (ZsGreen) gene and cultured them with near-infrared
emitting Ag2S quantum dots (QDs). The near-infrared emission
of the QDs served them to locate the transplanted hMSCs (yellow
channel, second column in Figure 2B), while the green emission
of ZsGreen indicated the living hMSCs (green channel, third col-
umn). They also stained the cells with Hoechst (blue channel,
forth column) to locate the nuclei of both hMSCs and host cells.
Finally, they perform an immunofluorescence assay to locate
osteocalcin (OCN, red channel, fifth column) that indicated
the osteogenic differentiated cells. They could see an enhanced
intensity in the green channel in the SCID group in comparison
to the Balb/c group at 30 days after hMSCs’s transplantation,
which indicated that immunosuppression promoted the survival
of hMSCs. Also, the larger red emission in SCID–BMP group in
comparison to the other groups showed that the BMP enhanced
the osteogenic differentiation of hMSCs. In addition, the coloc-
alization of the near-infrared, green, and red emissions indicated
that part of the transplanted hMSCs differentiated into osteo-
genic cells. In conclusion, in this study, the different reporters
were used for different complementary purposes to fully assess
the therapeutic process.

4. Sensing Techniques

The response of the fluorescent properties of dyes, proteins, and
particles to an external stimulus has been extensively used for
cellular sensing. As a result of a variation in the environment
of the fluorophore, different fluorescent characteristics can vary
(i.e., total emission intensity, the spectral position, the lumines-
cence lifetime, and the polarization state), being each of them the
basis of different microscopy techniques.

In this section, we explain how multiple emissions can be
used to improve the capabilities of already established fluores-
cence sensing techniques that have been evolved toward being
ratiometric. For example, simple strategies for the implementa-
tion of ratiometric pH sensing techniques use preexisting probes
mixed together.[67] The ratiometric approach can minimize the
effect of fluctuations produced by the ambient temperature or
probe local concentration. However, as explained in Section 2,
it is advantageous to use a single probe with multiple emissions.
This strategy has been followed to characterize intracellular pH,
ion concentration, or reactive oxygen species (ROS) production
using ratiometric sensors based on fluorescent organic com-
pounds,[42,44,68] luminescent particles,[69–74] and hybrid struc-
tures.[75–79] In addition, targeting ability can be achieved by
combining the sensor with a specific cellular label or tagging
molecule, whose emission can also be used for ratiometric
sensing.[80–82]

Multiple emissions can be utilized to overcome the intrinsic
limitations of certain sensors. For example, ROS probes are
based on molecular compounds (e.g., boron dipyrromethene)
that change their structure when they react (redox process) with
these highly oxidative compounds. This produces a gradual vari-
ation in the probe emission with the largest fluorescent changes
(maximum sensitivity) occurring when the molecule is
completely modified. This process takes time to be completed
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(tens of seconds); thus, most ROS probes fail to provide an accu-
rate measurement with enough temporal resolution.
Multichannel measurements can help in this regard as the lumi-
nescence changes of two independent probes can be detected and
correlated to obtain an accurate, acquisition time-limited deter-
mination of the ROS concentration before the redox steady-state
is reached by each probe.[74]

Finally, it is worth mentioning that the use of multiple emis-
sions from the same emitter allows one to measure different
parameters (e.g., temperature, pH, ROS) in the same assay using
a single sensor.[83–89] In this same line, distinct compounds
(e.g., different ROS) can be detected using a fluorescent sensor
that emit at a different color in the presence of different analy-
tes.[90–92] Moreover, the emitter can be designed to present emis-
sion bands in the visible and infrared ranges to be used for both
in vitro and in vivo fluorescence molecular detection.

After this general introduction, in the following sections,
we give specific examples of ratiometric sensing in different
fluorescence microscopy techniques.[93]

4.1. Energy Transfer Techniques

Different fluorescent techniques have been developed using
energy transfer-based sensors. The emission of these sensing
agents is controlled by an energy transfer process
(e.g., Förster resonance energy transfer [FRET]; luminescent
radiative/resonance energy transfer) between two agents, the
donor (absorbing unit) and the acceptor (emitting unit), which
is highly sensitive to the donor–acceptor distance. The sensing
capability of these techniques relies on the modulation of this
process by the environment (e.g., presence of a targeted com-
pound that modifies the donor–acceptor distance) and the con-
sequent change in the emission intensity of the acceptor which is
used as indicator. These techniques can make use of the
strengths of multichannel methods if the emission of the donor
is also exploited.[79,94,95]

Similarly, other techniques take advantage of the interaction of
different fluorophores, such as absorption competition-induced
emission,[96,97] where the fluorescence of the emitter is quenched
by the presence of an absorbing agent, or aggregation-induced
emission/quenching[98–101] that is based on the increase/
decrease of the intensity emission or change in the lifetime
due to the agglomeration of the fluorophores. Also, ratiometric
sensors have been developed based on photoinduced electron-
transfer effects,[102] or push–pull chromophores.[103]

FRET is the main example of the use of energy transfer-based
techniques. It has made it possible incredible advances in fields
such proteomics, signal transduction, diagnostics, and drug
development, providing information unachievable by biochemi-
cal methods and conventional microscopies.[6] For example,
as the FRET process can only occur at very short distances
(<10 nm),[104] it is widely used to study molecular interactions
that take places within proximity and it can serve to measure very
small distances between molecules. For FRET-based detection,
the differently emitting donor and acceptor can be functionalized
with the antibody that specifically binds to the antigen to be
detected.[105] In the absence of the antigen, just the donor emis-
sion is detected, and only when the two fluorescent markers bind

to the antigen, the FRET-induced emission is detected. Similarly,
ratiometric FRET can also be used to determine the binding
affinity of two molecules each labeled with the donor or accep-
tor.[106] The presence or absence of FRET emission can be
directly related to the attachment and detachment of the mole-
cules. This can server, for example, to study the inhibiting
ability of certain molecules to trigger the production of antioxi-
dant enzymes for the treatment of oxidative-stress-related
diseases.[107]

FRET between fluorophores can also be used to detect DNA
damage. Yang et al.[108] developed a dual-emitting probe com-
posed by Hoechst and naphtalimide dye to monitor the effect
of a widely used anticancer drug. The complex presented a weak
emission due to mutual quenching that recovered when the com-
plex entered the nucleus and Hoechst bound to the DNA, which
increased the distance between the fluorophores. In untreated
cells, the ratiometric signal remained almost constant, while
in treated cells, the emission of both fluorophores decreased
as the DNA was progressively damaged by the drug, which
released Hoechst molecules that reattached naphtalimide dye
molecules.

This latter example relies on the presence of a biomolecule
(DNA) to control the donor–acceptor distance. This approach
can be further developed with the help of functional peptides that
can additionally provide the fluorescent sensor with the capability
of tagging or entering live cell with a specific characteristic.[109]

For example, cancerous cells are known to overexpress certain
proteins. Thus, the fluorescence reporters can be tailored to
respond to the presence of these specific macromolecules using
functional peptides.[110–113] As an example, Chan et al.[114] devel-
oped a nanocomposite formed by QDs attached to an upconvert-
ing nanoparticle (UCNP) which was able to change its emission
color in the presence of matrix metalloproteinase 2 (MMP2),
which is overexpressed in damaged and inflamed tissue, and
in cells surrounding the invading front of metastatic tumors.
The sensitivity of the nanocomposite emission to the presence
of MMP2 was obtained through the functional peptide which
linked the two types of NPs and allowed the FRET process to take
place: the UCNPs emitted blue light under 800 nm excitation that
was partially absorbed by the QDs which emitted red light
(Figure 3A.1). When the link between the donor and acceptor
was destroyed (digestion of the peptide link by the MMP2),
the FRET process was interrupted and only the blue emission
of the UCNPs could be detected (Figure 3A.2). The intensity ratio
of the blue and red emission could be used to distinguish MMP2
overexpressing cells (label in blue) from cells that do not overex-
press MMPs (label in red). In this case, the use of the donor emis-
sion, also as indicator, removes the possibility of a false-positive
on the detection of MMP2 due a decrease in the acceptor emis-
sion intensity produced by, for example, a decrease in the excita-
tion intensity.

Complex design and fabrication methods enable the construc-
tion of tumor-targetable, ratiometric FRET sensors based on
aptamers that are nucleic acid analogues to antibodies that allow
specific binding with high affinity and selectivity.[115–118]

Kim et al.[115] proposed an easy synthetic method not used before
to develop aptasensing platforms. They designed a FRET-based
sensor to measure the intracellular adenosine triphosphate
(ATP) level using an ATP-binding aptamer to which the donor
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and acceptor were attached in proximity allowing the FRET pro-
cess. For the sensing purpose, the acceptor partially occupied a
specific portion of the ATP-binding aptamer. Thus, it will dislo-
cate in the presence of the APT molecule that was revealed by a
decrease in the FRET emission and a change in the ratiometric
signal. To test their capability of monitoring intracellular ATP-
level changes, they treated cells (Figure 3B.1) with drugs that
either inhibit (etoposide) or induce (oligomycin) intracellular
ATP production. For untreated cells, the intensity in both chan-
nels was almost the same. On the other hand, cells treated with
the inhibitor showed a strong emission in the acceptor channel
(red FRET channel), while in cells treated with drug that induces
cytosolic ATP, the ration changed so that the donor channel
(green) had a stronger emission. From the intensity ratio of
the two emission channels, one can distinguish the three
populations (Figure 3B.2).

FRET can also be utilized to generate multiemission pH sen-
sors excited in the infrared to reduce photobleaching and photo-
toxicity and, this way, overcome the inherent drawbacks of the
commonly used pH sensing probes based on fluorescent mole-
cules and proteins (e.g., fluorescein and green fluorescent pro-
tein).[119] An example of this strategy is the combination of
RE-doped UCNPs and pH sensitive fluorescent proteins.[120]

Through a FRET process, infrared radiation can be used to excite
the UCNP emission which is transferred to the fluorescent pro-
tein whose emission intensity depends on the environmental
pH. The multiple emission bands characteristic of RE-doped par-
ticles can be used for two ratiometric measurements
(Figure 3C.1). The first method is the regular dual-channel
FRET-based sensing, where the donor emission (UCNP green
band at 540 nm) is compared to the acceptor emission
(band at 566 nm). The second method is a self-ratiometric

Figure 3. Energy transfer-based sensing. A) Schematic representation of a dual-emitting FRET sensor. A.1) When the donor (blue) and acceptor (red) are
in proximity, the FRET process can take place and both fluorescent agents emit. A.2) When the link between them is broken, the donor cannot longer
transfer the energy to the acceptor and only the donor emits. B) Dual-emitting aptasensor for APT sensing. B.1) The relative emission of the donor an
acceptor differs in untreated cells and in cells treated with an inhibitor (etoposide) or inductor (oligomycin) of cytosolic ATP. B.2) The intensity ratio of the
two channels serves to distinguish the three cell populations. Adapted under the terms and conditions of the Creative Commons Attribution license
4.0.[115] Copyright 2021, The Authors. Advanced Materials published by Wiley-VCH GmbH. C) Ratiometric pH sensing. C.1) The probe is composed by a
UCNP (donor), and mOrange molecules (acceptor). Under 980 nm excitation, the construct presents a total emission (black dashed line) composed by
the emission from the UCNP (540 and 655 nm, green and red bands) and mOrange molecules (small band at 566 nm). Emissions at 540 and 566 nm
change with pH, thus are used for the ratiometric measurement, while emission at 655 nm is pH insensitive and used as a reference. C.2) The ratiometric
technique can be used to determine the differences in pH of distinct cellular organelles form the change of color in the overlay image. Regions 1, 4, and 3
have a pH value of 7.2 associated to that of the cytosol, while regions 2 and 3 present an acidic pH (2.7 and 3.6, respectively) that can be associated to late
endosomes or lysosomes. Adapted with permission.[120] Copyright 2020, Elsevier.
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measurement that uses two emissions of the acceptor: the one
involved in the FRET process (UCNP green band at 540 nm)
and a second reference emission (UCNP red band at 640 nm)
whose intensity is pH insensitive and unaffected by FRET.
This way, self-ratiometry can account for changes in the whole
acceptor emission (e.g., produced by fluctuations in the excita-
tion) that can affect the FRET process, while the ratio between
the acceptor and donor emissions presents the larger response
to the environmental change and it is used for sensing. In addi-
tion, the ratiometric technique allows to map the intracellular pH
from the change of color of the emission when detected in two
channels (Figure 3C.2) and obtain an accurate measurement
from the intensity ratio.

The distance dependence of the FRET efficiency can be har-
nessed to develop multiplexed sensors. Kaur et al.[121] developed
a multiplexed DNA-based single molecule FRET sensor able to
distinguish between specific nucleic acid sequences. It was com-
posed by a DNA hairpin sandwiched between two short pieces of
double-stranded DNA, each labeled with the donor or the accep-
tor fluorophore. The DNA harpin was maintained open by the
action of a probe that kept the donor and acceptor at a distance
that generated a low FRET efficiency (i.e., acceptor emission
divided by the total emission of both emitters). In the presence
of the target, the probe is displaced by the specific DNA sequence
and the harpin closes increasing the FRET efficiency. They pro-
duced specific sensors creating different donor/acceptor distan-
ces by adding flanking thymine spacers of different lengths
between the ends of the pieces of double-stranded DNA.
Thus, each targeted molecule produced a different FRET effi-
ciency level allowing multiplexed sensing.

Finally, ratiometric dual-channel sensors with the ability to
simultaneously tag two cellular organelles and measure their
properties would further help in the understanding of complex
intracellular processes. As an example, ferroptosis (a pathway
that regulates cell death) produces the accumulation of lipid-
based ROS inside liquid droplets, which changes the polarity
of these intracellular organelles. In addition, ferroptosis affects
the structure and morphology of some cellular organelles, but
not the nucleus, in contrast to other death pathways such as apo-
ptosis. Thus, the monitoring of both the nucleus and liquid drop-
lets would help to monitor ferroptosis and distinguish it from
other death pathways. For this purpose, Wang et al.[103] devel-
oped a ratiometric dual-channel polarity sensor able to tag both
the nucleus and liquid droplets at the same time. The dual probe
was based on a push–pull chromophore (D–π–A, i.e., a strong
electron donor, D, connected by a π-conjugating spacer to a
strong electron acceptor, A) that presented two emission bands
(green and red) whose relative intensity depended on the envi-
ronment. The red emission enhanced when the probe was
located in the nucleus and for increased polarity. Thus, it was
used to locate the nucleus and track chromatin changes during
ferroptosis (and distinguish the process from apoptosis), while
the intensity ratio between the green and red bands was used
to determine the changes in the polarity of the liquid droplets
that fluoresced in green. This way, a single dual-emitting probe
can be used to tag and characterize two cellular regions simulta-
neously using two-color channels.

4.2. Molecular Rotor-Based Techniques

Molecular rotor-based fluorophores (MRBFs) are fluorophores
that rotate along specific bounds at excited state. Rotation
quenches their emission as it acts as a nonradiative decay process
(Figure 4A). The modulation of their emission can be harnessed
to measure the properties of the environment such as viscosity.
The emission of MRBFs enhances when the viscosity increases
as the mobility is more restricted. Different emitting MRBFs
with specific suborganelle targeting can be used to simulta-
neously monitor viscosity changes in two distinct organelles,
even when they fuse together (e.g., interaction of lysosomes
and mitochondria during mitophagy).[60,122] In addition, the
chemical structure of the MRBFs can be tailored to control their
response to the environmental viscosity and develop viscosity
sensors with enhanced sensitivity in environments with distinct
viscosity (i.e., low or high viscosity mediums).[37,123] Based on
this idea, Ye et al.[123] developed a dual-channel viscosimeter
for the distinction of misfolded oligomers (low viscosity) from
insoluble aggregates (high viscosity) of proteins in live cells.
They used two MRBFs, P2a and P2b, with spectrally separated
emissions (green and red) and whose intensity was enhanced
in high and low viscosity regions, respectively. They used these
MRBFs to study the aggregation and accumulation of abnormally
long polyglutamine (polyQ) expansion of the huntingtin proteins
produced by a mutation associated to Huntington’s disease.[124]

Figure 4B shows how P2a (green channel) only detects the pres-
ence of dense insoluble aggregates of overexpressed Htt-110Q
(case 2), while P2b (red channel) can image the former together
with the low viscosity soluble oligomers generated in cells over-
expressing Htt–46Q (case 1). In cells that normally express the
protein, thus do not present agglomeration or accumulation, the
MRBFs do not fluoresce (bottom row). This is an example of how
two emissions can serve to distinguish intracellular elements
with the same composition (i.e., protein), but with different phys-
ical characteristics (i.e., viscosity).

MRBFs can also be used to develop dual-emitting molecular
sensors. For example, Mudliar et al.[125] developed a Thrombin
sensor using a complex formed by the MRBF Thioflavin-T and
Heparin. The fluorescence of Thioflavin-T redshifts (from the
blue to the red) in the presence of Heparin when the two mol-
ecules aggregate (i.e., Heparin restricts the rotation of the MRBF
producing the spectral change in the emission). Thrombin dis-
rupts the complex due to its high affinity for Heparin, and
Thioflavin-T recovers its blue emission. The use of two emission
colors instead of the intensity at a single wavelength allows to
detect Thrombin molecules unambiguously because no other
factor than the interaction with that molecule could produce
the spectral shift in the emission of the MRBF.

4.3. Techniques Based on Polarized Emission

Polarization-based techniques take advantage of the change in
the polarization state of the emission to infer variations in the
mobility of the fluorophore. For example, it is well known that
the emission of RE-doped particles is highly polarized due to the
effect of the crystalline structure of the host material. Thus, the
spectral shape of the emission (i.e., relative intensity between two
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emission peaks or wavelengths that correspond to the two chan-
nels to be measured) depends on the orientation of the particle,
which can be used to monitor its rotation and correlate it to the
medium’s viscosity. This strategy has been used to monitor
intracellular viscosity changes induced during chemotherapy
treatments.[126]

Similarly, molecular fluorophores emit linearly polarized light
(Figure 5A.1) that becomes depolarized as the molecule emits at
different angles while it rotates (Figure 5A.2). The depolarization
degree or anisotropy of the emission can be measured from the
ratio of the intensity detected in two orthogonally polarized chan-
nels. Anisotropy characterization and its use for the determina-
tion of the physical properties of the environment of the
fluorophore are the basis of fluorescence polarization anisotropy
(FPA) techniques.

Comparison of different anisotropy values has been used to
detect viscosity and packing density changes of the cellular mem-
brane produced by its interaction with signaling molecules.[127]

More recently, FPA has been used to obtain a more accurate
description of nanoregions within nonisotropic, heterogeneous
systems environment, such as lipid droplet membranes, going
beyond the concept of macroscopic viscosity.[128]

Soleimaninejad et al.[129] used an amine-reactive dye, TPE-Py-
NCS, able to attach cytosolic proteins to map the macromolecular
crowding effect. The variation in the crowding condition
(agglomeration of proteins) affects the rotational freedom of
the dye molecules producing a change in the fluorescence anisot-
ropy. They mapped in real time the cytoplasmic crowding effect

(Figure 5B.1) in cells subjected to osmotic stress. They showed
how the FPA value distribution within the cytosol moved toward
higher values (Figure 5B.2), indicating a reduction in the dye
mobility produced by the tight packing of the proteins.

Apart from viscosity, another important parameter that
directly influences the mobility of the fluorophore is tempera-
ture. It is directly related to the Brownian fluctuations and affects
the viscosity. This can be exploited to develop FPA nanother-
mometers based on fluorescence molecules such as fluorescent
proteins,[130,131] dyes,[132] proteins conjugated with dyes,[132,133]

and DNA labeled with intercalated dyes.[134] As for MRBFs
(see Section 4.2), the fluorescent agent can be engineered to
enhance its response to temperature and measure changes in
this parameter through the variation in the sensor’s mobility
using FPA.[132] As Donner et al. described,[130] the maximum
sensitivity is found when the lifetime of the fluorescent probe
is in the same range of its rotational lifetime. Utilizing the green
fluorescent protein (GFP) as anisotropy-based nanothermome-
ters (ABNTs), they mapped the intracellular temperature of
HeLa cancer cells.[130] Likewise, this technique was applied uti-
lizing the complex GFP tagged to the enzyme glutamic acid
decarboxylase as ABNTs in GABAergic neurons.[131]

4.4. Fluorescence Thermometry

Fluorescence thermometric techniques are tightly related to
other fluorescent sensing methods as they rely on the thermal

Figure 4. Molecular rotor-based sensing. A) The emission of molecular rotor-based fluorophores (MRBFs) is quenched when the molecule is able to
rotate. B) Dual-emission viscosimeter based on two MRBFs for the detection of different viscosity regions produced by the agglomeration and accumu-
lation of abnormally expressed proteins. The fluorescent sensors (P2a and P2b) emit in different spectral channels (green and red, respectively) and have
different sensitivity to distinct viscosity ranges. They allow to clearly distinguish misfolded oligomers (case 1) from insoluble aggregates (case 2). The
sensors do not emit when the proteins are normally folded (bottom row). Adapted with permission.[123] Copyright 2020, Wiley-VCH.
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changes produced in the intensity, spectral position, lifetime,
or polarization state (see Section 4.3) of the emission of lumines-
cent organic molecules and particles.[135–137] Thus, here we only
highlight certain aspects of the use of multiple emissions for
thermosensing and the materials involved.

In ratiometric themometry, the combination of the response
of two emission bands from the same emitter can benefit the
sensitivity and resolution of the probe. For this, RE-doped par-
ticles are the preferred choice as they present multiple emission
bands with different sensitivities to temperature changes. For
example, the two thermally coupled, green emission bands of
erbium ions present opposite behavior with temperature, thus
their intensity ratio can be used to measure temperature in spe-
cific intracellular organelles.[138] The sensitivity of thermally cou-
pled level-based thermometers is directly related to the energy
difference between the emitting levels; thus, they usually suffer
from low sensitivity due to the restriction of small energy gap.
To overcome this limitation, other thermally sensitive energy
transfer processes have been investigated to achieve better ther-
mal resolutions with RE ions.[139,140] In addition, alternative
materials have been engineered to present multiple emission
bands, on their own or in synergy, for ratiometric thermometry,

such as fluorescent proteins,[141] organic dyes,[142,143] nanopoly-
mers,[144] quantum dots,[145,146] or gold nanoparticles.[147]

A recent example of ratiometric thermometry makes use of
the spectral shift produced in the emission of GFP.[148] The
authors used a technique called peak fraction analysis that is
based on the difference between the integrated intensity in
two spectral rages of the GFP emission band. As the emission
peak shifts toward larger wavelengths, the relative intensity
between the two spectral regions changes. They divided the dif-
ference between the emission intensities by the total integrated
emission to account for the decrease in the GFP emission due to
the change in temperature. In this way, the spectral shift of the
emission peak produced by temperature can be obtained without
the need of a precise determination of its central position. Using
this technique, they obtain a relative thermal sensitivity one order
of magnitude larger than that of GFP using FPA method.

4.5. Raman Spectroscopy

Raman spectroscopy uses the inelastic scattering of monochro-
matic photons (laser radiation) to extract detailed information of
the chemical composition of the sample. The energy difference

Figure 5. Polarized emission-based sensors. A) The emission of molecular fluorophores is linearly polarized (A.1) and becomes depolarized as the
molecule emits at different angles while it rotates (A.2). B) Polarization anisotropy serves to map the cytoplasmic crowding effect in cells subjected
to osmotic stress. B.1) Anisotropy maps for different time instant. Large anisotropy values (low molecular rotational motion) indicate regions of higher
protein packing. B.2) The anisotropy distribution displaces to lager anisotropy values as the crowding effect increases. Adapted with permission.[129]

Copyright 2017, The Royal Society of Chemistry.
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between the incident photon and the Raman scattered photon
corresponds to the energy of specific molecular vibrations.
Thus, the Raman spectrum is a fingerprint of the molecules that
compose the sample (Figure 6A). Raman spectroscopy has
proven its reliability as a label-free diagnostic tool as it is able
to specifically identify biomolecules with high sensitivity and give
information on the alteration of molecular signatures at the cel-
lular level or in tissues.[149] This technique (and its modalities,
e.g., surface-enhanced Raman scattering [SERS]; surface-
enhanced resonance Raman scattering [SERRS]; stimulated
Raman scattering [SRS]) can benefit from the use of multiple
emissions because each of the Raman peaks can be considered
as a color channel. As an example, normal Raman cannot provide
quantitative information on the protein carbonyl levels, associ-
ated to protein oxidation, because the protein Raman spectrum
is dominated by the spectral features of aromatic amino acids
and the protein skeletal modes which are not affected by oxida-
tion. To solve this issue, Zhang et al.[150] conjugated protein car-
bonyl with dinitrophenyl hydrazine (DNPH), a label commonly
used in spectrophotometric and immunoassay-based methods.
The Raman spectrum of the oxidated protein conjugated with
DNPH presented the spectral features of the oxidated protein
alone plus those of DNPH. They used the intensity ratio between
one characteristic Raman peak of DNPH and another from the
oxidated protein to accurately determine the carbonyl levels. This
is one of the first examples of ratiometric Raman which is

currently a common practice for detection, quantification, and
structural characterization of biomolecules.[151–154]

Although Raman is a label-free technique, it can benefit from
the use of specific markers, as DNPH in the previous example.
This is especially relevant for SERS, SERRS, or SRS techni-
ques,[155] where a metallic particle can be used to enhance the
Raman signal that is usually very weak (i.e., less than 1 in
108 of incident photons undergoes Raman scattering).[149]

As an example, specific ratiometric sensors for SRS can be
developed for the detection of intracellular pH.[156]

Raman markers can also be designed to present distinctive
Raman spectra that can be easily distinguished, in comparison
to the bulk Raman spectra of a sample that is composed by
the superposition of the different spectrum of each molecule.
This allows multiplexing because each of the markers can target
a specific biomolecule that can be detected using the specific
Raman spectrum of the marker. This strategy has been used
for the detection and differentiation between cell lines, especially
in the detection of cancerous cells.[157–161]

In an early example, Pallaoro et al.[157] developed a multiplexed
ratiometric SERRS method for the distinction between normal
and cancerous prostate cells. They used two Raman markers
composed by polymer-encapsulated silver particles (Figure 6B.1),
each labeled with a unique Raman reporter molecule (i.e., with
distinct Raman spectrum, Figure 6B.2). Each of the Raman
markers was functionalized with either a receptor-specific pep-
tide, or a general cell penetrating peptide (CPP). While the first

Figure 6. Raman sensors. A) The Raman spectrum of a cell is the superposition of all the spectra of each of the biomolecules that compose it (e.g., DNA,
proteins, lipids). Each of these molecules has a unique spectrum that can be considered as their fingerprint. B) Cell identification using Raman markers.
B.1) The two Ramanmarkers are constructs of two silver particles each coated with a different Raman reporter and a distinct peptide: one able to tag cancer
cells (red), while the other can enter both cancerous and normal cells (green). B.2) Themarkers can be distinguished thanks to their distinct Raman spectra
provided by the two different Raman reporters. B.3) Point scanningmaps of the ratio between the Raman signal of the twomarkers (red to green ratio). The
green signal is present in both cell types, while the red signal is mostly present in cancer cells giving a high value of the ratio. Adapted under the terms and
conditions of the Creative Commons Attribution license 4.0.[157] Copyright 2011, The Authors, published by the National Academy of Sciences.
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type of Raman marker (red) can only tag cancerous cells, both
normal and cancer cells internalized the CPP markers (green),
which were used as a positive control. They used the ratio
between the amount of signal detected for each Raman marker
(red marked divided by green marker) to construct 2D maps of
the distribution of the peptides in cells and thus distinguish
between the two cell types (Figure 6B.3). As only cells
displaying both types of markers counted as positive hit, they
managed to reduce the uncertainty in the quantitative measure-
ment that can result from, for example, variability in focal plane,
changes in turbidity, cell concentration, or short measurement
time.

4.6. Fluorescence Lifetime Microscopy

Although fluorescence lifetime microscopy techniques do not
suffer from the main drawbacks of SAE methods, they can still
benefit from then use of multiple emissions. Thus, although in
this review we are focused on the use on the spectral and inten-
sity characteristics of the fluorescent emission, we also want to
briefly discuss the use of multiple channels in fluorescence life-
time microscopy. In this case, separate channels can be different
lifetime intervals.[162] For example, dyes are known to have a fluo-
rescence lifetime of the order of nanoseconds, while the emis-
sion of RE-doped particles can be pushed to be close to 1ms.
The distinction between the lifetime of the probe and that of
the autofluorescence of the sample (in the order of nanoseconds)
can be used in time-gated experiments to reduce the background
noise and enhance the resolution.[163] For multiplexing, particles
can be engineered to present distinct lifetime, avoiding the prob-
lem of spectral overlapping of different color emissions.[164] In
addition, lifetime could help developing heavily multiplexed
assays,[165] enabling multiparameter assays for better under-
standing of biological processes.

Another interesting aspect of the lifetime is that it is highly
dependent on the environment of the fluorophore. Different
nonradiative deexcitation processes can compete with the radia-
tive deexcitation path and modify the fluorescence lifetime. For
example, analogously to the use of two emissions from the same
probe that behave differently depending on the environmental
conditions, the mean and long components of the lifetime of
the chemical compound F2N12S can be used to distinguish
ordered and disordered phases of lipid membranes.[148]

5. Super Resolution Fluorescence Microscopy
Techniques

The implementation of the use of multiple channels in already
established super-resolution microscopy techniques allows to
perform all the abovementioned tasks (e.g., multiplexing, ratio-
metric sensing) with increased imaging resolution. One can find
examples of the use of multiple emissions in stochastic optical
reconstructionmicroscopy (STORM),[166–168] fluorescence photo-
activation localization microscopy,[169,170] ground state depletion
microscopy followed by individual molecule return,[171,172]

stimulated emission depletion (STED) microscopy,[173–175] or
super-resolution optical fluctuation imaging.[176] Even novel mul-
tiemitting probes have been specially developed for ratiometric

fluorescence sensing in STED microscopy.[175] Dual-
color super-resolution techniques have, for example, enabled
the localization at the nanoscale of particular proteins in the
mitochondria membrane using STED or to measure the distri-
butions of synaptic proteins with nanometer precision using
STORM.[173,177]

The combination of super-resolution and the numerous
advantages of the use of multiple emissions could give rise to
novel and improved methods that could even enable the fast
acquisition of highly detailed images of large specimens in three
dimensions.

6. Conclusions

In this review, we have discussed how fluorescence microscopy
can benefit from the use of more than just one emission.
Multilabeling permits the visualization of different parameters
or cellular regions at the same time and the localization of bio-
molecules with high spatial resolution. In addition, multiple
emitting channels allow the construction of ratiometric sensors
that could even be self-referenced; thus, they are not affected by
experimental artifacts such as fluctuations in the excitation radi-
ation or differences in the probe concentration.

Multiple emissions can be produced by just one or different
emitting agents. In the latter case, many approaches get advan-
tage of the interaction of different fluorescent agents through
energy transfer processes. This requires a judicious design of
the luminescent agents (e.g., the emission of the donor must
match the absorption band of the acceptor). For this reason, there
is a strong and symbiotic relation between these novel micros-
copy techniques and the development of new synthetic methods
that can even have an impact in other research fields.

Despite all the discussed advantages and promising future
applications, the field requires the standardization of the micros-
copy sensing probes and techniques, especially when dealing
with the analysis of multiple parameters at the same time.
Due to the complexity of the intracellular medium, the problem
under study has multiple variables that entail numerous effects
that can be simultaneously influencing the sensor’s feedback.
Thus, unequivocal interpretation of the results is not always easy
and might be subjected to bias. As an example, the detection of
intracellular viscosity should be accompanied by a thorough anal-
ysis of other intracellular parameters (e.g., temperature) that
could be, or in fact are, also affecting the emission of the sensor.
In addition, the field needs to establish a standardized method to
compute the sensitivity and reliability of the microscopy techni-
ques as it is done in other analytic fields. This will help to make a
fair comparison between all the different sensors in the litera-
ture. In our opinion, fluorescence microscopy will not be able
to evolve if these issues are not seriously considered.
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