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ABSTRACT

Biological events can be mapped in real-time using fluorescent images at high spatial resolution through
the use of a powerful tool called fluorescence, and it is necessary to have ultra-bright fluorescent probes.
The detrimental effects associated with the existing fluorescence imaging probes and contrast agents are
the primary reason behind the greater involvement of nanotechnology. Developing advanced particles at
the molecular and supramolecular levels is the only way to address the constraints underlying the current
scenario. Nanosized structures dominate in multiple fields, especially in nanotheranostics, due to their
higher quantum yield, negligible photobleaching, excellent biocompatibility, tunable optical properties, and
improved circulation half-lives. Nanofluorophores, which are nanoparticles encapsulated or doped with
fluorescent dyes, play a crucial role in fluorescence-based imaging modality by providing noninvasive real-
time monitoring of the inner machinery of the anatomical and cellular structures. In addition to fluorescent
inorganic and organic nanoparticles, there are labeled hydrophilic and hydrophobic nanostructures,
semiconducting dots, carbon dots, as well as upconversion nanomaterials, etc., which are widely used in
fluorescent imaging. A comprehensive literature survey has been provided in this review since intense studies
are needed to clear the preclinic stage, thus opening up opportunities for future biomedical applications.
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INTRODUCTION

Non-invasive imaging has traditionally been
used to define gross anatomy and physiology at
the level of the entire organ in order to establish
a better understanding of the organ. There has
been a gradual advancement in technology over
the past few years, which has made it possible for
non-invasive imaging techniques to be used to
characterize molecular expression and physiology
at the cellular level. The growing trend of an
emerging field called “molecular imaging” has
the potential to have a significant impact on the
basic sciences and clinical setups [1]. It must have
a high degree of specificity for the target that can
be analyzed as an imaging tool or probe in order
to be able to monitor interactions at the molecular
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level, the spatial resolution is high enough to
image a diseased model, and the sensitivity high
enough to study interactions. Therefore, to make a
proper choice of technique, it is crucial to consider
the benefits and drawbacks of each imaging
modality. It is now possible to house and operate
in diagnostic laboratories that are capable of
performing MRI, CT, nuclear imaging, fluorescence
imaging, and bioluminescence imaging [2]. It is
alsoimportant to note that besides their diagnostic
abilities, the costs of these systems also have an
important impact on routine medical care. As a
result, fluorescence imaging plays a significant role
in diagnosis.

Fluorescence technology has been widely
employed in biomedical imaging and diagnostic
applications in research for decades due to its
improved adaptability and accuracy. Fluorescence
imaging provides outstanding spatial and
temporal resolutions when Compared with
other conventional imaging methods, enabling a
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thorough and detailed study in the visualization of
the organism [3-5]. The rich and broad spectrum
of technological advances engulfs the medical
sector. Although radiological techniques such as
X-ray imaging and computer tomography imaging
are utilized for clinical evaluation, their capacity to
assist the healthcare professional during medical
therapy is restricted [6, 7]. Despite significant
advances in imaging technology over the years,
disease detection during treatments continues
to rely on visible irradiation or the interpretation
of white light images through a microscope on a
computer screen. To improve the diagnostic and
therapeutic research findings, nanomaterials
provide a flexible framework for loading a range
of payloads, such as imaging agents, nucleic
acids, anticancer treatments, oxidizing agents,
and antibodies [8, 9]. Furthermore, because of
the unique properties of nanoparticles, such
as their fluorescent and magnetic properties,
nanoengineered drug carriers are gaining
popularity as therapeutic agents. Fluorescence-
based detection methods are frequently utilized
in small-animal research because of their precise
measurement, inherent biological safety, and
relative ease of usage in terms of cost, length,
flexibility, and compatibility among a diverse set
of technologies [10, 11].

The source of fluorescence in any object
mainly depends on a free electron in the orbital.
Generally, the electrons will be in the lowest
energy state, called a ground state. When photon
sources of energy hit an electron in the range,
the electron will absorb the energy and jumps
to the excited state [12]. To revert to the lowest
energy state from the highest excitation point, the
electron will release excess energy in the form of
photons. As a result of emission with lower energy,
emission light possesses a larger wavelength than
the excitation light. If fluorophores are sufficiently
stimulated, emitted photons often lie within
the visible spectrum and can be viewed using a
microscope. Almost every fluorophore releases
a photon at a specific wavelength, which makes
fluorescence imaging relatively easy [13]. The
photons that are emitted from the fluorescent
probes help to identify the different parts and
tissues in the body. They provide adaptability
and flexibility for the detection system by using
proteins, peptides, and other nanoparticles. In
fluorescence imaging, specific wavelengths of light
can be predicted because fluorophores release
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light at specific wavelengths.

The fluorescence of any particle can be
either increased or quenched by several factors
like the intrinsic properties of the molecule, the
environment of a molecule, and other factors
involved. Intrinsic properties of a molecule include
structural rigidity, substituent groups, the lifetime
of the fluorophores, quantum yield, etc. Any
fluorescent molecule must absorb in the range
of UV-Vis spectrum in order to emit fluorescence
[14]. This sort of absorption is characterized by
the index of hydrogen deficiency (IHD) or degree
of unsaturation. IHD denotes the availability of it
bonds and the presence of the number of rings
[15]. A molecule needs to be unsaturated in order
to absorb radiation and also to emit fluorescence.
Elucidating the relationship between the quantum
yield and the magnitude of the conjugation, the
length of t bonds in its singlet-excited state could
pave the way to designan organiccompound of high
fluorescence [16, 17]. The rigidity of the molecule
is usually decided by the number of bonds. Single
bonds can rotate, making the compound more
flexible, whereas the double and triple bonds
cannot rotate as free as a single bond making the
compound remain more rigid. This rigidity plays an
important role in fluorescence. A rigid compound
like fluorene increases the fluorescence intensity,
whereas a flexible compound like biphenyl
quenches the fluorescence [12].

The free electrons on the substituent groups
have a greater impact on the fluorescence
intensity. The substituent groups with an electron-
donating capability such as NH,, NO, NO,, NR,,
NHR, CN, OMe, OEt, OH, and NH_OH increase the
fluorescence [18, 19]. In contrast, the groups with
electron-withdrawing properties such as COOR,
COOH, COR, CHO, F, Cl, Br, and SH quenche the
fluorescence. Certain groups, including NH,*, SO,H,
and alkyl groups, do not affect the fluorescence.
The hydrocarbons with ring structure often decide
the intensity of fluorescence. In the aromatic
compounds, the fluorescence intensity is directly
proportional to the number of rings present [20].

Several photophysical events like internal
conversions, intersystem crossing, vibrational
relaxations, fluorescence, and phosphorescence
occur in an organic molecule after absorbing a
photon with suitable energy [21]. The Jablonski
diagram is the best possible way to represent the
entire process (Figure 1). Each and every process
happens in fluorescence with a certain probability,
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Fig. 1. Jablonski diagram to represent the photophysical processes
during fluorescence

characterized by the decay rate constant. The
lifetime of the fluorophore represents the average
time the molecule takes to decay from one state
to another, which is reciprocally proportional to
the decay rate [22]. It can be simplified that the
fluorescence lifetime is the time necessary for a
population of excited molecules or fluorophores
to decrease exponentially by the loss of energy
through radiative or non-radiative pathways.
The fluorescent lifetime is independent of the
emission intensity and the concentration of the
fluorophores [23]. The lifetime is mostly affected
by the structure of fluorophores and external
factors like polarity, quenchers, temperature,
and pH [21, 24]. The other important parameter,
quantum vyield, is very important to represent
the efficacy of a fluorophore. The quantum yield
is defined as the efficiency of a fluorophore to
convert the light absorbed to the emitted light
[25, 26]. The emitted light is usually in the form of
fluorescence. Thus, the quantum vyield is directly
proportional to the intensity of the fluorescence
and independent of the concentration of the
sample. Even at low concentrations, if the
quantum vyield of the fluorophore is higher, they
emit strong fluorescence.

The environment of a molecule and other factors
involved

Oxygen is a well-known fluorescence quencher
molecule. The presence of oxygen leads to the
oxidation of fluorescent substances and converts
them to non-fluorescent ones. This quenching
of fluorescence occurs due to the paramagnetic
property of the molecular energy. The effect
of temperature on fluorescence can be very
prominently noticed [27]. High temperature may
cause a high rate of collision between atoms, due
to which the fluorescence intensity decreases.
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Fig. 2. Graphical representation shows the effect of
concentration on fluorescence

This is vice versa with the thickness of the sample.
A high viscous solution exhibits less collision,
which leads to an increase in fluorescence [28]. In
the case of concentrations, deviations at greater
concentrations create self-quenching or self-
absorption. Increasing the concentration of the
sample eventually decreases the intensity (Figure
2). This can be explained by the inner filter effect,
which occurs due to the high absorption rate of the
sample. In order to avoid the inner filter effect, the
sample can be diluted before the measurements.

Nano-based fluorophores for cellular imaging

In addition to high contrast, imaging in
targeted areas, and reduced cytotoxicity, different
nanomaterials are being developed for molecular
and cellular imaging (Figure 3). A nanomaterial
can provide images for a longer period than
molecular imaging probes because of its high
retention time. As a result of surface plasmon
resonance, nanomaterials are able to display
finer optical properties after interacting with
specific wavelengths of light that cause electronic
oscillation. Each fluorescent nanomaterial is
discussed below.

Quantum Dot

GoldNps  Graphene QDot

Fig. 3. Application of nano-based fluorophores
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Quantum dots

Anew class of nanoscale light-emitting particles
called quantumdots(QA)isemergingasfluorescent
probes for biomolecular and cellular imaging
[29, 30]. The inorganic particles have optical,
magnetic, or electronic properties that can be
harnessed by these semiconducting nanoparticles
with unique size and shape configurations. Most
of these are derived from elements in the Il and
VI or Il and V groups. When a photon of visible
light hits a semiconductor, it leads to an electron
jumping from a lower electronic state to a higher
electronic state by causing excitation. When it
comes to a lower energy level, it releases energy
in the form of fluorescence. The diameter of an
excitation spectrum, the width of the emission
spectrum, photostability, as well as the decaying
lifespan are all factors that influence adaptability
to various conditions [31, 32]. Compared with
typical fluorophores, these quantum dots have
better bright imaging efficacy with improved
molar excitation, which is higher than 100
times. Many biological applications require
solubilization of QDs, but this is a challenging
task. They are often employed as nanocarriers
for signal enhancement, which includes electron
transfer promoters, nanozymes, detectors, and
electrocatalyst labeling components, resulting
in innovative biosensing techniques [33, 34]. As
fluorescent nanoparticles, QDs can be used for

many applications, including detection of cancer
indicators, labeling of specimens for classification,
and identifying even the smallest lesions through
medical imaging. The use of QDs for early cancer
detection and classification has been investigated
in clinical trials.

The quantum yield of QDs can be enhanced by
attaching shell layers keeping the semiconductor
at the core [35]. The optical properties of the
QDs vary with the varying diameters of shells
and cores to optimize the image quality. Most
of the biomolecules absorb light either in the
UV or visible range and therefore interfere with
biomedical imaging. Therefore, there is a need to
develop an optical probe that absorbs NIR, and
tunable QDs are well known in this account to
generate the diversity of the absorption spectrum.
In addition to the tunable excitation wavelength,
QDs possess a narrow emission spectrum and
higher Stokes shift that benefits the fluorescence
signal to generate multicolor bioimaging, where
conventional fluorescent organic dyes fall short
[36, 37].

Poor resolution, photobleaching, and
autofluorescence are the two major concerns
in visualizing cancer cells using a fluorescence
microscope that affect the proper diagnosis.
QDs are useful in this respect due to their high
quantum yield to visualize tumors with higher
spatial resolutions in vivo. Due to the enhanced

Table 1. Fluorescent nanodots used in theranostics

No. Type Conjugation Approach Application Ref.
Quantum Dots (QDs)
1. Black phosphorus quantum dots (BPQDs) Paclitaxel Theranostics Imaging agent of photothermal optical coherence tomography [44]
and combined chemotherapy-photothermal cancer therapy
2. CuzS QDs Zn doping Theranostics Tumor cell imaging and chemodynamic therapy (CDT) [45]
3. MXene QDs Chitosan Immunomodu  Treatment of degenerative diseases through the material-based [46]
lation tissue repair system
4. Hydrophobic QDs-lipid nanocarriers siRNAs and anti-EGFR aptamer- Theranostics Carrier for RNA interference and fluorescence imaging of triple- [47]
lipid conjugates negative breast cancer (TNBCs)
5. Fluorescent carbon QDs Rose Bengal (RB) Theranostics Drug delivery, tracking of mitochondria, and mitochondria- [48]
photosensitizers targeted Photodynamic

6. ITK-CARBOXYL QDs Cholera toxin B (CTB) Cell Labeling Multigeneration mammalian live cell tracking [49]
605, 655, and 705 nm and tracking

7. PEG-coated QDs Thiolated arginine-glycine- Bioimaging Tumor vascular targeted imaging through strong integrin avb3- [50]

705 nm aspartic acid (RGD) peptide binding affinity
8. ZnxHg1-xSe QDs Bovine Serum Albumin (BSA) Cell labeling Specific fluorescence labeling and imaging of biomolecules. [51]
630 nm and bioimaging

9. PEG-coated fluorescent Streptavidin QDs Biotinylated ligand of dendritic Cellular Investigation of cellular signaling processes. [52]
cell-specific pathogen-uptake tracking and
receptor (DC-SIGN) monitoring

10. CdSe/CdS/znS QDs Doxorubicin Drug delivery Treatment of pulmonary disease through targeted macrophage- [53]
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Continued Table 1.

11. Streptavidin QDs Tat peptide Theranostics Delivery of nanoparticles to living cells, Intracellular imaging, [54]
655 nm and therapy
12. Magnetic-QDs Zn0 Theranostics MR imaging and combinational photodynamic and radiation [55]
therapy for cancer
Carbon Dots (CDs)
1. N-hydroxyphthalimide-derived CDs Manganese-Doping Theranostics Strong MRI signal with better anti-tumoral properties against [56]
breast cancer
2. Near-infrared fluorescence CDs S, N doping Theranostics Fluorescence (FL) imaging, photoacoustic (PA) imaging, and [57]
photothermal therapy (PTT) for cancer
3. Green synthesized CDs - Theranostics Effective probe for NIR-Il imaging and Photo thermal therapy [58]
Source: watermelon juice (PTT) for cancer
4. Fluorescent CDs PEGylated shell and Theranostics Gene delivery and monitoring of the microenvironment [59]
hyperbranched poly (amido
amine) (HPAP)
5. Nitrogen-enriched CDs (NCDs) DNA nanostructures Theranostics Near-red fluorescence or photothermal therapy for non-small [60]
cell lung cancer
6. Negatively charged carbon quantum dots Tetraplatinated porphyrin therapy Photodynamic therapy for cancer [61]
complex (PtPor)
7. L-CDs Gadolinium doping Theranostics Multimodal magnetic-fluorescence imaging and gene delivery [62]
for cancer
8. Janus-like poly (methyl methacrylate)-b-poly Doxorubicin Theranostics Delivery of anti-cancer drugs and monitoring the real-time [63]
(ethylene glycol)-folic acid block-copolymer- response
grafted fluorescent CDs
9. Fluorescent CDs Hafnium-doping Bioimaging Effective probes for multimodal fluorescence-computed [64]
tomography imaging of liver tumor microenvironment
10. Green synthesized CDs Nitrogen doping and folic acid Bioimaging Imaging agent for cancer [65]
Source: crab shell
11. red emissive CDs (RCDs) Chlorine e6 Therapy Photodynamic and photothermal cancer therapy [66]
12. dual emissive carbon dots Mn2+ complex-modified Bioimaging Multimodal photothermal-fluorescent-magnetic resonance [67]
polydopamine (PDA) imaging of tumor microenvironment
Upconversion nanoparticles (UCNPs)
1. UCNPs Bismuth nanoparticle, silicon Theranostics Multimodal luminescence-computed tomography and [68]
dioxide nanoparticles photothermal therapy for cancer
2. UCNPs Poly (lactic-co-glycolic Acid) Theranostics Anticancer therapy for lung cancer by selective accumulation [69]
(PLGA) and nanocurcumin and monitoring the live response
3. UCNPs Aptamer, Photosensitizer- Theranostics Image-guided chemo and photodynamic theranostic approach [70]
Pyropheophorbide a and for cancer
doxorubicin
4. Rattle structured UCNPs hollow mesoporous silica shell, Theranostics Drug delivery and multimodal luminescence-magnetic [71]
pillarene-based supramolecular resonance imaging of tumor cells
valves, and doxorubicin
5. UCNPs MnO; Theranostics Image-guided photodynamic cancer therapy [72]
6. Sodium gadolinium fluoride UCNPs Lanthanide Theranostics Photodynamic cancer therapy and monitors the real-time [73]
lanthanide response of the therapy
7. UCNPs Tin dioxide, BSA, and Theranostics Image-guided dual hyperthermia and photodynamic cancer [42]
Doxorubicin therapy
8. Core—shell structured UCNPs Nanographene oxide (NGO), Theranostics Luminescent probe for image-guided combinational [74]
PEG, Chlorin e6 photodynamic-photothermal cancer therapy
9. UCNPs Gold nanoparticles Theranostics Temperature-controlled photothermal cancer therapy and live [75]
cell imaging
10. UCNPs Pyrolipid and rifampin Theranostics Image-guided photodynamic therapy against tuberculosis [76]
11. UCNPs miRNA (miR122), gold Theranostics Image-guided therapy for drug-induced liver injury 771
nanocages, and glycyrrhetinic acid
12. UCNPs Bismuth selenide Theranostics Dual luminescence - computed tomography and photothermal (78]

cancer therapy
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permeability and retention effect of QDs,
long-term tumor imaging is possible without
photobleaching. They can be used as intravascular
probes for theragnostic. Akerman et al. first
reported in 2002 about the in vivo applications of
QDs in cancer imaging [38]. The research showed
that ZnS-CdSe functionalized with lung targeting
peptides accumulates in the lungs of mice after
injection. Yu et al. synthesized QDs bioconjugated
with alpha-fetoprotein to monitor the in vivo
hepatomaimaging byimmunofluorescence. Alpha-
fetoprotein antibody is an important biomarker
for hepatocellular carcinoma and is used for active
targeting [39]. Tiwari et al. reported anti-HER2ab
conjugated CdSe-ZnS for in vivo imaging, and
the study clearly showed the biocompatibility of
conjugated particles in breast cancer imaging [40].
In 2015, Lin et al. reported size-dependent tunable
photoluminescent colloidal MoS, quantum dots
with well dispersed and low toxicity for real-
time optical cellular imaging [41]. Brunetti et al.
reported in 2018 that NT4 peptide-functionalized
NIR QDs with highly selective accumulation and
retention properties at the colon cancer site
were very promising in theranostics [42]. There
is an immense demand to develop potential
fluorescent probes in biomedical imaging having
bioavailability and biocompatibility. FeSe QDs
with multiple photoexcitation nature have similar
properties that were reported by Kwon et al. for
second window imaging. The biocompatibility was
judged by functionalizing the particles with human
epidermal growth factor receptor 2 (HEGFR2) after
PEGylation (polyethylene glycol conjugation) [43].
(Table 1).

Besides several useful applications, researchers
have shown that QDs are cytotoxic in vitro in
various cell lines and in vivo in a range of animal
studies. Though QDs demonstrated substantial
promise in clinical tests, notably for diagnostic
and therapeutic applications of cancer, extensive
work has to be done before QDs employment
in clinical practice. QDs have been reported to
cause health problems in laboratory animals
when administered in vivo. There are many
ways proposed to put forward explaining the
cytotoxicity of QDs. The release of free radicals,
particularly hydroxyl radicals, has been linked to
cytotoxicity. The composition of the core as well
as the representation of core size, appear to affect
toxicity. Nevertheless, interpreting cytotoxicity
data is challenging because of differences in QD
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cellular functioning and the potential involvement
of unanticipated factors in toxicity.

Carbon dots

Carbon dots (C-dots), known for their
characteristic size of less than 10 nm, have
emerged as a rising star in the carbon nanomaterial
field. C-dots contain sp?-sp3 carbon skeleton
and many other active functional groups making
them a potential candidate for imaging, catalysis,
biological, and energy-related applications [79,
80]. Its excellent water solubility and ease of
combining with other materials without phase
separation make it a perfect platform for many
important environmental, biological, and energy-
related applications. They possess higher quantum
fluorescent yields and exhibit lower toxicity, lower
costs, and improved biocompatibility. Carbon dots
have been extensively used in the bioimaging
of cells and tissues in both in vivo and in vitro
applications [81]. Tumor suppressor gene therapy
is a revolutionary approach to tumor growth
control. The siRNAs are widely used in studying the
silencing of genes. Fluorescent C-dots coated with
polyetherimide and functionalized with SiRNA
due to electrostatic interaction enhanced cellular
uptake for visualization [82]. C-dots-driven PDT
(photodynamic therapy), and PTT (photothermal
therapy) agents help in targeting and inhibiting
the tumors.

Conventional C-dots still have a long way to
go in terms of improving their optical capabilities.
NIR (Near-infrared) light is more penetrating,
less cytotoxic, and can be easily used for in vivo
imaging since it penetrates more deeply [83].
At the same time, C-dots did not produce near-
infrared energy until sometime after their entry.
In the future, it will only be possible to achieve
the full potential of these materials through the
development of NIR C-dots. It is also essential to
address issues relating to C-dots heterogeneity
since it has the potential to cause inconsistencies
in size or quantum yield that will cause waveband
ambling and fluorescence attenuation to occur in
C-dots [84].

Fluorescent proteins

Fluorescent proteins (FP) are members of the
structurally homologous class of proteins, which
are gaining importance day by day in emerging
biological and biomedical fields [85, 86]. FP is
commonly used to monitor the dynamic cellular
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process in a variety of biological systems. FP
covers a wide range of fluorescent colors, from
short violets to almost infrared. They are classified
into a wide variety of colors so that they can be
used to differentiate the phenotypic or genotypic
marker for cancerous cells. For example, highly
malignant tumor cells will be labeled with Green-
shifted fluorescent proteins (GFPs), while the low
malignant tumor cells will be labeled with Red-
shifted fluorescent proteins (RFPs) [87]. This allows
a better comparison of cancerous cells in contrast
to non-cancerous cells in vivo. RFP has been
found to have numerous advantages over other
fluorescent protein types in terms of applications
involving multiple colors. These methods have
enabled the study of biomolecular pathways,
biological functions of cells, and molecular biology,
in a way that has generated a massive change in
the biological world. During the year 2008, three
researchers including Roger Tsien, Martin Chalfie,
and Osamu Shimomura were awarded the Nobel
Prize in Chemistry for their breakthrough research
that led to “the discovery and development of the
GFP” [88]. The emission range between 442-650
nm represents the family of fluorescent proteins,
including GFP. It was discovered that Aequorea
Victoria had GFP of a molar mass of 27-30
kDa in the year 1992 [89]. There are eleven
strands comprising the barrel structure of GFP,
characterized by certain strand topologies, which
we all know as B-strands. The C-terminal strand
carries a majority of the non-covalently attached
amino acid residues that come into contact
with the fluorophore which affects its color and
excited-state properties. It is superimposed with
a -helices along its central axis. During internal
helix synthesis, amino acids 65-67 are responsible
for chromophore synthesis. GFP is characterized
by the unique property to act as a pH sensor
[90]. The pKa value of GFP is determined by many
factors, like presence of amino acids that make up
the chromophore, as well as amino acids that may
be closely associated, like H148 and T203. At the
beginning of the GFP revolution, it was discovered
that the internal tripeptide Ser65-Tyr66-Gly67
on the F-helix synthesized the chromophores by
inducing intramolecular cyclization. This resulted
in one of the most widely used types of GFP, the
S65T mutant, in which the chromophore is present
in its deprotonated form 4-(phydroxybenzylidene)-
5-imidazolinone, p-HBI) at basic pH [91, 92].
During a study, researchers noticed that
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the RNA aptamers were able to bind to DFHBDI
(@ GFP chromophore-3,5-difluoro-4-hydroxyb
enzylidenedimethylimidazolinone)  [93]. The
fluorescent proteins are non-genetic molecules
that can be used for labeling cells, organelles, and
enzymes, aside from being genetically encoded.
Because of these properties, FPs are superior for
in vivo imaging in comparison with chemically
synthesized dyes. Chromophores do not require
any additional enzymes or cofactors other than
oxygen molecules to produce a chromophore. A
target protein that is genetically labeled with FP
has been shown to have no adverse effects when
delivered to living cells. The fluorescent proteins
can emit light between the wavelengths of 650—
900 nm, which places them within the range of
the near-infrared spectrum. Fluorescent proteins
have many obstacles to working in vivo and one
of the greatest hurdles is reacting with water,
hemoglobin, and fats [94].

Aggregation-induced emission NPs

The use of organic light-emitting materials,
specifically NIR materials in organic light-emitting
diodes, has usually remained constrained by
aggregation-caused quenching (ACQ) [95].
Organic luminous materials are typically
investigated in dilute solutions. The molecules in
the dilute solution interact through intermolecular
interactions. The photophysical properties of many
organic compounds in a dilute solution are very
different from those in a concentrated solution.
Hydrophobic aromatic compounds are the most
commonly used organic luminescence probes
since they cannot dissolve in water. Consequently,
they tend to precipitate and aggregate in water,
which results in the ACQ effect [96]. A dilute
organic solution with five phenyl rotors undergoes
intramolecular rotations that could allow the
excited states to be non-radioactively annihilated,
which leads to the absence of luminescence.
These aggregates do not emit IR because the
molecules are densely packed. In the formation of
an aggregate state, these IRs and ni—mt interactions
can be limited, turning off the non-radiative
transitions and activating the radiative pathways.
Hence, the process is named aggregation-induced
emission (AIE). This AIE material can be actively
used in various fields including luminescence
probes bioimaging, and the ACQ effect is a major
hurdle in fluorescence imaging [97-99].
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Multiplexed in vivo imaging

The use of nanomaterials in living organisms
has increased drastically in recent times for better
understanding and visualizing of the diseases
and diagnostic therapy and drug administration.
These findings have a goal to reach the level
of therapeutic standards. Moreover, no single
material has been satisfied or capable of meeting
all the requirements in the imaging models.
Spatial resolution and penetration depth were
seen as the major drawbacks of in vivo imaging but
these are having many advantages in molecular
study. In MRI the nanoparticles help to visualize
the more spatial resolution compared with the
others, as well as having no limit for the tissue
penetration. Moreover, the nuclear nanoparticles
offer excellent sensitivity and help for a complete
scan. As a result, nanoparticles have shown novel
prospective applications that are corroborated by
the size of the particles and their surface charge.

Nuclear-fluorescence imaging

Nuclear medicine often referred to as
radionuclide imaging, is a type of noninvasive,
painless medical diagnostic technique that helps
in diagnosing medical disorders. Nanomaterials
adorned with radioactive isotopes are used as
diagnostic agents that depend on radioactive
decay [100]. In addition, these devices can
generate images of in-depth living organisms as
well as detectable capabilities, which range from
bone to soft tissue. Compared with conventional
imaging, nuclear imaging with PET/SPECT offers
several benefits, including noninvasive properties
that can track cancer cells. When imaging agents
target cancer-specific changes, the gamma camera
is utilized to record the energy emissions produced
bytheradiotracersand convertthe dataintoimages
[101, 102]. Combining radioactive tracers with PET
imaging has enhanced in vivo cancer functional
assessment. FDG or fluoro-2-deoxy-D-glucose
[18F], plays a key role in PET’s success story and is
frequently used for cancer diagnosis, staging, and
therapeutic management [103, 104]. According to
clinical and pathological studies, IRDye 800CW had
no toxicological effects on the experimental group
of rats [105]. A radio chemically synthesized 64Cu-
E4-Fl was found to be a good bimodal agent for
detecting and confirming the individual specifying
GLP-1R-binding and had higher sensitivity than
radioactive isotopes labels. These were used in PET
imaging to enhance pancreatic autoradiography
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and also in preoperative fluorescence imaging.
Based on hematological, clinical chemistry, and
histopathological analyses of tissues harvested
from rats, it was found that NIRF dye IRDye
800CW does not cause any harm to organs. The
breakthrough of diagnostic imaging offers an
additional path for in vivo imaging advancements.
In animal models, nuclear imaging has high
penetration levels but superior temporal signals
can be found by fluorescence imaging [106, 107].

Magnetic resonance-fluorescence imaging
Magnetic Resonance Imaging is a non-ionizing
imaging method, which offers cellular and
morphological analysis of live organisms with a
spatial resolution of 1 mm and the capacity to scan
the whole body. The major downside of imaging
modality is inability to acquire cellular imaging
level information [108]. Fluorescence imaging
in living animals is hampered by a lack of light
penetration. High image resolution and sensitivity
imaging of both cells and tissues could be obtained
by combing cellular-sensitive  fluorescence
imaging with MR imaging. Iron oxide nanoparticles
have both multifunctional magnetic targeted
platforms for high effectiveness of traceable
amounts of drug delivery in vitro and have long
been employed as contrast agents in MR imaging
and are able to produce a preliminary picture of
reticuloendothelial and tumor-targeting probes.
Quantum dots (QDs) with high luminescence
paired with magnetic nanoparticles or ions
offer a unique special generation of bio-imaging
nanomaterials. By combining two capabilities
in one single particle, a sensitive imaging agent
can be created that can be used for two very
strong and complementary imaging modalities.
It has been demonstrated that combining two
functions of nanoparticles can result in a highly
sensitive contrast agent that can be used for
two complementary imaging techniques that are
extraordinarily efficient and powerful [109, 110].

NIR imaging

NIR (Near-infrared) spectroscopy is a non-
destructive, in-situ analytical technique that
employs near-infrared light to interact with
materials. The electromagnetic  spectrum
represents the wavelengths of light based on
the absorption of electromagnetic radiation in
the range of 780 to 2,500 nm [111, 112]. Near-
infrared spectroscopy tests for electromagnetic
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absorption at wavelengths in the detector to
detect the sample’s transmittance and absorbance
after the light interacts with it. The quantity of
light is transmitted entirely through the sample
and reaches the detectors which are referred to
as transmittance. Absorbance is an estimate of
how much light a sample absorbs. The detector
detects the light that passes through the samples
and turns the signal into a digital output and
absorbance. Light in the infrared spectrum absorbs
and causes molecules to vibrate and spin. Light
absorption in materials is generally not uniform
and is influenced by molecular organization. More
strong absorbance may be seen at particular
intervals, as shown by the broad absorption
bands. Overtones and combination bands caused
by CH, OH, and NH bonds dominate the NIR area.
Overtones, combination modes, anharmonicity,
and vibrational potentials can be studied using
NIR spectroscopy. NIR spectroscopy is indeed
another method for studying hydroxyl groups,
intermolecular and intramolecular interaction,
and hydration [113]. Non-contact investigation
and analysis employing an optical light fiber probe
are possible with NIR spectroscopy. In a risky
setting, NIR spectroscopy may be used to remotely
adjust the probe. One of the reasons why NIR
spectroscopy is suitable for online analysis is
because of this attribute. This analysis was much
more useful for in-situ analysis of non-destructive
materials and suitable for aqueous solution
analysis.

A wider variety of samples can be analyzed
using NIR spectroscopy including particles that
are particularly absorbent, and dense materials.
For separating samples, these systems use long
fiber optic cables to separate measurement
positions. They can also be used to monitor
industrial processes online. By measuring multiple
physicochemical properties from one spectrum,
it is possible to determine several properties
of chemical compounds. Using the blood flow
and oxygen consumption responses to cerebral
activation, it is possible to measure changes in
oxygenated and deoxygenated hemoglobin that
can help resolve ambiguities.

NIR fluorophores in the emission range of 700-
900 nm such as ICG (Indocyanine green) and MB
(Methylene blue) were approved by FDA for clinical
use [58, 114]. The advancements of fluorophores
made drastic progress in biomedical fluorescence
imaging techniques. ICG emits around 800 nm
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and MB emits around 700 nm. It is possible to use
ICG and MB simultaneously during intraoperative
imaging to visualize the vasculatures, including
the digestive tract, ureters, bile duct, and blood
and lymphatic vessels. Image-guided surgeries
can also be performed with the assistance of NIR
fluorophore. Despiteits high serum protein binding
and greater quantum yield, ICG exhibits minimal
extravasation and provides clear imagery of the
anatomical structures. A major concern is that ICG
cannot be used in a clinical setting to visualize a
wide range of anatomical features because they
lack biochemical information. IR 800 dye was the
first to get approval from the FDA in the first phase
of human clinical trials. Cetuximab is an anti—
EGFR therapeutic antibody to treat head and neck
cancers labeled with IR 800 dye that can target the
tumor-specific receptors across the various types
of cancers [115, 116]. The application of IR-783 in
cervical cancer detection and diagnosis has yet to
be fully explored (Table 2).

Upconversion nanoparticles

The upconversion nanoparticles (UCNPs)
are rare earth metals, which contain a unique
class of lanthanide series of elements featuring
a wealth of electronic transitions with 4f inner
shell configurations with unique and abundant
energy levels [117-120]. The intra-4f electron
shifts of lanthanide ions generate UC emissions
without breaking chemical bonds. Upconversion
nanomaterials are the latest imaging contrast
agents. These upconversion nanomaterials utilize
multiple photons as a source of energy, which
converts low to high-energy light under a shorter
wavelength. As the result of the upconversion
process, the nanoparticles display impeccable
luminescence properties, allowing for high
photovoltaic stability, a long lifetime, and tunable
emission. Biological samples can be successfully
visualized even at high penetration depths by
using upconversion nanoparticles. Their unique
feature is a new family of fluorophores, which
use a nonlinear optic mechanism to transform
near-infrared energy into visible radiation. UCNPs
can be strongly doped due to extensive energy
flow contact by slightly adjusting the spectrum
tunability of photon upconversion. Doping large
quantities of lanthanide ions into UCNP has proven
to be a feasible approach to increasing photon
upconversion emission intensity. Desirable targets
can be easily linked and their visible light emitting
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Table 2. Various NIR fluorophores and their properties.

Dye Emission Excitation

Application

Advantages

IR- 125 783 833

IR- 140 700-800 840-915

draining lymph nodes, represents the most common location for initial nodal micrometastases

IR- 780 777 823
IR-783 745 820
IR- 800 774 789
IR- 813 815 863
IR- 820 818 867
[o%] 650 670
cy7 743 767

Ability to serve as an ICG equivalent fluorophore

High stability in aqueous solution

Tumor imaging, Vessel imaging

Cervical cancer detection and diagnosis

Tumor imaging and targeting ligands

IR-813, which is utilized for near-infrared real-time trafficking in sub-capsular areas of the

High dual-therapeutic agent loading for immunotherapy

Combination of proteins and nucleic acids for imaging, flow cytometry, and genomic study

Imaging of tumors, tissues, and organs from the structural and functional perspective

Demonstrate not only apoptotic changes in cells but
also peripheral blood cell groups
Widely used as photothermal agent and
photosensitizer
Potential in dual imaging and tumor-killing in
cancer cells
Possesses cancer targeting and anticancer
effects
Excellent localization of the tumor and promising
agent for fluorescence-guided surgery
Capable of concentrating chemotherapeutic delivery
directly to the targeted region
Similar to ICG but with improved stability and a longer
plasma half-life in vitro and in vivo
It has the potential fundamental ability for
intraoperative detection and resection of
malignancies

Brighter and much more photostable

under the NIR irradiation makes them suitable for
bioimaging [121]. There are several applications
for UCNPs in theranostics, and they are uniquely
suited for this field since they combine imaging,
drug delivery, and therapy.

Over the vyears of advancement and
development of the UCNP-based carriers, UCNPs
are developed by surface modifications allowing
them to deliver the DNA and RNA [122]. The
luminance of the UCNPs helps to visualize the
tracking of gene delivery to the target site.
Indocyanine fluorescent probes are used to
visualize tumor progression in choroidal melanoma
and help the treatment development [123]. By
using polycations, which are extensively used for
transport materials across membranes, surface
modifications of UCNPs can be accomplished by
direct incorporation. Photodynamic therapy (PDT)
is a noninvasive treatment executed by using
photosensitizer molecules and oxygen for killing
cancer cells [124, 125]. Most of the photosensitizer
molecules can be excited in the visible and UV
regions which limits their penetration levels into
the tissues. Using these UCNPs which are normally
activated by the NIR region has great penetration
depths and also acts as an energy donor. UCNPs
have been promising in the diagnosis and
treatment of tumors inside the body by providing
luminescent bio-labels with high stability.

Fluorescence image-guided therapy
Nanoparticles are of huge interest as their
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surface can be functionalized with multiple
moieties such as drugs, contrast agents, peptides,
receptors, and fluorophores. Oncological surgery
lacks success rate, as it cannot clear out complete
cancerous spots even though the surgery was
planned with advanced imaging reports [126].
Once the body is cut open, surgeons struggle to
find the cyst that is spread along. In order to help
surgeons with a successful surgery and to minimize
the mortality rate, the surgery can be assisted with
an imaging technique. Nanoparticles tagged with
fluorophores can well assist the surgery to find
even a minute cyst and provide real-time tracking.
Several studies concluded that gold nanoparticles
could serve as the best candidate for carrying
fluorophores to track cancer cells during surgery.
Besides open surgery, endoscopy, laparoscopy,
and robotic surgery can also be assisted by
detecting the fluorescently labeled structures.
Fluorescence image-guided surgery (FGS) is
superior in its detection and resolution [127, 128].
Despite their advantages, several reasons limit the
use of FGS. The number of clinically recognized
fluorescent dyes is very less. Sometimes in order
to avoid the interference of the surgical light with
the fluorescent emission channel, the surgical
light head needs to be turned off while detecting
the glowing cancer cells. This makes the surgery
personnel involved feel uncomfortable and
might also increase uncertainty. Thus, FGS needs
immense validation studies and clinical trials for
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its implementation in routine patient care [129].

CONCLUSION

Fluorophores used in fluorescence imaging
have seen enormous progress in recent years.
Due to the limitations possessed by the
conventional dyes, nanobased fluorophores
have made a great entry into the imaging sector
space required. Despite their excellent features,
nanoparticles show adverse effects that need
to be addressed for their vital use in vivo.
Because the nanoparticles have a large diameter
compared with the conventional fluorophores
or an incompatible surface charge, reaching the
desired site can be difficult, which can reduce
imaging effectiveness dramatically. Therefore,
the development of fluorescent nanoparticles
is essential that retain their outstanding optical
properties and must be accompanied by smaller
sizes and appropriate charges. Additionally, some
nanoparticles, especially quantum dots, can be
toxic to living organisms. Nanoparticles can cause
cytotoxicity and genotoxicity in the cells when
dispersed throughout the living body. A quantum
dot, for instance, contains heavy metals that
may irreversibly affect the structure of proteins.
The activity of several proteins depends on the
metal ion conjugation, and these heavy metal
replacement can cause severe effects, even
death. To avoid such limitations, a scientist should
concentrate on the solubility and homogeneity
of the nanomaterial, which is important for
the stability of nanomaterials for fluorescent
imaging. Low toxicity of nanomaterials by making
them biocompatible and biodegradable are
the other essential parameters. Additionally, to
meet the demands of a variety of experiments,
the nanomaterial should be able to absorb and
emit a wide spectrum of light. In conclusion,
more research has to be carried out to better
understand and tune the properties of fluorescent
nanomaterials, such as  biocompatibility,
biodistribution, cellular uptake, clearance, and
toxic response. Further continuous efforts can
bring out multi-modality imaging into the picture
without producing adverse effects. A strong motive
to develop stable and biocompatible material can
fulfill the concerns regarding imaging techniques
to monitor the cellular process much better, which
will help in better diagnosis followed by treatment.
The intrinsic therapeutic ability of nanomaterials
is an added advantage along with the diagnosis.
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Sometimes it can be the natural properties or
gained through a surface modification that can
help in therapy in combination with fluorescence-
based diagnosis. As a whole, one can conclude
that the fluorescence-based theranostic particles
can be fabricated that would help in targeted
diagnosis and therapy.
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