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Abstract

Dextrans, which is a generic term used to describe a family of glucans, are 
branched polysaccharide molecules derived from lactic acid bacteria in the presence 
of sucrose. These complex branched glucans have various uses in the medical indus-
try, including plasma expanders and anticoagulants, and have also been investigated 
for their utility in targeted and sustained delivery of drugs, proteins, enzymes, and 
imaging agents for renal applications. Simultaneous advances in renal intravital 
microscopy have brought several advantages over in vitro and ex vivo models by 
providing real-time assessments of dynamic processes at the cellular and subcellular 
levels. Such advances have been used to support regenerative medicine strategies. 
Consequently, this chapter aims to provide an overview of how fluorescent dex-
trans have supported renal gene and cell therapies and evolving tissue engineering 
techniques.

Keywords: fluorescent, dextran, dextran sulphate, renal, intravital microscopy, 
two-photon microscopy, multiphoton microscopy, gene therapy, cell therapy, 
regenerative medicine

1. Introduction

Historically dextrans have been extensively used in clinical practice and
experimental models. These compounds can be prepared in a wide range of molecu-
lar weights to support their application throughout the vasculature. For instance, 
intravascular infusions of relatively large molecular weight dextrans have been used 
as plasma expanders in hypovolemic treatments, substitutes for whole blood in cases 
of severe shock, and a mode to combat volume depletion in various conditions [1–7]. 
In contrast, low molecular weight dextrans, which can be filtered by the glomerulus 
and reclaimed by the tubules, have found use in nephropathology evaluations in 
experimental and clinical approaches [8–17]. Moreover, within other branches of the 
medical industry, these complex branched glucans possess properties that support 
anticoagulation and allow them to be effectively used as vehicles for the targeted and 
sustained delivery of drugs, proteins, enzymes, and imaging agents [6, 18].

Simultaneously, microscopy advances, particularly intravital microscopic tech-
niques, have brought several advantages over in vitro and ex vivo models by providing 
instant assessments of dynamic cellular and subcellular events in vivo [13, 14, 19–23]. 
As we have also improved our capacities to induce genetic alterations within the past 
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two decades effectively, new opportunities have arisen to, in turn, improve our funda-
mental understanding of mechanisms that drive disease progression and define novel 
gene- and cell-based strategies to combat these debilitating outcomes. To date, it can 
be argued that renal intravital microscopy (IVM) has benefited substantially from 
the intersection of these approaches. Consequently, this chapter can provide insight 
into how fluorescent dextrans have supported the development of renal gene and 
cell therapies and describe how these approaches are impacting the evolving field of 
regenerative medicine, specifically within the realm of whole organ bioengineering.

2. How optical microscopic techniques have advanced kidney imaging

2.1 Optical microscopy

Optical microscopy systems can be classified into two major categories: linear 
and non-linear. Traditionally, confocal fluorescence and wide-field laser microscopy 
systems have been regarded as the most prominent applications [24], and such linear 
techniques are extensively applied in in vitro studies focused on cell culture and tissue 
sections. One major challenge with these approaches revolves around spatial resolu-
tion. Spatial resolution is generally restricted and merely provides a viable imaging 
depth from the specimen’s surface of roughly 100 μm. Compounded scattering events 
constrain light propagation and hinder image acquisition at greater depths [25]. Such 
characteristics limit in vivo applications and the overall clinical utility of these systems. 
Specifically, these matters are of particular significance to confocal microscopic appli-
cations, which rely on the light emanating from the sample that is, in turn, channeled 
to the pinhole. High degrees of scattering generated in turbid media are well-correlated 
with tissue depth in biological tissues [13], which also limits the intensity of light that 
can propagate through the pinhole, thereby severely attenuating the optical signals.

Non-linear microscopic approaches, by comparison, offer the use of higher-order 
light-matter interactions with multiple photons. This process inherently enhances 
image-based contrast and, as a result, considerably surmounts the obstacles hindering 
tissue imaging at greater depths [26]. This principle is widely applied in multiphoton 
(namely, two-photon) absorption fluorescence excitation techniques that utilize 
quadratic (non-linear) relationships between excitation and emission events [27, 28]. 
In doing do, two-photon systems facilitate investigations in tissues at imaging depths 
on the order of a millimeter, significantly exceeding conventional single-photon 
processes like confocal microscopy. These systems require the simultaneous absorp-
tion of two photons for this excitation process to generate emissions that vary with the 
square of the excitation intensity.

Multiphoton imaging thus provides several benefits over its counterparts, 
including reduced scattering levels with infrared-derived excitations, out-of-focus 
photobleaching, and background fluorescence produced by localized excitations 
[17]. Overall, these benefits have supported multiphoton imaging over other light-
based microscopy systems for live biological tissue examinations, permitting deep 
tissue imaging at a high resolution. Furthermore, this advanced imaging technique 
aids the monitoring of live physiological/pathophysiological cellular and subcellular 
events in real-time. It is precisely for these reasons that multiphoton fluorescence 
microscopy has gained widespread application in the intravital imaging of the 
kidney. These applications include analyzing normal renal physiology [13, 28, 29] 
and pathophysiology [30], and specifically, the quantification of acute, chronic, and 
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end-stage disorders [16, 31], molecular biodistributions, and effects of various drug 
development [32], monitoring renal genetic alterations, and most recently tissue 
engineering [33].

2.2 Intravital microscopy

  Advanced imaging technologies, such as multiphoton microscopy, have given 
researchers powerful tools to answer critical problems in live systems. One such tool is
IVM. This form of optical microscopy provides investigations at the cellular and sub-
cellular levels [34]. The development of such non-linear approaches has resulted in
a considerable surge of in vivo investigations to tackle fundamental issues in various 
organ systems [35].
  IVM has demonstrated tremendous utility in studying innate and adapted 
morphology and functional processes among all forms of microscopy. IVM, in par-
ticular, has revolutionized our knowledge of living systems through detailed dynamic 
insights on various regulatory processes [36–40], as well as in-depth anatomical 
distinctions that support these processes. Non- or minimally-invasive multiphoton 
systems generate high contrast images with exquisite lateral spatial resolutions that 
can be adapted to acquire three-dimensional volumes in time-dependent manners 
[24]. These facts make this system well-suited for tissue, cellular, and molecular stud-
ies [41] and have developed new avenues for studying live systems in physiological
and pathophysiological conditions, particularly within the kidney, through enhanced 
live four-dimension applications. Therefore, it is believed that this modality will 
continue to transform this industry as new ways are being sought after to improve 
image acquisition time and imaging depth and reduce the complexity and cost of
these systems, Overall, these benefits can, someday, drive its clinical potential and 
utility in the field of biomedicine [41].

3. Fluorescent dextrans and intravital microscopy

3.1 The dextran

  One major component that has helped advance this fields of study is the dextran.
Dextrans are complex branched glucans produced from glucose polymers via chemi-
cal synthesis or from the bacterium Leuconostoc mesenteroides action on sucrose 
bacteria [18]. These polysaccharides are primarily made up of linear  ɑ-1,6-glucosidic 
linkages with various degrees of branching. Specifically, the glucose subunits are 
linked by  α(1  →  6) linkages on its main chain and  α(1  →  3) linkages on its side chain 
[42]. Their polymerization is catalyzed by the enzyme dextransucrase and can occur 
in several microorganisms to produce compounds that vary in molecular weight.
The resulting dextrans can also vary in branching patterns, from slightly to highly 
branched structures.
  The polydispersity of dextrans is another physicochemical feature that influences 
their behavior in vivo and their excellent biocompatibility. Dextran polymers are gen-
erally stable under normal, as well as mildly acidic and basic conditions. Dextrans also
contain a significant number of hydroxyl groups for conjugation, supporting their 
high-water solubility. These heterogeneous polysaccharides are biodegradable and can
be cleaved by various dextranases. Altogether these properties have supported their 
preclinical and clinical use for the past several decades.
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3.2 Clinical- and research-based applications of dextran molecules

Dextrans produce relatively low-viscosity solutions and are generally classified as 
neutral polymers. Based on this classification, dextrans are versatile compounds with 
many clinical applications in anesthesiology, radiology, ophthalmology, and emer-
gency medicine. Typically, these compounds cannot penetrate the intact membranes 
of living cells. As a result, they can be used to evaluate membrane dynamics, and 
macromolecular distributions and kinetics [43]. Specifically, large molecular weight 
dextrans in the plasma can be used to assess and mimic the properties of the circula-
tion in both normal and pathological conditions [44].

Initially, these molecules were used as colloids for fluid resuscitation as they osmoti-
cally expand the plasma and help restore blood plasma volume post severe hemorrhage 
[45]. These compounds distribute throughout the circulation, expand blood volume, 
and thus, increase cardiac output and blood flow. However, these polymers appear to 
impede fibrin network formation by increasing this protein’s degradation. Research has 
also shown that the significant presence of dextran molecules leads to decrements in von 
Willebrand factor altering platelet funcion [46]. As a result, a move that supported their 
general abandonment in such settings arose from the abovementioned issues, along with 
the adverse effects these compounds had on the innate coagulation system and their 
potential to induce anaphylactic responses [46]. Interestingly, this antithrombotic effect 
provides additional clinical utility for preventing postoperative venous thrombosis.

From a medical imaging perspective, these compounds can be labeled with vari-
ous markers to support various non-invasive detection and diagnostic techniques. For 
instance, the intravenous delivery of dextrans labeled with technetium Tc-99 m serves as 
contrast agents for nuclear medicine, magnetic resonance imaging, or scintigraphy inves-
tigations [46]. Whereas, from a microscopic perspective, fluorescently-labeled dextrans 
have been widely used to support countless investigations within the kidney, which is 
the focus of this chapter. That is, dextrans are easily modified to accept fluorophores that 
can be used to label various renal compartments exclusively based on molecular weight. 
Specifically, this property facilitates the study of microvascular flow, vascular integrity, 
vesicular trafficking, glomerular filtration, and renal reabsorption and secretion [35]. 
Examples of some commonly used fluorescent dextrans are provided in Figure 1.

Figure 1. 
The structures of some commonly used fluorescent dextrans. This image depicts the following fluorescently 
conjugated dextrans: (A) FITC, (B) Texas red, (C) TRITC, (D) cyanine 5 (CY5), and (E) rhodamine B.
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3.3 Intravital multiphoton fluorescence microscopy fundamentals

  The fields revolving around biological fluorescence have a rich and vibrate his-
tory that dates back to original observations presented in 1565 by Nicolas Bautista 
Monardes, botanist and physician [47]. Monardes’ article communicated the simple 
outlines of various visible hues emanating from several wood types. However, such 
observations provided a means to detect counterfeit samples from scarce and valu-
able materials, like coatli, known for its diuretic properties. This simplified approach 
relied on a crucial characteristic of the counterfeit materials: their ability to emit clear 
blue hues after being immersed in water [48]. This characteristic was beneficial and 
undoubtedly paved a path for contemporary optical advancements.
  As various fields in optics advanced, two noteworthy processes, incandescence
and photoluminescence, have been defined. Incandescence describes a thermal 
radiative process that supports the generation of electromagnetic radiation from the 
thermal motion of charged particles within substances. The resulting electromag-
netic radiation emanates from the visible spectrum and occurs as a consequence of 
elevations in temperature. Such a heat response generates increased particle motion,
giving these particles a more remarkable ability to radiate. In comparison, photolu-
minescence also describes optical emissions via electronic state transitions, albeit in a 
manner that is independent of heat and is deemed a cold process. Due to this nature,
this phenomenon was the center of much debate two centuries ago, when scientists 
vehemently argued about the applicability of photoluminescence within the realm of 
thermodynamics [48]. Nevertheless, we have witnessed the use and classification of 
several aspects of photoluminescence, namely, resonant radiation, phosphorescence,
and fluorescence, which permeate our daily lives. Each of these three processes will be
briefly outlined below.
  We can first focus on the theory related to the swift emission of electromagnetic 
energy derived from the photonic absorption of gaseous atoms, upon which resonant 
radiation centers. Within this process, incident photons, generally, possess the same
or perhaps frequencies similar to the resonant frequencies of the gaseous atoms,
allowing them to first transition to higher energy levels after radiation absorption,
and subsequently relax to a lower energy state. The latter transition is accompanied by
the emission of photons with energy levels comparable to incident particles, eliminat-
ing substantial energy decrements during these transitions and defining discrete 
energy differentials. These discrete demarcations are characteristic of a given atom 
and thus provide unique energy transition signatures. Next, with phosphorescence,
photonic emission results in a reduction of energy states. Compared to resonant 
radiation, in this excitation process, the emitted photons possess lower energy levels 
than their counterparts and generally occur on a longer timescale, allowing phospho-
rescent materials to discharge radiation for extended periods post excitation.
  Building on the previously mentioned description provided on resonant radiation,
we can first begin to examine one-photon or conventional fluorescence further. In
this process, a single photon is absorbed by a fluorophore. Fluorophore atoms com-
prise electrons occupying various specific electronic states, defining their perpetual 
vibrational, rotational, or translational motions that occur in relation to the physical 
state of the fluorescing compound(s). Notably, the excitation of a fluorophore (or
a luminophore) can occur through either single or multiphoton absorption events,
and once a fluorophore absorbs a photon, a resulting electronic energy transition will 
occur. The probability that such a fluorophore will collide with surrounding molecules
to support its relaxation is increased upon transitioning to a higher energy level.
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Likewise, the de-excitation process can, in turn, be defined in three phases. Within 
the first phase, some of the absorbed energy can facilitate fluorophores’ vibrational/
rotational modes as well as heat generation from internal conversion-based radia-
tive decay or radiationless de-excitation. The second phase commences and revolves 
around energy losses/conversion processes required to produce photons, as defined 
by the Stokes shift, which exists with energy levels lower than those of their incident 
counterparts. Ultimately, in this form of de-excitation, the third phase is character-
ized by an additional internal conversion process that further reduces the particles’ 
energy states.

As a result, we can thus compare the processes mentioned above to the multipho-
ton phenomena utilized in IVM. With IVM, fluorescence is derived from the absorp-
tion of two or more low-energy photons concurrently. This combination is essential 
as each photon’s energy is incapable of generating an excitation event, yet when 
combined, the resulting energy level is sufficient to facilitate this electronic transi-
tion. Moreover, as observed in single photon fluorescence, the de-excitations result in 
photonic emissions described in detail in the literature [28, 38, 39, 49].

3.4 Practical ways to generate multiphoton excitation fluorescence

In order to generate a multiphoton excitation event, the required photons must be 
absorbed by the fluorophore within a single attosecond. This constraint drastically 
minimizes the probability of naturally occurring multiphoton phenomena. To illus-
trate this point, if we expose a rhodamine molecule to direct sunlight, we can expect 
a one-photon excitatory event to occur within a timeframe of 1–2 seconds, whereas 
a two-photon event would occur after 10 million years [6, 11]. These depictions were 
revealed in 1931 by Dr. Marie Groppert-Mayer. She simultaneously forecasted that 
an enormous flux of incident radiation could overcome this 10 million-year period to 
produce detectable levels of multiphoton fluorescence in a time frame comparable to 
the one-photon excitatory event [28, 38, 39, 49].

Dr. Groppert-Mayer’s models devised the underpinning framework upon which 
femtosecond laser technologies have been developed. Today, these robust systems, 
like titanium: sapphire lasers, produce high and sustained photon fluxes of energy 
required that facilitate routine multiphoton excitations/emissions from femtosecond 
pulses. The concise duration in which these infrared systems emit light pulses inher-
ently only generates photon fluxes that can raise the temperature of water by, on 
average, 0.2 K/sec [28]. Furthermore, exposure to phototoxic effects is limited by the 
fact that long wavelength, low-energy photons are constricted to minimize scatter-
ing and improve depth penetration and resolution for safe and effective biological 
studies. Compared to the two-photon excitation, in single-photon excitation, tissues 
are generally exposed to far more levels of shorter wavelength and higher energy, 
ultraviolet and visible light with lasers that excite fluorophores within substantially 
greater volumes that subject tissues to more debilitating events. Excitingly, these 
benefits have propelled research to develop three-photon systems that require roughly 
10-fold photon densities applied in two-photon microscopic applications and promise 
enhanced depth penetration and resolution [50].

3.5 Image formation in multiphoton fluorescence microscopy

The next step in the IVM process revolves around image acquisition. This process 
converts the optical signals that emanate from a sample to electrical signals. Extensive 
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details of this process can be obtained in the literature [51], and for the purposes
of this chapter, the fundamental concept is outlined as follows. First, it is essential
to identify key components of a multiphoton fluorescence microscopy system that 
support image acquisition and formation. These components are the objectives, the 
mirrors, and the detectors, which are utilized in a subsequent manner.
  After the mode-locked/pulse femtosecond laser emits incident radiation, scanning
dichroic mirrors are used to guide the beams of light onto various objective lenses.
These lenses then focus the beams at unitary loci within the sample. As theorized by 
Dr. Groppert-Mayer, this process directs enormous fluxes of incident radiation on
the specimen in both spatially and temporally fashions and facilitates multiphoton 
fluorescence excitation events that emit photon beams. Despite applying enormous 
quantities of incident radiation, the system’s average input power is delimited below 
10 mW via low pulse duty cycles and coincides with the power levels generated by 
confocal systems. Also, since most photons follow a direct path, multiphoton systems 
have drastically enhanced signal-to-noise ratios compared to one-phase microscopy 
systems.
  Further comparisons to confocal fluorescence microscopy identify the absence
of a pinhole in IVM systems. The alternative configuration provides more flexibility
in designating the detection geometry to incorporate descanned or non-descanned 
detection schemes. Non-descanned systems provide a means to enhance depth pen-
etration and reduce the number of optical elements needed and the path length that 
emerging fluorescence signals can interact with dust particles, thereby limiting losses 
to scattering and improving the sensitivity of the system light and efficiency of light 
collection. This process enhances sensitivity without compromising image quality. It
is essential for maximal depth penetration into living tissue, as the detectors contain 
susceptible photomultiplier tubes capable of detecting low levels of light and barrier 
filters that are used to generate red, green, and blue pseudo-color images formed from
a 3-D geometrical correlation within a given specimen. Two-dimensional, XY-plane 
raster scanning processes support data acquisition that can be coupled with depth 
position (Z-plane). The resulting imaging datasets can be extended to 4-D investiga-
tions by acquiring data in a time-dependent manner.

3.6  In vivo multiphoton imaging of mammalian tissues and its benefits over ex
  vivo and in vitro approaches

  Historically, researchers have relied on in vitro, ex vivo, and in vivo experimental 
models to answer scientific questions that have and continue to improve our mecha-
nistic understanding of various physiological processes. Such work has spearheaded 
advancements that, for example, have allowed the examination of complex cellular-
molecular interactions in vitro. In vitro characterizations provide opportunities
to conduct high-throughput, cost-effective studies that are the first and integral
initial step that circumvents complex intracellular, intercellular, intra-organ, and 
inter-organ events within live animal models. After that, such approaches can be 
transitioned to comparable ex vivo and, ultimately, in vivo models. Experimental 
approaches of this nature provide greater degrees of flexibility and facilitate ways to 
view complex phenomena more straightforwardly and systematically, and conduct 
practices that would be impractical for animal studies that may not be approved for 
animal usage by regulatory boards.
  Nevertheless, in vitro and ex vivo models, by their very nature, are incapable of 
fully mimicking natural phenomena. The fact illustrates the trade-off that must be

8



Fluorescence Imaging – Recent Advances and Applications

8

considered when solely relying on this form of experimentation and the need to apply 
multiple approaches when studying complex biological systems [52]. As a result, IVM 
has gained more prominence. These live imaging systems have equipped researchers 
with a means to acquire unique and compelling evidence that can only be gathered 
from whole organ investigations [9]. IVM’s current utility can be extended through 
more invasive approaches that support organ exposure/exteriorization that can be 
conducted on rodent brains [53–55], livers [56–58], and kidneys [9, 58–60], as well as 
ex vivo applications that extend depth penetration of existing IVM systems. Besides 
these accomplishments, IVM is currently a niche platform that can only be performed 
non-invasively on shallow tissue depths and easily accessible organs like the skin 
[61–63].

The preparations to conduct such imaging studies are crucial in ensuring the 
generation of valuable microscopic data. In particular, intravital multiphoton imag-
ing of kidney function and structure has become quite popular since the kidneys of 
rats and mice can be easily externalized after anesthesia and placed in the view of a 
microscope lens [12, 28, 35, 64, 65]. To conduct such studies, it is important to outline 
some of the following essential conditions that include the use of anesthesia, anal-
gesics, and antiseptics, as well as other common surgical considerations that should 
be considered. Generally, standalone or combinative inhalable (isoflurane, for short 
duration studies) and injectable (for more extended duration studies: pentobarbital 
– for survival studies or thiobutabarbital – for terminal studies) sedatives are used for 
small animal studies. Analgesics like acetaminophen and antiseptics, like a surgical 
scrub, are also routinely used at the end of survival studies. Researchers should also 
compensate for fluid losses by introducing isotonic fluids and serum albumin to 
regulate osmotic pressures.

It is generally recommended to conduct surgical procedures in sterile environ-
ments, especially for survival studies. After fully sedating the rodent, one should 
constantly monitor its core temperature, often done with an anal probe, along with 
heating pads, lamps, and blankets to regulate core temperature during the surgical 
and imaging procedures. A carotid or femoral artery access catheter can also monitor 
blood pressure. Further safeguards may be taken by sterilizing the imaging dish and 
saline in which externalized kidneys are placed to limit infection and tissue dehydra-
tion/pH alterations.

4. Materials and methods for intravital studies

4.1 Animals and associated procedures for intravital studies

Primarily male Sprague Dawley rats (Harlan Laboratories, Indianapolis, IN), as 
well as Frömter Munich Wistar (Harlan Laboratories, Indianapolis, IN) and Simonsen 
Munich Wistar (Simonsen’s Laboratory, Gilroy, CA) rats are used for these types of 
studies. These animals generally range in weight from 150 to 450 g. Wistar rats are 
used for glomerular studies due to the unique abundance of superficial glomeruli that 
can be easily accessed using this imaging technique. Additionally, all animals should 
be given free access to standard rat chow and water (unless the model requires other-
wise, and most importantly, all experiments must be conducted under the approval of 
institutional animal care committees and welfare guidelines. These approaches can be 
adjusted for studies in other rodents, namely, mice. However, for this chapter, we will 
focus on rat models.
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4.2 Fluorescent dextran marker preparation and infusions

  Various conjugated dextrans, which vary according to the fluorescent tag and 
molecular weights, can be used for intravital two-photon fluorescent imaging stud-
ies. For example, single or combinations of the following dextrans can be applied to 
examine vascular integrity and routine renal filtration capacities: 3 kDa Cascade Blue,
and 4 and 5 kDa Fluorescein Isothiocyanate (FITC) dextrans (Invitrogen, CA); and 
150 kDa Tetramethyl Rhodamine Isothiocyanate (TRITC) dextran (TdB Consultancy,
Uppsala, Sweden). It is recommended first to produce a stock solution that can be 
used in an imaging study with a concentration of 20 mg/ml, from which 500  μl can
be diluted in 1 ml of isotonic saline [66]. Care should also be taken to ensure that
the molecular weight of large dextran molecules should not be dispersed over a wide 
range, as such variations can support renal ultrafiltration and incorrectly report 
filtration and reabsorption capacities.
  In live rats, two main modes of infusions are supported via jugular and tail veins 
(Figure 2). For jugular vein infusions, it is vital first to anesthetize the rat using 
isoflurane in 5% oxygen (Webster Veterinary Supply, Inc., Devens, MA). After
this initial sedation, the animal’s core temperature (approximately 37°C) should
be regulated with a heating pad (Figure 2), and an intraperitoneal injection can be 
given for survival (50 mg/kg of pentobarbital) or non-survival (130 mg/kg thiobut-
abarbital) procedures. Once the rat is completely stabilized, the researcher can shave 
its neck and sanitize the region using a common antiseptic like Betadine Surgical 
Scrub (Purdue Products L.P., Stamford, CT). Incisions can then be made to expose 
and isolate the jugular vein with 3–0/4–0 silk loops. Common practice is applying
a superior loop that can be tied and clamped with a pair of hemostats to stiffen and 
elevate this vein. After that, a minor incision can be made to facilitate the insertion
of a PE-50 tubing catheter, which is attached to a 1 ml syringe containing injectate,
into the jugular vein. Another silk loop can be applied to anchor the catheter further.
Similarly, tail vein infusions can be conducted post sedation by moistening the tail 
with a warmed sheet of gauze or placing it into a warm bath to support dilation. Once
dilated, A 25-gauge butterfly needle attached to a syringe containing injectates can be
inserted into this vein to support the delivery of infusates.
  Analogously, hydrodynamic retrograde renal vein fine-needle injections have been
defined to facilitate renal cell, and gene transplantation [16, 17, 67]. In this process,
intraperitoneal incisions are performed to isolate and occlude venous segments using 
delicate and non-traumatic micro-serrefine clamps of the left renal hilus. First renal 
artery is clamped, and then the renal vein. The vein is then elevated with either 3–0
or 4–0 silk loops to support rapid injections into this outport. The needle can then
be removed, and pressure applied to the injection site using a cotton swab to induce 
hemostasis. Further details of this technique are outlined in the literature [16, 17, 67].
Lastly, the vascular clamps can be removed (the venous clamp should be removed 
before the arterial clamp) to restore flow. The total clamping should be less than 
3 minutes and the midline incision can be closed to allow the animal to recover.

4.3 Renal intravital two-photon fluorescence microscopy

  In anesthetized rats, the left flank should be shaved, and vertical incisions need to 
be created to externalize the left kidney. A heating pad can then be placed over the rat
to maintain its core temperature. The investigator can then place the kidney inside a 
glass bottom dish with saline, that is set above either a 20X or 60X water immersion
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objective for imaging, with the animal’s body acting as a weight to stabilize kidney 
position [16, 65, 66] (Figure 3).

Fluorescent images can be acquired from externalized organs. Then, measure-
ments can follow an Olympus FV 1000- MPE Microscope set with a Spectra-Physics 
Mai Tai Deep See laser, tunable from 710 to 990 nm, with dispersion compensation for 
two-photon microscopy (Olympus Corporation, Tokyo, Japan). The system in ques-
tion is generally accompanied by a pair of external detectors for multiphoton imaging 
and dichroic mirrors for collecting blue, green, and red emissions. The emitted light is 

Figure 2. 
Digital images illustrate common surgical procedures applied to exteriorize the rat kidney for intravital imaging. 
These images transition from the provision of inhaled anesthesia that sedates the animal and prepares it for 
surgery (A); to the generation of a flank incision that facilitates the exteriorization of the left kidney (B through 
D). Digital zoom provides greater detail in image (C) of the field presented in image (B) by accentuating the tuft 
of perirenal fat situated at the apex of the kidney that is used to gently birth the kidney from the flank incision, as 
presented in image (D).
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collected using a 3-fixed bandpass filter system: 420–460 nm (blue channel), 495–
540 nm (green channel), and 575–630 nm (red channel). The system can be mounted 
on an Olympus IX81 inverted microscope for conducting live imaging.

5. �Renal gene and cell therapies and evolving tissue and engineering 
techniques devised using fluorescently-tagged dextrans

Concurrently, advances in renal IVM have brought several advantages over in 
vitro and ex vivo models by providing real-time assessments of dynamic processes 
at the cellular and subcellular levels. These advances have relied on dextrans to 
optimize exogenous gene/cell delivery methods, tissue functionality following these 
alterations, and whole bioengineered organ scaffold integrity. Such advances have 
been applied to support regenerative medicine strategies, namely renal gene and cell 
therapies, as well as tissue engineering.

5.1 Optimization of exogenous gene/cell delivery methods

Previous studies that were used to verify that hydrodynamic delivery facilitates 
robust exogenous transgene and cell distribution throughout the live rodent kidney 
were based on the internalization of low-, intermediate-, and high-molecular-
weight exogenous macromolecules. These infusates were comparable to transgene 
and transcell suspension [17]. Such studies presented overwhelming evidence that 
hydrodynamic injections augmented with vascular cross clamps can consistently 
induce cellular uptake of exogenous low, intermediate, and large macromolecules in 
numerous live nephron segments.

Figure 3. 
A schematic illustrating the renal IVM process. In this image, an anesthetized rat, covered with a heating pad to 
maintain core temperature, has its left kidney exteriorized and placed in a 50 mm glass-bottom dish, filled with 
saline, and set above the stage of an inverted microscope with a Nikon ×60 1.2-NA water-immersion objective. A 
25-gauge butterfly needle was inserted into the dilated tail vein and attached to a syringe containing injectates.
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Interestingly, this rapid injection method supported the robust apical cellular 
internalization of large-molecular-weight dextran molecules like the incorporation of 
low-molecular-weight dextran, along with intense basolateral distributions. Data also 
provided evidence that large molecular-weight dextran molecules could atypically 
access the tubule lumen at high concentrations after being delivered to the kidney. 
Likewise, the introduction of large molecular weight, 150-kDa, dextran molecules 
into the vasculature before hydrodynamic delivery facilitated their internalization 
within tubular epithelial cells after the injection process was conducted using iso-
tonic saline. Nevertheless, such atypical access to tubular epithelium and lumen was 
transient and appeared to only occur as a consequence of the hydroporation process. 
Such results highlight possible delivery routes of transgene entry that can support 
renal genetic transformation induced by hydrodynamic injections.

These versatile and fluorescently-tagged molecules also helped examine correla-
tions between hydrodynamic injection parameters and reliable transgene expression/
cellular incorporation. Specifically, the conditions required to infuse the transgenes 
at various injection rates were examined to provide insight into each infusion rate’s 
effectiveness and impact on renal structure and function. The resulting data were 
compared to standard systemic fluid delivery to the kidney in normal rats via jugular 
and tail vein infusions. The high molecular weight (150-kDa) fluorescent dextran 
molecules were delivered systemically via either venous route and were characteristi-
cally restricted within the peritubular capillaries surrounding intact proximal and 
distal tubules. This probe was widely distributed within the vasculature of nephron 
segments that were accessible for imaging by our two-photon microscope indepen-
dent of the infusion method. This imaging technique can extensively survey the 
distribution of the fluorescent dye as a function of renal tissue depth.

5.2 Examination of tissue functionality following exogenous gene/cell delivery

In comparison, after identifying a time course for renal recovery and viable deliv-
ery, it was necessary to investigate whether these processes would hinder intrinsic 
renal structural and functional capacities. For this, systemically introduced fluores-
cent low/large molecular weight dextrans helped investigate the potential uptake and 
distribution of dyes in superficial nephron cross sections in animals that received 
hydrodynamic retrograde injections.

Studies were presented to confirm whether this gene delivery method can induce 
significant degrees of injury. For such studies, morphological and functional assays 
were conducted 3–28 days post-non-viral and viral hydrodynamic injections to 
examine microvascular integrity and metabolically activity after gene delivery and 
expression. Rats received jugular/tail vein infusions of 150-kDa and 3-kDa dextrans to 
detect augmentations to native renal filtration and endocytic uptake capacities. These 
studies revealed the maintained innate capacities in each case, as the 3-kDa dye was 
rapidly filtered and endocytosed by the proximal tubule epithelia, and the 150-kDa 
dye was retained within the peritubular vasculature. Such results are consistent with 
normal renal function [12, 16, 17]. Nephron structure and function appeared normal 
after hydrodynamic delivery, transgene expression, and cellular incorporation.

A significant result from these experiments revealed that the low-molecular-
weight dextran molecules were taken up equally well by cells that either did or did not 
express fluorescent proteins in rats treated with various types of transgene vectors 
(plasmid and adenovirus vectors). This characteristic indicated that these cells 
retained functional activity. Again, the data are consistent with endocytic uptake of 
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low molecular weight dextran molecules in rat kidneys [9, 12, 13, 16, 17, 65]. These 
observations showed that nephron segments could retain vital functional capaci-
ties after rapid fine-needle, hydrodynamic venous delivery. Alternatively, this cell 
delivery technique can also be used to establish tumor models in this organ, thereby 
providing an extension of its utility [68].

5.3 Evaluation of whole bioengineered organ scaffold integrity

  Efforts in tissue engineering have heightened the desire for alternatives such as
the bioartificial kidney [69–72]. Whole organ decellularization has been described
as one of the most promising ways of constructing a bioartificial kidney [73].
Decellularization focuses on extracting the extracellular matrix (ECM) from the 
native kidney with as many structural and functional clues as possible. The ECM can 
then be employed as a natural template for regeneration, as observed traditionally in 
commercial substitutes [74].
  This technique has gained much attention lately, yet maintaining adequate
scaffold integrity in the post-transplantation environment remains a considerable 
challenge. Specifically, there is still a limited understanding of scaffold responses 
post-transplantation and ways we can improve scaffold durability to withstand the
in vivo environment. Recent studies have outlined vascular events that limit organ 
scaffold viability for long-term transplantation. However, these insights have relied
on in vitro/in vivo approaches that lack adequate spatial and temporal resolutions to 
investigate such issues at the microvascular level.
  As a result, intravital microscopy has been recently used to gain instant feedback
on their structure, function, and deformation dynamics [75]. This process was able to 
capture the effects of in vivo blood flow on the decellularized glomerulus, peritubular 
capillaries, and tubules after autologous orthotopic transplantation into rats. Large 
molecular weight dextran molecules labeled the vasculature. They revealed substantial 
degrees of translocation from glomerular and peritubular capillary tracks to the decellu-
larized tubular epithelium and lumen as early as 12 hours after transplantation, provid-
ing real-time evidence of the increases in microvascular permeability. Macromolecular 
extravasation persisted for a week, during which the decellularized microarchitecture 
was significantly compromised and thrombosed. These results indicate that in vivo mul-
tiphoton microscopy is a powerful approach for studying scaffold viability and identify-
ing ways to promote scaffold longevity and vasculogenesis in bioartificial organs.

6. Conclusions

  Dextrans are widely used molecules for various applications within medicine.
Traditionally, these complex branched glucans have been used as plasma expanding 
and antithrombotic agents. In more recent times, their applications have extended
to the realm of regenerative medicine, where researchers have found niche roles in 
developing and evaluating the delivery of novel cell- and gene- therapeutics and 
imaging agents for in vivo investigations. Developments in optical microscopy have 
also aligned with these applications to produce exciting opportunities for renal 
intravital models that have now extended to the field of whole organ bioengineering.
As a result, the chapter was used to provide insights into how optical microscopic 
techniques have advanced kidney imaging, the use of fluorescent dextrans, and intra-
vital microscopy. This approach was supported by illustrating how a well-established
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delivery technique supports exogenous gene/cell delivery to the kidney, along with 
an example of whole organ bioengineering techniques that can be evaluated using 
IVM. The illustration can be accessed in further detail in the literature. Overall, it is 
hoped that this chapter will support future regenerative and bioengineering efforts by 
emphasizing the relevant methodologies needed to conduct these intravital studies.
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Chapter 2

Application of Excitation-Emission
Matrix Fluorescence (EEMF) in the
Wastewater Field
Francisco Rodríguez-Vidal

Abstract

Fluorescence is a versatile and useful analytical technique for the analysis of 
waters, both natural waters (freshwaters and marine waters) and wastewaters (urban 
wastewaters and industrial effluents). Among the various fluorescence techniques 
currently available, excitation-emission matrix fluorescence (EEMF) is the most used 
nowadays since it provides comprehensive information on the dissolved organic mat-
ter (DOM) present in water. EEMF spectra can be represented either in the form of a 
3D-graph or a 2D-contour map and fluorescence peaks can be studied by the fast and 
simple peak-picking method (more suitable for routine measurements in water treat-
ment plants, allowing a rapid response in case of potential problems in the sequence of 
treatment) or using mathematical tools such as PARAFAC (more suitable for research 
purposes and accurate identification of the fluorophores). The EEMF peaks com-
monly found in waters are peaks A and C (humic substances), peaks B1, B2, T1, and 
T2 (protein-like peaks), and peak M (microbial-like peak). EEMF was first applied to 
the characterization of natural waters, but in recent years, more attention is being 
paid to the wastewater field. Urban wastewaters have been mostly studied, whereas 
there are fewer studies focused on industrial effluents. This chapter provides a brief 
review of these EEFM applications.

Keywords: excitation-emission matrix fluorescence (EEMF), natural waters, 
wastewaters, industrial effluents, humic substances

1. Introduction

In recent years, the number of studies using fluorescence techniques for the
characterization of dissolved organic matter (DOM) in natural and wastewaters has
significantly increased [1–16]. There are several reasons for this fact: fluorescence is a
fast, sensitive, and nondestructive analytical technique that requires small volumes of
the sample. Moreover, in most cases, samples just require a simple pretreatment (pH
adjustment and filtration, if necessary) and fluorescence probes can be readily
adapted to automated devices for in situ measurements.

Fluorescence offers several advantages over other alternative techniques often
used in water analysis. For instance, global parameters such as biochemical oxygen
demand (BOD) and chemical oxygen demand (COD) provide no information on the

21



structure and properties of DOM, in addition to being time-consuming methods
(5 days and 2 hours, respectively). Other more sophisticated techniques, such as
gas chromatography-mass spectrometry (GC/MS), infrared spectroscopy (FTIR), and
1H- and 13C-nuclear magnetic resonance (NMR), require complicated and laborious
procedures for extraction-purification of the aqueous samples. Moreover, when
analyzing complex matrices, such as wastewaters, FTIR, and NMR signals, usually
overlap into broad and poorly resolved bands, thus making the interpretation of the
spectra difficult [17].

Several fluorescence techniques can be applied to the analysis of freshwaters and
wastewaters, such as the conventional emission scan fluorescence (ESF) and the more
interesting synchronous fluorescence spectroscopy (SFS). However, the most useful
and complete technique used at present is excitation-emission matrix fluorescence
(EEMF, also known as total luminescence spectroscopy: TLS), in which a series of
emission scans are collected for a range of excitation wavelengths. The generated
matrix of data can be represented either in the form of a 3D-graph or a 2D-contour
map, thus making it easier for quick identification of the main fluorescence peaks
present in the sample. Peak coordinates are represented as (λex/λem, in nm) and their
maximum intensities of fluorescence (Fmax) are representative of the relative concen-
tration of the fluorophores [18, 19]. The interpretation of the spectra can be conducted
using either the traditional “peak-picking” method or more sophisticated mathemati-
cal tools, such as the parallel factor analysis (PARAFAC). The peak-picking method is
simpler, faster (an EEMF spectrum in the range λex/λem: 220–450/300–550 nm is
usually collected in 8–10 minutes), and useful for quick monitoring of the typical
fluorophores present in waters, which makes it more suitable for routine measure-
ments in water treatment plants as these plants usually demand fast and user-friendly
analytical techniques. PARAFAC turns out to be more appropriate for research pur-
poses since this tool requires a higher degree of analytical expertise.

The main EEMF peaks found in natural and wastewaters are the following and can
be classified into three major groups (λex/λem, in nm):

• Humic-like peaks: peak A (230–260/400–480 nm, fulvic-like), peak C (320–360/
420–460 nm, humic-like). They are associated with humic substances (fulvic and
humic acids).

• Protein-like peaks: tyrosine-like peaks B1 (275–310/305–320 nm) and B2
(220–237/305–320 nm), tryptophan-like peaks T1 (275–285/320–350 nm), and T2
(215–237/340–381 nm). They are mainly associated with the presence of
proteinaceous material (proteins and peptides) containing the amino acids
tyrosine and tryptophan. However, this fluorescence might not be due
exclusively to proteins, since recent studies have reported that humic substances
can encapsulate proteins under certain circumstances, indicating a potential
combination between them. Additionally, some polyphenolic compounds, such
as lignin, have also been reported to exhibit tryptophan-like fluorescence [20].

• Microbial-like peak M (290–310/370–420 nm): this peak is associated with the
release of organic compounds from recent microbiological activity.

Unfortunately, neither lipids (oil and grease) nor carbohydrates (both of them
usually present in wastewaters) can be detected by EEMF, which constitutes a
drawback when a comprehensive characterization of the water is required.

2
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Figure 1.
Location of the main EEMF peaks and fluorescence indices in waters.
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  A  location  of  these  peaks  in  a  typical  EEMF  spectrum  is  shown  in  Figure  1.  In 
addition  to  the  aforementioned  peaks,  several  fluorescence  indices  are  also  used  in 
some  studies  for  specific  purposes  (see  Figure  1),  such  as:

  Fluorescence  index  (FI),  first  introduced  by  McKnight  [21],  is  calculated  as  the 
ratio  of  emission  intensity  at  450/500  nm  measured  at  λex  =  370  nm:

FI  ¼  IEm  450=IEm  500,  at  λex  ¼  370  nm  (1)

  This  index  has  been  mostly  used  to  elucidate  the  origin  of  fulvic  acids  in  freshwa-
ters  (FI  values  around  1.9  denote  fulvic  acids  of  microbial  origin,  whereas  values 
around  1.4  indicate  terrestrially  derived  fulvic  acids  [22].  FI  has  been  also  reported  to
show  a  negative  correlation  with  the  aromaticity  of  humic  substances  [23].

  Humification  index  (HIX):  this  index  was  proposed  by  Zsolnay  [24]  and  is  deter-
mined  as  the  ratio  of  fluorescence  intensities  of  the  integrated  emission  region  of
λem  =  435–480  nm  divided  by  that  of  λem  =  300–345  nm,  measured  at  λex  =  254  nm.

HIX  ¼  
X  

IEm  435–480=  
X  

IEm  300–345,  at  λex  ¼  254  nm  (2)

  Later  on,  a  modification  of  the  original  HIX  was  introduced,  calculated  as  the 
emission  intensity  in  the  435–480  nm  region  divided  by  the  sum  of  total  intensities  in
the  (300–345  +  435–480)  nm  regions.  This  index  is  denoted  as  “normalized  HIX”
(HIXnorm),  as  it  ranges  from  0  to  1.

HIXnorm  ¼  
X  

IEm  435–480=
�X  

IEm  300–345  þ  
X  

IEm  435–480
�
,  at  λex  ¼  254  nm  (3)
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HIX is related to the degree of humification of the organic matter in waters and is
strongly correlated with DOM (dissolved organic matter) aromaticity [25].

Biological index (BIX), first introduced by Huguet [26], is determined by dividing
the fluorescence intensities at the emission wavelengths of 380 and 430 nm, measured
at λex = 310 nm:

BIX ¼ IEm 380=IEm 430, at λex ¼ 310 nm (4)

As shown in Figure 1, BIX is strongly correlated with peak M, indicating the
presence of organic matter recently released by microorganisms in water (autochtho-
nous DOM from biological origin) [23].

2. Application of fluorescence in water analysis

2.1 Fluorescence and natural waters

Before getting into the fluorescence applications in the wastewater field, it is
interesting to do a brief review of its applications in natural waters, both freshwaters
(rivers, reservoirs, etc.) and marine waters since this field has been the most studied
for many years. The most abundant EEMF peaks found in natural waters are humic-
like peaks (both A and C), which is indicative of the presence of humic and fulvic
acids in water, the latter constituting the majority fraction of the aquatic humic sub-
stances. Actually, a considerable presence of protein-like peaks in freshwaters is
usually related to wastewater discharges of anthropogenic origin [18, 27]. Humic sub-
stances make up most of the NOM (around 30–50%) present in freshwaters [28] and
are originated from both humification processes occurring during the decomposition
of vegetable organic matter in water (autochthonous microbial origin) and elutriation
of soil humic substances from the surrounding terrain (terrestrial origin).

There are several drawbacks directly related to an excessive presence of humic
substances in water, such as an increased formation of disinfection by-products upon
chlorination (mainly trihalomethanes), they can act as carriers for micropollutants
and heavy metal ions via the formation of soluble complexes with them, they con-
tribute to membrane fouling in membrane-based water treatments (for instance,
membrane biological reactors or MBR), they contribute to the biofilm formation in
water distribution pipelines and they can hinder the adsorption of micropollutants
onto activated carbon.

EEMF can provide interesting information on humic substances structure and
properties: the location and shift of the peaks and their fluorescence intensities are
correlated to some parameters, such as the aromaticity degree, carboxylic acidity, and
the degree of humification. Additionally, there are several well-established behaviors
concerning the fluorescence of humic substances [29, 30], namely:

• the intensity of the fluorescence peaks (both A and C) decreases with increasing
the macromolecule molecular size.

• concerning substituted aromatic moieties in the humic macromolecule: electron-
donating groups (-OH, -NH2, and -OCH3) cause an increase in the fluorescence
intensity, whereas electron-withdrawing groups (-COOH) cause the opposite
effect.

4
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Figure 2.
EEMF spectrum (2D contour plot) of a reservoir water (left) and EEMF spectrum (3D graph) of aquatic fulvic
acid (right). The 3D fulvic acid spectrum also shows the first and second order Rayleigh scattering peaks.
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• hydroxyl,  alkoxyl,  amino,  and  carbonyl-containing  substituents  usually  cause  a 
red-shift  (fluorescence  maxima  shift  toward  longer  wavelengths).

• a  reduction  in  the  aromaticity  degree  of  the  macromolecule  (for  instance,  a 
reduction  in  the  number  of  aromatic  rings)  usually  causes  a  blue-shift 
(fluorescence  maxima  shift  toward  shorter  wavelengths).

  Figure  2  shows  the  EEMF  spectrum  (2D-contour  map)  of  natural  water  (Úzquiza 
Reservoir,  which  supplies  to  the  city  of  Burgos,  Spain)  and  the  EEMF  spectrum  (3D-
graph)  of  a  pure  fulvic  acid  (Nordic  fulvic  acid,  reference  material  from  the  interna-
tional  humic  substances  society).  As  shown  in  Figure  2,  the  reservoir  water  is  charac-
terized  by  only  presence  of  humic-like  peaks,  a  high-intensity  peak  A  (fulvic-like),
and  a  less  intense  peak  C  (humic-like).  There  is  no  presence  of  protein-like  peaks,
which  is  indicative  of  the  absence  of  urban  wastewater  discharges  and  therefore,  a
clear  sign  of  good  quality  water.  Obviously,  the  3D  spectrum  of  the  pure  fulvic
acid  (Figure  2)  only  contains  humic-like  peaks,  being  the  fulvic-like  peak  A  the 
majority  one.

2.2  Fluorescence  and  urban  wastewaters

  Dissolved  organic  matter  (DOM)  in  wastewater  comprises  a  great  variety  of 
organic  compounds,  from  low-molecular  weight  (MW)  substances  (amino  acids,
small  organic  acids,  simple  sugars,  etc.)  to  high-MW  compounds  (proteins,  humic 
substances,  carbohydrates,  etc.)  [23,  31–34].  In  the  wastewater  field,  fluorescence  has
been  mostly  applied  to  the  characterization  of  effluent  organic  matter  (EfOM)  from 
urban  wastewater  treatment  plants  (WWTPs)  [1–4,  7,  8,  35,  36].

  Protein-like  peaks  T1  and  T2  (tryptophan-like  peaks)  are  usually  the  most 
abundant  EEMF  peaks  found  in  urban  wastewaters.  These  peaks  originated  from  both
proteinaceous  material  present  in  the  influent  (anthropogenic  origin)  and  protein-like
compounds  released  by  microorganisms  (soluble  microbial  products:  SMP)  during
the  biological  treatment  stage  in  WWTPs  [19,  37].  Conversely,  the  presence  of 
tyrosine-like  peaks  (B1  and  B2)  in  urban  wastewaters  is  less  frequent  because  tyrosine
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fluorescence is usually quenched within high molecular weight proteins due to reso-
nance energy transfer [1]. That is why the detection of peaks B in the EEMF spectrum
is usually associated with the presence of free tyrosine or tyrosine-containing small
peptides (in which tryptophan is not present) in the sample [38].

The relative abundance of tryptophan-like peaks T1 and T2 (T1/T2 ratio) in the
influent depends on the specific type of domestic wastewater and the influence of
industrial discharges into the municipal WWTP. Consequently, peak T1 is reported as
the most abundant in some studies from the literature [19, 34, 35] whereas peak T2 in
others [1, 20, 39].

EEMF has also been proved to be useful to track changes in NOM throughout the
sequence of treatment in WWTPs [40]. Protein-like peaks are more biodegradable
than humic-like peaks, whereas the latter are more amenable to be removed by
sedimentation. Therefore, in WWTPs protein-like peaks show greater percentages of
removal at the biological treatment stage, whereas humic-like peaks at the clarifica-
tion stage [37].

Figure 3 shows the EEMF spectrum of an urban wastewater influent and effluent
(wastewater treatment plant of Burgos and Spain). Quenching effects caused by the
presence of metal ions in the wastewater (mainly iron) are negligible due to their low
concentration levels, usually found in urban wastewaters. As shown in Figure 3,
tryptophan-like peak T2 is the most abundant in this wastewater and the comparison
of fluorescence intensities between the influent and the effluent allows the estimation
of removal percentages for each peak.

2.3 Fluorescence and industrial wastewaters

In the wastewater field, most studies reported in the literature have focused on
urban/domestic wastewaters, but little attention has been paid to industrial effluents.
In addition to the organic compounds typically present in urban wastewaters (see
Section 2.2), industrial wastewaters can contain a great diversity of organic pollutants
depending on the specific industry sector (phenols, pharmaceuticals, organic solvents,
surfactants coming from tank cleaning processes, etc.). For this reason and contrary to
urban wastewaters (where a typical EEMF spectrum with a predominance of protein-
like peaks is expected in most cases), no standard EEMF spectrum can be associated

Figure 3.
EEMF spectrum of urban wastewater influent (left) and effluent (right).
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Figure 4.
EEMF spectrum of a food industry wastewater (cold-meat industry effluent) and a municipal landfill leachate.

ReferencesType of water

[5, 6, 10Natural waters –12, 14, 16, 21, 24–27, 29, 30, 36, 38]

[1Urban wastewaters –4, 7–9, 15, 17–20, 23, 28, 31, 33–37, 39]

[32, 41Food industriesIndustrial wastewaters –44]

[22, 41, 45]Pulp mill industries

[41, 46Textile industries –50]

[41, 51, 52]Slaughterhouses

[40, 41, 53Landfill leachates –56]

[13]Pharmaceutical industries

Table 1.
Types of waters typically analyzed by EEMF and related literature references.
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with  industrial  effluents.  For  instance,  food-related  industries  (milk,  brewery,  winery,
biscuit  industries,  etc.)  do  show  EEMF  spectra  similar  to  those  of  urban  wastewaters 
(predominance  of  protein-like  peaks)  but  conversely,  old  landfill  leachates  exhibit 
spectra  just  containing  humic-like  peaks:  the  higher  the  landfill  age  (and  therefore  the
higher  the  humification  degree  of  the  humic  substances)  the  greater  the  humic-like 
peak  C  fluorescence  intensity  [23].  It  is  interesting  to  note  that  some  kinds  of  indus-
tries,  such  as  pulp  and  mill,  textile  dyeing  industries,  and  slaughterhouses,  are 
reported  to  potentially  show  specific  fingerprints  that  could  allow  a  tentative 
identification  of  their  origin  but  more  research  is  needed  on  this  issue  [23].

  Figure  4  shows  the  EEMF  spectrum  for  a  food  industry  effluent  (a  cold-meat 
processing  factory)  and  municipal  landfill  leachate.  As  commented  earlier,  the 
spectrum  of  the  cold-meat  industry  effluent  is  characterized  by  the  predominance  of
protein-like  peaks,  whereas  that  of  the  landfill  leachate  exhibits  a  dominant
humic-like  fluorescence  (peak  C),  indicating  leachate  coming  from  an  old  landfill.

  Table  1  summarizes  the  different  types  of  water  frequently  characterized  by 
EEMF  along  with  the  references  included  in  this  chapter.
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3. Conclusions

Fluorescence, and particularly excitation-emission matrix fluorescence (EEMF),
has been proved to be a useful and versatile analytical technique for the characteriza-
tion of the organic matter present in wastewaters. Due to the fact that fluorescence is a
fast and user-friendly technique, it can be easily implemented in wastewater treat-
ment plants for routine measurements, allowing a rapid response to deal with poten-
tial problems in the treatment line. New studies in this field are being continuously
released and this trend will surely continue in the future.
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Chapter 3

Fluorescence Imaging Enhanced 
by Members of the Graphene 
Family: A Review
Hu Li and Raffaello Papadakis

Abstract

Graphene is a two-dimensional allotrope of carbon with a range of highly 
  attractive physicochemical properties suitable for a wide variety of applications. 
In the context of fluorescence imaging graphene and its derivatives have recently 
started to gain more attention since they could assist in the enhancement of imag-
ing of cells, tissue, or other biologically relevant samples such as cell organoids for 
example mitochondria as well as in the imaging of cancer cells, tumors, and various 
pathogens. This chapter attempts to cover the most relevant, recent advances in this 
growing research field. Some basic information on the physical and 
(photo)chemical properties of important members of the graphene family is 
provided. Additionally, novel approaches involving graphene-based materials 
(GBMs) in cellular and tissue imaging systems are reviewed. Important examples of 
contemporary applications of GBMs in cancer detection using fluorescence imaging 
are also presented. The specific role of graphene (or other GBMs) in each case is 
explained and analyzed. Finally, future perspectives and novel applications of 
fluorescent imaging techniques involv-ing GBMs are discussed.

Keywords: graphene, fluorescence, imaging, 2D-materials, microscopy, 
cellular imaging, cancer detection

1. Introduction

1.1 Graphene-based fluorescence imaging applications

Fluorescence imaging is a non-invasive approach that utilizes fluorescent probes 
to generate photons and provides more sensitivity, specificity, and less harm than 
other imaging methods [1]. It can be used to monitor cells, tissues, and living organ-
isms in situ and analyze specific biomolecules. This is why fluorescence imaging 
is considered as one of the most essential tools for biomedical research [2]. The 
fluorescence imaging probes should not be cytotoxic while they should exhibit 
adequate resistance to photobleaching caused by the natural features of the biologi-
cal system. In this regard, graphene-based nanomaterials are presently considered 
as viable alternatives for fluorescence imaging. However, because graphene is a 
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zero-bandgap material, fluorescence cannot be detected in pristine graphene [3]. 
Conveniently, numerous studies have successfully fragmented or functionalized 
2D graphene into 0D graphene quantum dots (GQDs) or carbon nanodots (CNDs) 
[4]. GQDs consist of graphene lattices and are commonly employed in fluorescence 
imaging due to quantum confinement and edge effects. Not only do they exhibit the 
distinct physical and chemical characteristics of conventional graphene, but they 
also display excellent biocompatibility, low cytotoxicity, and easy functionalization 
opportunities [5]. However, the poor fluorescent quantum yields often encountered 
along with the non-specificity of GQDs restrict their wide application in fluorescence 
imaging. Various research attempts have demonstrated that surface modification of 
GQDs can effectively alter their chemical activity, electrical structure, and quantum 
yield, consequently improving their photoluminescence capabilities [6, 7]. Since the 
realization of nitrogen doped GQDs [8], heteroatomic doping of GQDs has proven to 
be an effective technique for increasing quantum yield and tuning photoluminescence 
wavelength. For instance, in Wang et al. utilized the solvothermal method to syn-
thesize boron-doped GQDs (B-GQDs) and phosphorus-doped GQDs (P-GQDs) [9]. 
B-GQDs and P-GQDs have emission wavelengths of 460 and 630 nm, respectively. 
Due to the matched band structure, rapid energy transfer between the blue-emitting 
B-GQDs and the orange-emitting P-GQDs can result in efficient fluorescence emis-
sion in the P-GQDs when the blue-emitting B-GQDs are excited at the ideal excitation 
wavelength of 460 nm. Furthermore, with effective energy transfer, the quantum 
yield of P-GQDs improves to 0.48, which is significantly greater than the quantum 
yield of pure P-GQDs. Similarly In Gong et al. synthesized nitrogen and bromine co-
doped GQDs (NBr-GQDs) that used a facile deflagration approach for the first time. 
The quantum yield of NBr-GQDs was up to 52%, with low cytotoxicity, great pH 
resistance, and stable photoluminescence intensity [10]. Theoretical calculations indi-
cate that N and Br co-doping may reduce the band gap between excited singlet states, 
significantly improving the photoluminescence performance of GQDs. Recently, Li et 
al. have also synthesized manganese and boron-nitrogen-doped graphene quantum 
dots (Mn-BN-GQDs) using the hydrothermal synthesis method and employed them 
in biosensors [11]. The results reveal that Mn-BN-GQDs have excellent fluorescence 
characteristics and quantum yield, low cytotoxicity, and high biocompatibility, 
indicating a promising future for the advancement of bioimaging. On the other 
hand, graphene oxide (GO), one of the most significant graphene derivatives, has a 
heterogeneous electrical structure that enables it to emit fluorescence in a particular 
wavelength range. GO exhibits exceptional features including great mechanical 
strength, strong photostability, simple surface modification, and photoluminescence 
that is wavelength dependent. The presence of epoxide functional groups on its sur-
face offers an easily chemically modifiable substrate allowing for the conjugation or 
interaction with a wide range of biomolecules via a variety of covalent/non-covalent 
interactions, electrostatic forces, absorption, and hydrogen bonding [12]. GO mainly 
consisting of sp2 and sp3 carbons, generate electron and optical band gaps, allowing 
it to fluoresce over a broad range of wavelengths and serve as a donor for fluorescence 
resonance transfer. Moreover, GO possesses effective fluorescence quenching charac-
teristics. Most often, GO acts as the energy acceptor, whereas organic dye acts as the 
donor. Since the donor’s emission spectrum overlaps with the acceptor’s absorption 
spectrum, fluorescence resonance transfer can occur between the two, resulting in 
fluorescence quenching of the fluorescent dye. In particular, the functional group 
types, localized domains, lateral dimensions, and solvent dopants can significantly 
impact the electronic energy transition and fluorescence characteristics of GO [13]. 
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Currently, Numerous studies have demonstrated that GO and its derivatives may 
generate fluorescence signals of various colors. Based on a study by Kalluru, Nano-GO
exhibits single-photon excitation wavelength-dependent photoluminescence in the 
visible and short near-infrared ranges, making it appropriate for multicolor fluo-
rescence imaging  in vivo  [14]. This particular property of GO in a single biological 
platform makes this nanomaterial a promising candidate for clinical applications in 
the early diagnosis of a variety of disorders. Wang et al. reported for the first time the 
metal fluorescence enhancement of GO and discovered that the fluorescence intensity
of GO on an Ag substrate was approximately 10 times stronger than that on glass [15].
Furthermore, unlike other fluorescent materials, GO in direct contact with the metal 
exhibits a high metal fluorescence enhancement without quenching, indicating that 
GO might be employed as a fluorescent probe for 3D optical imaging and sensing.
  The following section provides a comprehensive introduction to the fluorescence 
imaging mechanism of graphene quantum dots and graphene oxide, as well as some 
reviews of current achievements in the field of graphene-based fluorescence imag-
ing application. Fundamentally, to increase the performance of graphene and its 
derivatives in bioimaging applications, it is necessary to properly control their sizes,
surface coatings, and components in order to maximize their photoluminescence 
capabilities. It is anticipated that the unique structure and exceptional capabilities of 
graphene and its derivatives offer new opportunities for disease detection and clinical
treatments, have promising application prospects in fluorescence imaging, and play a 
crucial role in fostering the growth of the biomedicine industry.

2. GO, GQDs and CNDs in fluorescence imaging: why so important?

2.1 Graphene oxide

  Graphene oxide is one of the most commonly used forms of the graphene-based 
materials (GBMs) family nowadays. This comes as no surprise since it is a very stable 
multifunctional material with a wide range of superior properties and hence a broad 
application scope [16]. GO is essentially the oxidized form of graphene which can be 
produced through a variety of oxidative methods [17–19]. Structurally, GO encom-
passes a variety of functional groups, the most important being: carboxy, hydroxy,
epoxy, and keto- or aldehyde groups. Hydroxy groups can be found both at the edges 
and the surface of GO, epoxy on the surface areas and the rest mostly at the edges 
[20]. Their abundance and ratios are sensitive to the preparation method. These 
functional groups give rise to a quite dipolar character of this GBM and at the same 
time generate a range of excitation possibilities due to the presence of oxygen as the 
main heteroatom involving lone pairs of electrons. As a result, transitions such as  n-σ*
n-π* as well as  π-π* are the most important [21]. When it comes to the electronic and 
emission properties which are of primary interest for applications within fluorescence
imaging, GO is known to exhibit a range of very interesting features:

2.1.1 Excitation energy dependent fluorescence

  This is a property which is also observed in GQDs. Unlike most of the conventional 
fluorophores, GO can result in different emission energies (i.e. a variety of colors
of emitted light) when photo-excited at different wavelengths (energies) [22].
Specifically, upon increasing excitation wavelength from 325 nm to 650 nm, a red
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shift of the GO fluorescent band is observed [23]. This effect in terms of applications 
in fluorescence imaging is very important since by employing a single material it is 
possible to obtain a wide range of emitted light colors simply employing different 
laser energies for excitation.

2.1.2 Fluorescence resonance energy transfer (FRET)

FRET occurs when a donor chromophore, being in its electronically excited state, 
transfers energy to an acceptor chromophore via nonradiative dipole–dipole coupling 
[24]. The efficiency FRET is proportional to the reciprocal sixth power of the dis-
tance between the acceptor and the donor rendering this effect very sensitive to the 
donor-acceptor distance (see Figure 1) [25]. A wide variety of donor and acceptor 
fluorophore combinations [26] have been reported so far and FRET is considered as 
an eminent tool for biomolecular research and applications thereof [27, 28]. When it 
comes to GO, it is well established that GO can function as an efficient energy accep-
tor (EA) causing the quenching of fluorescence of a variety of energy donor organic 
fluorophores [29]. The benefits of using GO as an EA are multiple; the variety of 
functionalization possibilities its structure offers, the large number of binding sites 
as a result of its size, the high internalization to a wide range of cells, and the very 
effective energy transfer though a long distance [30] are some of them. In practice, 
the approach of employing GO, a fluorophore acting as the electron donor, and a 
functionality, factor, or molecule exhibiting specificity to a target analyte is widely 
used in many sensor and imaging attempts. Biorelevant analytes and biomarkers such 
as antibodies, microRNA [31, 32], folate receptor [33] as well as many other examples 
of analytes [29, 34] have been reported so far.

Additionally, GO can also be employed as an energy donor (ED) in FRET systems 
involving GO and an acceptor fluorophore. Such systems might involve either organic 

Figure 1. 
Fundamental info about FRET. (A) Illustration of the FRET interaction between a donor and an acceptor 
fluorophore. (B) Example of successfully donor emission/acceptor absorbance overlapping spectra (C) 
dependence of FRET efficiency on the distance between the donor and the acceptor.
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dyes or noble metal nanoparticles acting as EAs corresponding to GO as ED [35, 36].
A variety of bio-relevant sensor applications based on GO/EA FRET systems have 
been reported so far allowing for the detection of antibodies [35] pharmaceutical 
screening/imaging, diagnostic tools [36, 37], etc. Some more detailed examples are 
presented in the next paragraphs.

2.1.3 Fluorescence of GO

  The fluorescence band of GO is very broad and thus not suitable for accurate 
sensor and fluorescence imaging applications. Nonetheless, GO  exhibits NIR 
emission when photoexcited in the NIR region and due to this feature GO is 
currently finding application in TP microscopy and imaging of biological samples
[38, 39]. It is noteworthy that the excitation dependent emission (vide supra)
allows for use of GO in the two biological wavelength-windows of 1000–1350 nm 
and 650–950 nm in which biological samples are nearly transparent [40]. This 
important fact justifies one more important use of GO in biological imaging in 
addition to FRET applications. Moreover, research attempts to tune the emission 
colors of GO have been also reported. Mei et al. [41] came out with an oxidative 
methodology allowing for controlled modifications of GO leading to emissions 
shifts from brown to cyan with no excitation wavelength alteration. Indeed, by 
merely varying oxidation reaction times of GO nanosheets was proved to result
in controllable and accurate tuning of the emission properties. This approach is 
thought to introduce new opportunities in cellular imaging as well as in multiplex
encoding analysis.

2.2 Graphene quantum dots (GQDs) and carbon nanodots (CNDs)

  A very interesting family of materials belonging to the wide carbon family is the
Carbon dots family. Two important classes of carbon dots are Graphene quantum 
dots (GQDs) and carbon nanodots (CNDs). GQDs and CNDs are currently in the 
forefront of research in the field of bioimaging and specifically within the research
and development of novel fluorescence imaging materials and techniques. The ease
of production of CNDs and GQDs, their high structural versatility and the wide 
range of structure-properties modulation opportunities, as well as their biocom-
patibility and bright fluorescence are the main reasons associated with their high 
relevance for bioimaging. Up to date a broad range of production methods have 
been published.
  Several methods have been reported for producing GQDs and CNDs, with solvo-
thermal, [42] microwave-assisted, [43] and electrochemical methods [44] being the
most commonly used. The choice of the synthetic method used relies on the target 
batch-size and desired structure and properties of the final materials. It is currently
established that for their production inert conditions e.g., heating at temperatures
as low as even 120°C are adequate. As a comparison earlier methods employed 
drastic conditions involving laser ablation [45] or even temperatures higher than 
900°C [46]. Nonetheless, it is well agreed by many researchers that milder produc-
tion conditions can indeed result in very interesting properties since many of the 
microwave-assisted and hydrothermal methods leave parts of the molecules being 
subjected to heat or microwaves respectively, unaffected. Hence, the surface of the 
GQDs and CNDs produced by this “mild processing” can encompass a variety of 
functional groups [47, 48].
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Up to date a wide variety of GQDs and CNDs have been synthesized via combin-
ing simple compounds such as citric acid, glucose or mono- or di-saccharides and 
urea, formamide or amino acids [46]. Another trend is to employ natural occurring 
sources such as fruit extracts, plant specimens etc. which upon treatment (usually 
microwave or hydrothermal) yield in GQDs and CNDs with a large variety of proper-
ties [49, 50]. This research field is highly active which promotes more sustainable and 
inexpensive production strategies for these vey important class of GBMs.

Why are GQDs and CNDs so important for fluorescence imaging is strongly 
associated to their outstanding photophysical properties. GQDs and CNDs exhibit 
photoluminescence (fluorescence emission by many authors) of often high quantum 
yields in a variety of media. The photoluminescence can be highly dependent on 
the size and even the shape of the dots [51] but mainly on the surface defects that 
they exhibit. In fact, without the surface passivation of carbon dots the observed 
photoluminescence is very limited. Post functionalization of their surface and/or 
incomplete “termination” reactions/partial carbonization during their production 
can efficiently enhance their photoluminescent properties [46]. Probably the most 
remarkable of the properties of GQDs and CNDs is the excitation-dependent photo-
luminescence [46]. This property (which also GO exhibits, vide supra) has a number 
of important implications on the potential uses of these materials. Specifically, 
the fact that different emission colors can be obtained by the same material just by 
choosing a suitable excitation wavelength, is highly appreciated in bioimaging where 
the use of multiple fluorophores can lead to complications and misinterpretations of 
the observed phenomena. Indeed, problems such as overlapping emission spectra, 
photobleaching, and phototoxicity are often encountered [52–54]. These adverse 
effects can be minimized or even eliminated when using carbon dots. The low 
toxicity, high water solubility, and very high stability, of carbon dots render this class 
of GBMs a very attractive option for bioimaging [46]. In the following paragraphs 
the use of GQDs and CNDs in contemporary fluorescent imaging technologies and 
applications is discussed.

3. Cellular and tissue imaging systems involving graphene-based materials

Contemporary cell-imaging methods have facilitated the advancement of a wide 
range of biologically relevant assays aiming at a variety of therapeutic fields and 
revolutionized the R&D relating to drug design. Cellular imaging encompasses the 
application of a system or technology required for the visualization of a single cell, 
cell population, or subcellular structure. Even though a wide range of technologies, 
methodologies, and molecules enabling cell imaging do exist, there is a constant need 
for the development of novel systems of higher accuracy, fidelity, specificity, low 
cost, low cytotoxicity, and high photo- and chemical stability. In terms of fluorescent 
molecular materials, many of these requirements are fulfilled by members of the wide 
family of GBMs. In this section, the most recent developments falling in this area of 
research and technology are reported.

The fluorescence imaging of biomolecules particularly proteins and DNA is 
an important field of research and technology that can enable the visualization of 
proteins in cells and tissues with the use of fluorescent probes. Its importance is 
rationalized as high in terms of the various opportunities for the studies of localiza-
tion and dynamics of proteins in living cells and tissues that it can offer (e.g. studies 
of protein–protein interactions, protein folding, and protein degradation) [55–58].
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  Indeed, graphene and other GBMs have been shown to act as useful platforms for 
fluorescent sensing of biomolecules including DNA and a variety of proteins and this 
opens a variety of opportunities in cell and tissue fluorescent imaging [59–62].
  Bovine serum albumin (BSA) is a globular protein of animal origin (cow) that is 
used in a plethora of biochemical applications due to its stability and lack of inter-
ference with biological reactions [63]. Kuchlyan et al. performed a thorough study
on the interactions of BSA with GO. The group employed a set of spectroscopic 
methods such as fluorescence correlation spectroscopy (FCS), Fluorescence Lifetime 
Imaging Microscopy (FILM), and Circular Dichroism (CD). For the study, BSA was 
labeled with the bright fluorescent Alexa Fluor 488 (AF488). They concluded that
GO exhibits a pronouncedly strong interaction with BSA. GO was proved to have a 
drastic fluorescent quenching effect on AF488-BSA [64]. On the other hand, Yang et 
al. recently reported on the advancement of a highly sensitive nanosystem based on 
GO corresponding to microRNA (miRNA) which can be applied in living cells as well 
as  in vivo  [65]. GO acted as an efficient quenching agent against a molecular beacon 
labeled with the bright fluorophore cyanine-5 (Cy5). In the presence of the specifi-
cally targeted analyte miRNA, fluorescence was recovered allowing detection in cells 
or tumor tissue samples at very low levels [65].
  Very recently Reagen et al. developed a novel class of GQDs exhibiting near-
infrared (NIR) fluorescence (emission centered at  λ  = 860 nm) derived from biomass 
obtained from organic source and prepared through pyrolysis. The prepared GQDs 
were tested for cell imaging in two distinct cell lines namely RAW 246.7 (macrophage 
cells) and MCF-7 breast cancer cell line. The results indicated low cytotoxicity
as well as substantial internalization through endocytosis. Moreover, the GQDs 
exhibited a marked aptitude in detecting Hg2+  ions in biological samples enabling
NIR fluorescence imaging in cells and toxic heavy metal detection  in vivo  [66]. Such 
multifunctional GQD-fluorescence imaging systems are currently sought-after. The 
multifunctional character and multi-use feature of GQDs in cellular imaging has been
recently pointed out by a range of research groups [67–69].
  Two-photon (TP) microscopy is a fluorescence imaging technique that is particu-
larly well-suited to image-scattering living tissue of up to about 1 millimeter in thick-
ness. It works by shining an intense beam of near-infrared light onto a single point 
within a sample, inducing simultaneous absorption of two photons at the focal point,
where the intensity is the highest [70]. TP microscopy has found nowadays huge 
applicability in bioscience. Nonetheless, a typical restriction that TP- microscopy/
bioimaging techniques exhibit is that they rely on single-color fluorescence changes.
Due to the special emission properties of GQDs among a range of other beneficiary 
properties (vide supra  paragraph 2 for details) these nanomaterials have become very 
attractive for fluorescence imaging. Zhao et al. as early as 2016, reported the develop-
ment of a dual-emission and TP GQD suitable for imaging applications targeting 
hydrogen peroxide (H2O2) as an analyte. The fluorescence response of the TP-GQD 
towards H2O2  was shown to be fast and very specific and renders the mapping of the 
production of endogenous H2O2  in living cells and deep tissues feasible. This probably
constitutes the first published example pertaining to a dual-emission, TP-GQD of 
high specificity and applicability in cell and tissue fluorescence imaging [71].
  In Wang et al. reported on the development of some GQDs through a hydro-
thermal method utilizing 1,3,6-trinitropyrene and (NH4)2SO3. The resulting GQDs 
encompassing amino as well as sulfate groups were evaluated in terms of their TP 
fluorescence efficiency in the context of cellular imaging. A very high TP absorption 
cross-section was observed and evaluated as significantly higher as compared to
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traditional/conventional fluorophores. The research group further performed tests in 
a cell line (HeLa cells) and found out that the GQDs were internalized in the cyto-
plasm providing very bright and clear cell images (see Figure 2) [72].

Earlier Sapkota et al. reported the synthesis of GQDs of tunable size and explored 
their capacity in fluorescence imaging. It was found that GQDs with a size between 15 
and 35 nm exhibit vivid fluorescence (quantum yields of 0.64 by average) as well as 
high TP absorption (TPA) cross sections, which renders these GQDs excellent can-
didates for fluorescence imaging. Indeed, their use in cellular imaging was evaluated 
on living epithelial cells and even though internalization was observed, entering the 
nucleus was not possible [73].

Chen et al. as early as in 2015 advanced an aptameric sensor with nano dimen-
sions based on graphene which is capable of inducing/enhancing the fluorescence 
activation imaging of cytochrome c (Cyt c; a major mediator in cell apoptosis 
released from mitochondria) [74]. In order to achieve this, Chen et al. connected 
a fluorophore-tagged DNA aptamer on graphene nanosheets modified with PEG 
polymer chains. The fluorescence of the fluorophore is inhibited due to the pres-
ence of graphene. Yet, dissociation of the a fluorophore-tagged DNA aptamer 
from graphene occurring immediately after cytosolic release of Cyt C, triggers the 
fluorescence and empowers real-time visualization of the Cyt c release kinetics. This 
nanosensing technology is envisioned to exhibit potential applications in visualiza-
tion of key molecular factors in apoptotic signaling which are critical for cell biology 
and clinical theranostics.

Wang et al. on the other hand developed an innovative nanosensor employ-
ing graphene quantum dots (GQDs) which were conjugated to gold nanoparticles 
(AuNPs). The nanosensor was found to efficiently serve as a sensor of endogenous 
biological cyanide ions. This graphene-based nanomaterial further exhibits efficient 
TP excitation and exploits the drastic quenching efficiency of AuNPs and thus it 
can accomplish detection cyanide limits as low as 0.52 μM. This, combined with the 
potential of deep penetration depth of approx. 400 μm render this nanomaterial a 
perfect candidate for tissue imaging of cyanides [75].

Similarly, Hong et al. also employed a combination of AuNPs and a GBM (GO) for 
the development of fluorescent imaging/sensing system with specific applicability in 
monitoring intracellular telomerase activity. Their fluorescence imaging is applicable 
to a variety of living cells and it was tested toward the aptitude to distinguish normal-
form cancer cells [76].

Figure 2. 
(a) Image of GQDs at 405 nm excitation. (b) Image of nuclear view red dye at 633 nm excitation. (c) Merged 
image (obtained with permission from supplementary information of Ref. [72]).
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Figure 3. 
Illustration depicting the structure of GQDs developed by Campbell et al. and the possibility of distinguishing 
cancer from healthy cells. Lower images depict the variety of colors emitted by the GQDs as a result of 
their excitation at different wavelengths (excitation-dependent emission). Obtained with permission from 
supplementary information of Ref. [78].

  One of the pioneering works reporting GQDs-based nanosystems utilized in
TP-induced fluorescence imaging was that by Liu et al. published as early as 2013. The
research group produced some N-doped GQDs employing a solvothermal method in 
which dimethylformamide (DMF) was used both as solvent as well as N-source. The 
reported GQDs exhibit a marked TP absorption cross-section of nearly 48 kGM (GM:
Göppert Mayer units) and were proved to function well even at imaging depth in 
tissue samples as large as 1800  μm. The development of these GQDs has been an early 
example of the immense potentials of GQDs in fluorescence bioimaging with applica-
tions in the broad biological and biomedical research fields [77].

4. GBMs in cancer detection through fluorescence imaging

  Cancer currently constitutes one of the major mortality causes for humans.
Ensuring enhanced cancer therapies requires improvement of cancer diagnostic 
techniques. In recent years, GBMs have found applicability in cancer detection. The 
wide range of suitable properties and attributes of this broad range of materials are 
considered for efficient cancer imaging.
  Campbell et al. recently reported on the use of GQDs involving amino, hydroxy 
as well as carboxy functional groups and doped with nitrogen, nitrogen and boron 
or sulfur, in spectrally distinguishing among healthy and various types of cancer 
cells. In addition to this, the authors evaluated the pH-responsiveness of the investi-
gated GQDs exploiting their wide range of emitted light wavelengths spanning
from the visible to near-infraredred (NIR) part of the electromagnetic spectrum 
(Figure 3) [78].
  Wu et al. on the other hand developed a new type of graphene-based nanomaterial 
functionalized with Anti-EpCAM antibodies and galactose-rhodamine-polyacrylamide
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nanoparticles with a high aptitude to recognition of hepatocellular carcinoma cells 
(HCC-CTCs). The presence of graphene is dual here, acting both as a nanoparticle car-
rier platform as well as a strong quencher of rhodamine’s fluorescence. Upon capturing 
and endocytosis of the aforementioned nanoparticles, fluorescence is recovered and the 
fluorescence imaging of HCC-CTCs can thus be efficiently achieved (Figure 4) [79]. 

It is important to mention that the aforementioned strategy involving graphene as 
a quencher of fluorophores connected to agents that can efficiently/specifically bind 
cancer cells or other bio-targets, has been repeatedly proposed within the context 
of fluorescence bio-imaging. A variety of recently published attempts towards 
bioimaging targets of biologically relevant analytes such as DNA [80], ions, [81] 
antibiotics [82], etc. have recently been reviewed [83].

Nurannabi et al. as early as 2014, developed GQDs bearing -OH and -COOH func-
tionalities with an average size of 5 nm exhibiting significant red photoluminescence 
when excited at 655 nm (Figure 5). Their photoluminescence behavior was shown 
to enhance visualization of deep tumor tissues in experimental animals. Moreover, 
the described GQDs were tested in vivo as photodynamic therapeutic agents against 
MDA-MB231 cancer cells and it was proved that they exhibit a marked photothera-
peutic activity [84].

In Pramanik et al. reported on the use of aptamer-conjugated GO in TP imag-
ing (TPI) of breast cancer cells (specifically of SK-BR-3 cells). The developed GBM 
displays a drastic 2-photon absorption and marked photostability after even long 
irradiation sessions [38].

In Narasimhan et al. reported on the use of GQDs produced through laser abla-
tion for use in both in vitro and in vivo fluorescence imaging of MCF-7 breast cancer 
cells. The reported GQDs were bearing hydroxyl and carboxylic acid groups at the 
edges as well as on their surface and it was observed that uptake of the GQDs by the 

Figure 4. 
Illustration of graphene-based nanomaterial developed for recognition of hepatocellular carcinoma cells (HCC-
CTCs). Obtained with permission from supplementary information of Ref. [79].
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MCF-7 cells was feasible through endocytosis rendering imaging of implanted cells 
in mice possible through an intense red fluorescence observed upon excitation at 
610 nm [85].

In Liu et al. proposed the use of graphitic carbon nitride nanosheets as a scaffold 
allowing for the detection of hyaluronase (HAase). Similarly to the already described 
strategies for cancer cell/tissue imaging, a cancer marker is targeted as an analyte 
(in this particular case HAase). Imaging of HAase in cancer tissues can be achieved 
through the activable two-photon fluorescence of the developed graphitic carbon 
nitride nanosheets in presence of HAase [86].

Some years earlier Park and coworkers utilized hyaluronic acid (HA) instead of 
HA-ase to accomplish efficient target-specific delivery of GQDs. In their strategy, 
the researchers tethered HA to GQDs and thus synthesized brightly fluorescent 
nanoparticles with an approximate size of 20 nm [87]. These interesting HA-GQD 
conjugates were tested and it was found that they exhibit strong fluorescence in CD44 
overexpressing A549 cells as well as in in vivo experiments involving CD44 receptor 
overexpressing tumor-bearing balb/c female mice. CD44 antigen is a cell-surface 
glycoprotein involved in cell–cell interactions, cell adhesion and migration. It is the 
receptor for hyaluronic acid and can also interact with other ligands e.g. matrix metal-
loproteinases (MMPs) etc. [87]. Its specificity to HA explains the very good emission 
response of the HA-GQDs by Park and coworkers. As a step further the efficiency of 
HA-GQDs to specifically curry chemotherapeutic drugs such as doxorubicin to cancer 
cells was evaluated as high rendering this smart nanomaterial both a good nanosensor 
and a drug nanocarrier.

In a similar fashion, Goreham et al. investigated the role of GO modification 
with folic acid in fluorescence lifetime imaging of HaCaT cells. Since folate receptor 
is an important recognized biomarker [88] currently considered for new diagnostic 
tools for cancer, modification of graphene oxide with folic acid was considered 
in this study. The water solubility green fluorescence (upon photoexcitation at 
305 nm) and the evaluated low toxicity of GO indicated the high potentials of 
these graphene family members in cancer fluorescence imaging and corresponding 
diagnostics [89].

Liu et al. also utilized GO as a perfect platform on which a molecular beacon (a 
type of oligonucleotide hybridization probe which is capable of specifically detecting 
the presence of nucleic acids) having a couple of Cyanine-5 (Cy-5) fluorophore units 
at its both ends. The fluorescence of Cy-5 was quenched both due to self-quenching 
and fluorescence resonance energy transfer (FRET) caused by GO. With this 

Figure 5. 
Confocal laser scanning images of MDA-MB231 cells after treatment of cGdots (100 μg/mL). Scale bar: 20 μm 
(obtained with permission from supplementary information of Ref. [84]).
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nanosystem, the researchers achieved detection of microRNAs even at concentrations 
a low as 30 pM. This nanoimaging technique was found to be applicable to a variety of 
cancer tissues and cells [65].

Additionally, Kumawat et al. reported the use of GQDs obtained via a green 
chemistry approach in fluorescence nuclear imaging in a variety of cell lines. It was 
observed that the reported GQDs even deprived of further support of external target-
ing agents (such as folic acid, hyaluronic acid etc.) exhibited a drastic propensity to 
self-localize into cell nuclei [90].

Moreover, Fan et al. investigated the use of some pH-responsive GQDs (pRF-
GQDs) which were synthesized via an electrochemical method. The pRF-GQDs were 
found to undergo a fluorescence color transition between green and blue by varying 
the pH and developed a method which enable distinguishing between healthy and 
cancer tissues [91]. These are two important recent examples of the immense poten-
tials of GQDs in bioimaging of cancer and cancer diagnosis advancements.

While fluorescence can be readily used in the detection and imaging of a variety 
of tumor cells, Magnetic resonance imaging (MRI) techniques enhanced through 
the use of GQDs appear to be very attractive due to the ease of production, size, easy 
structure modulation as well as multi-purpose character of GQDs [92]. Zhang et al. 
nearly a decade ago reported the use of GO-gadolinium (GO-Gd) complexes for the 
enhancement of and quality improvement of the MR-imaging of cancer. They showed 
that the developed GO-based material not only can operate as an enhancing agent for 
MRI but furthermore serves as a material for fluorescent imaging with anticancer-
drug delivery aptitude (Figure 6). This early finding clearly showcases the immense 
possibilities and versatility of GBMs in bioimaging [93].

More recently and in a similar fashion, Yang et al. reported on the use of surface-
modified GQDs by polyethylene glycol (PEG) which were functionalized with the 
Gd-DOTA complex (where DOTA stands for tetraazacyclododecanetetraacetic 
acid) in cancer imaging through MRI and fluorescence imaging. The research group 
managed to significantly increase the relaxivity by regulating the length of the PEG 
linkers and hence advanced a novel MR contrast agent with immense potentials 
within cancer-imaging [94].

Figure 6. 
Illustration of the Gd-bearing GO-based platform developed by Zhang et al. allowing for enhanced MR-cancer 
imaging as well as for targeted drug delivery applications. Obtained with permission from supplementary 
information of Ref. [93]).
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AuNPs	 gold nanoparticles
BSA	 bovine serum albumin
CNDs	 carbon nanodots
CD	 circular dichroism
CD44	 antigen is a cell-surface glycoprotein
Cyt c	 cytochrome c 1
DMF	 dimethylformamide
EA	 energy acceptor
ED	 energy donor
FGS	 fluorescence guided surgery
FRET	 fluorescence resonance energy transfer
FCS	 fluorescence correlation spectroscopy
FILM	 fluorescence lifetime imaging microscopy
GBMs	 graphene based materials
GM	 Göppert Mayer units
GO	 graphene oxide

5. Conclusions and future perspectives and uses of fluorescent imaging 
involving GBMs

  There is a wide range of current and potential future applications of fluorescence 
imaging, two of the most promising being fluorescence-guided surgery (FGS)
[95] and robotic-assisted fluorescence surgery (RAFS) [96]. The applications are 
numerous while probably the most relevant ones lie in the field of surgical oncol-
ogy [95, 97]. The idea of using tumor-targeted imaging agents in the context of this 
developing research and technology area is considered as a promising strategy for 
intraoperative cancer detection. In this regard, the broad family of GBMs and their 
attributes can demonstrate an important role as potent fluorescent/emissive materi-
als of low toxicity, biocompatibility and tunable optical properties [46]. A variety
of GQDs have been reported so far labelling tumor cells and tissue thus potentially 
facilitating tumor surgery [91, 98, 99]. Particular interest has been placed on the use 
on pH-responsive fluorescent GQDs (pRF-GQDs) as transition in the emitted light 
color depending on the pH can help distinguish healthy tissue from tumors (extracel-
lular microenvironment of tumors exhibits lower pH) [33, 91]. Based on the so-far 
published research works, it becomes apparent that the multifunctional character
of GBMs could facilitate tumor FGS in the future and in general bioimaging and the 
detection of disease [100, 101].
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GQDs	 graphene quantum dots
HA	 hyaluronic acid
HAase hyaluronase
HaCaT	 a spontaneously transformed aneuploid immortal keratinocyte cell line
HCC-CTCs	 hepatocellular carcinoma cells
MRI	 magnetic resonance imaging
NIR	 near infrared
RAFS	 robotic-assisted fluorescence surgery
pRF-GQDs	 pH-responsive fluorescent graphene quantum dots
PEG	 polyethylene glycol
SK-BR-3	 a breast cancer cell line
TP	 two photon
TPA	 two photon absorption
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Abstract

Chemosensors for anions and cations detections have been extensively used in 
several disciplines, including pharmacology, environmental science, biology, and 
chemistry. This field which is a division of supramolecular chemistry has been known 
for more than 150 years. It deals with chemosensors that recognize and detect anions 
and cations via optical or electrochemical signals. Today, a sustainable variety of 
chemosensors are established to detect both anions and cations. Additionally, chemo-
sensors can be used to construct a sensory device and extract, and separate anions and 
cations. Chemosensors can detect toxic anions such as fluoride and cyanide as well as 
cations like mercury. Thus, chemosensors have become an attractive area of supramo-
lecular chemistry. This chapter focuses on both colorimetric and fluorometric optical 
chemosensors and their application for anions and cations detections.

Keywords: chemosensors, colorimetric, fluorescence, anions and cations detection, 
optical chemosensors

1. Introduction

Czarnick defines the chemosensor as a “molecule of abiotic origin that signals the 
presence of matter or energy [1].” Furthermore, chemosensors are molecule recep-
tors that can sense and precisely interact with an analyte and generate a response as 
a detectable signal. The signal can be optical or electrical. It consists of a detection 
group and a signaling moiety. The detection group is responsible for selectivity and 
binding efficiency. While converting information into a detectable signal is due to the 
signaling moiety.

Recently, considerable studies focused on chemosensors because of their suscepti-
ble photophysical properties to the environment. The change in the optical signals can 
provide data on the chemical parameters such as pH and analytes concentration [2]. 
Chemosensors are extensively investigated to detect heavy metal ions [3, 4]. Optical 
Chemosensors are classified into colorimetric and Fluorometric chemosensors. The 
colorimetric receptors display the advantage of naked-eye detection of color changes, 
making the process simple.

On the other hand, the Fluorometric chemosensors are more chosen for the 
ratiometric response because of the ratio between the intensity of two emissions 
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which allows for correcting the analytic concentration of the sensor and the effects 
of environment like temperature and polarity [5]. Today the demand is high for 
chemosensors that are selective towards specific harmful ions. The toxicity of cer-
tain anions and cations for humans as well as animals has motivated researchers to 
design chromophores that are selective to a specific anion or cation [6–8]. Several 
international agencies prohibit numerous heavy metal ions because of their toxicity 
and non-biodegradability, resulting in their accumulation in the environment [9, 10]. 
Nowadays, chemists and scientists are attempting to design chemosensors that can be 
used for environmental and industrial sample analysis.

Fluorometric chemosensors have attracted increasing intention for detecting 
selective anion or cation due to:

•	High Sensitivity (single-molecule detection is probable)

•	High selectivity

•	Short response time

•	High spatial and temporal resolution

•	Low cost and easily performed instrumentations

In this contribution, both colorimetric and fluorometric chemosensors will be 
discussed, focusing on fluorometric receptors. The most crucial applications for 
Fluorimetric chemosensors for detecting Cyanide and Fluoride are also briefly given.

2. Optical chemosensors

Optical sensors are investigation techniques that detect light intensity. They modify 
the receptor’s photophysical properties upon analyte (guest) binding to the receptor. 
Depending on the sensor type, these modifications are characterized in UV–visible 
and fluorescence spectroscopy instruments. The chemosensors can be classified into 
colorimetric chemosensors, fluorometric chemosensors, or fluorescent chemosensors.

2.1 Colorimetric chemosensors

A colorimetric chemosensor is defined as the color change that occurs after the 
receptor’s binding with a specific analyte [11]. After binding the receptor and the 
analyte, the chemosensor’s signaling unit shows a color change [12]. Colorimetric 
chemosensors have attracted significant interest due to the possibility of obtaining 
qualitative and quantitative data via the naked eye [13] without referring to any 
complex techniques [14].

2.2 Fluorometric chemosensors

2.2.1 General principle: design of chemosensor

One of the most valuable response methods for optical readout is fluorescence. The 
fluorescence chemosensors have attracted considerable interest due to their sensitiv-
ity, selectivity, quick response time, on-site and real-time detection, straightforward 
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performance, flexibility, and present low molar estimate of the analyte. In the case 
of fluorometric chemosensors, binding the analyte to the receptor leads to a change 
in fluorescence behavior [15]. In 1867, Goppelsroder reported the first fluorescent 
chemosensor to detect aluminum ions via the formation of a morin chelate which is 
strongly fluorescent.

The fluorescent chemosensor allows the detection at the picomolar scale; how-
ever, the colorimetric sensors can only detect concentration at micromolar levels. 
The fluorometric chemosensor’s advantages are mainly due to the proportionality 
of the emitted fluorescence to the analyte concentration. In contrast, in absorbance 
measurements, the concentration of the analyte and the absorbance are proportional, 
which is associated with the ratio between intensities measured before and after the 
beam passes through the sample.

The essential parts of the fluorescent chemosensors are the recognition and 
signaling moieties, as given in Figure 1. Accordingly, a fluorescent chemosensor is 
developed by connecting a receptor (ionophore) to a fluorophore responsible for 
converting the recognition into the photophysical signal (like spectra, fluorescence 
quantum yield, and lifetime).

The photophysical properties can alter by binding a particular analyte to the 
receptor, leading to a fluorescence signal, with either an enhancement or quench-
ing of fluorescence. The binding of the analyte to the receptor leads to an enhanced 
fluorescence intensity called turn-on chemosensor [16, 17], whereas the analyte 
bounding to the fluorophore results in a decrease of fluorescent intensity quenching 
called turn-off chemosensor [18, 19].

Depending on the connection of fluorophore and receptor, two models of fluo-
rescent chemosensors can be defined: spaced (Figure 1(a)) and integrated model 
(Figure 1(b)). The spaced model offers a design where the fluorophore is connected 
to the receptor via spacer and signaling moieties that prevent conjugations. In the 
integrated model, the fluorophore and receptor are conjugatively connected to each 
other; in this model, the receptor is a part of the π-electron system of the fluorophore.

2.2.2 Photo-induced electron transfer

The fluorescence quenching is due to a photo-induced electron transfer (PET); the 
normal state returns when a non-luminescent process follows the PET process [10]. 

Figure 1. 
Fluorescence sensing (a) A spaced model (b) An integrated model.
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The PET process could explain the “on–off” switching of fluorescent chemosensors 
based on the molecular orbital theory. The basic design of the florescent chemosen-
sors based on PET is a fluorophore- spacer- receptor. This model has a spacer separat-
ing the fluorophore from the receptor, consequently electronically disconnecting the 
π-electron systems from the fluorophore and receptor. The PET process is divided 
into two types: reductive PET and oxidative PET, depending on the electron acceptor 
or donor links to the fluorophore and receptor [11]. However, in this study, only the 
reductive PET will be investigated. The design of the fluorescent chemosensors is 
given in Figure 2. The reductive PET is defined as the system where the fluorophore 
is reduced, whereas the receptor is oxidized. In this type of PET process, the fluoro-
phore provides an electron acceptor, and the receptor serves as an electron donor. The 
electron photo-excitation from HOMO to LUMO occurs through the reductive PET 
process. Consequently, the fluorophore and the analyte react and cause the occur-
rence or elimination HOMO and LUMO “adjacent” orbital, resulting in the fluores-
cence quenching or enhancement, respectively (Figure 3).

2.2.3 Intra and intermolecular charge transfer

Valeur et al. were the first to introduce the intramolecular charge transfer (ICT) 
process for cation sensing [12]. ICT process is defined as an excited state where 
the conjugation of an electron-donating unit (such as –NH2, –NMe2, –OCH3) to an 
electron-accepting (like >C=O, –CN) unit in one molecule is shown to rise a “push-
pull” π- electron system [13], which have been widely applied for cation sensing. A 
blue shift in the absorption spectrum is observed when the electron donor interacts 
with the analyte, decreasing the electron-donating character. However, the analyte 
reacts with the electron acceptor part leading to a red shift due to a developed ICT 
(Figure 4). Furthermore, alterations in the fluorescence lifetimes and quantum yields 
are also detected. Thus far, many fluorescent imaging molecules are obtained from 
the ICT process by modifying either the electron donor, electron acceptor capacity, or 
π-conjugation degree of the fluorophores to react with the target analyte.

Figure 2. 
Molecular orbital diagram of the photo-induced electron transfer process (PET).
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2.2.4 Excited-state intramolecular proton transfer

Excited-state intramolecular proton transfer (ESIPT) has been implemented to 
design fluorescent chemosensors due to their distinctive and exceptional spectral 
sensitivity to the environmental medium. ESIPT process is based on a proton transfer 
from a proton donor (hydroxyl or amino unit) to an acceptor unit (carbonyl oxygen 
or imine nitrogen) atom in the excited state of a fluorophore which is facilitated by an 
intramolecular hydrogen bond [20]. A graphical interpretation of the ESIPT process 
is illustrated in Figure 5.

Due to the change between the enol and keto form in the system based on ESIPT, 
the photochemical reactivity of the excited molecules is drastically reduced, lead-
ing to improved photostability. Additionally, a significant Stokes shift is observed. 
Hence, the ESIPT process fits the design of fluorescent chemosensors that necessitates 
spectral shift for selective detection.

2.2.5 Fluorescence resonance energy transfer

Fluorescence Resonance Energy Transfer (FRET) is another type of fluorescence 
modulation. The FRET process is a transfer of energy between a pair of fluorophores 

Figure 3. 
Schematic representation of PET chemosensor in the sensing process.

Figure 4. 
Schematic representation of ICT chemosensor in the sensing process.
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that operate as energy donors and acceptors, respectively [21, 22]. The FRET 
depends on the interaction distance between the electronically excited states of two 
chromophores that the excitation energy is non-radiatively relocated from a donor 
to an acceptor by non-radiative dipole–dipole coupling (Figure 6). The vibrational 
transitions in the donor and the acceptor are approximately equivalent. If the FRET 
is operative in the molecules, they are typically applied to improve the stokes shift 
artificially. For sensing applications, the emission of the donor at relatively short 
wavelengths leads to triggering the acceptor emission at longer wavelengths with a 
ratio of the fluorescence intensities of the donor and acceptor emissions regulated by 
the target analytes. Elevated FRET efficacy is obtained when the extensive spectral 
overlaps with the donor emission and the acceptor absorption spectrum [23]. Several 
FRET-based fluorescent chemosensors were developed following the groundbreaking 
endeavors for the ratiometric detection of metal ions like Hg2+ [24], Zn2+ [25].

Figure 6. 
Schematic representation of FRET chemosensor in the sensing process.

Figure 5. 
Schematic representation of excited-state intramolecular proton transfer system.
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Element Symbol WHO standards (mg/L) EU standards (mg/L)

Cyanide CN− 0.07 0.05

Fluoride F− 1.5 1.5

Chloride Cl− 250 250

Hydrogen sulfate HSO4
− No guideline No guideline

Bromine Br− Not mentioned 0.01

Nitrate NO3
− 50 50

Table 1. 
WHO and EU drinking water standards for anions.

3. Applications of fluorescent chemosensors

  Cyanide (CN−) and Fluoride (F−) play an essential role in life and are deemed one
of very poisonous anions and harmful to human health. They are used in industrial 
activities like acrylic fiber manufacturing, metallurgy, electroplating, fibers synthesis,
and gold extraction. Absorption by the lungs, exposure to the skin, food, and contami-
nated drinking water are all exposition methods to CN−  and F−  intoxication.  Table 1 
summarizes the World Health Organization (WHO) and European (EU) guidelines
for anions in drinking water. The WHO set the provisional maximum tolerable daily 
intake limits to 0.07 mg/L and 1.5 mg/L for CN−  and F−, respectively, for drinking 
water. It is consequently of paramount importance to be able to establish their con-
centration in water at such low levels precisely. The detection of anions is generally 
effectuated via analytic techniques such as Ionic chromatography. However, these 
techniques are complex and expensive, where the need to develop new techniques for 
anions detection that are both accurate and low cost. Recently, fluorescent chemosen-
sors have attracted considerable attention as a promising alternative for anions sensing.

  The fluorescent chemosensors have been used in numerous fields, such as biology,
physiology, pharmacology, and environmental sciences. Fluorescent chemosensors
to detect environmentally critical contaminants such as anions (CN−, F−) or cations 
(Hg+, Pb2+  …) have been widely investigated.
  Keleş et al. reported the synthesis of 3,5-dinitro-(N-phenyl)benzamide (DNBA)
and it is used as a simple colorimetric and fluorimetric chemosensor for selective 
determination of CN−  in organic (DMSO and ACN) and aqueous solutions (DMSO/
H2O: 8:2, v/v) [26]. The colorimetric and fluorimetric color intensity changed after 
adding CN due to the interaction between CN−  and DNBA. The UV/Vis and fluores-
cence spectrometry defined the interaction mechanisms between DNBA and CN−.
Furthermore, spectroscopic results showed that CN−  interacts with three different 
mechanisms; deprotonation, nucleophilic aromatic substitution, and formation of 
benzisoxazole ring.  Figure 7  displays the detection mechanism after adding CN−  in a 
DMSO/H2O medium.
  Zheng et al. studied the use of naphthalimide-based (NIMS) as a fluorescent 
sensor for F−  [27]. The authors reported that F- detection occurs via a desilylation 
reaction (Figure 8), resulting in a colorimetric/fluorometric spectral response
with a broad absorption around 229 nm and a change in color from yellow to blue.
Furthermore, it was found that NIMS have high selectivity, rapid response, and sound
sensitivity for F−. NIMS is a promising sensor for F−  detection and quantification in 
toothpaste.
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Sourav Bej et al. reported the synthesis of an oxene-based chemosensor (HyMa) 
via Knoevenagel condensation to detect multi-analytes such as HSO4

−, CN−, and 
F− [28]. The authors reported a detection limit of around 38 ppb, 18 ppb, and 94 ppb 
for HSO4

−, CN−, and F− respectively. Furthermore, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) displayed a low cytotoxicity and membrane 
permeability, making it an attractive material for bio-imaging. The mechanism of 
CN− detection is given in Figure 9.

Deng et al. reported another chemosensor for the detection of CN−. TCNT fluores-
cent displaying an aggregation-induced emission was synthesized. A red fluorescent 
emission (596 nm) and significant stokes shift (148 nm) were observed, leading to 
an increased sensitivity to CN− (detection limit = 0.38 μmol L−1) [29]. The detection 
was due to a nucleophilic attack of CN− on the vinyl group. Furthermore, the authors 
proved that TCNT could be used for bioimaging in live organisms.

Figure 8. 
Mechanism of F− detection using NIMS sensor.

Figure 9. 
The detection mechanism of CN− by HyMa.

Figure 7. 
CN− detection mechanism reported by Keleş et al. [26].
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A donor-π-acceptor structure was synthesized by Sun et al. for the CN− detection 
(3TT). The detection of CN− occurs via nucleophilic addition to the β-conjugated 
position of the barbituric acid of 3TT (Figure 10). The authors reported a naked-eye 
detection with high anti-interference ability and quick response. The detection limit 
was found to be 39.9 nM [24]. Furthermore, 3TT exhibited exceptional performance 
in the solid-state, and the 3TT-based test filter paper strips were applied to quickly 
and effectively detect CN− in water with naked eyes. Likewise, the 3TT was effectively 
applied to rapidly detect CN− in actual water samples, sour seeds, and food samples, 
proving its good ability for practical applications in our daily life.

Coumarin-spiropyran dyad having a hydrogen pyran moiety [2] was synthesized 
by [25]. The structure has an off–on type fluorescent receptor for detecting CN−. 
Because of the delocalization of π-electrons over the molecule, the receptor has nearly 
no fluorescence with a quantum yield <0.01. The nucleophilic addition of CN- to the 
spirocarbon of the molecule leads to a rapid opening of the spirocycle (Figure 11). 
Hence the localization of π-electrons on the coumarin moiety and a strong light-blue 
fluorescence occurs at 459 nm, and a high quantum yield (0.52) is obtained. The 
detection limit was low and equal to 1.0 μM.

4. Conclusions

Since Goppelsröder stated the first fluorescent chemosensors selective for Al3+, the 
chemosensors field has progressed extensively. Notably, the last 50 years witnessed 
massive development in the field of fluorometric chemosensors. Hence, numerous 
chemosensors have been designed by researchers over the last years. Chemosensors 

Figure 10. 
The detection mechanism of CN− by 3TT.

Figure 11. 
The detection mechanism of CN−.
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present a promising technology for detecting toxic anions and cations in an aqueous 
medium. This contribution gave a summary of the chemosensors’ chemistry and their 
applications. Finally, some examples of cyanide and fluoride, among other examples, 
detection were given.
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Abstract

Fluorescence lifetime imaging (FLIM) is powerful for monitoring cellular 
microenvironments, protein conformational changes, and protein interactions. It can 
facilitate metabolism research, drug screening, DNA sequencing, and cancer diagno-
sis. Lifetime determination algorithms (LDAs) adopted in FLIM analysis can influence 
biological interpretations and clinical diagnoses. Herein, we discuss the commonly 
used and advanced time-domain LDAs classified in fitting and non-fitting categories. 
The concept and explicit mathematical forms of LDAs are reviewed. The output 
lifetime parameter types are discussed, including lifetime components, average life-
times, and graphic representation. We compare their performances, identify trends, 
and provide suggestions for end users in terms of multi-exponential decay unmixing 
ability, lifetime estimation precision, and processing speed.

Keywords: fluorescence lifetime imaging, lifetime determination algorithm, fitting 
method, non-fitting method, deep learning

1. Introduction

Fluorescence lifetime imaging (FLIM) is a vital and versatile technique for
assessing molecular microenvironments of fluorophores in living cells, such as pH, O2,
viscosity, temperature, or ion concentrations [1, 2]. FLIM can be a powerful “quan-
tum ruler” to measure subnanometer protein conformational changes and interactions
by quantifying the occurrence of Förster Resonance Energy Transfer (FRET) [3–7].
FLIM has been used in diverse disciplines, including biology, chemistry and biophys-
ics [8–12]; however, it is an indirect imaging technique that needs sophisticated data
analysis to deliver meaningful information. FLIM analysis can profoundly impact the
interpretations of biochemical and physical phenomena.

In time-domain approaches, FLIM usually measures a three-dimensional data
cube (x-y-t), obtained with a time-correlated single-photon counting (TCSPC) system
[13–16], a time-gated camera [17–21], or a streak camera [22–28]. A time-resolved
histogram hm at (x, y) in a measured data cube can be expressed as:
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hm ¼
Xm

k¼0

irf k�m � f m þ ϵm, (1)

irf m ¼
ð mþ1ð ÞΔt

mΔt
irf tð Þdt, f m ¼

ð mþ1ð ÞΔt

mΔt
f tð Þdt, m ¼ 0, … , M� 1, (2)

where M is the number of time-bins and Δt is the bin width.
f(t) in Eq. (1) is the underlying fluorescence decay, usually following a multi-

exponential decay model,

f tð Þ ¼ A
XP�1

p¼0

qp exp �t=τp
� �

,
XP�1

p¼0

qp ¼ 1, (3)

where A is the amplitude, qp and τp are the fraction and lifetime of the pth compo-
nent (p = 0, … , P-1).

irf(t) is the instrument response function (IRF), often measured using a
sample with a much shorter lifetime than the width of the excitation pulse or a
scattering solution. The full width at half maximum (FWHM) of IRF, ΔtIRF, is given
by [16, 29].

Δt2IRF ¼ Δt2optical þ Δt2tts þ Δt2jitter, (4)

where Δtoptical is the optical pulse width, Δttts is the detector transit time spread,
and Δtjitter is the detection and timing electronics jitter. With h = (h0, … , hM-1) and
irf = (irf0, … , irfM-1) already measured, A, q = (q0, … , qP-1) and τ = (τ0, … , τP-1) can
be extracted with a lifetime determination algorithm (LDA).

LDAs can be divided into two categories: fitting and non-fitting methods.
Fitting methods solve a nonlinear minimization problem argmin χ2, where χ2 is a

merit function revealing the goodness of fit. χ2 is determined by statistics models, such
as least square estimation (LSE) or maximum likelihood estimation (MLE), using
pixelwise or global fitting modes [30]. Fitting methods suffer from slow analysis due
to extensive intrinsic convolutions. The Laguerre expansion method converts the
nonlinear-fitting problem to a linear-fitting problem [31, 32], and speeds up
deconvolution procedures.

Non-fitting methods can provide lifetime parameters much faster than fitting
methods, but some can only provide average lifetimes or graphic representation rather
than specific lifetime components. Non-fitting methods should be used carefully
according to applications. As discussed in [33–35], the intensity-weighted average
lifetime, τI ¼

PP�1
p¼0qpτ

2
p=
PP�1

p¼0qpτp, can estimate the average collisional constant kq
from the Stern–Volmer constant KD, whereas the amplitude-weighted average life-
time, τA ¼ PP�1

p¼0qpτp, can estimate FRET efficiency and assess dynamic quenching
behaviors, as described by the Stern–Volmer equation. τI was previously misused in
FRET efficiency estimation, introducing significant bias when the decay follows a
multi-exponential decay model.

The practical use of diverse LDAs depends on applications. Due to the time-
consuming estimation procedure, fitting methods are generally used for offline analy-
sis, providing more decay information, including lifetime components and average
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χ2 ¼
X
m

hm � ĥm
� �2

σ2m
(5),

where hm is the measured counts, ĥm is the predicted counts, and σm is the count
deviation in Bin m. By minimizing χ2, lifetime parameters can be obtained. For
Poisson distributed data, the variance is equal to the actual value hm

true of Bin m, that

is, σm ¼
ffiffiffiffiffiffiffiffiffi
htruem

q
. As this actual value is not available, χ2 can be approximated as:

χ2P ¼
X
m

hm � ĥm
� �2

hm
, χ2N ¼

X
m

hm � ĥm
� �2

max hm, 1ð Þ , (6)

where χ2P and χ2N are Pearson’s and modified Neyman’s χ2. Studies show that
Neyman weighting underestimates the target answer, whereas Pearson weighting
affords an acceptable answer when the total count is more than 1000 [39].
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lifetimes,  than  most  non-fitting  methods.  Meanwhile,  non-fitting  methods  are  suitable
for  real-time  FLIM  applications,  as  they  are  much  faster  and  more  hardware-friendly.

  This  work  attempts  to  review  widely  used  and  newly  developed  cutting-edge  LDAs
for  time-domain  FLIM  analysis.  The  subsequent  sections  are  arranged  as  follows.
Section  2  reviews  fitting  methods,  such  as  the  least  squares  estimation,  maximum 
likelihood  estimation,  global  fitting  using  iterative  convolution  and  variable  projection
approaches,  and  Laguerre  expansion  deconvolution  methods.  Section  3  reviews  non-
fitting  methods,  including  rapid  lifetime  determination,  center-of-mass,  integral 
extraction,  phasor,  τA/τI,  deep  learning,  and  histogram  clustering  methods.  Finally,  we
conclude  this  review  in  Section  4  and  speculate  on  future  research  directions.

2. Fitting  methods

  Fitting  methods  use  iterative  constrained  optimization  algorithms  to  estimate 
fitting  parameters  based  on  a  specified  decay  kinetics  model.  Feedback  is  provided  at 
each  iteration  for  updating  or  terminating  the  process  with  a  criterion.  The  weighted 
least  squares  estimation  (LSE)  and  the  maximum  likelihood  estimation  (MLE)  are 
commonly  used  for  FLIM  analysis,  and  these  methods  have  been  compared  using 
synthetic  and  experimental  data  [36–39].  Although  it  is  well  known  that  MLE  is  more
efficient  and  accurate  than  LSE,  as  FLIM  data  is  Poisson  distributed  rather  than 
Gaussian  distributed  [40–44],  LSE  is  still  more  popular  than  MLE  in  FLIM  analysis.
Attempts  have  been  made  to  provide  robust  MLE  fitting  algorithms,  which  are  coun-
terparts  of  the  Levenberg–Marquardt  procedure  for  LSE  [45–47].

  The  global  fitting  method  can  accelerate  analysis  by  assuming  spatial  lifetime 
invariances  to  reduce  the  degree  of  freedom  significantly.  The  Laguerre  expansion 
method  can  accelerate  analysis  by  converting  the  nonlinear-fitting  problem  to  a 
linear-fitting  problem  to  speed  up  deconvolution  procedures.

2.1  Weighted  least  squares  estimation  (LSE)

The  weighted  LSE  defines  a  merit  function  as  [48,  49],
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2.2 Maximum likelihood estimation (MLE)

MLE maximizes the probability that the data can occur given a model and a set of
parameters. The likelihood L can be expressed as [50, 51].

L ¼
Y
m

P hm; ĥm
� �

, (7)

where P hm; ĥm
� �

is the probability that Binm has hm counts if the actual value is ĥm

. Because the measurements are Poisson distributed, the Poisson likelihood becomes.

LP ¼
Y
m

ĥm
hm

hm!
e�ĥm : (8)

If Eq. (8) is divided by the maximum possible likelihood LP hm; hmð Þ, then

λ ¼ LP hm; ĥm
� �

=LP hm; hmð Þ: (9)

A merit function can be defined as:

χ2mle ¼ �2 ln λ ¼ 2
X
m

ĥm � hm
� �

� 2
X

m, hm 6¼0

hm ln ĥm=hm
� �

: (10)

Based on the Poisson likelihood function, MLE can ensure unbiased estimations.

2.3 Global fitting (GF)

The global fitting method uses a least squares estimate χ2GF for all histograms as the
merit function,

χ2GF ¼
X
s

X
m

h sð Þ
m � ĥ

sð Þ
m

� �2

σ sð Þ2
m

, (11)

where the superscript s represents Histogram s. GF treats the lifetime components τ
as constants, but the amplitude A and fraction q as variables for all histograms. There
are two strategies for implementing GF, the iterative convolution and the variable
projection approaches. The variable projection approach appears to be faster than the
iterative convolution method, as investigated in [52].

2.3.1 Iterative convolution

The underlying decay is estimated with.

f̂
sð Þ
m ¼ Â

sð Þ XP�1

p¼0

q̂p
sð Þe

�tm
τ̂p , (12)

where τ̂p are estimated constant lifetimes for all histograms with Â
sð Þ
and q̂p

sð Þ

being the parameters for Histogram s.
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Then the estimated signal can be expressed as:

ĥ
sð Þ
m ¼

Xm

k¼0

irf k�m � f̂ sð Þ
m , m ¼ 0, … , M� 1: (13)

Using Eq. (13), we can minimize Eq. (11) with constrained LSE. The analysis speed
is significantly affected by chosen initial conditions. S. Pelet et al. compared different
strategies for initial guesses [30] and proposed an efficient image segmentation method.

2.3.2 Variable projection

The idea of global fitting with variable projection is to minimize a projection
function that depends only on nonlinear parameters τ and obtain linear parameters
A(s) and q(s). A matrix whose columns only depend on τ is constructed,

Φ τ̂ð Þ ¼ φ0 τ̂0ð Þ, … , φP�1 τ̂P�1ð Þ½ � (14),

where φp τ̂p
� � ¼ φp τ̂p; t0

� �
, … , φp τ̂p; tM�1

� �h iT
, φp τ̂p; tm

� � ¼ Pm
k¼0irf k�m �

exp � tm
τ̂p

� �
, and p = 0, … , P-1.

Then the estimated signal can be written as:

ĥ
sð Þ
m ¼

XP�1

p¼0

â sð Þ
p φp τ̂p; tm

� �
(15),

where âp
sð Þ ¼ Â

sð Þ
q̂p

sð Þ. Eq. (11) becomes.

χ2GF ¼
X
s

X
m

h sð Þ
m �PP�1

p¼0â
sð Þ
p φp τ̂p; tm

� �� �2

σ sð Þ2
m

(16),

χ2GF ¼
X
s
∥h

sð Þ �Φ τ̂ð Þâ sð Þ∥2 (17),

where h
sð Þ
is h sð Þ weighted by σ sð Þ

m , Φ τ̂ð Þ is Φ τ̂ð Þ weighted by σ sð Þ
m , and â sð Þ ¼

â0 sð Þ, … , âP�1
sð Þ

h iT
.

For a given τ̂, Eq. (17) is minimized when â sð Þ ¼ Φ τ̂ð Þ�h sð Þ
, where Φ τ̂ð Þ� is the

symmetric generalized inverse of Φ τ̂ð Þ. Then Eq. (17) can be rewritten as:

χ2GF ¼
X
s
∥P⊥

Φ τ̂ð Þh
sð Þ
∥2 (18),

where P⊥
Φ τ̂ð Þ ¼ I �Φ τ̂ð ÞΦ τ̂ð Þ� [52], which can be calculated by matrix decomposi-

tion ofΦ τ̂ð Þ using the QR method. Eq. (18) only has the nonlinear parameter, reducing
the minimization parameter space considerably. Once τ̂ is obtained by minimizing
Eq. (18), the linear parameter â sð Þ can be obtained as a solution of h sð Þ ¼ Φ τ̂ð Þâ sð Þ. The
implementation can be achieved with the VARP2 code [53].
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2.4 Laguerre expansion (LE)

Due to the IRF introduced in FLIM data, iterative fitting methods include an
enormous amount of convolutions, which is time-consuming [54]. Furthermore, iter-
ative deconvolution methods require acquiring a considerable number of counts,
which would increase the acquisition time. Numerous mathematical tools have been
devised for deconvolution [55–59], and LE is faster and more robust than others. LE
estimates the underlying fluorescence decay f with an ordered set of discrete-time
Laguerre basis functions (LBFs) [60, 61],

f̂ m ¼
XL�1

l¼0

ĉlbl m; αð Þ, (19)

where L and α are the basic parameters and ĉl is the estimated lth expansion
coefficient. The lth discrete-time LBF is defined as:

bl m; αð Þ ¼ α
m�lð Þ
2 1� αð Þ12

Xl

i¼0

�1ð Þi m
i

� �
l
i

� �
αl�i 1� αð Þi, (20)

where 0 < α < 1 and l = 0, … , L-1.
Substituting Eq. (19) for fm in Eq. (1), the estimated signal becomes:

ĥm ¼
Xm
i¼0

XL�1

l¼0

ĉl � irf m�i � bl i; αð Þ ¼
XL�1

l¼0

ĉl � υl m; αð Þ, (21)

where υl m; αð Þ ¼ Pm
i¼0irf m�i � bl i; αð Þ. Then, Eq. (5) becomes.

χ2LE ¼
X
m

hm �PL�1
l¼0 ĉl � υl m; αð Þ

� �2

σ2m
, (22)

where V = [v0, … , vL-1] and vl = [vl(0, α), … , vl(M-1; α)]T. Eq. (22) can be
minimized with the ordinary and constrained LSE, as demonstrated in [61]. Once ĉ ¼
ĉ0, … , ĉL�1½ �T is determined, f̂ can be recovered with Eq. (19). Then decay parameters
can be extracted from f̂ using the fitting methods mentioned above or the following
non-fitting methods.

Setting proper L and α depends on the lifetime dynamic range and the measure-
ment window T = MΔt [32]. Automated Laguerre deconvolution methods have been
reported to optimize L and α during the deconvolution routine [62, 63].

3. Non-fitting methods

Fitting methods usually require experienced users to set proper initial conditions
and require time-consuming iterative computations, making unsupervised non-fitting
methods attractive for robust, real-time FLIM analysis. We review the rapid lifetime
determination, center-of-mass, integral extraction, phasor, τA/τI, deep learning, and
histogram clustering methods.

6
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RLD needs two time-gated signals for the lifetime estimation of mono-exponential
decays. The initial RLD method utilizes two consecutive time-gates of equal widths
[64], as shown in Figure 1(a). By integrating the signal within the time-gated
windows, the lifetime can be determined using,

τRLD ¼ �ΔtTG
ln D1=D0ð Þ (23),

where D0 and D1 denote the integrated signal in Gates 1 and 2, and ΔtTG denotes
the time-gate width. This calculation is simple and fast; however, it has limited
estimation accuracy and precision in a narrow lifetime range determined by the
gate width. To optimize RLD, several strategies with overlapping and unequal
time gates, as shown in Figure 1(b), have been proposed [65–67], suggesting
optimized gating schemes. In optimized RLD schemes, the ratio of D1 and D0 can be
expressed as:

DR ¼ D1

D0
¼ exp �Y ΔtTG

τ

� �� exp � Y þWð Þ ΔtTGτ

	

1� exp � ΔtTG
τ

� � (24),

where ΔtTG is the width of Gate 1 and Y and W are the rising edge and width
coefficient of Gate 2. Lifetimes τRLD can be solved by applying Newton’s method.

RLD can deal with multiple types of FLIM data, including TCSPC, streak camera,
time-gated counting, and time-gated imaging data. However, RLD performs differ-
ently for uncorrelated and correlated datasets, as analyzed in ref. [66]. For multi-
exponential decays, RLD can provide average lifetimes which are neither intensify-
nor amplitude-weighted. Additionally, with three-time gates, the lifetime estimation
dynamic range of RLD can be expanded for mono-exponential decays [21]. With four
time-gates, we can extract lifetime components of bi-exponential decays [68, 69]. IRF
is usually neglected in RLD, introducing estimation bias, especially for short lifetimes
comparable with IRF’s width.

Figure 1.
Rapid lifetime determination (RLD) schemes with (a) equal and (b) unequal time-gate widths.
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3.2 Center-of-mass method (CMM)

CMM provides intensity-weighted average lifetimes for multi-exponential decays
[70–72],

τCMM ¼

ð∞
0
t � h tð Þdt

ð∞
0
h tð Þdt

�

ð∞
0
t � irf tð Þdt

ð∞
0
irf tð Þdt

¼
PP�1

p¼0qpτ
2
pPP�1

p¼0qpτp
≈

PM�1
m¼0tm � hmPM�1

m¼0hm
�
PM�1

m¼0tm � irf mPM�1
m¼0irf m

:

(25)

Li et al. proposed two versions of bi-exponential CMM (BCMM) that provide
lifetime components information [73].

3.3 Integral extraction method (IEM)

For IEM, deconvolution is required to obtain f̂ with which the average lifetime can
be determined as [74, 75].

τIEM ¼ �

ð∞
0
g tð Þdt

ð∞
0
g’ tð Þdt

≈
XP�1

p¼0

qpτp ≈ �
PM�1

m¼0Sm � f̂ mPM�1
m¼0

f̂ m�f̂ m�1
Δt

¼ �Δt
PM�1

m¼0Sm � f̂ m
f̂ M�1 � f̂ 0

, (26)

where Sm = [1/3, 4/3, 2/3, … , 4/3, 1/3] are the coefficients for numerical integra-
tion based on Simpson’s rule,

g tð Þ ¼ A
XP�1

p¼0

qpτpe
� t

τp 1� e�
Δt
τp

h i
: (27)

τIEM is an estimator of amplitude-weighted lifetimes.

3.4 Phasor method

The phasor method transforms each histogram into a phasor, like a vector. The
sine-cosine transforms of decays are represented in a phasor plot as a two-dimensional
histogram [76–80]. Phasor components g and s for time-domain FLIM can be
expressed as:

g ¼

ð∞
0
f tð Þ � cos ωtð Þdt
ð∞
0
f tð Þdt

¼
PP�1

p¼0
qpτp

1þω2τp2PP�1
p¼0qpτp

¼ Re þ s∙B
A

, (28)

s ¼

ð∞
0
f tð Þ � sin ωtð Þdt
ð∞
0
f tð Þdt

¼
PP�1

p¼0
ωqpτp

2

1þω2τp2PP�1
p¼0qpτp

¼ A∙Im� B∙Re
A2 þ B2 , (29)
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Re ¼

ð∞
0
h tð Þ � cos ωtð Þdt
ð∞
0
h tð Þdt

≈
PM�1

m¼0hm � cos ωtmð ÞPM�1
m¼0hm

(30),

Im ¼

ð∞
0
h tð Þ � sin ωtð Þdt
ð∞
0
h tð Þdt

≈
PM�1

m¼0hm � sin ωtmð ÞPM�1
m¼0hm

(31),

A ¼

ð∞
0
irf tð Þ � cos ωtð Þdt
ð∞
0
irf tð Þdt

≈
PM�1

m¼0irf m � cos ωtmð ÞPM�1
m¼0irf m

(32),

B ¼

ð∞
0
irf tð Þ � sin ωtð Þdt
ð∞
0
irf tð Þdt

≈
PM�1

m¼0irf m � sin ωtmð ÞPM�1
n¼0 irf m

: (33)

Phasor plots’ interpretation is usually user-dependent by manually selecting
regions of interest in a phasor plot to find corresponding regions in fluorescence
images. Based on the feature that pixels with similar fluorescence decays tend to
congregate and form a cluster in a phasor plot, machine learning techniques have been
developed with clustering methods [81] to automatically organize phasors into sensi-
ble groupings. Up to four-lifetime components can be resolved from a phasor plot
using the rule of a linear combination of phasors [82], a graphical approach [83], and a
computational nonlinear minimization algorithm [83].

A weighted average lifetime, τPhasor, can also be derived using phasors,

τPhasor ¼ s
gω

¼
PP�1

p¼0
qpτp

2

1þω2τp2PP�1
p¼0

qpτp
1þω2τp2

(34),

where ω = 2π/T,T = MΔt is the measurement window. The weights of τPhasor are
qpτp

1þω2τp2
. If τp < < T, then the weights are approximately equal to qpτp, i.e. τPhasor is close

to intensity-weighted lifetimes.

3.5 τA/τI method

We proposed the τA/τI method, a multi-exponential decay visualization method
using two types of average lifetimes, τI and τA. As mentioned previously (discussed in
ref. [35]), a fluorescence decay can be approximated by a bi-exponential decay model,
so that the ratio of τA and τI can be expressed as:

τA
τI

¼ 1þ q1 R� 1ð Þ� �2
1þ q1 R2 � 1

� � (35),
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where R = τ1/τ2. The distribution of τA/τI (Figure 2) shows that when R ≈ 1 or
q1 ≈ 0 or 1, τA/τI ≈ 1. With a decrease in R or an increase of q1, τA/τI decreases.
Therefore, the ranges of q1 and R of a pixel can be determined by τA/τI.

With a TCSPC dataset of tSA201 cells, Figures 3 and 4 show the results of the
selected pixels within different τA/τI ranges in (a) τI, (b) τA, (c) τA/τI images, (d)
histograms, (e) phasor plots, and (f) τA/τI plots. For the pixels within τA/τI = 0.2 � 0.5
(Figure 3), the histograms clearly show that τA is much smaller than τI, which means
the difference between τ1 and τ2 is significant. Figure 3 (f) shows that the ranges of q1
and R are approximately 0.5 � 1 and 0 � 0.2, respectively. For the pixels with τA/
τI = 0.5 � 1 (Figure 4), τA is closer to τI, meaning the pixels have decays close to
mono-exponential.

τA/τI is an intuitive tool for visualizing multi-exponential decays in a lifetime
image. Separating the average lifetime images with τA/τI is easier than phasor plots
because τA/τI is one-dimensional, and phasors are two-dimensional. Furthermore, τA/
τI can intuitively show the q1 and R ranges.

3.6 Deep learning (DL)

Recently, DL-based FLIM analysis methods have been reported. DL features hier-
archical representation learning by extracting high-level features through multiple
nonlinear transformations of low-level features. DL shows a powerful ability to learn
complex data and functions. The advent of DL breaks the conventional “model-
driven” paradigm and offers us a new “data-driven” approach to solving general
optimization problems. Given sufficient labeled training data, DL algorithms can
directly map the raw input data to their corresponding results, thus avoiding time-
consuming iterative optimization processes. Wu et al., first employed DL with a
multi-layer perception (MLP) network using one input layer, one output layer, and
two hidden layers [84]. The input layer has 57 entries depending on the number of
time-bins in a histogram. The output layer has four neurons mapping four-lifetime
parameters for bi-exponential decays. The investigation reveals that MLP can provide

Figure 2.
Distribution of τA/τI with q1 = 0 � 1 and R = 0 � 1 [35].
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comparable or better performances and generate lifetime images at least 180-fold
faster than conventional LSE. However, IRF was not considered in their work. Smith
et al. proposed a 3D convolutional neural network (CNN) architecture named

Figure 3.
(a) τI-intensity image, (b) τA-intensity image, (c) τA/τI ratio image, (d) histograms of τI (yellow) and τA (blue),
(e) phasor plot, and (f) distribution of τA/τI of the selected pixels in (c) with τA/τI = 0.2 � 0.5 [35].

Figure 4.
(a) τI-intensity image, (b) τA-intensity image, (c) τA/τI ratio image, (d) histograms of τI (yellow) and
τA (blue), (e) phasor plot, and (f) distribution of τA/τI of the selected pixels in (c) with τA/τI = 0.5 � 1 [35].
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fluorescence lifetime imaging network (FLI-Net) to quantify fluorescence decays at
fast speeds [85]. FLI-Net is designed and trained for TCSPC FLIM, and gated intensity
charged-coupled device (ICCD) based FLIM. FLI-Net’s input is a 3D data cube (x, y, t),
and output is bi-exponential decay parameters. Synthetic data is used for training,
avoiding acquiring massive training datasets experimentally. FLI-Net is about 30-fold
faster than SPCImage, the widely used FLIM processing software. FLI-Net outperforms
LSE and MLP, especially with low photon counts range from 25 to 100. Xiao et al.
proposed an easier and faster trained 1D CNN architecture named 1D-ConvResNet
[86]. Compared with 2D or 3D CNNs, 1D-ConvResNet is more hardware-friendly and
can be implemented on field-programmable gate array (FPGA) devices. Synthetic data
is used for training and the training time with a CPU (Intel i7–4790) is about 0.5 hours,
8-fold faster than FLI-Net with a GPU (NVIDIA TITAN Xp GPU). Experimental FLIM
datasets with an intensity threshold of 100 counts per pixel were used for validation,
and analyzing a 256 � 256 image takes several seconds on a laptop. To generate high-
quality FLIM images under photon-starved conditions (50 counts per pixel), Chen et al.
introduced a method called flimGANE [87]. It was derived from the Wasserstein GAN
algorithm, where an “artificial” high-photon-count fluorescence decay histogram can
be produced with a generator with a low-photon-count input. Using a well-trained
generator and an estimator, a low-quality decay histogram can be mapped to a high-
quality counterpart and provides bi-exponential lifetime parameters within 0.32 ms/
pixel using a CPU, which is 258-fold faster than LSE and 2800-fold faster than MLE in
generating a 512 � 512 FLIM image. However, it takes up to 500 h to fully train the
network. Additionally, using time-resolved single-pixel datasets, a deep CNN named
Net-FLICS (fluorescence lifetime imaging with compressed sensing) was reported [88].

DL methods for spatial resolution enhancement of FLIM images are also devel-
oped, including SRI-FLIMnet for reconstructing high-resolution images from low-
resolution 3D FLIM data [89] and CNN-based denoising method removing noise in
phasor plots after the K-means clustering segmentation [90].

Although DL is promising in real-time FLIM analysis even under starve photon-
starved conditions and needs no user-dependent initial conditions, it suffers from long
training times (hours to days) when retaining is required due to the change of IRF.
Whenever the laser source for excitation and the detector are changed, the IRF can also
vary, and the network should be retrained, reducing the universality. Recently, many
attempts have been made to alleviate this disadvantage. For example, Zang proposed
an online neural network training method using the extreme learning machine (ELM)
[91]. ELM does not require a back-propagation process in the training phase. There-
fore, it provides a much faster training speed, enabling online network training for any
system configuration. The phasor coordinates of a fluorescence decay can also serve as
the network’s inputs, which can be viewed as a simple feature engineering to reduce
the training time significantly [92]. Despite some trade-offs in current DL algorithms,
it is no doubt that DL has excellent potential in a wide range of FLIM-related applica-
tions. DL algorithms can also be implemented on edge-computing platforms like
FPGAs and smartphones to develop intelligent and portable FLIM devices [93].

3.7 Histogram clustering (HC)

The HC method devised by Li et al. can improve FLIM analysis speed and accuracy
by sorting histograms with similar profiles in a dataset into several clusters and
significantly reducing the number of histograms to be analyzed [94]. HC implements
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clustering with two features of a histogram. It is a preprocessing method that can work
with the LDAs mentioned above. The performances for producing decay parameter
images without and with HC using synthetic and experimental datasets were investi-
gated [94]. The execution time texe and the mean squared error (MSE) of a FLIM
dataset following a bi-exponential decay model with 150 � 150 pixels and 256 time-
bins are shown in Table 1. LE-LSE and LE-IEM stand for LSE and IEM with the
Laguerre expansion method; IC and VP represent iterative convolution and variable
expansion global fitting approaches.

For different output types, we suggested the fastest FLIM analysis methods: 1) LE-
LSE with HC for all lifetime component images with texe = 3.36 s, 116-fold shorter than
texe without HC; 2) VP with HC for constant lifetimes, q1, τA, and τI images with
texe = 0.31 s, 10-fold shorter than texe without HC; and 3) LE-IEM with HC as the
second choice for τA with texe = 0.63 s, 98-fold shorter than texe without HC, and CMM
as the second choice for τI with texe = 0.2 s without or with HC (biased if the most
significant lifetime > T/4). The analysis was conducted in MATLAB, and it can be
translated to C or other environments to speed up the analysis.

HC can benefit applications demanding real-time FLIM, such as clinical diagnosis
and fast screening. In the future, deep learning methods can be employed for
unsupervised histogram clustering.

4. Conclusions

Lifetime determination algorithms (LDAs) play a vital role in FLIM analysis. The
results provided by diverse LDAs profoundly impact the interpretation of observed
phenomena. Numerous approaches have been developed with notable features in
terms of photon efficiency, estimation speed, accuracy, and precision. Fast FLIM

LDA texe (s) MSE

q1 τ1 (ns
2) τ2 (ns

2) τA (ns2) τI (ns
2)

Without HC

0.0270.1100.1980.1730.019389.45LE-LSE

X0.102XXX62.30LE-IEM

0.185XXXX0.20CMM

1.0980.678XX0.100724.82IC

0.1780.122XX0.0333.34VP

With HC

0.0250.0370.1040.1020.0113.36LE-LSE

X0.038XXX0.63LE-IEM

0.180XXXX0.20CMM

0.0500.102XX0.01711.85IC

0.0930.048XX0.0140.31VP

Table 1.
texe and MSE evaluated by lifetime determination algorithms without and with histogram clustering [94].
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analysis under low-photon conditions is universally desirable, especially for real-time
and single-molecular FLIM. This mini review focuses on the popular and cutting-edge
LDAs used in time-domain FLIM. The progress in LDAs has shown possibilities for
real-time FLIM under low photon conditions.

Fitting methods estimate lifetime parameters by solving an iterative minimization
problem. The least squares estimation (LSE) introduces bias even with high photon
counts (>1000), while the maximum likelihood estimation (MLE) is unbiased and
photon efficient, as FLIM data is Poisson distributed. With robust algorithms, MLE
instead of LSE can be used as a standard. The iterative convolution of IRF with
exponential decays in LSE and MLE is time-consuming. The global fitting and
Laguerre expansion methods have been proposed to accelerate analysis.

Non-fitting methods are attractive, as they can be much faster and more
hardware-friendly than fitting methods because of simple calculations. However,
non-fitting methods for a specific application should be careful. RLD using two time-
gates is suitable for mono-exponential decays but may introduce a bias for lifetimes
comparable with IRF’s width. CMM and IEM deliver intensity- and amplitude-
weighted average lifetimes, respectively. The phasor method can graphically show
exponential decays in a phasor plot. The τA/τI method is a multi-exponential decay
visualization method that uses two types of average lifetimes, which can intuitively
show lifetime components’ fraction and lifetime ratio. The deep learning method
employs fully connected networks, 3D CNN, 1D CNN, and GAN algorithms in rapid
FLIM analysis under photon-starved conditions, down to 50 counts per pixel. How-
ever, its long retraining time (hours to days) limits its universality when IRF is
changed. The histogram clustering (HC) method suggests that histograms having
similar profiles can be clustered for one calculation. By embedding HC, the algorithms
mentioned above can be significantly accelerated with an execution time down to
30 μs/pixel.

In summary, the existing LDAs reveal different features in FLIM analysis, and it is
hard to judge which one is replaceable. We believe that software with multiple
embedded LDAs is desirable for end-users, providing comprehensive and comple-
mentary information for robust analysis. In addition, the newly developed “data-
driven” DL-based LDAs and LDA accelerating method HC are promising, as they can
not only enhance speed but also accuracy, especially for photon-starved applications.
More efforts are expected to shrink retraining time for DL and increase clustering
performance for HC via deep learning.

Acknowledgements

Supported by the Scientific Instrument Developing Project of the Chinese
Academy of Sciences (GJJSTD20220006), Science Foundation of the Chinese
Academy of Sciences (CXJJ-21S006), China Scholarship Council, Biotechnology
and Biological Sciences Research Council (BB/V019643/1) and Medical Research
Scotland.

Conflict of interest

The authors declare no conflict of interest.

14

Fluorescence Imaging – Recent Advances and Applications

82



Fluorescence Lifetime ImagingFLIM
Förster Resonance Energy TransferFRET
Instrument Response FunctionIRF
Time-Correlated Single-Photon CountingTCSPC
Lifetime Determination AlgorithmLDA
Least Squares EstimationLSE
Maximum Likelihood EstimationMLE
Global FittingGF
Laguerre ExpansionLE
Laguerre Basis FunctionLBF
Rapid Lifetime DeterminationRLD
Center-of-Mass MethodCMM
Integral Extraction MethodIEM
Deep LearningDL
Histogram ClusteringHC
Multi-Layer PerceptionMLP
Convolutional Neural NetworkCNN
Generative Adversarial NetworkGAN
Extreme Learning MachineELM
Field-Programmable Gate ArrayFPGA

Lifetime  Determination  Algorithms  for  Time-Domain  Fluorescence  Lifetime  Imaging:  A  Review
ITexLi.106423

Abbreviations

83



References

[1] Lakowicz JR. Principles of
Fluorescence Spectroscopy. 3rd ed. New
York: Springer; 2006

[2] Priessner M, Summers PA,
Lewis BW, Sastre M, Ying L,
Kuimova MK, et al. Selective detection
of Cu + ions in live cells via fluorescence
lifetime imaging microscopy.
Angewandte Chemie, International
Edition. 2021;60:23148-23153.
DOI: 10.1002/anie.202109349

[3] Gadella TWJ, editor. FRET and FLIM
techniques. 1st ed. Amsterdam ; Boston:
Elsevier; 2009

[4] Wallrabe H, Periasamy A. Imaging
protein molecules using FRET and FLIM
microscopy. Current Opinion in
Biotechnology. 2005;16:19-27.
DOI: 10.1016/j.copbio.2004.12.002

[5] Bücherl CA, Bader AN, Westphal AH,
Laptenok SP, Borst JW. FRET-FLIM
applications in plant systems.
Protoplasma. 2014;251:383-394.
DOI: 10.1007/s00709-013-0595-7

[6] Summers PA, Lewis BW, Gonzalez-
Garcia J, Porreca RM, Lim AHM,
Cadinu P, et al. Visualizing G-
quadruplex DNA dynamics in live cells
by fluorescence lifetime imaging
microscopy. Nature Communications.
2021;12:162. DOI: 10.1038/s41467-020-
20414-7

[7] Levchenko SM, Pliss A, Peng X,
Prasad PN, Qu J. Fluorescence lifetime
imaging for studying DNA compaction
and gene activities. Light Science
Applications. 2021;10:224. DOI: 10.1038/
s41377-021-00664-w

[8] Pliss A, Zhao L, Ohulchanskyy TY,
Qu J, Prasad PN. Fluorescence lifetime of
fluorescent proteins as an intracellular

environment probe sensing the cell cycle
progression. ACS Chemical Biology.
2012;7:1385-1392. DOI: 10.1021/
cb300065w

[9] Fornasiero EF, Mandad S,
Wildhagen H, Alevra M, Rammner B,
Keihani S, et al. Precisely measured
protein lifetimes in the mouse brain
reveal differences across tissues and
subcellular fractions. Nature
Communications. 2018;9:4230.
DOI: 10.1038/s41467-018-06519-0

[10] Hirmiz N, Tsikouras A,
Osterlund EJ, Richards M, Andrews DW,
Fang Q. Highly multiplexed confocal
fluorescence lifetime microscope
designed for screening applications.
IEEE Journal of Selected Topics in
Quantum Electronics. 2021;27:1-9.
DOI: 10.1109/JSTQE.2020.2997834

[11] Lukina M, Yashin K, Kiseleva EE,
Alekseeva A, Dudenkova V,
Zagaynova EV, et al. Label-free
macroscopic fluorescence lifetime
imaging of brain tumors. Frontiers in
Oncology. 2021;11:666059.
DOI: 10.3389/fonc.2021.666059

[12] Chen J, Han G, Liu Z, Wang H,
Wang D, Zhao J, et al. Recovery
mechanism of endoplasmic reticulum
revealed by fluorescence lifetime
imaging in live cells. Analytical
Chemistry. 2022;94:5173-5180.
DOI: 10.1021/acs.analchem.2c00216

[13] Becker W. Advanced Time-
Correlated Single Photon Counting
Techniques. Berlin ; New York: Springer;
2005

[14] Hirvonen LM, Suhling K. Wide-field
TCSPC: Methods and applications.
Measurement Science and Technology.

Fluorescence Imaging – Recent Advances and Applications

84



2017;28:012003. DOI: 10.1088/
1361-6501/28/1/012003

[15] Liu X, Lin D, Becker W, Niu J, Yu B,
Liu L, et al. Fast fluorescence lifetime
imaging techniques: A review on
challenge and development. Journal of
Innovative Optical Health Sciences.
2019;12:1930003. DOI: 10.1142/
s1793545819300039

[16] Hirvonen LM, Suhling K. Fast timing
techniques in FLIM applications.
Frontiers of Physics. 2020;8:161.
DOI: 10.3389/fphy.2020.00161

[17] Dowling K, Hyde SCW, Dainty JC,
French PMW, Hares JD. 2-D
fluorescence lifetime imaging using a
time-gated image intensifier.
Optics Communication. 1997;
135:27-31. DOI: 10.1016/S0030-4018(96)
00618-9

[18] Elangovan M, Day RN, Periasamy A.
Nanosecond fluorescence resonance
energy transfer-fluorescence lifetime
imaging microscopy to localize the
protein interactions in a single living cell:
NANOSECOND FRET-FLIM
MICROSCOPY. Journal of Microscopy.
2002;205:3-14. DOI: 10.1046/
j.0022-2720.2001.00984.x

[19] Grant DM, McGinty J, Ewan J.
McGhee, McGhee EJ, Bunney TD,
Owen DM, et al. High speed optically
sectioned fluorescence lifetime imaging
permits study of live cell signaling
events. Optics Express 2007;15:
15656–15673. DOI: 10.1364/oe.15.015656.

[20] Ehn A, Johansson O, Arvidsson A,
Aldén M, Bood J. Single-laser shot
fluorescence lifetime imaging on the
nanosecond timescale using a dual image
and modeling evaluation algorithm.
Optics Express. 2012;20:3043-3056.
DOI: 10.1364/oe.20.003043

[21] Li Y, Jia H, Chen S, Tian J, Liang L,
Yuan F, et al. Single-shot time-gated
fluorescence lifetime imaging using
three-frame images. Optics Express.
2018;26:17936-17947. DOI: 10.1364/
OE.26.017936

[22] Fleming G, Morris J, Robinson H.
Picosecond fluorescence spectroscopy
with a streak camera. Australian Journal
of Chemistry. 1977;30:2337.
DOI: 10.1071/CH9772337

[23] Krishnan RV, Biener E, Zhang J,
Heckel R, Herman B. Probing subtle
fluorescence dynamics in cellular
proteins by streak camera based
fluorescence lifetime imaging
microscopy. Applied Physics Letters.
2003;83:4658-4660. DOI: 10.1063/
1.1630154

[24] Biskup C, Zimmer T, Benndorf K.
FRET between cardiac Na+ channel
subunits measured with a confocal
microscope and a streak camera. Nature
Biotechnology. 2004;22:220-224.
DOI: 10.1038/nbt935

[25] Faust S, Dreier T, Schulz C.
Temperature and bath gas composition
dependence of effective fluorescence
lifetimes of toluene excited at 266nm.
Chemical Physics. 2011;383:6-11.
DOI: 10.1016/j.chemphys.2011.03.013

[26] Camborde L, Jauneau A, Brière C,
Deslandes L, Dumas B, Gaulin E.
Detection of nucleic acid–protein
interactions in plant leaves using
fluorescence lifetime imaging
microscopy. Nature Protocols. 2017;12:
1933-1950. DOI: 10.1038/nprot.2017.076

[27] Qu J, Liu L, Chen D, Lin Z, Xu G,
Guo B, et al. Temporally and spectrally
resolved sampling imaging with a
specially designed streak camera. Optics
Letters. 2006;31:368. DOI: 10.1364/
OL.31.000368

Lifetime  Determination  Algorithms  for  Time-Domain  Fluorescence  Lifetime  Imaging:  A  Review
ITexLi.106423

85



[28] Liu L, Qu J, Lin Z, Wang L, Fu Z,
Guo B, et al. Simultaneous time- and
spectrum-resolved multifocal
multiphoton microscopy. Applied
Physics B: Lasers and Optics. 2006;84:
379-383. DOI: 10.1007/s00340-006-
2314-y

[29] Birch DJS, Imhof RE. Time-domain
fluorescence spectroscopy using time-
correlated single-photon counting. In:
Lakowicz JR, editor. Topics in
Fluorescence Spectroscopy. Boston:
Kluwer Academic Publishers; 2002.
pp. 1-95. DOI: 10.1007/0-306-47057-8_1

[30] Pelet S, Previte MJ, Laiho LH, So PT.
A fast global fitting algorithm for
fluorescence lifetime imaging
microscopy based on image
segmentation. Biophysical Journal. 2004;
87:2807-2817. DOI: 10.1529/
biophysj.104.045492

[31] Jo JA, Fang Q, Papaioannou T,
Marcu L. Fast model-free deconvolution
of fluorescence decay for analysis of
biological systems. Journal of Biomedical
Optics. 2004;9:743-752. DOI: 10.1117/
1.1752919

[32] Zhang Y, Chen Y, Li DD-U.
Optimizing Laguerre expansion based
deconvolution methods for analyzing
bi-exponential fluorescence lifetime
images. Optics Express. 2016;24:13894.
DOI: 10.1364/OE.24.013894

[33] Sillen A, Engelborghs Y. The correct
use of “average” fluorescence
parameters. Photochemistry and
Photobiology. 1998;67:475-486.
DOI: 10.1111/j.1751-1097.1998.tb09082.x

[34] Fišerová E, Kubala M. Mean
fluorescence lifetime and its error.
Journal of Luminescence. 2012;132:
2059-2064. DOI: 10.1016/j.
jlumin.2012.03.038

[35] Li Y, Natakorn S, Chen Y, Safar M,
Cunningham M, Tian J, et al.
Investigations on average fluorescence
lifetimes for visualizing multi-
exponential decays. Frontiers of Physics.
2020;8:576862. DOI: 10.3389/
fphy.2020.576862

[36] Hauschild T, Jentschel M.
Comparison of maximum likelihood
estimation and chi-square statistics
applied to counting experiments.
Nuclear Instruments and Methods in
Physics Research Section A:
Accelerators, Spectrometers, Detectors
and Associated Equipment. 2001;457:
384-401. DOI: 10.1016/S0168-9002(00)
00756-7

[37] Maus M, Cotlet M, Hofkens J,
Gensch T, De Schryver FC, Schaffer J,
et al. An experimental comparison of the
maximum likelihood estimation and
nonlinear least-squares fluorescence
lifetime analysis of single molecules.
Analytical Chemistry. 2001;73:
2078-2086. DOI: 10.1021/ac000877g

[38] Turton DA, Reid GD, Beddard GS.
Accurate analysis of fluorescence decays
from single molecules in photon
counting experiments. Analytical
Chemistry. 2003;75:4182-4187.
DOI: 10.1021/ac034325k

[39] Santra K, Zhan J, Song X, Smith EA,
Vaswani N, Petrich JW. What is the best
method to fit time-resolved data? A
comparison of the residual minimization
and the maximum likelihood techniques
As applied to experimental time-
correlated, single-photon counting data.
The Journal of Physical Chemistry. B.
2016;120:2484-2490. DOI: 10.1021/acs.
jpcb.6b00154

[40] Hall P, Selinger B. Better estimates
of exponential decay parameters. The
Journal of Physical Chemistry. 1981;85:
2941-2946. DOI: 10.1021/j150620a019

Fluorescence Imaging – Recent Advances and Applications

86



[41] Hall P, Selinger B. Better estimates of
multiexponential decay parameters. Z
Für Physics Chemistry. 1984;141:77-89.
DOI: 10.1524/zpch.1984.141.1.077

[42] Köllner M, Wolfrum J. How many
photons are necessary for fluorescence-
lifetime measurements? Chemical
Physics Letters. 1992;200:199-204.
DOI: 10.1016/0009-2614(92)87068-Z

[43] Tellinghuisen J, Wilkerson CW. Bias
and precision in the estimation of
exponential decay parameters from
sparse data. Analytical Chemistry. 1993;
65:1240-1246. DOI: 10.1021/
ac00057a022

[44] Kim J, Seok J. Statistical properties
of amplitude and decay parameter
estimators for fluorescence lifetime
imaging. Optics Express. 2013;21:6061.
DOI: 10.1364/OE.21.006061

[45] Laurence TA, Chromy BA. Efficient
maximum likelihood estimator fitting of
histograms. Nature Methods. 2010;7:
338-339. DOI: 10.1038/nmeth0510-338

[46] Chessel A, Waharte F, Salamero J,
Kervrann C. A maximum likelihood
method for lifetime estimation in photon
counting-based fluorescence lifetime
imaging microscopy. In: 21st European
Signal Processing Conference (EUSIPCO
2013); 09–13 September 2013.
Marrakech, Morocco: IEEE; 2014. pp. 1-5

[47] Marquardt DW. An algorithm for
least-squares estimation of nonlinear
parameters. Journal of the Society
for Industrial and Applied Mathematics.
1963;11:431-441. DOI: 10.1137/0111030

[48] Johnson ML, Faunt LM. Parameter
estimation by least-squares methods.
Methods in Enzymology. 1992;
210:1-37. DOI: 10.1016/0076-6879(92)
10003-v

[49] Johnson ML. Why, when, and how
biochemists should use least squares.
Analytical Biochemistry. 1992;206:
215-225. DOI: 10.1016/0003-2697(92)
90356-c

[50] Bajzer Ž, Therneau TM, Sharp JC,
Prendergast FG. Maximum likelihood
method for the analysis of time-resolved
fluorescence decay curves. European
Biophysics Journal. 1991;20:247-262.
DOI: 10.1007/BF00450560

[51] Bajzer Ž, Prendergast FG. [10]
maximum likelihood analysis of
fluorescence data. Methods in
Enzymology. Elsevier. 1992;210:200-237.
DOI: 10.1016/0076-6879(92)10012-3

[52] Warren SC, Margineanu A,
Alibhai D, Kelly DJ, Talbot C,
Alexandrov Y, et al. Rapid global fitting
of large fluorescence lifetime imaging
microscopy datasets. Degtyar VE, editor.
PLoS One. 2013;8:e70687. DOI: 10.1371/
journal.pone.0070687

[53] Golub GH, LeVeque RJ. Extensions
and uses of the variable projection
Algorith for solving nonlinear least
squares problems. In: Proceedings of the
1979 Numerical Analsysis and
Computers Conference. Washington,
DC: University of Washington; 1979.
pp. 79-83. DOI: 10.5281/zenodo.852682.
Available from: http://faculty.
washington.edu/rjl/pubs/
GolubLeVeque1979/index.htm

[54] Ware WR, Doemeny LJ, Nemzek TL.
Deconvolution of fluorescence and
phosphorescence decay curves. A Least-
Squares Method. 1973;77:2038-2048.
DOI: 10.1021/J100636A003

[55] Gafni A, Modlin RL, Brand L.
Analysis of fluorescence decay curves by
means of the Laplace transformation.
Biophysical Journal. 1975;15:263-280.
DOI: 10.1016/S0006-3495(75)85817-6

Lifetime  Determination  Algorithms  for  Time-Domain  Fluorescence  Lifetime  Imaging:  A  Review
ITexLi.106423

87



[56] O’Connor DV, Ware WR, Andre JC.
Deconvolution of fluorescence decay
curves. A critical comparison of
techniques. The Journal of Physical
Chemistry. 1979;83:1333-1343.
DOI: 10.1021/j100473a019

[57] Apanasovich VV, Novikov EG.
Deconvolution method for fluorescence
decays. Optics Communication. 1990;78:
279-282. DOI: 10.1016/0030-4018(90)
90361-V

[58] Zhang Z, Grattan KTV, Hu Y,
Palmer AW, Meggitt BT. Prony’s method
for exponential lifetime estimations in
fluorescence-based thermometers. The
Review of Scientific Instruments. 1996;
67:2590-2594. DOI: 10.1063/1.1147219

[59] Fu CY, Ng BK, Razul SG.
Fluorescence lifetime discrimination
using expectation-maximization
algorithm with joint deconvolution.
Journal of Biomedical Optics. 2009;14:
064009. DOI: 10.1117/1.3258835

[60] Jo JA, Fang Q, Marcu L. Ultrafast
method for the analysis of fluorescence
lifetime imaging microscopy data
based on the Laguerre expansion
technique. IEEE Journal of Selected
Topics in Quantum Electronics. 2005;11:
835-845. DOI: 10.1109/
JSTQE.2005.857685

[61] Liu J, Sun Y, Qi J, Marcu L. A novel
method for fast and robust estimation of
fluorescence decay dynamics using
constrained least-squares deconvolution
with Laguerre expansion. Physics in
Medicine and Biology. 2012;57:843-865.
DOI: 10.1088/0031-9155/57/4/843

[62] Dabir AS, Trivedi CA, Ryu Y,
Pande P, Jo JA. Fully automated
deconvolution method for on-line
analysis of time-resolved fluorescence
spectroscopy data based on an iterative
Laguerre expansion technique. Journal of

Biomedical Optics. 2009;14:
024030-024030. DOI: 10.1117/1.3103342

[63] Pande P, Jo JA. Automated analysis
of fluorescence lifetime imaging
microscopy (FLIM) data based on the
Laguerre deconvolution method. IEEE
Transactions on Biomedical Engineering.
2011;58:172-181. DOI: 10.1109/
tbme.2010.2084086

[64] Ballew RM, Demas JN. An error
analysis of the rapid lifetime
determination method for the evaluation
of single exponential decays. Analytical
Chemistry. 1989;61:30-33. DOI: 10.1021/
ac00176a007

[65] Chan SP, Fuller ZJ, Demas JN,
DeGraff BA. Optimized gating scheme
for rapid lifetime determinations of
single-exponential luminescence
lifetimes. Analytical Chemistry. 2001;73:
4486-4490. DOI: 10.1021/ac0102361

[66] Li DD-U, Ameer-Beg S, Arlt J,
Tyndall D, Walker R, Matthews DR,
et al. Time-domain fluorescence lifetime
imaging techniques suitable for solid-
state imaging sensor arrays. Sensors.
2012;12:5650-5669. DOI: 10.3390/
s120505650

[67] Collier BB, McShane MJ. Dynamic
windowing algorithm for the fast and
accurate determination of luminescence
lifetimes. Analytical Chemistry. 2012;84:
4725-4731. DOI: 10.1021/ac300023q

[68] Sharman KK, Periasamy A,
Ashworth H, Demas JN. Error analysis of
the rapid lifetime determination method
for double-exponential decays and new
windowing schemes. Analytical
Chemistry. 1999;71:947-952.
DOI: 10.1021/ac981050d

[69] Silva SF, Domingues JP,
Morgado AM. Can we use rapid lifetime

Fluorescence Imaging – Recent Advances and Applications

88



determination for fast, fluorescence
lifetime based, metabolic imaging?
Precision and accuracy of double-
exponential decay measurements with
low total counts. PLoS One. 2019;14:
1-20. DOI: 10.1371/journal.pone.0216894

[70] Li DD-U, Arlt J, Tyndall D,
Walker R, Richardson J, Stoppa D, et al.
Video-rate fluorescence lifetime imaging
camera with CMOS single-photon
avalanche diode arrays and high-speed
imaging algorithm. Journal of Biomedical
Optics. 2011;16:096012. DOI: 10.1117/
1.3625288

[71] Li DD-U, Rae BR, Andrews R, Arlt J,
Henderson R. Hardware implementation
algorithm and error analysis of high-
speed fluorescence lifetime sensing
systems using center-of-mass method.
Journal of Biomedical Optics. 2010;15:
017006. DOI: 10.1117/1.3309737

[72] Poland SP, Erdogan AT, Krstajić N,
Levitt J, Devauges V, Walker RJ, et al.
New high-speed Centre of mass method
incorporating background subtraction
for accurate determination of
fluorescence lifetime. Optics Express.
2016;24:6899. DOI: 10.1364/
OE.24.006899

[73] Li DD-U, Yu H, Chen Y. Fast
bi-exponential fluorescence lifetime
imaging analysis methods. Optics
Letters. 2015;40:336. DOI: 10.1364/
OL.40.000336

[74] Li DD-U, Bonnist E, Renshaw D,
Henderson R. On-chip, time-correlated,
fluorescence lifetime extraction
algorithms and error analysis. Journal of
the Optical Society of America. A. 2008;
25:1190. DOI: 10.1364/JOSAA.25.001190

[75] Li DD-U, Walker R, Richardson J,
Rae B, Buts A, Renshaw D, et al.
Hardware implementation and

calibration of background noise for an
integration-based fluorescence lifetime
sensing algorithm. Journal of the Optical
Society of America. A. 2009;26:804.
DOI: 10.1364/JOSAA.26.000804

[76] Digman MA, Caiolfa VR, Zamai M,
Gratton E. The phasor approach to
fluorescence lifetime imaging analysis.
Biophysical Journal. 2008;94:L14-L16.
DOI: 10.1529/biophysj.107.120154

[77] Fereidouni F, Esposito A, Blab GA,
Gerritsen HC. A modified phasor
approach for analyzing time-gated
fluorescence lifetime images. Journal of
Microscopy. 2011;244:248-258.
DOI: 10.1111/j.1365-2818.2011.03533.x

[78] Ranjit S, Malacrida L, Jameson DM,
Gratton E. Fit-free analysis of
fluorescence lifetime imaging data using
the phasor approach. Nature Protocols.
2018;13:1979-2004. DOI: 10.1038/
s41596-018-0026-5

[79] Sorrells JE, Iyer RR, Yang L,
Bower AJ, Spillman DR, Chaney EJ, et al.
Real-time pixelwise phasor analysis for
video-rate two-photon fluorescence
lifetime imaging microscopy. Biomedical
Optics Express. 2021;12:4003.
DOI: 10.1364/BOE.424533

[80] Michalet X. Continuous and discrete
phasor analysis of binned or time-gated
periodic decays. AIP Advances. 2021;11:
035331-035331. DOI: 10.1063/5.0027834

[81] Vallmitjana A, Torrado B, Gratton E.
Phasor-based image segmentation:
Machine learning clustering techniques.
Biomedical Optics Express. 2021;12:
3410-3422. DOI: 10.1364/boe.422766

[82] Vallmitjana A, Dvornikov A,
Torrado B, Jameson DM, Ranjit S,
Gratton E. Resolution of 4 components
in the same pixel in FLIM images using
the phasor approach. Methods

Lifetime  Determination  Algorithms  for  Time-Domain  Fluorescence  Lifetime  Imaging:  A  Review
ITexLi.106423

89



Applications Fluorescope IOP
Publishing. 2020;8:035001.
DOI: 10.1088/2050-6120/ab8570

[83] Vallmitjana A, Torrado B,
Dvornikov A, Ranjit S, Gratton E. Blind
resolution of lifetime components in
individual pixels of fluorescence lifetime
images using the phasor approach. The
Journal of Physical Chemistry. B. 2020;
124:10126-10137. DOI: 10.1021/acs.
jpcb.0c06946

[84] Wu G, Nowotny T, Zhang Y, Yu H-
Q, Li DD-U. Artificial neural network
approaches for fluorescence lifetime
imaging techniques. Optics Letters.
2016;41:2561. DOI: 10.1364/
OL.41.002561

[85] Smith JT, Yao R, Sinsuebphon N,
Rudkouskaya A, Un N, Mazurkiewicz J,
et al. Fast fit-free analysis of
fluorescence lifetime imaging via deep
learning. Proceedings of the National
Academy of Sciences. 2019;116:
24019-24030. DOI: 10.1073/
pnas.1912707116

[86] Xiao D, Chen Y, Li DD-U. One-
dimensional deep learning architecture
for fast fluorescence lifetime imaging.
IEEE Journal of Selected Topics in
Quantum Electronics. 2021;27:7000210.
DOI: 10.1109/JSTQE.2021.3049349

[87] Chen Y-I, Chang Y-J, Liao S-C,
Nguyen TD, Yang J, Kuo Y-A, et al.
Generative adversarial network enables
rapid and robust fluorescence lifetime
image analysis in live cells.
Communications Biology. Springer US.
2022;5:18. DOI: 10.1038/s42003-021-
02938-w

[88] Yao R, Ochoa M, Yan P, Intes X.
Net-FLICS: Fast quantitative wide-field
fluorescence lifetime imaging with
compressed sensing – A deep learning
approach. Light Science Application.

Springer US. 2019;8:26. DOI: 10.1038/
s41377-019-0138-x

[89] Xiao D, Zang Z, Xie W,
Sapermsap N, Chen Y, Li DD-U. Spatial
resolution improved fluorescence
lifetime imaging via deep learning.
Optics Express. 2022;30:11479.
DOI: 10.1364/OE.451215

[90] Mannam V, Zhang Y, Yuan X,
Hato T, Dagher PC, Nichols EL, et al.
Convolutional neural network denoising
in fluorescence lifetime imaging
microscopy (FLIM). In: Periasamy A,
So PT, König K, editors. Multiphoton
Microscopy in the Biomedical
Sciences XXI. Vol. 11648. Bellingham
WA USA: SPIE; 2021:116481C.
DOI: 10.1117/12.2578574

[91] Zang Z, Xiao D, Wang Q, Li Z,
Xie W, Chen Y, et al. Fast analysis of
time-domain fluorescence lifetime
imaging via extreme learning machine.
Sensors. 2022;22:3758. DOI: 10.3390/
s2210375

[92] Héliot L, Leray A. Simple phasor-
based deep neural network for
fluorescence lifetime imaging
microscopy. Science Reports Nature
Publishing Group UK. 2021;11:23858.
DOI: 10.1038/s41598-021-03060-x

[93] Xiao D, Zang Z, Sapermsap N,
Wang Q, Xie W, Chen Y, et al. Dynamic
fluorescence lifetime sensing with CMOS
single-photon avalanche diode arrays
and deep learning processors.
Biomedical Optics Express. 2021;12:
3450. DOI: 10.1364/BOE.425663

[94] Li Y, Sapermsap N, Yu J, Tian J,
Chen Y, Li DD-U. Histogram clustering
for rapid time-domain fluorescence
lifetime image analysis. Biomed. Optics
Express. 2021;12:4293-4307.
DOI: 10.1038/s41598-021-03060-x

Fluorescence Imaging – Recent Advances and Applications

90



Lifetime  Determination  Algorithms  for  Time-Domain  Fluorescence  Lifetime  Imaging:  A  Review
ITexLi.106423

91


	Cover
	Chapter 1 Fluorescent Dextran Applications in Renal Intravital Microscopy
	Chapter 2 Application of Excitation-Emission Matrix Fluorescence (EEMF) in the Wastewater Field
	Chapter 3 Fluorescence Imaging Enhanced by Members of the Graphene Family: A Review
	Chapter 4 Optical Chemosensors: Principles, Chemistry, Strategies, and Applications
	Chapter 5 Lifetime Determination Algorithms for Time-Domain Fluorescence Lifetime Imaging: A Review



