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Carbon dots (CDs) have emerged as an exceptional alternative to traditional fluorescent probes for cellular
imaging due to their high brightness, photostability, tunable fluorescence emission, and low toxicity. These
properties make CDs ideal for applications requiring high sensitivity and minimal phototoxicity. However,
their optimal potential is realized when combined with advanced fluorescence imaging techniques like
fluorescence lifetime imaging microscopy (FLIM). FLIM provides deep insights into dynamic cellular
behaviors by measuring fluorescence lifetimes, offering information that traditional intensity-based
methods cannot measure. Thus, this review explores the optical properties and fluorescence
mechanisms of CDs. The use of UV-vis absorption and photoluminescence (PL) spectroscopy is also
discussed to illustrate the unique behavior of CDs. Their applications in cellular imaging, including
organelle visualization and real-time tracking of intracellular processes, are examined. The combination
of CDs with FLIM enhances the sensitivity of cellular imaging, enabling label-free, time-resolved
measurements of cellular dynamics. This integration allows for precise monitoring of metabolic shifts,
molecular interactions, and bacterial detection via multicolor imaging. Finally, we addressed the
challenges and future directions in optimizing CDs and FLIM, with a focus on improving temporal and
spatial resolution. The combination of CDs and FLIM holds transformative potential for advancing
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1. Introduction

Cell imaging has revolutionized biological research by enabling
real-time visualization of dynamic molecular processes with
unprecedented spatiotemporal resolution.”” This technique
focuses on observing the structures and activities within living
cells, providing high-resolution images of processes such as cell
development, migration, and intracellular transport. The cell
imaging techniques rely on the alteration between electromag-
netic wavelengths and cellular structure.* The non-invasive
imaging techniques (like fluorescence microscopy) are
increasingly common for examining live cells and identifying
specific targets.* The photophysics of fluorescence imaging is
based on three steps: firstly, specific wavelength photons excite
fluorophores to higher electronic states (S, — S;), then non-
radiative relaxation occurs through vibrational states.® Finally,
during the electronics transition (S; — S,), longer-wavelength
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biomedical diagnostics and therapeutic monitoring.

photons are emitted (Fig. 1). These principles have driven the
development of advanced imaging methods that help to over-
come diffraction limits, achieving nanometer-scale resolution
approximately less than 20 nm (nanometer). Super-resolution
techniques, such as STED microscopy (which uses patterned
excitation) and STORM (based on stochastic fluorophore
switching), exemplify these advancements.*® Additionally, near
infrared (NIR-II) imaging (operating between 1000-1700 nm)
allows deeper tissue penetration by minimizing photon scat-
tering and autofluorescence.”*®

Despite these innovations, early detection of diseased cells
remains challenging due to insufficient monitoring and diag-
nostic methods, often leading to delayed or false diagnoses.'>*?
Diseased cells exhibit complex biological structures, including
microscopic entities like ions and biomolecules e.g., reactive
oxygen and sulfur species (ROS), as well as microenvironmental
factors such as pH, viscosity, oxygen levels, and molecular
markers (e.g., peptides, proteins, and nucleic acids).** These
factors play critical roles in cancer progression, drug resistance,
and metastasis. For instance, cancer cells often exhibit extra-
cellular pH downregulation and glutathione (GSH)
overexpression.”>” Although these changes at the cellular and
molecular levels are very important in disease, but traditional
clinical imaging techniques like CT, PET, MRI, and ultrasound
aren't often sensitive enough to detect early biochemical and
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Fig. 1
Jablonski diagram of fluorescence.

microenvironmental changes.'®?® Moreover, some techniques
(e.g., CT and PET) carry radiological risks, further limiting their
suitability for repeated or high-resolution monitoring.* There-
fore, it is imperative to develop cutting-edge imaging technol-
ogies that are capable of accurately and safely diagnosing these
subliminal diagnostic changes.

In response to the growing demand for accurate, real-time,
and high-resolution imaging in biomedical research and diag-
nostics, FLIM has emerged as a powerful alternative to
conventional optical methods.*** Unlike traditional fluores-
cence microscopy, which depends heavily on signal intensity
and is often affected by factors like fluorophore concentration
and photobleaching, FLIM offers non-destructive, real-time
imaging with high spatial resolution.* It detects cellular and

Ilustration of the fluorescence microscopy, and phosphorescence. (Adapted with permission from ref. 11 Copyrights 2012, MDPI).

tissue-level biological structures, making it highly valuable in
clinical practice. FLIM enables label-free metabolic imaging of
autofluorescent molecules such as nicotinamide adenine
dinucleotide (NADPH) and flavin adenine dinucleotide (FAD),
and also facilitates the tracking of organelle-specific changes,
intracellular trafficking, signaling pathways, and molecular
interactions.”* The effectiveness of all imaging techniques,
including FLIM depends on the performance of the probes,*
which are critical for image quality, resolution, and depth of
detection (Fig. 2).

While the traditional fluorophores (e.g., coumarins, BODI-
PYs, cyanines) have often suffered certain drawbacks that limit
the imaging quality, brightness, Stokes shift, and tissue
penetration.””** It also has poor photostability due to ROS
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Fig. 2 Common fluorescent probes for bioimaging. (Adaptedt with permission from ref. 26 Copyrights 2012, Nature chemistry).
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generation during triplet-state transitions, which accelerate
deterioration. To overcome those hurdles, the modern probes
are engineered with specific improvements. Firstly, excitation/
emission wavelengths higher than 650 nm diminish auto-
fluorescence. Secondly, high brightness achieved by excellent
extinction coefficients and quantum yields (QYs) allows for low-
exposure imaging. Further enhancements contain significant
Stokes shifts (>100 nm) to reduce self-quenching, improved
solubility to prevent aggregation, and customized permeability
for live-cell labeling.**** These alterations are significantly
improving imaging performance and enabling researchers to
better understand biological processes at both the molecular
and cellular levels. As a result, FLIM is being integrated into
clinical diagnostics, offering improved capabilities for pathogen
detection, early cancer diagnosis, drug delivery, and metabolic
imaging. Unlike structural imaging methods, FLIM uniquely
captures nanosecond-scale decay kinetics of fluorophores,
making it highly sensitive to pH, ion concentrations, and
molecular interactions. FLIM has shown remarkable potential
in early cancer detection through NADH lifetime analysis (92%
accuracy in oral cancer screening) and Alzheimer's research via
tau protein aggregation monitoring.**** Its compatibility with
label-free metabolic imaging using NADH and FAD, along with
advanced computational tools, has made it indispensable in
both fundamental biology and clinical practice. This highlights
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the critical importance of sensitive and timely detection tech-
nologies in combating disease progression. To meet these
needs, researchers are not only working on the imaging tech-
niques but also pay high attention to the fluorescent
materials.***” Among these, a wide variety of fluorescent
probes/materials are being employed, including organic dyes,
fluorescent proteins, quantum dots (QDs), up-conversion
nanoparticles,® silica nanoparticles, gold nanoparticles, and
fluorescent metal nanoclusters.*® Each offers unique advan-
tages in imaging stability, brightness, biocompatibility, and
functional tunability. Notably, carbon-based nanomaterials
(CNMs) have gained significant interest due to their desirable
properties, such as earth abundance, low cost, and resistance to
photobleaching.**** These characteristics make CNMs highly
promising for applications in biosensing, bioimaging, solar
cells, phototherapy, drug delivery, and batteries.

The family of CNMs comes in a variety of forms, spanning
from 0D to 3D structures, and can exist in both crystalline and
amorphous states*>** (Fig. 3a). The remarkable sp* hybridiza-
tion of carbon is one of its most striking properties, which
allows it to generate a wide range of nanostructures.*>*® The
members of this multipurpose family all have their own set of
unique properties; for example, diamond is very hard and very
thermally conductive, and graphene is very electrically and
mechanically strong. Therefore, the researchers engaged in the

(a)

(b)
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Fig. 3

(a) Graphical representation of carbon family that varies from 0D to 3D (adapted with permission from ref. 55 Copyrights 2021, Materials,

MDPV). (b) Four categories of CDs and their structures: graphene quantum dots (GQDs), carbon quantum dots (CQDs), carbon nanodots (CNDs),
and carbonized polymer dot (CPDs) (Adapted with permission from ref. 56 Copyright 2021, Wiley-VCH).
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advancement of fluorescent and luminescent CNMs, including
silicon nanoparticles, polymer dots (PDs), upconversion nano-
particles, and CDs. Regardless of these developments, CDs have
risen to recognition as a biocompatible, environmentally
responsible, and affordable fluorescent CNM.* It's worth
mentioning that, researcher made a serendipitous finding
during the purification of carbon nanotubes (CNTs) when they
observed a luminous fraction of CNMs, leading to the identifi-
cation of CDs.*® Afterward, atomic force microscopy (AFM) was
used to analyze the fraction, sparking considerable interest
among researchers thereafter. CDs are characterized by their
diminutive size (<10 nm), graphitic core, and surface functional
groups such as hydroxyl (-OH), amino (-NH,), and carboxyl
(COOH).* These characteristics endow CDs with exceptional
fluorescence, biocompatibility, aqueous solubility, and adapt-
ability for diverse applications.*>** With adjustable emission
spanning from ultraviolet (UV) to NIR, exceptional photo-
stability, and resilience against photobleaching. In general, CDs
are divided into four categories based on their core structure.
These include graphene quantum dots (GQDs) with a 2D gra-
phene core, carbon quantum dots (CQDs) with a spherical
crystalline core, carbon nanodots (CNDs) with an amorphous
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core, and carbonized polymer dots (CPDs), which have a poly-
mer matrix that is either dehydrated or partially graphitized®>*
(Fig. 3b).

CDs are synthesized through diverse strategies, broadly
classified into top-down and bottom-up approaches. Top-down
methods include arc discharge, laser ablation, electrochemical
oxidation, and chemical oxidation. Whereas bottom-up tech-
niques hydrothermal/solvothermal  processes
microwave-assisted synthesis, pyrolysis and template-assisted
methods. Due to their heteroatom doping, surface passiv-
ation, and quantum confinement, CDs are more optically
versatile than organic dyes and classic fluorophores like QDs,
and they don't contain the harmful heavy metals that QDs
normally contain.’” The synergy between FLIM and nano-
materials directly addresses the earlier-mentioned clinical need
for sensitive detection of cellular abnormalities, while the
photostability of CNMs specifically mitigates FLIM's photo-
bleaching challenges in thick tissues. Together, these develop-
ments in FLIM-coupled nanomaterial systems represent
significant progress toward achieving the required diagnostic
sensitivity and therapeutic efficacy to combat disease progres-
sion and recurrence. FLIM is considerably enhanced by CDs
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Fig. 4 The pictorial representation of the paper.
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because they enable particular targeting, multiplexing, and
valuable lifespan information.”®*® Their remarkable adapt-
ability renders them a highly promising tool for unraveling the
mysteries of cells. A number of studies have been published
covering the synthesis, characteristics, and uses of CDs in many
different potential sectors. To the best of our knowledge, no
comprehensive review has yet focused on the application of CDs
in cellular imaging utilizing FLIM. Therefore, this review
provides an integrated perspective combining the photo-
physical understanding of CDs with advanced FLIM method-
ologies to elucidate cellular and subcellular processes. The
novelty of this work lies in presenting, for the first time,
a systematic analysis of CDs as FLIM probes for cellular
imaging, bridging the gap between nanomaterial photophysics
and fluorescence lifetime-based bioimaging. Thus, this review
begins by exploring the photophysics of CDs, delving into their
luminescence mechanisms and emphasizing the process of
cellular uptake and the distribution of CDs within intracellular
organelles. The discussion then transits to provide a concise
overview of FLIM instrumentation, covering both time-domain
(TD) and frequency-domain (FD) techniques. It also explores
the integration of FLIM with targeted dyes and nanoparticles,
highlighting their applications in revealing cellular dynamics.
The unique capability of FLIM to capture fluorescence lifetime
(r) data is emphasized, showcasing its potential to study the
temporal changes in cellular behavior. Finally, the review
examines several biological applications of FLIM in combina-
tion with CDs, showcasing their transformative role in cellular

Table 1 Characterization techniques for CDs
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and subcellular imaging. The graphical abstract of the entire
paper is shown in (Fig. 4).

2. Evaluation and characteristics of
CDs

Understanding the structural and optical properties of carbon
dots (CDs) is crucial for their wide-ranging applications. Tech-
niques such as Transmission Electron Microscopy (TEM) allow
for ultrastructural identification, while Fourier Transform
Infrared Spectroscopy (FTIR) is employed to analyze oxygen-
containing functional groups. Additionally, efficient UV
absorption, unique PL characteristics, and insights into lattice
structure through X-ray diffraction (XRD) all contribute to
a comprehensive understanding of CDs.*® AFM is another
powerful technique that provides imaging at nanometer-scale
resolution. In AFM, a cantilever with a sharp tip scans the
surface of the sample.®* Table 1 and (Fig. 5) represent valuable
insights into the characterization of CDs, enhancing our
understanding of their properties through these key
techniques.

The optical properties of CDs make them highly valuable for
a range of applications, particularly in cellular imaging. These
properties stem from the unique surface chemistry and elec-
tronic structure of CDs, which set them apart from other
nanomaterials. CDs are known for their impressive PL, high QY,
broad emission wavelength range, and outstanding stability, all
of which contribute to their usefulness in various optical

Method Objective/key aspect Key insights References
TEM Ultrastructure identification; high Provides information on 62
resolution (0.1-0.2 nm) morphology, size (<10 nm), and
dispersion
FTIR Analysis of oxygen-containing Reveals surface modifications and 63
groups; key peaks: O-H vibrations, passivation effectiveness
C=O0 bonds
UV-absorbtion Efficient UV absorption Generally higher efficiency than 64
(—7* transitions of C=C bonds); graphene quantum dots (GQDs) in
(n-7c* transition of C=0 and C=N absorbing longer wavelengths;
bonds) distinct peak in the 270-390 nm
range
PL Distinctive feature: PL influenced by Emission peaks correspond to 65
quantum confinement; specific wavelengths
enhancement through surface
passivation
XRD Characterization of particle size, Specific patterns provide insights 66
phase purity, and crystal structure into structural characteristics
Nuclear magnetic resonance (NMR) Insights into hybrid carbon atoms Identifies distinctive peaks linked to 67
and carbon atom interactions the chemical structure, aiding in the
determination of structure and
composition
Raman spectroscopy Characterizing lattice structure and Provides insights into size and 68
properties; distinctive feature: CDs structural characteristics
exhibit distinct Raman bands
AFM Observes individual dots to Offers valuable insight into 69

determine size and shape;
investigates aggregation and
interactions with other materials

© 2025 The Author(s). Published by the Royal Society of Chemistry

morphology, size distribution, and
surface characteristics of nanoscale
objects
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applications.””* Despite their small size, typically ranging from
a few nanometers to tens of nanometers, CDs possess a high
Specific Absorption Value (SAV) ratio. This high surface area
allows them to interact effectively with target cells, which is
beneficial for cellular imaging and drug delivery applications.
However, this large surface area can also limit their ability to
load drugs, which is an important consideration in designing
CD-based drug delivery systems. The optical and chemical
characteristics of CDs are primarily determined by their
synthesis process and precursor materials.”” As noted in several
studies, these factors such as the choice of precursors, reaction
conditions, and the method of synthesis directly influence the
final properties of CDs.”»”* Therefore, understanding these
factors is essential for tailoring CDs to specific applications. The
main characteristics of CDs that make them perfect for cellular
imaging applications will be the subject of this section.

2.1 Fluorescence

The capability of CDs to emit light at longer wavelengths and
absorb light at shorter wavelengths is known as their fluores-
cence. In particular, by modifying their chemical makeup,
particle size, and adding surface flaws, these carbon nano-
particles undergo changeable fluorescence ability. The size of
a GQDs is less than 100 nm, and it is a multifaceted, 2D sheet
that is bonded with sp>carbon.” Graphene, graphene oxide
(GO), or aromatic molecule condensation is the typical material
for them.” The presence of polyaromatic structures and other
functional moieties in graphene leads to a quantum confine-
ment phenomenon, that results in intense fluorescence emitted
by GQDs.”” CNMs with remarkable chemical, mechanical, and
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optical characteristics are being created by the use of fluores-
cent nanodiamonds.” The building blocks of nanodiamond
and nanocrystals are carbon atoms connected in a tetrahedral
pattern, which form a cubic lattice in three dimensions, and
a carbon shell like an onion, which contains functional groups
on its surface.” Atomic defects within nanodiamonds are the
source of their fluorescence. Absorption and emission bands
can be adjusted owing to the two primary kinds of nitrogen-
vacancy (N-V) defect centers, respectively.®® Because of its high
fluorescence QY and exceptional photostability, nanodiamond
enables prolonged imaging without the possibility of signal
deterioration.®* Enhancing imaging time without worrying
about signal loss is possible with nanodiamond because of their
very photostable nature and strong fluorescence QY. They are
safe for N-V centers to surface functionalize since they are both
biocompatible and cytotoxic,** because of these advantages,
fluorescent nanodiamonds are used for tissue engineering,* in
vivo imaging of animals, drug/gene delivery, subcellular
biomarkers, and other similar applications.

The complex area of optical imaging has recently caused
researchers to give an enormous amount of energy and time to
investigate ways to utilize CDs' luminescence properties.**
However, most of them allow blue light instead of photons with
longer wavelengths, which range from green to red.** A ‘bio-
logical window’ in the NIR spectrum has been observed in
fluorescence emission by some recently described CDs'.
Enhancing the signal-to-noise ratio (SNR) is achievable by
confining organismal autofluorescence to the NIR spectrum.
Future advances in bioimaging could be significantly enhanced
by developing multi-color, long-wavelength-emitting CDs that
are water-soluble, photostable, and resistant to interference.

Structural &

Morphological

TEM / HRTEM
AFM
SEM

Elemental
Composition &
Crystallinity

@ CHN analysis

TGA

Carbon Dots

FTIR
o XPS
EDS/Elemental k
map/pinegmen ; Stability & Raman
Other Properties

/J Zeta potential

Optical
Properties

UV-Vis spectroscopy
Photoluminescence
(PL)

Time-resolved PL
(TRPL)

Fig. 5 Overview of characterization methods for CDs.
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Using citric acid (CA) as a substrate, Pan. et al. successfully
synthesized full-spectrum CDs. By adjusting excitation wave-
lengths from 330 nm to 600 nm, these full-color CDs main-
tained consistent emission intensity across nearly the entire
visible spectrum.®® In a another study, Liu et al proposed
a method to create three types of CDs-m-CDs, 0-CDs, and p-CDs
by microwave heating o-phenylenediamine (0-PD), m-phenyl-
enediamine (mPD), and p-phenylenediamine (pPD). When
exposed to a 365 nm UV laser, these CDs emitted blue, yellow
and orange fluorescence, respectively.?”

In another study polyethyleneimine (PEI) and 1, 2, 4-tri-
aminobenzene were used by Li, et al.®® to produce modified CDs
that show minimal toxicity and intercellular red fluorescence.
Nanoscale complexes can be formed by these CD's bonding
interactions with small interfering RNA (siRNA). The resulting
imaging-trackable complex can be utilized to treat glioblas-
tomas (GBM) and transfer growth factors collected from hepa-
tomas to human glioma cells.

Optimizing CDs for various applications thus involves care-
ful precursor selection, specific targeting moieties, and
methods for surface modification and passivation. The optical
characteristics of CDs, such as their red and NIR emissions, up-
conversion photoluminescence (UCPL), high fluorescence
quantum yield (FQYs), and promise for NIR-based applications
(Fig. 6a),* are drawing growing interest. In healthcare, CDs have
demonstrated potential, especially in chiral luminescence and
photothermal treatment. However, since most CDs absorb in
the UV region and produce blue-green light, the limited pene-
tration of short-wavelength light in biological tissues makes
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detection difficult. The use of blue-green emission CDs with
high FQYs can help to mitigate this problem. Furthermore, CDs
can be passively seen in living cell lysosomes due to their
acidophilic nature. For example, branched polyethyleneimine
(bPEI) and rose bengal (RB) were used as precursors to create
green-emitting CDs with a FQY of 90.49%. Red and NIR-
emitting CDs are of great interest due to their reduced tissue
absorption, improved tissue penetration, and low auto-
fluorescence interference (Fig. 6b).” The potential of red/NIR-
emitting CDs for labelling applications in in vitro cell imaging
has been evaluated using a variety of cancer cell lines. The data
indicates that red/NIR-emitting CDs primarily aggregate in the
cytoplasm and on the cell membrane.”*

0-PD** was used as the precursor to create remarkable red-
emitting CDs with high FQYs. These CDs were then used as
fluorescent probes for both in vitro and in vivo imaging applica-
tions. Furthermore, a variety of red-emissive CDs made from o-PD
have been created for use in bioimaging. The produced CDs can be
utilized to study the dynamic changes of the Golgi apparatus
during the early phases of viral infection, and because of their high
light stability and biocompatibility, they are well suited for long-
term in situ imaging of the Golgi apparatus, (Fig. 6¢). In addi-
tion, chiral cysteine has been frequently employed as a stabilize
and chiral ligand to alter the characteristics of nanomaterials.
When human bladder cancer T24 cells were exposed to chiral CDs
made with (L or p)-cysteine, 1-CDs caused an increase in glycolysis
while p-CDs had no such impact (Fig. 6¢).”> For example, p-proline
preferentially interacts with the cell membrane or liposome
mimics due to its inverted chirality (Fig. 6d).”
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2.2 UV-vis absorption and band gap

The bandgap and UV-vis absorption spectrum, play a major role in
determining how CDs interact with light. In the UV-vis absorption
spectrum, CDs typically display broad absorption bands that span
both the UV and visible regions.* The specific position and shape
of these bands are influenced by various factors, including the
size of the CDs, their surface chemistry, and the degree of
conjugation in their carbon core. Larger CDs generally exhibit
absorption across the UV-vis range, while smaller CDs tend to
absorb primarily in the UV region, typically showing higher energy
absorption.”® Importantly, the optical properties of CDs can be
modified through surface functionalization. By incorporating
different functional groups onto the surface, new energy levels can
be introduced, and the absorption spectrum can be adjusted. This
tunability allows researchers to fine-tune CDs absorption prop-
erties for specific applications, such as bioimaging, sensing, and
optoelectronics.” For example Yan et al.*” produced CDs emitting
colors from blue to red, with fluorescence spectra spanning 450-
650 nm, by applying a heat treatment technique derived from
phenol. They further investigated the capability of the synthesized
yellow and green CDs for non-metal detection. Their study
demonstrated that these CDs responded swiftly and accurately to
chlorine monoxide, with detection limits of 31.1 nM (nanomolar)
and 56.5 nM within the concentration ranges of 0-50 uM
(micromolar) and 4-44 pM, respectively. CDs with narrower
bandgaps tend to emit NIR light, while those with larger bandg-
aps emit blue or UV light. The bandgap can be tuned by altering
the size of the CDs, as quantum confinement effect (QCE) causes
the bandgap to widen in smaller CDs. Additionally, doping CDs
with heteroatoms like nitrogen (N), phosphorus (P), or sulfur (S)
can further modify the bandgap, shifting the emission wave-
lengths into the visible or NIR range.”® Surface passivation and
functionalization processes also affect the bandgap by changing
the energy levels and electrical transitions within the CDs.S.

View Article Online

Review

2.3 PL

The PL properties of CDs are influenced by several factors,
including size, surface functionalization, chemical composition,
and structural defects. PL refers to the ability of CDs to emit light
when excited, with emission wavelengths ranging from UV to
NIR.*” One key method for tuning the PL of CDs is by adjusting
their size. Surface functionalization is another crucial approach,
where different functional groups or chemicals are introduced to
modify the electronic transitions and energy levels of the CDs.
This adjustment can help customize their emission characteris-
tics. The PL of CDs can be further explained by three primary
mechanisms: fluorescence of molecules, core state emission, and
surface state emission. Fluorescence emission can originate from
the molecules or precursors present during the synthesis, where
carbonization of small molecules creates organic fluorophores
that serve as the centers for fluorescence. Core state emission, on
the other hand, arises from specific functional groups or crystal
defects within the CDs. Surface state emission involves a red shift
in emission wavelengths caused by surface defects, such as
increased oxidation, leading to fluorescence due to coordination
bonds between carbon and adjacent chemical groups. PL prop-
erties are also highly sensitive to the excitation wavelength (Aey)
and the intensity of the emitted light. By modifying the chemical
structure of CDs, their PL characteristics can be fine-tuned for
specific applications, such as bio-imaging or sensing.
Researchers can manipulate the CD structure or facilitate energy
or electron transfer processes to control their emission charac-
teristics.”® Rao et al.’® and their team demonstrated that the PL
emission wavelengths of the CDs could shift from 451 nm to
654 nm by adjusting the volume ratio of water to Di-
methylformamide (DMF). PL emission and UV-vis absorption
spectroscopy were used to determine the optical properties of
these CDs, and four different PL emission peaks were observed:
red-emitting (R-CDs) at 645 nm, yellow-emitting (Y-CDs) at
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Fig. 7 B-CDs, G-CDs, R-CDs and Y-CDs under (a) sunlight and (b) UV irradiation (365 nm). (c) R-CDs' and (d) Y-CDs' emission and UV-adsorption
spectra respectively. (e) UV-adsorption and PL emissions of G- CDs. (f) The emission, UV-adsorption related to B-CDs. (Adapted with permission

from ref. 100 Copyright 2022, MDPI (open access)).
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586 nm, green-emitting (G-CDs) at 530 nm, and blue-emitting (B-
CDs) at 451 nm as shown in Fig. 7.1

Among the different processes contributing to PL, surface
state and core state emissions play particularly significant roles
in determining the overall PL behavior. Core state PL, which
arises from nanoscale carbon cores and polymer clusters, can be
adjusted to enhance luminescence characteristics, improving
selectivity and sensitivity in applications like ion detection.

2.4 Luminescence mechanisms of multifunctional CDs
(MCDs)

The adjustable emission of light from CDs is an exciting prop-
erty. A complete comprehension of their luminescence mech-
anisms is required to produce CDs with changeable emission
qualities. Surface states, QCE, and the degree of graphitization
are the three main mechanisms that allow tunable fluorescence
in CDs. This section will analyze how these elements lead to the
multicolor emission displayed by MCDs.

2.4.1 Surface state. The MCDs are rather sensitive to the
surface states, especially to the surface defects and functional
groups. Fluorescence emission can occur due to defects on the
surface that are associated with surface oxidation and can serve
as regions that trap excitons. These defects produce several
emission areas dependent on the oxidation level; the higher
oxidation increases emission efficiency.'® Emission domains
particular to chemical groups attached to the surface are —
COOH, -OH, carbonyl (-C=0), and -NH, group. Thus, the
several electronic states generated by these functional groups
lead to variations in the MCD emission characteristics whereby
the emission spectrum shifts and the intensity varies.'*

Through changing different reaction conditions including
synthetic method, solvent, temperature, as well as the type and
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ratio of reactants, it is possible to synthesize MCDs through
distinct outward properties which consequently affect the
release of light. Therefore, the surface states have the potential
to be modified in terms of the quantity and kind of purposeful
groups'®'*, hydrogen bonding,'”**” or by altering the content
of elements including N, O,, S, or P on the CDs. One example is
MCDs developed by Jia et al. where orange, green, and blue-
MCD lights were produced. They noted that with the increase
in the change from blue to orange, the number of pyrrolic
nitrogen and -C=0 group increased as well. This implies that
there was a higher extent of oxidation and the density of N-
related surface state was higher in the orange MCDs. Such
imperfections on the surface work as the spots where excitons
are trapped, implying a reduction in energy disparity and a shift
in the emitted light towards longer wavelengths.**® Similarly, Xu
et al. discovered that the fluorescence secretion in MCDs
changed from green to red as the C=N group ratio increased
from 35.6% to 58.4%. Since the C=N group is a solid electron-
acceptor, more of these in the molecules result in push-pull
processes that generate internal charge transfer (ICT) and,
eventually, a change in color.'® Liu et al. pointed out that the
incorporation of (-C=0) and amide (-CONH) returned a shift
towards the longer wavelength of emitted light. On the other
hand, an increase in the content of non-amino N improved the
brightness of the fluorescence (Fig. 8).*” Moreover, it is discov-
ered that the choice of solvents in MCD synthesis can affect
their luminous characteristics. The polarity of solvent was
changed by scientist from DMF, ethanol, water, and acetic acid.
The solvent hydrogen bonding with MCDs caused changes in
the surface energy state and longer wavelength shifts of the
emitted light.'*® Recently, Song et al. held a study to investigate
the effects of oxidation on CDs fluorescence. From the analyzed
results, it was determined that increasing the amount of nitric
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Fig. 8 The mechanism diagram of polychromatic CDs. (Adapted with permission from ref. 87 Copyright 2018 Springer).
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acid (HNO3) in the reaction process raised the oxidation level of
MCDs. By increasing the number of oxygen atoms on the
surface structure, this modification caused the energy gap
between the valence and conduction bands to increase, which
in turn caused the light that was released to shift toward longer
wavelengths. This redshift mechanism was further confirmed
through the use of theoretical calculations.™’

2.4.2 QCE. Several studies have explored how the fluores-
cence emission characteristics of MCDs relate to particle size.'**
For example, Wu et al. showed that MCD emission could be
controlled within a certain wavelength spectrum, from 513 to
612 nm, by varying particle size within the 2-8 nm range."** It
was also demonstrated by Ding et al. that MCDs are capable of
exhibiting fluorescence from the blue to NIR spectrum. Hence,
the density and concentration of sp> coupled domains, and
graphitic nitrogen in the structure improved with the increase
in sample size."** In addition, Cao et al. suggested that particle
size and the percentage of graphitic nitrogen affect fluorescence
in MCDs. Fig. 9 illustrates how the size of MCDs causes the
amount of graphitic nitrogen to rise, which in turn causes the
bandgap to shrink and the emission wavelength to shift toward
the red region."**

2.4.3 Graphitization. It is possible to change the size of sp?/
sp hybridized carbon cores in the middle of the MCDs, which
will affect the degree of graphitization. It is theoretically sug-
gested that more sp® conjugated domains lead to the longer
wavelength shift of the emission wavelength of MCDs."** This
indicates that graphitization holds a strong impact on the
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fluorescence properties of MCDs with an improved graphitiza-
tion leading to a shift to the red end of the spectrum. Conse-
quently, Sun et al. suggested that changing the solvents during
synthesis can influence the amount of sp*> conjugated domains
and lead to the red-shift in emitted wavelength."'® Wang et al.
also used silica salve stake chromatography to purify white
light-emitting CDs and obtained R, G, and B light-emitting CDs.
Simulations using density functional theory (DFT) further
showed that the expansion of sp> conjugated domains and the
presence of C=O functional groups are responsible for the
redshift in emission wavelengths.'”” A semi-analytical model
was presented by Wang et al. to examine the optical character-
istics of MCD cores (Fig. 10)."*® According to this model,
bandgap energy decreases (from 2.84 eV to 1.96 eV) when
internal sp®/sp® hybridization increases (from Nsp* = 0.16 to
0.26 to 0.26), suggesting that a smaller bandgap is associated
with a redshift in emission wavelength."*®* Furthermore, Wang
et al. verified that the peak emission wavelength steadily
changed from 445 nm to 643 nm when the degree of graphiti-
zation and the size of sp? domains in MCDs grew." The
observed redshift is a result of the decrease in the bandgap
energy that is caused because of an increase in the extent of
graphitization.

2.5 Photostability

Photostability is crucial to keep the optical properties and
fluorescence intensity of a material under prolonged light
exposure, ensuring its stability and reliability. It is particularly
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Fig. 9 Mechanism of tunable fluorescence for CDs by adjusting QCE. (Adapted with permission from ref. 114 Copyright 2022 Wiley-VCH).
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Fig. 10 Mechanism of tunable fluorescence by adjusting graphitization degree. (Adapted with permission from ref. 115 Copyright 2021 Wiley-VCH).

valuable in fields such as bioimaging and optoelectronics. In
one study Da jian-Jv et al. proposed a technique that uses
a solvent-ultrasonic process to encapsulate CDs into lutein,
improving its photostability and antioxidant capability.'** The
lutein/CDs composites (LCs) displayed significantly higher
photostability compared to pure lutein when exposed to UV
irradiation and UV light. Among the different LC ratios, LC;
exhibited the highest photostability (Fig. 11a). Under UV irra-
diation and UV light, LCs showed 3.4 and 3.5 times
greater photostability, respectively, compared to lutein alone
(Fig. 11b-e).**® The stability was achieved by modifying lutein
with CDs, and this is anticipated to increase its use in photo-
stability.”*” In another approach, O-CDs with orange emission
were synthesized via a solvothermal process. After 30 minutes
(min), the synthesized O-CDs demonstrated improved photo-
stability compared to commercial fluorescent dyes, with fluo-
rescence reductions of 24.78%, 13.5%, 7.6%, 21.2%, and 36.3%
for MTG, MTDR, Rhodamine (Rho) 123, Hoechst, and BODIPY,
respectively. Moreover, the O-CDs' outstanding photostability
was verified by their long-term stability, including almost
constant fluorescence intensity after 21 days of room tempera-
ture storage. They are useful for imaging mitochondrial cells
due to these features.” B. Ju et al. synthesized yellow-green
emission CDs that can be excited without the need for
external stimulation. A straightforward solvothermal method
was used to fabricate these CDs from chloroform and o-PD. The
procedure included heating a mixture of precursors at 160 °C to
figure out the photostability of the generated CDs. When the
testing period was prolonged by 30 min, it was discovered that

© 2025 The Author(s). Published by the Royal Society of Chemistry

there was no discernible change in the fluorescence intensity of
nitrogen doped CDs (N-CDs)."** Even after a 360 min exposure,
a 96% retention of fluorescence intensity was noted.'*® Because
of their exceptional optical qualities, N-CDs can be employed as
sophisticated anti-counterfeiting techniques and as invisible
ink for storing important data.

Fluorine and nitrogen doped, FN CDs were synthesized that
exhibited photo-activated fluorescence intensification and
reversible photochromic behavior. When exposed to UV light,
the CDs showed a blue shift in emission and an increase in
fluorescence intensity. They also demonstrated pressure-
triggered aggregation-induced emission (AIE) that persisted
after UV exposure ranging from 5 to 30 min. Due to their
resistance to photobleaching and these optical properties, the
CDs could potentially be useful for fluorescence-based sensing
and imaging applications."*

2.6 Dispersibility and bio-compatibility

The photophysical properties of CDs have garnered significant
interest for their bio-applications, where high bio-compatibility
and low cellular toxicity are essential prerequisites.'”
Numerous studies have evaluated CDs across a variety of in vitro
and in vivo models, including human hepatocellular carcinoma
cell line SMMC-7721,"*® human glioblastoma cells LN-229,"*
normal human kidney cells HK-2,*” and human cervical cancer
cells HeLa."”® Additional models include normal mammary
epithelial cells MCF-10 A,** human breast cancer cell lines
MCEF-7 (ref. 130) and MDA-MB-231 (ref. 130), as well as normal
mammary epithelial cells MDA-10 A" and normal porcine
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kidney cells LLC-PK1."** Studies have also involved Danio rerio
zebrafish,"® bean sprout cells,"* and E. coli strain Seattle 1946
(ref. 132), among other biological models.*** This type of work
highlights the biocompatibility and cytotoxicity of CDs, estab-
lishing a foundation for their potential clinical translation.
Numerous studies have shown that the manufacturing
processes and the precursors used to synthesize CDs influence
their hydrophilic and hydrophobic properties. For instance, the
oxygen-containing functional groups generated during the
synthesis often lead to CDs exhibiting significant hydrophilicity
and dispersibility."** The bulk of CDs exhibit notable hydro-
philicity and dispersibility as a result of the precursor's
production of oxygen-containing functional groups. Addition-
ally, CDs can change from hydrophilicity to hydrophobicity in
the other direction by modifying the functional groups on their
surface. For example, Hsu et al."** introduced a one-pot hydro-
thermal synthesis method to produce hydrophilic CDs. They
proposed that the hydrophilic nature of the resulting CDs is
primarily influenced by the types of functional groups present.
In contrast, Mitra et al.™®* employed microwave pyrolysis of
Pluronic F-68 (PF-68) to synthesize hydrophobic cyclodextrins
(HCDs). These HCD polymers demonstrated enhanced water
resistance and effective dispersion in organic solvents. In bi-
oimaging and health care, CD's low toxicity is an essential
property. The small size of CDs enables their quick removal
from human excretory systems, which is largely responsible for
their low toxicity. On the other hand, multiple studies have
shown that nanoparticles inhaled can reach the brain and cause
neurodegenerative changes.’*® The toxicity of CDs remains
a complex issue, largely due to their intricate structure. To
address this, researchers often use non-toxic precursors when
synthesizing CDs for applications in biomedicine.
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3. CDs illuminating the intracellular
world

The remarkable photophysical properties of CDs-including
their tunable fluorescence, high photostability, and sensitivity
to environmental changes-are fundamentally determined by
their size, surface chemistry, and electronic structure. These
features not only distinguish CDs from traditional fluorophores
but also underpin their rapidly growing utility in diverse
applications. In particular, their outstanding optical charac-
teristics have positioned CDs as highly promising candidates
for advanced bioimaging, sensing, and therapeutic technolo-
gies. Building on this foundation, the following section explores
how these unique photophysical attributes translate into prac-
tical applications, with a focus on the role of CDs in innovative
cell imaging strategies.

3.1 Fluorescent CDs as intracellular imaging probe

Understanding a variety of intracellular processes can be
significantly improved through the use of intracellular imaging
probes.?”'3 These particles must be extremely small (prefer-
ably less than 10 nm), easily able to enter cells, and able to
interact selectively with particular cellular compartments or
biomolecules in order to be used in cellular applications.
Because of their small size and capacity to target and interact
with specific cell components, including lysosomes, mito-
chondria, and nuclei, as well as a variety of molecules, including
protons, metal ions, superoxide species, glutathione, amino
acids, and DNA, fluorescent carbon dots, (FCDs), are ideal for
this application. Fig. 12 shows a schematic of the synthesis,
surface chemistry modification, and functionalization of FCDs.
Table 2 provides an overview of the FCDs-based key probes

© 2025 The Author(s). Published by the Royal Society of Chemistry
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developed for visualizing various intracellular components and
compounds.'®® In this section, we will investigate deeper into
some of these possible applications.

3.2 CDs for in vitro cellular imaging

For cell imaging without transfection or ligands, various kinds
of CDs having unique optical properties are used.” Endocy-
tosis, aquaporin-aided entrance, and ion channel diffusion are
CDs's primary entry mechanisms."® An advanced report
proposed citrus lemon as the cheapest means of preparing N-
CDs using a hydrothermal process. The MCF7 cells are
exposed to 0.025 mg mL ™" of the prepared CDs to assess their
bioimaging potential. Distinctive blue, green, and red fluores-
cence in the cytoplasm indicates CDs have entered the sample
cells. Cell staining with CDs demonstrated their ability to serve
as a versatile probe for imaging whole cells in several colors.**®
Biocompatibility has been seen in other N-CDs that are made by
hydrothermal methods. Fig. 13 depicts HeLa cells that were
exposed to CDs at a concentration of 100 ug mL ', The cells
were incubated for different periods of time and under various
excitation wavelengths. The images captured from this experi-
ment exhibit fluorescence in the colors green, blue, and red.
More CDs accumulate within the cytoplasm with longer

© 2025 The Author(s). Published by the Royal Society of Chemistry

incubation times, enhancing fluorescence emission. It reveals
that CDs may penetrate into HeLa cell membrane.*® Scallion-
derived N and S-doped CDs were used for examining A549 cells.
Most fluorescent light originates from the cytosol's perinuclear
regions, according to images. CDs exhibit significant cell
permeability in living cells because of their small size and the
presence of surface functional groups.'** Despite much inves-
tigation, the specific method by which cells intake CDs remains
unclear.

3.2.1 Subcellular organelles imaging. Subcellular imaging
plays an important role in identifying and studying disease
mechanisms, cellular growth, repair, and other molecular path-
ways. This type of imaging focuses on various cell components,
such as lysosomes, nuclei, mitochondria, nucleolus, lipid drop-
lets (LDs), and the endoplasmic reticulum (ER). A key challenge
in organelle imaging is ensuring that the probe can effectively
penetrate the cell and bind to the target. To address this,
researchers commonly use accessible probes like Deep Red,
LysoTracker, and NucRed Live 647 in co-localization experiments
to accurately track the probe locations. The primary objectives of
subcellular imaging with CDs are outlined below.

3.2.2 Lysosome. Lysosomes are spherical, acidic digesting
organelles in eukaryotic cells.'® Angiogenesis, energy balance,

and macromolecular digestion occur in lysosomes.'*
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Table 2 Fluorescent carbon dot-based important probes
Conjugated biomolecule,
Carbon precursor nanoprobe size Intracellular imaging probe Ref.
Activated carbon powder Dopamine, 2-5 nm Tyrosinase activity monitoring and 139
inhibitor screening
Citric acid-ethylene diamine Nuclear localization sequence Cell nucleus 140
peptide (PKKKRKVG), <10 nm
Hyaluronic acid, branched Hyaluronic acid, ~2-3 nm Tumor targeting, intracellular 141
polyethylene imine imaging, and gene delivery
Citric acid-ethylenediamine Mesoporous silica nanoparticle, Redox state 142
~200 nm
Citric acid-polyethylene imine/ Morpholine derivative, 2-6 nm Lysosome 143
diamond powder
m-phenylene diamine-i-cysteine Protoporphyrin IX, 25 nm Nucleolus, nucleus 144
Triethylene tetraamine-m- Lactic acid/porphyrin, 18-25 nm/ RNA 145
phenylene diamine/graphite 8 nm
powder/graphite
Flour/nanodiamond Triphenylphosphonium/ Mitochondria 146
mitochondria targeting peptide/
folic acid, —
Mangifera indica leaves I Temperature 147
2-Azidoimidazole Au nanoparticle, — Cysteine 148
Nanodiamond DNA, — Transfected DNA 149
Nanodiamond Biotin/integrin B3 antibodies/ Intracellular imaging 82
mitochondrial localization signal
peptide, —
Basic fuchsin-citric acid/citric Fluorescein isothiocyanate pH 150
acidtridecanediamine/p- (FITC)/dopamine, ~10 nm
phenylenediamine/citric acid-
dopamine/thiomalic acid
Ethanol Hydroethidine, — Superoxide 151
Alginate-tryptophan Complexation with Cu*", — Histidine 152
Citric acid-urea/neutral red-triethyl MnO, nanosheet/MnO, nanoflower, Glutathione 153
amine —
Capsicum —, — ca** 154
Citric acid-polyethylenimine/citric Quinoline derivative, ~4.5 nm Zn** 155
acidpolyethylenimine
Ethanol/(aminopropyl ([N-(2-amino ethyl)-N,N,N-tris cu* 156
triethoxysilane) (pyridin-2-ylmethyl) ethane1,2-

diamine, —

Cardiovascular, neurological, cancer, and Alzheimer's illnesses
arise from lysosome defections.’®® Researchers have created
lysosome-targeting CDs in recent years that effectively use
clathrin-mediated endocytosis to target lysosomes.'®® Lyso-
somal polarity may assist to understand normal and abnormal
lysosome functioning. The CDs also show that dithiothreitol
(DTT) causes living cells to shift polarity, reducing fluorescence
intensity with increasing polarity (Fig. 14a). The phenyl-CDs
tracked lysosome polarity successfully.'®” According to recent
studies, the morpholine group in CDs' chemical structure
targets lysosomes particularly. The endocytic route deposits
these CDs in the lysosome, enabling long-term tracking in living
cells. CD's green emission and LysoTracker Deep dye's red
emission generate bright orange fluorescence in live cells
(Fig. 14b). Lysosome-stained CDs correlate with LysoTracker
Deep Red.' New one-step hydrothermal rose Bengal and PEI
CDs indicate remarkable lysosome affinity (Fig. 14c), produced
CDs penetrate cells in 10 min. After 30 min, they accumulated in
the lysosome and fluoresced strongly. These CDs present

44932 | RSC Adv, 2025, 15, 44919-44960

a prospective substitute for traditional probes due to their long-
lasting imaging capabilities, lack of leakage, remarkably high
PL efficiency, and low cytotoxicity.®® In summary, CD modifi-
cation with morpholine and -NH, groups targets lysosomes.
But -NH, groups have an affinity with the ER, and previously
had difficulties with lysosome specificity. CDs are taken via
energy-dependent, micropinocytosis, caveolae, and -clathrin
routes. Different functional groups of CDs can be temporarily
trapped in lysosomes.**

3.2.3 Nucleus. Cell metabolism, activity, and diseases,
including cancer, are closely linked to the nucleus. However,
scientific understanding of the nucleus is still limited, making
nucleus imaging and labeling critical for both biological studies
and therapeutic applications. In cancer treatment, for instance,
nucleus imaging is essential for gene therapy and drug delivery.
CDs can be used not only as stable fluorescent probes for
nucleus visualization but also for drug delivery."” CDs
produced through a hydrothermal process, are water-soluble
and nontoxic. The positive surface charge of these CDs

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.13 Confocal fluorescence images of Hela cells treated with prepared CDs for 2, 4, and 6 hour. The 1-4 columns showed different excitation
wavelengths at 405, 488, and 561 nm. (Adapted with permission from ref. 162 Copyright 2020 American Chemical Society).
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Fig. 14 (a) Confocal Laser Scanning Microscopy (CLSM) images of Hela cells treated with CDs and CDs * DTT. (Adapted with permission from
ref. 167 Copyright 2020 American Chemical Society). (b) The comparative images of CDs and Lyso-Tracker Red probe in live HelLa cells. (Adapted
with permission from ref. 143 Copyright 2017 American Chemical Society). (c) Lysosomal imaging of the CDs in the HL-7702 cell line. (Adapted
with permission from ref. 168 Copyright 2020 American Chemical Society).

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2025, 15, 44919-44960 | 44933


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra05371d

Open Access Article. Published on 18 November 2025. Downloaded on 3/11/2026 3:25:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Review

Bright Field Green Channel

HEK293

-
[}
o
@
=
g
a
=

Red Channel

Fig. 15

(@) Fluorescence images of A549, HEK293, and MDA-MB-231 cells treated with CDs, fluorescence signal accumulated in nuclear

substance, especially in A549 and MDA-MB-231 cells. (Adapted from ref. 171 Copyright 2021 Elsevier). (b) The nuclei of NIH/3T3 cells are filled
with CDs (red color). False colored maps of intensity. (Adapted with permission from ref. 172 Copyrights 2021 by the authors. Licensee MDPI).

enhances electrostatic interactions with DNA macromolecules
in the nucleus, which may account for their ability to target the
nucleus (Fig. 15a)."”* For example, in L929 cells, the fluores-
cence emission of CDs undergoes a blue shift due to the phys-
icochemical environment, with the lowest intensity observed in
the cytoplasm and the highest in the nucleus (green and red,
respectively) (Fig. 15b)."”* Interestingly, positive CDs and nega-
tive GO can electrostatically assemble to form a biocompatible
probe with low cytoplasmic binding and selective targeting of
the nucleus.' This electrostatic interaction between CDs and
GO alters the nanostructure electrical charge, enabling precise
identification of cell nuclei. While there is no standardized
method for nucleus identification using CDs, previous studies
suggest that the zwitterionic surfaces of CDs may facilitate
nucleus attachment. However, nucleus targeting through the
surface functionalization of CDs remains complex and is not yet
fully understood, making this area of research both novel and
promising for future investigations.

3.2.4 Nucleolus. The nucleolus is responsible for
producing ribosomes, which in turn synthesize all cellular
proteins.’” Since proteins are essential for the functions of
biological components, imaging the nucleolus provides valu-
able insights into a cell's condition and metabolic processes.'”
The Common techniques for examining the morphological
structure of the nucleolus in fixed cell lines include immuno-
histochemistry (IHC),"”® silver staining,"”” and fluorescence in
situ hybridization (FISH). Organic fluorophores like silver
staining and SYTO RNA'""® FISH are often used in both fixed and
living cell imaging,'”® although nucleolus imaging can lead to
photobleaching of these dyes. Red-emitting CDs for nucleolus
imaging in both fixed and live cells were synthesized using
a one-step hydrothermal method. By using nicotinamide (NA)
and o-PD as precursors, resulting in ultra-narrow bandwidth
emission at 617 nm."®® Fig. 16b presents fluorescence micros-
copy images of MCF-7 cells. Panel 16(b) shows fixed cells
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stained with CDs and DAPI, where CDs predominantly target
and stain the nucleolus in the cells. Panel 16(c) shows live cells
with the same staining pattern, indicating that the CDs can
successfully enter the cells and accumulate in the nucleolus,
emitting bright red fluorescence under UV light. The figures
clearly highlight the selective targeting of the nucleolus, con-
firming the CDs" ability for precise cellular imaging. Notably,
doping CDs with fluorine has resulted in a novel nucleolus and
tunneling nanotube (TNT) staining agent, which boasts a 56%
QY, low toxicity, resistance to photobleaching and excellent
water solubility. The primary reason for using CDs in nucleolus
labeling is their non-covalent affinity fornucleolus RNAs and
ribosomes,'®* which facilitates imaging without the need for
covalent bonding.'® Interestingly, despite their potential for
subcellular labeling, CDs have yet to be applied in key nucleolus
diagnostics, such as immune activation, transformation, or
chemo-drug therapy. This gap highlights the need for further
exploration of CDs in nucleolus-based diagnostics, making
them an intriguing area of research.

3.2.5 Mitochondrion. The mitochondria release ATP, an
essential energy source in live cells, in mammalian cells.’®** Any
mitochondrial imperfections cause cardiac malfunction, Par-
kinson's and Alzheimer's."® The environment of the mitochon-
drion is alkaline (pH = 8), with a positive surface charge and
a negative interior charge.' Thus, the two methods for targeted
imaging of mitochondria include lipophilic labels with positive
surface groups such as pyridine, ammonium, and triphenyl
phosphonium (TPP), as well as rhodamine modification or tar-
geting peptides.” CDs affinity for mitochondria is practically
increased by TPP ligands.*®® TPP is toxic to many cell types, even
with targeted mitochondrial imaging using these CDs. However,
efforts are being made to generate CDs with basic mitochondrial
targeting.'® Scientists have created CDs that are long-lasting,
water soluble, photostable, biocompatible and mono-sized. Li
et al. developed dual-color CDs green (G-CDs) and red (R-CDs) for
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Fig.16 (a) The synthesis of G-CDs and R-CDs and their applications in live-cell dynamic monitoring of mitochondria and lysosomes, as well as in

organoid and zebrafish imaging. (Adapted with permission from ref. 183 Copyrights 2024, Elsevier B.V. (b and c)) Inverted fluorescence
microscope and confocal laser scanning microscope images of fixed and live MCF-7 cells in the presence of CDs. (Adapted with perfmission from

ref. 180 Copyrights 2025, Elsevier Ltd).

dynamic fluorescence tracking of mitochondria and lysosomes in
living cells. G-CDs, emitting green fluorescence, specifically
target mitochondria due to their positive surface charge and good
lipophilicity, allowing them to interact with the negatively
charged mitochondrial membrane. In contrast, R-CDs, emitting
red fluorescence, target lysosomes due to their stronger fluores-
cence in acidic conditions, which matches the acidic internal
environment of lysosomes. These CDs demonstrated excellent
fluorescence stability and targeting specificity, making them
valuable for monitoring cellular processes like apoptosis, auto-
phagy, and necrosis. The study extended their application to
zebrafish and human organoids, demonstrating their potential
in in vivo imaging. Fig. 16a illustrates the synthesis process and
application of these CDs, which can be utilized for advanced
imaging in disease modeling and drug screening. This work
highlights the potential of CDs as versatile probes for real-time
organelle monitoring and biological research.'®

3.2.6 ER. Protein synthesis, transport, production of lipids
and storage, calcium storage and control, and glucose metabo-
lism are all included in the functions of the ER. Therefore, ER
mediates cell metabolism and regulation.” Polarity influences
different cellular processes and metabolism, which makes it vital
for healthy cells. The ER can influence cell polarity and function
by protein post-translational modification, transformation, and
secretory production of proteins. Thus, ER polarity anomalies
may suggest diabetes and Alzheimer's.** Consequently, effective
ER imaging gives reliable cell activity and human disease infor-
mation. Dual emissive CDs for ER labeling are produced by lysine
and o-PD. In the o-PD carbonization test, lysine was added to the
flask, which slowed down the reaction and turned the green
emission blue. CDs enter the ER lumen by lipid raft-mediated
endocytosis because they are both lipophilic and electrophilic.
Introduced CDs can image ER stress by responding to ER polarity
changes in live cells.*> In summary, CDs can effectively visualize

© 2025 The Author(s). Published by the Royal Society of Chemistry

the ER and offer significant morphological data. The interactions
and reactions of CDs within the ER in response to changes in the
environment, such as pH levels, provide insights into the func-
tions of the ER and other organelles.

3.2.7 LD. LDs consist of lipids surrounded by a phospho-
lipid layer, forming hydrophobic cores. Given the various
functions of LDs in the cell, there is a strong belief that they play
a significant role in lipid metabolic disorders like atheroscle-
rosis, obesity and cancer.'* Using CDs to image lipid droplets is
a useful method for tracking cellular lipid metabolism and
related conditions. The hydrothermal approach was used for
the production of biocompatible and amphiphilic CDs for LD
imaging. The outstanding cell survival, photostability, ability to
stay inside cells, and long-term LD monitoring capabilities of
the produced CDs set them apart. These fluorescent CDs remain
visible within LDs in the cell cytoplasm even after six cycles
(Fig. 17a). The CDs can also be used to monitor the effects of
atorvastatin, a common lipid-lowering medication, on hepato-
cyte cells and allow the tracking of autophagy during the cata-
bolic process.** These CDs are made using the lipophilic
reagent 4-piperidinoaniline (PA), which naturally targets LDs.
These CDs allow researchers to track changes linked to fatty
liver disease and visualize the dynamic behavior of LDs'
(Fig. 17b). Table 3 Summarize the application of CDs for
intracellular imaging of organelles.

Building upon the extensive in vitro analyses, it is important
to consider the growing body of in vivo research, which provides
critical insights into the biodistribution, toxicity, and biocom-
patibility of CDs in living organisms and their translational
potential for biomedical applications.

3.3 In vivo evaluation of CDs

In vitro cytotoxicity assessments of diverse pristine and func-

tionalized CDs have generally revealed encouraging
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Fig. 17

(a) Confocal images of LoVo cells treated with CDs at different passages. CDs: excitation at 405 nm. Adapted with permission from ref.

194. Copyright 2021 American Chemical Society. (b) Monitoring of the LD movement by PA CDs: the movement of LDs at 0, 30, 60, and 90 s is
illustrated by four different colors and the merging of all images. (Adapted with permission from ref. 195. Copyright 2021 American Chemical

Society).

biocompatibility, with cell viability typically ranging from 80%
to 95% or higher, even at notably high concentrations (1000 pg
mL~")."* To build upon the in vitro investigations and foster
a more thorough understanding of the potential therapeutic
uses of CDs, in vivo studies have been performed primarily
utilizing well-established murine and zebrafish models. In
2009, Ya-Ping Sun et al. carried out the initial optical study to
assess the in vivo toxicity of CDs by injecting nanoparticles into
a group of mice. The results indicated that the animals showed
no signs of acute toxicological effects, suggesting that CDs were
non-toxic in vivo.**

In 2018, Pengfei Wang et al. synthesized CDs from Hypocrella
bambusae (HBCDs), a fungus with potential therapeutic appli-
cations for rheumatoid arthritis, skin, and gastric diseases. The
solvothermal method was used to prepare HBCDs that exhibi-
ted red-light emission and good water solubility. These HBCDs,
at a concentration of 2000 pg mL ', were then intravenously
injected into groups of mice with body weights ranging from 15
to 20 g, some with induced tumors and others without tumors.
The fluorescence signal in tumors reached a maximum after 8
hours and then decreased gradually, being completely removed
after 14 days. The accumulation of HBCDs was indicated
through the enhanced permeability and retention (EPR) effect,
with the highest accumulation level found in the liver and
kidney. Monitoring the mice's body weight at various time
points post-injection revealed no sudden changes. A histolog-
ical comparison of the major organs also showed no alterations,
indicating that HBCDs have very low biotoxicity and hold
promise for biological applications.*"* In a 2019 study by Saxena
et al., N-doped carbon quantum dots (NCQDs) were produced
using p-glucose and ethylenediamine via microwave irradiation.
Swiss albino mice, each weighing around 22 g, received intra-
venous injections of NCQDs at doses of 5 and 10 mg kg™ body

44936 | RSC Adv, 2025, 15, 44919-44960

weight. After observing the mice for 30 days, the researchers
recorded an increase in body weight (exceeding 25 g), with no
significant changes noted in major organ weights or protein
content in tissues. Based on additional assessments of antiox-
idant, hematological, and histopathological parameters, the
researchers concluded that NCQDs exhibit favorable biocom-
patibility.>*> Multiple studies have shown that the incorporation
of CDs into zebrafish does not lead to embryonic toxicity. In
2015 study conducted by Xue-Bo Yin et al>*® it was demon-
strated that CQDs introduced into zebrafish embryos were non-
toxic. The CQDs were synthesized through a hydrothermal
method using glucose and EDA as precursors, and they were
administered to zebrafish embryos and larvae via soaking and
microinjection techniques. Both embryos and larvae showed
significant tolerance to high concentrations of CQDs. For
embryos, survival rates were over 80% at 24 hours post-
fertilization (hpf) when microinjected with 1.5 mg mL ™" or
soaked in concentrations up to 1.5 mg mL ™", although this rate
decreased to approximately 55-60% at higher concentrations.
For larvae, survival remained unaffected at 84 hpf when exposed
to concentrations up to 625 ug mL~" of CQDs, but decreased to
over 85% and 55% at 1.25 and 2.5 mg mL ™", respectively.”** In
2020, Tongkai Chen et al. produced CDs using a hydrothermal
method with sugarcane molasses. Toxicity assessments on
zebrafish embryos exposed to CDs at concentrations ranging
from 50 to 400 pg mL " indicated that there were no significant
embryonic toxic effects or teratogenic outcomes at levels up to
150 pg mL ™", The study established the LC50 and TD50 values
for CDs at 96 hours post-fertilization (hpf) as 257.2 pg mL™ ' and
194.7 ug mL ™", respectively.?** These findings suggest excellent
biocompatibility, especially considering that the US FWS Acute-
Toxicity Rating Scales classify an aquatic 96 h LC50 value of
100-1000 mg L~ " as ‘Practically Nontoxic’.>'> However, notable

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Summarize the application of CDs for intracellular imaging of organelles

Biocompatibility
viability > 80%

Size (mostly by MTT Imaging
Precursors (nm) assay) Fluorogenicity Brightness Photoblinking Red & NIR Photostability target References
Tris betaine 7 — [ ] [ ] Nucleus 172
hydrochloride
p-Aminoazobenzene 4 0-100 pgmL™" @ () [ Nucleolus 181
L-arginin
Ascorbic acid
Fluoresceinamine  5-10 MTS assay 100- [ ] pH 196

800 pg mL ™"
Styrylcyanine dye 3 0-1 mg mL ™" [ ] Lysosome 197
o-Phenylenediamine
H,0, NH: H,0 3.5 CCK-8 assay 0- [ J Cytoplasm 198
ammonium citrate 100 pg mL™"
Micro-algae 2-8 0-5mg mL" (] (] Ton 199
dunaliella salina
Trisodium citrate 5 0-15mgmL™" @ [ [ ] [ ] Small 200
sodiumthiosulfate molecule
Porcine pancreatic 1-5 0-100 pg mL ™" () Small 201
lipase molecule
Methyl blue 2.3 0-2mgmL’ ° ° { (] Small 202
molecule

Plant Wedelia 2.8 CCK-8 assay 50- [ ] [ ] Small 203
Trilobata 400 pg mL " molecule
Azure a chloride 45 0-5mgmL"’ (] ] Small 204
copper gluconate molecules
L-tartaric acid 2.5 0-40 pg mL™" ° (] (] Small 205
Triethyleneteramine moelcules
Calcon-carboxylic 5.1 — [ J Small 206
acid molecules
Glycerol 5 0-200 pg mL™* ° (] [ ] Small 207
ethylenediamine molecules
*DBP citric acid 21 0-5nM ([ ] Proteins 208
Urea citric acid 2.5 [ (] [ ] Proteins 209

adverse effects were documented at concentrations exceeding
200 ug mL ™", including pericardial and yolk sac edema, delayed
growth, spinal cord flexure, and mortality. Additionally, high
concentrations of CDs were linked to decreased larval loco-
motor activity, lower dopamine levels, reduced tyrosine
hydroxylase-positive dopaminergic neurons, and damage to
multiple organs in zebrafish embryos.” The mechanisms
behind these adverse effects at elevated CD concentrations
remain unclear and require further exploration. Furthermore,
photodegradation of CDs may introduce some degree of cyto-
toxicity, irrespective of their chemical composition. Liu et al.
proposed that light exposure could provoke cytotoxicity in CDs,
as many cytotoxicity studies have been conducted in the
absence of light. Experiments carried out by their team on both
healthy and cancerous cell lines indicated that irradiated, lab-
synthesized CDs exhibited toxicity in both types of cells.
Among the 1431 photolyzed molecules, 499 were linked to
cytotoxicity and may contain benzene, -C=0 or -OH groups.>*®
Another important factor for the in vivo use of carbon dots (CDs)
is their timely elimination from the body.?”” In this context,
Chen et al.,**® conducted a study where they conjugated CDs
with the ZW800 dye and administered the compound to mice

© 2025 The Author(s). Published by the Royal Society of Chemistry

via intravenous (tail vein), intramuscular (left leg muscle), and
subcutaneous (left leg skin) injections. The results indicated
that CDs were quickly eliminated from the mice, with clearance
rates observed in the following order: intravenous > intramus-
cular > subcutaneous.”'®**® After administering the CDs-ZW800,
the researchers assessed the clearance using ex vivo imaging of
the kidneys and livers of the mice, along with positron emission
tomography. Both imaging methods showed no signs of CDs-
ZW800 accumulation 24 hours post-injection, confirming the
compound's elimination.**®

Overall, these findings suggest that CDs demonstrate
promising biocompatibility, indicating their potential for
various bioapplications. However, concerns regarding neuro-
toxicity and cytotoxicity due to photodegradation highlight the
need for further research to ensure the safe and effective use of
CDs.While CDs have demonstrated significant promise as
fluorescent probes for cell imaging due to their tunable emis-
sion and biocompatibility, conventional intensity-based
imaging techniques still face challenges such as photo-
bleaching, background autofluorescence, and limited multi-
plexing capability. These limitations highlight the need for
more advanced imaging modalities that can fully exploit the

RSC Adv, 2025, 15, 44919-44960 | 44937
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unique photophysical properties of CDs One such advanced
technique is fluorescence FLIM, which leverages the fluores-
cence lifetime parameter-rather than intensity-to provide more
robust, quantitative, and environment-sensitive imaging.
Understanding the fundamental principles of FLIM is essential
to appreciate how its integration with CDs can overcome the
shortcomings of traditional fluorescence imaging and unlock
new possibilities in cellular visualization.

4. FLIM in cellular imaging:
advancements and applications

FLIM is an advanced imaging technique that enables the
measurement of fluorescence lifetimes at the pixel level,
yielding precise spatial distributions of these lifetimes inside an
object. When a molecule absorbs light, its electrons are elevated
to a higher energy level and, upon reverting to the ground state,
emit energy as fluorescence. The fluorescence lifespan, or tau
(1), is the average amount of time a fluorophore stays excited
before relaxing. The usual 7 ranges from femtoseconds to
several nanoseconds.”>*** In some cases, fluorophores exhibit
longer decay times, ranging from microseconds to millisec-
onds. These extended t may involve additional electronic tran-
sitions, such as phosphorescence.?” The 1 is a key characteristic
of a fluorescent molecule and is influenced by a range of
physical processes, including solvent effects, excited-state
reactions, quenching, photolysis, molecular interactions, and
internal conversion. Unlike fluorescence intensity, which can
vary based on factors like concentration or instrument settings
(e.g., excitation source, wavelength, and optical path), the fluo-
rescence lifetime is a relatively stable parameter.**

Notably, some fluorophores, such as aggregation-induced
emission (AIE) fluorophores, exhibit concentration-dependent
lifetime changes. These changes make FLIM an excellent tool
for studying AIE phenomena, where the fluorescence lifetime
can alter due to molecular aggregation. While traditional
intensity-based imaging provides some insight into fluores-
cence characteristics, it does not offer the same depth of
information as FLIM. FLIM enhances traditional methods by
integrating both temporal and spatial data on fluorescence
lifetimes, allowing for more nuanced and comprehensive
analysis of fluorescence behaviors.?” By measuring the timing
of photon arrivals following excitation, FLIM offers a significant
improvement over intensity-based approaches by recording
decay dynamics across multiple absorption and emission
cycles.”* FLIM usually conducts statistical lifetime profiles of
fluorescence analysis on massive populations of fluorophores
by combining data from several absorption and emission cycles.
However, recent developments in single-molecule FLIM
methods have made it possible to estimate fluorescence life-
times down to the molecular level, which opens up exciting new
avenues for exploring molecular interactions at a fine spatial
resolution. Therefore, FLIM is a vital tool for studying compli-
cated biological processes since it maps the distribution of
fluorescence lifetimes across biological samples.**
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FLIM is now being used to examine dynamic biological
processes such as protein-protein interactions in living cells, in
addition to simple molecular mapping. It is possible to see very
small things happening inside cells using FLIM because it has
a high spatial precision and can measure fluorescence lifetimes.
This is why FLIM is so important for cell imaging, particularly
for tracking biochemical activities as they happen in real time. A
strong grasp of fluorescence lifetime measurements is crucial
for efficiently utilizing FLIM for such applications. First, the
system is calibrated using fluorescence lifetime standards to
ensure accurate measurements.””” Then, biological samples are
collected and FLIM data is analyzed to extract fluorescence
lifetime information.”*® Finally, the results are interpreted to
reveal biological activity or achieve other experimental objec-
tive.”*” The methodology and findings from such experiments
are discussed in detail in the literature,?*® highlighting FLIM's
growing importance in the field of fluorescence microscopy.

To further explore the principles and applications of FLIM,
a wealth of educational resources is available for readers.
Comprehensive guides and tutorials can provide in-depth
insights into both the theoretical foundations and practical
implementations of FLIM. Notable resources includethe
detailed Leica Microsystems guide on FLIM techniques (https://
www.leica-microsystems.com), Edinburgh Instruments’
overview of FLIM's use in tissue imaging (https:/
www.edinst.com) and the University of Queensland training
manual on FLIM theory and software tools such as FLIMfit
(https://www.uq.edu.au). These resources are excellent for
those wishing to deepen their understanding of FLIM and its
diverse applications in cellular and molecular imaging.

4.1 Fundamental principles and methods

FLIM involves the measurement of 7 in each pixel of an image,
providing detailed information about the temporal properties
of fluorescence. A typical FLIM measurement involves moni-
toring how the fluorescence intensity decays over time after
excitation (Fig. 18a and b). For a single fluorophore, the decay of
fluorescence from the excited state to the ground state generally
follows an exponential distribution. The fluorescence intensity,
1), as a function of time, can be described by the eqn (I) 2*%>*°

I(0) = Le ™" (1)

where: I(¢) is the fluorescence intensity at time ¢, I, is the initial
intensity at ¢ = 0,°* This model is commonly used when
analyzing a single fluorophore. However,in more complex
systems, multiple decay components may be present, necessi-
tating more sophisticated models to describe the fluorescence
decay accurately.

In systems with multiple fluorophores, the total fluorescence
intensity at time ¢ is the sum of the intensities contributed by
each individual species, where each species contributes with its
own characteristic lifetime. This can be expressed as in eqn (II):

1) = S wen (1)
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Fig. 18 Basic principles of fluorescence lifetime, fluorescence imaging,
basic setup for fluorescence imaging with a lifetime analysis instrument.

The overall lifetime is determined by the weighted contri-
butions of different fluorophores and can be influenced by
radiative and non-radiative decay processes. Non-radiative
effects, such as dynamic quenching through molecular colli-
sions with small soluble molecules like oxygen or ions, as well
as energy transfer between interacting molecules through For-
ster Resonance Energy Transfer (FRET), lead to a reduction in 7.

FLIM has been measured using time-domain and frequency-
domain methods, but advances in technology have blurred the
distinction between them. Modern FLIM techniques are cate-
gorized into time-tagging and phase-modulation shift methods.
Time-correlated single-photon counting (TCSPC) and digital
frequency domain (DFD) techniques precisely capture photon
arrival times relative to the excitation pulse, enabling accurate
fluorescence decay measurements and lifetime calculations. In
contrast, the phase-modulation shift approach, also known as
the analog frequency-domain technique, employs modulated
light sources to record photon arrivals using phase shifts and
demodulation. FLIM data acquisition involves collecting
multiple excitation-emission cycles to reconstruct a fluores-
cence decay histogram for each pixel, enabling pixel-by-pixel
characterization of fluorescent molecular species. The phasor
approach has emerged as a powerful and widely adopted FLIM
analysis method due to its simplicity, as it does not require
computational models while still offering robust and detailed
characterization. Its accessibility has been further enhanced by
the availability of open-source tools, leading to widespread
adoption in microscopy research.

Notably, it requires less computing power and has no
models. Because of this, phasor analysis is now generally
accepted in the microscopy field, and nearly all organizations

© 2025 The Author(s). Published by the Royal Society of Chemistry

TCSPC-FLIM, and FD-FLIM. (a) Principles of fluorescence lifetime (b)
(c) TCSPC-FLIM system scheme. (d) FD-FLIM sketch map.

employ it. The abundance of open-source tools available further
improves phasor analysis's implementation and accessibility.
FLIM is a flexible method that may be used to multiplex
numerous fluorophores inside a sample and investigate a range
of biological processes, such as tissue and cellular
metabolism,.>**"*** It is now possible to obtain FLIM pictures in
wide-field or scanning mode using both TD and FD FLIM
techniques and spectral information. These images can give 3D
information (Fig. 18c and d). Further expanding FLIM's
spatiotemporal capabilities and facilitating more thorough and
in-depth analysis is the combination of FLIM with sophisticated
microscopy methods including fluorescence fluctuation spec-
troscopy, hyperspectral imaging, and stimulated emission
depletion (STED).

FLIM allows for the real-time tracking of ion concentrations,
protein interactions, and molecular dynamics, among its many
other uses in cellular imaging. It holds significant value in
metabolic imaging for the surveillance of essential compounds
such as FAD and NADH, in addition to its applications in
fluorophore multiplexing and spectral unmixing.”®® When
combined with super-resolution techniques like STED, FLIM
boosts spatial resolution, allowing for the precise examination
of subcellular structures. Furthermore, FLIM-FRET yields
essential insights into molecular interactions and localized
environmental alterations, enhancing comprehension of
cellular processes.>*®

4.2 Metabolic imaging

FLIM is a sophisticated method that detects a fluorescence
lifetime of material and is extremely sensitive to the
surroundings and conformations of molecules. It permits
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concentration-independent imaging, which can be especially
helpful in lowering concentration-dependent toxicity because
the lifetime value is independent of concentration. Multiphoton
FLIM provides sub-micron sensitivity in 3D tumor spheroid
models by improving axial resolution and penetration depth.>”
This feature enables the measurement of fluorescence decays in
both free and bound forms of auto-fluorescent biological
components such as FAD and NAD(P)H.*®® The metabolic
pathways that cancer cells use to sustain different cellular
processes, such as glycolysis and oxidative phosphorylation, are
directly revealed by such measures. By calculating the ratio of
bound NAD(P)H to bound FAD, the FLIM Redox Ratio (FLIRR)
offers important insights into the main metabolic route of
a cell. There is a shift toward oxidative phosphorylation with
a greater FLIRR and a movement toward glycolysis with a lower
FLIRR.**® Likewise, the sensitivity of FLIM to carcinogenicity
can also be used to directly visualize tumor heterogeneity, such
as differences in solid tumor metabolism and post-treatment
metabolic pathway alterations.>® The FLIM-based method
also presents an intriguing chance to measure the auto fluo-
rescence lifespan of normal and malignant cells. This approach
can be used to distinguish cancerous cells from non-cancerous
ones because studies have revealed that the fluorescence life-
span of NADH and FAD is shorter in diseased cells than in
normal cells.***

So it has been investigated as a potent instrument that can
diagnose cancer and learn more about cellular metabolism.>**
This method offers useful insights into the functioning of cells
yet maintains the material characteristics. A number of variables,
including temperature, pH, ion concentration, and interactions
between biomolecules, can affect optical properties, especially
lifespan values. These characteristics can be tracked inside cells
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using FLIM, providing information on treatment effectiveness,
cellular functions, and the progression of disease.

It is a powerful technique for assessing tissue metabolism
through NADH autofluorescence.**?** By providing real-
time,label-free measurements of key metabolic parameters,
FLIM is particularly advantageous for metabolic phenotyping.
These parameters include the autofluorescence intensity ratio
of NADH to FAD and the balance between NADH and NAD+. The
ratio of NAD + to NADH, along with the distribution of free
versus protein-bound NADH, serves as a valuable optical redox
marker for evaluating metabolic shifts.>*® An increase in free
NADH levels corresponds to a shift from oxidative phosphory-
lation to glycolysis. To measure NADH emission, auto-
fluorescence is captured using a narrow filter (440 £ 45 nm).
Free NADH has a fluorescence lifetime of approximately 0.4 ns,
while protein-bound NADH, such as when attached to lactate
dehydrogenase exhibits an extended lifetime of around 3.4 ns.
The relative proportions of free and bound NADH are reflected
in the autofluorescence lifetime decay**® when no additional
fluorophores are present**’

By using FLIM and phasor plot analysis, Shen et al. investi-
gated metastatic colonization in pancreatic cancer through FAD
autofluorescence (Fig. 19).>** Phasor-based FLIM detected
fluorophore fractions corresponding to both free and protein-
bound FAD, and a two-component analysis of the phasor plot
determined their relative proportions. A metabolic shift from
oxidative phosphorylation to glycolysis was indicated by an
increase in the free FAD fraction along the metabolic trajectory.
However, to the best of our knowledge, carbon dots have not yet
been widely explored in combination with FLIM for metabolic
imaging. We believe that this could represent an exciting new
direction for research.
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(a) Phasor plot (with different pseudo colors) of cancer cells based on FAD FLIM data. (b) Overall lifetimes. (c) Component lifetimes and

Rb-FAD ratios. (d) The regions marked as (1, 2, and 3) represent various lifetime species shown in the pseudocolor images below. ((a—d)Adapted

with permission from ref. 248. Copyright 2020, Ivyspring International).
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4.3 Multiplexing and unmixing of multiple fluorophores

One significant benefit of phasor analysis is its ability to resolve
fluorescence species from a material, yielding important biological
information in numerous situations.>**** Without making any
assumptions about the phasor positions or decay characteristics of
the species combined in a single pixel, the blind unmixing method
allows for quantitative examination of their contributions. The
technique relies on leveraging DFD contemporary electronics®" to
compute the phasor plot at higher harmonics. Tissue metabolic
imaging has been accomplished by the use of blind unmixing.
This method makes it possible to quantitatively analyze the frac-
tions of oxidized lipids (long lifetime species), bound NADH, and
free NADH. These fractions can be used to compute the ratio of
free-to-protein-bound NADH when oxidized lipids are present.
Exogenous probes are useful for analyzing the spatial distribution
of fluorescence lifetimes in FLIM. By performing metabolic
imaging in tissue via blind unmixing, the various components—
such as free NADH, bound NADH, and oxidized lipids (long-
lifetime species)—can be quantitatively analyzed. The ratio of
free to protein-bound NADH in the presence of oxidized lipids can
be computed by figuring out the proportions of these components.
This technique offers a strong tool for evaluating tissue interac-
tions and metabolic processes. Multiplexed detection, such as
using probes that target distinct biomolecules, is made possible by
multi-component analysis of the phasor plot. Multiple biomarkers
on or within cell surfaces can be identified simultaneously thanks
to the phasor plot's ability to distinguish between various probes
based on their varying lifetimes. Three dyes coupled to antibodies
with stable lifetimes were able to successfully identify a variety of
biomarkers found on or within the cell surface (Fig. 20).>> The
group used three dyes with distinct lifetimes that were bio-
conjugated to antibodies that targeted various parts of the cell.
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This method demonstrated the phasor plot's ability to identify
three spatially colocalized biomarkers and differentiate between
different lifetimes by effectively resolving and quantifying three
probes that target cell surface biomarkers. Up to eight distinct
biological targets can be detected in living mammalian cell lines
using fluorescence lifetime multiplexing.>*

Using a machine-learning clustering methodology called the
Gaussian mixture model (GMM), fluorescent species populations
can be automatically and independently recognized through
spectrum and lifetime imaging by looking for clusters in phasor
space.?® MOSAICA (multi-omic single-scan assay with integrated
combinatorial analysis) is a spatial-omics technology based on
fluorescence imaging that was developed using this method.>**
By combining FLIM and spectrum imaging with in situ tagging of
mRNA and protein markers using combinatorial fluorescent
probes that have different lifetimes and spectra, MOSAICA allows
multiplexed biomarker profiling of cells and tissues.

4.4 Local environment sensing

Water dynamics at various subcellular sites are essential for
regulating cellular functions such phase separation, membrane
dynamics, and enzyme activity. Nevertheless, there are few and
technically difficult ways to investigate water dynamics in vivo at
the subcellular level. Dimethylaminonaphthalene has been
used to create environmentally sensitive fluorescent probes that
can detect polarity and dipolar relaxation nearby, offering
information on the structural dynamics of macromolecules.>*®
The physical state of the membrane phase and the amount of
cholesterol present affect the lifespan of LAURDAN,
a membrane-affinity probe.”® FLIM and phasor analysis have
been used to investigate membrane dynamics in living cells by
taking use of these characteristics. Dipolar relaxation, shown as
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(a) Phasor plots of the three fluorescence lifetime probes. (b—d) The phasor plot of MCF-7 cells was labeled with (b) aEpCAM-Qdot 585,

(c) aCK18-Bodipy TMR, and (d) aKi67-AF555. (e) and (f) Adding unlabeled antibodies reduced the signal intensities of HER2-Bodipy TMR and TfR-
AF555 probes at labeled/unlabeled ratios of (e) 30 : 70 and (f) 10 : 90. The displayed results include (i) a phasor plot; (i) an intensity image; (jii)—(v)
separate intensity images for EpCAM, HER2, and TfR; (vi) a pseudo colored overlay image (EpCAM: red, HER2: green, TfR: blue); and (vii) the
overall fractional contribution of each probe throughout various images. ((a—f) Adapted with permission from ref. 252 Copyright 2022, ACS

Publications).
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phasor clusters, can be easily identified because to the special
phasor framework. Fluorophores with pH-dependent lifetimes
can be used to measure intracellular pH via FLIM. After cali-
bration in unidentified structures, these pH probes make it
easier to determine pH by shifting their positions on the phasor
plot in response to pH variations.**”**®* The uses of FLIM are
further extended when paired with automatic clustering based
on the phasor plot> or machine learning methods.>**
Identifying and detecting cancer cells during tumor progres-
sion and metastasis,>® automating lysosome segmentation,**
and clarifying drug delivery mechanisms by analyzing intracel-
lular trafficking pathways®® are just a few of the important
applications of using FLIM to measure pH in biological systems.
Additionally, FLIM makes it possible to determine ion concen-
trations. Changes in the fluorescence lifetime of probes sensitive
to Ca®" levels can be used to quantify intracellular Ca®>" concen-
trations.>*> The detection of calcium changes at nanomolar levels
and accurate measurements over a wide pH spectrum**
possible because of advancements in probe development and
methodology. FLIM is adaptable to several tissues and cell types,
including brain systems, and can assess Ca®" gradients®® in
epidermal cells when used in conjunction with phasor analysis.
Furthermore, fluorescent probes have been created that use
lifetime changes to assess the concentration of Na'2%* For

are now

measuring Ca*" and Na®>* concentrations and associated subcel-
lular variations, FLIM is therefore a useful instrument.

4.5 Molecular interactions: FLIM-FRET

FFLIM is a useful method for FRET (Fluorescence Resonance
Energy Transfer) studies of molecular interactions.?*® When two
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molecules are close together (less than 10 nm), excited-state
energy is transferred from one fluorescent molecule (the
donor) to the other (the acceptor), causing FRET.**® Fluores-
cence quenching as a result of this interaction lowers the fluo-
rescence lifetime of the FRET donor. Lifetime measurements in
FLIM are often independent of fluorophore concentration,
which has many benefits over intensity-based FRET techniques.
Furthermore, because FLIM-FRET only uses donor channel data
for analysis, it does away with worries regarding donor spec-
trum bleed-through and direct stimulation of the acceptor.>*” By
analyzing the phasor shift between the donor-only species and
the donor-acceptor complex, FRET is assessed in the phasor
plot. The phasors of the autofluorescence background and the
unquenched donor for each experiment must be determined in
order to compute the FRET efficiency, which can vary from 0%
to 100%.7°® Studies of protein interactions, protein conforma-
tional changes, biosensors, chromatin compaction, and other
biological applications have made extensive use of FLIM-FRET
with phasor analysis.”® Using FLIM-FRET and phasors, the
oligomerisation of AP peptides is evaluated in an in vitro trimer
model (Fig. 21a).

4.6 FLIM-STED for super-resolution

When used in conjunction with STED microscopy, which over-
comes the diffraction limit by selectively depleting fluorophores
at particular locations within the excitation regions, FLIM
improves super-resolution imaging by permitting light emis-
sion from only non-silenced fluorophores.””> This is accom-
plished by aligning a STED beam with a Gaussian excitation
beam to create a doughnut-shaped focal intensity distribution.
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(a) Phasor FLIM-FRET analysis using trimers of Ap 2AT-(-sCy3 (donor) and 2AT-(-sCy5 (acceptor) to study oligomeric assemblies in SH-

SY5Y cells. Donor quenching is observed in phasor plots at D : A ratios of 0: 0, 50: 50, and 25: 75. Intensity and phasor colour-coded images
show FRET occurrences (scale bar, 5 um). (Adapted with permission from ref. 270 Copyright 2019, American Chemical Society). (b) FLIM-STED
imaging using the SPLIT method to enhance spatial resolution by tuning photon lifetimes. Fluorophore lifetime varies based on its position
relative to the excitation spot, with shorter lifetimes observed further from the centre. (Adapted with permission from ref. 271 Copyright 2015,

Springer Nature Limited).
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The size of the effective fluorescent zone surrounding the center
point (or “zero” intensity) determines the subdiffraction spatial
resolution. Data gathering with a spatial resolution of less than
40 nm is possible by integrating FLIM with STED.?”* In multi-
color imaging, the STED and FLIM combination has been
used for up to five components.””* Time-resolved lifespan data
can improve STED microscopy resolution without raising the
STED beam's peak intensity.”” Utilizing the difference in
fluorophore lifetime depending on its location within the exci-
tation region, one method is called SPLIT (Separation of
Photons by Lifetime Tuning) microscopy (Fig. 21b). The
fluorophore's fluorescence lifetime falls as it goes away from the
STED beam's zero-intensity point, reaching its minimum close
to the doughnut-shaped area where the STED intensity is
maximum.*”* SPLIT significantly improves spatial resolution by
analyzing fluorescence lifetime at each pixel using the phasor
technique. This SPLIT method is the foundation of the Leica
Tau-STED microscope. Furthermore, multicolor imaging has
been made possible by combining SPLIT with STED-ISM (STED
with Structured Illumination Microscopy).

4.7 FLIM for intracellular detection and nanoparticle
interaction

Fluorescence Lifetime Imaging Microscopy (FLIM) has been
utilized in a limited number of fluorescent-based intracellular
applications, primarily involving organic fluorophores and
fluorescent proteins.””> Some genetically encoded fluorescent
sensors, which use fluorescent proteins, have incorporated
fluorescence lifetime detection. For example, Tantama et al.
developed an intracellular pH nanosensor by mutating the red
fluorescent protein mKeima, creating pHRed. The pHRed
sensor enabled the manipulation of the intracellular pH in live
Neuro2A cells for calibration purposes, showing a significant
pH-responsive fluorescence lifetime change of approximately
0.4 ns over physiological pH values.”® In another study,
a genetically encoded FRET-based sensor for detecting ERK
activity (EKAR) was introduced, utilizing FLIM for fluorescence
lifetime detection. The sensor exhibited changes in fluores-
cence lifetime indicating ERK activation in HEK293 cells
following epidermal growth factor stimulation. This approach
was also applied to dendrites and the nucleus of hippocampal
pyramidal neurons in brain slices after theta-burst stimulation
or trains of back-propagating action potentials. However, the
sensitivity of this sensor was limited, with fluorescence lifetime
changes of only around 0.06 ns.””” To achieve greater sensitivity,
Kuimova et al. developed a versatile sensor to measure the
microviscosity of the environment using a fluorescent indacene
derivative as a molecular rotor. The fluorescence quantum yield
of the fluorophore increased significantly with the increasing
viscosity of the solvent, and the fluorescence lifetime varied
from 0.7 to 3.8 ns as viscosity increased from 28 to 950 cP. This
molecular rotor was incubated in SK-OV-3 cells, and the
resulting fluorescence lifetime map provided a direct
measurement of intracellular viscosity.>”® Despite these
advances, the application of FLIM with fluorescent nano-
particles has been underexplored. A few studies have reported

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the use of fluorescent resonance energy transfer (FRET) inter-
actions with nanoparticles in FLIM detection. For instance,
energy transfer between the organic dye DAPI and gold nano-
particles (AuNPs) has been studied using FLIM under two-
photon excitation. In the analysis of FLIM images from
Madin-Darby canine kidney cells, the fluorescence lifetime of
DAPI decreased from 2.5 ns to 0.9 ns due to energy transfer.””®
Dahan et al. pioneered the use of FLIM with QD nanoparticles
for imaging fixed cells, demonstrating that QDs could enhance
fluorescence biological imaging contrast and sensitivity,
notably reducing autofluorescence contributions to the overall
image.**® Further studies applied FLIM with QDs to detect DNA
hybridization events in DNA microarray spots, also showing the
potential for lifetime multiplexing using QDs and the Alexa 430
dye with a single excitation-detection readout channel.”®
Hybrid materials, such as Valerite nanoparticles coated with
QDs, were employed for biological applications based on FRET
and FLIM. The binding of poly-His-tagged TdTomato protein to
the QD surfaces resulted in efficient quenching of QD PL, along
with FRET-sensitized emission of the bound TdTomato
proteins. These fluorescence lifetime changes were clearly
observed in the FLIM images.”®

5. From single probe to multitool:
CDs revolutionize FLIM-based
bioimaging

Recently, nanoparticles have been explored as fluorophores for
FLIM to study cellular systems. When compared to typical
organic fluorescent dyes, these NPs provide brighter fluores-
cence, more photostability, and improved biocompatibility. In
addition, their large surface-to-volume ratio allows an extensive
variety of sensing techniques. However, the application of FLIM
with FNPs remained mostly unexplored. FLIM has been utilized
in a limited number of studies for identifying particles in
intracellular medium rather than in sensing.”® A few examples
include employing FLIM to detect intracellular interactions
between gold nanoparticles and dyes. Only a few of them
demonstrate FLIM with polymer NPs as fluorescent polymeric
thermometers for mapping the intracellular temperature and
investigating its relevance to organelle functions.”**

Initially, N-acetylcysteine, p-penicillamine, and histidine are
used to functionalize CdSe/ZnS quantum dots for intracellular
pH detection.” Qds have laso been used for glucose sensing
using FLIM.?** Semiconductor quantum dots (SQDs) differ from
organic fluorophores in PL lifetime. Organic dyes have a simple
decay pattern (1-5 ns), making them easy to identify, but they
are difficult to distinguish from excitation light and short-lived
fluorescence. For effective use of nanoparticles in FLIM within
cells, calibration with solutions mimicking the cellular envi-
ronment is essential, considering salts, proteins, and other
cellular components. For intracellular sensing, a different kind
of AgInS, (AIS)/ZnS QDs was investigated. The author success-
fully differentiated between cancerous and non-cancerous cells
by examining pH sensing in various subcellular areas, including
the cytoplasm and lysosome.”®® The impact of the protein
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corona has not yet been taken into account in FLIM imaging.
Nandi et al. used FLIM-based lifetime imaging to investigate the
precise distribution of doxorubicin (DOX) drug release
throughout the cell. The authors came to the conclusion that
DOX entered the cell cytoplasm more quickly. The observed
variations in the drug release pattern were ascribed to variations
in protein binding, resulting in different lifetime values in the
nucleus and cytoplasm of the cell.*®”

The study emphasized how drug release variation is influ-
enced by protein corona binding affinity, which can be seen in
real-time utilizing the FLIM technique. Furthermore, using
FLIM imaging, a related study examined the time-dependent
DNA fragmentation brought on by PEGylated carbogenic
nanodots loaded with DOX.?*® Beyond DOX, graphene quantum
dots in an organized lipid membrane were used to study the
translocation of daunomycin, a well-known chemotherapeutic
medication. Thus, there is a great deal of promise for improving
cellular imaging methods through the combination of FLIM
with sophisticated fluorescent probes, especially CDs.*®* CDs
are perfect candidates for FLIM applications because of their
remarkable fluorescence characteristics. Furthermore, it is
possible to modify the fluorescence of CDs by changing their
size, surface chemistry, or functional groups, a crucial feature
for time-resolved imaging such as FLIM.

The use of FLIM in conjunction with carbon dots has also
shown great promise in FRET tests, in which CDs can act as
acceptors or donors.*” This makes studying conformational
changes, receptor-ligand binding, and protein—protein
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interactions in living cells easier, providing real-time insights
into molecular dynamics. Multiplexed imaging, which allows
several targets within a single biological sample to be labeled
and examined simultaneously, is one of the most intriguing
uses of carbon dots in conjunction with FLIM. This feature
greatly expands the breadth of biological discoveries by
enabling the analysis of several biomarkers, cellular pathways,
and signaling networks in a single experiment without
requiring intricate labeling methods. CDs like semiconductor
quantum dots, have been investigated for intracellular pH
monitoring utilizing the FLIM strategy. FLIM data of CDs were
acquired in the presence of different biomolecules like NADH,
glutamic acid, arginine, histone, and bovine serum albumin to
better simulate the cell environment for intracellular pH
imaging. This method can be used for subcellular targeting with
fluorescent CDs and pH-based disease progression monitoring.
Additionally, FLIM can be used to monitor drug release in
various subcellular locations in real-time, which helps improve
drug-targeting techniques.”* The significance of employing
CDs as probes in FLIM for cell imaging is discussed below,
emphasizing their potential to offer detailed insights into
cellular processes and drug interactions.

5.1 FLIM with CDs to study long-live dynamic cellular
functionalities

In real-time, STED and FLIM optical imaging methods may
observe sub-cellular targets at high resolution. Fluorescent
probes limit practical imaging, especially long-term live-cell
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Fig. 22 (a) Fluorescence intensity image of CPDs™>-stained KYSE-150 cells (t = 15 min). (b) T image acquired at 15—90 min after incubating with
CPDs™>. The color legend of lifetime distribution has been unified (2000—4800 ps). (c) T distribution histogram (d) Phasor plot diagram (t = 30
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ref. 292. Copyright 2021 American Chemical Society).
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nucleic acid imaging. Current probes lack targeted specificity,
biocompatibility, low excitation power, and photostability. To
fully utilize the potential of these advanced imaging methods,
we need to find solutions to the limitations posed by probes. In
their study, Liu, Song, et al. produced CDs that can be used for
ferric ion sensing and cellular imaging purposes, irrespective of
the excitation source. For this study, researchers carefully
designed and created CPDs-3, a tiny CPD material that produces
light with outstanding efficacy and stability. This substance is
used to image nucleic acids in living cells, allowing for fluo-
rescence lifetime study and super-resolution imaging. The
nanoprobe demonstrated remarkable emission properties
when evaluating nucleic acid interactions, greatly improving
the signal-to-noise ratio in both the spatial and temporal
domains. Direct imaging of chromatin structures with sub-
diffraction resolution (90 nm) is made possible by CPDs-3,
which has a low saturation intensity of 0.68 miliwatt (mW)
0.23 megawatt (MW cm ?) and requires little excitation <1
microwatt, (W) and depletion power (<5 mW). Long-term
imaging in both STED and FLIM setups is possible with
CPDs-3 because of its exceptional photostability, high photonic
efficiency, and low toxicity. This illustrates its great potential for
examining the long-term actions of nucleic acids. Important
information on CPDs *'s interactions with different nucleic
acid structures inside cells can be gained by tracking its

View Article Online

RSC Advances

fluorescence lifetime over time. In (Fig. 22a), the fluorescence
lifespan of CPDs ™ was investigated in living cells following
incubation for various intervals of time. CPDs > had a broad
lifetime range of 3500 to 5000 picoseconds (ps) within the first
15 min, indicating that it was binding free nucleic acids, as
illustrated in Fig. 22b and c. The lifetime distribution altered
throughout time and was separated into two components, one
for the cytoplasm and one for the nucleus. This suggests that
CPDs ® aggregates and binds differently to nucleic acids
investigated in living cells following incubation for various
intervals of time. CPDs > had a broad lifetime range of 3500 to
5000 ps within the first 15 min, indicating that it was binding
free nucleic acids, as illustrated in Fig. 22d-f. This demon-
strates CPDs ™ >'s enormous promise for future dynamic, long-
term investigations of nucleic acid functions.*”

5.2 FLIM and CDs for multicolor imaging-based selective
interaction to detect Gram-negative bacteria

The emergence of antibiotic-resistant Gram-negative bacteria
poses a significant challenge to healthcare, necessitating the
creation of innovative and efficient detection methods. Pathak,
Navaneeth, and coworkers have presented a straightforward
and effective technique for recognizing Gram-negative bacteria
in particular. They used fluorescence lifetime (FLT) response in
conjunction with bioimaging for detection, and they used
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(a) FLIM-based point lifetime decay curves of individual m-CCD treated E. coli measured on the cell wall (1, 2, 3 & 4) and cytoplasm;

FLIM-based point lifetime decay at different ROI (triplicates) for data reproducibility (o) ROI™%; (c) ROI™2 (d) ROI™> ((a—d) Adapted with permission

from ref. 293 Copyrights 2023 Elsevier B.V).

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2025, 15, 44919-44960 | 44945


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra05371d

Open Access Article. Published on 18 November 2025. Downloaded on 3/11/2026 3:25:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Review

Table 4 The average lifetime of m-CCD-treated E coli Bacterias. Adapted with permission from ref. 293. Copyrights 2023 Elsevier B.V

Data point 4, Err + Ay Err + Az Err + 7, [ns]  Ermr+ t[ns] Errd+  t;[ns] Emrt  th,[ns] ¥

1 0.1 0.005 0.64  0.032 0.26  0.013 6.07  0.3035 0.56 0.028  2.07 0.103  1.51 1.06
2 0.09 0.0045 0.65 0.0325 0.26 0.013 6.3 0.315 0.59 0.029  2.24 0.112  1.54 1.03
3 0.1 0.005 0.63 0.0315 0.27  0.0135 6.3 0.315 0.59 0.029  2.17 0.108  1.59 1.02
4 0.1 0.005 0.63  0.0315 0.27  0.0135 6.1 0.305 0.58 0.029 22 0.11 1.57 1.03
5 0.1 0.005 0.63  0.0315 0.27  0.0135 6.4 0.32 0.6 0.03 2.3 0.115  1.64 1.04
m-CCD 0.13  0.0065 0.49 0.0245 0.38  0.019 13.44  0.672 0.91 0.045  4.53 0.226  3.91 1.05
multi-emissive colistin-passivated carbon dots (m-CCDs). Aone- coli cells treated with m-CCDs, as determined by the

step hydrothermal procedure with microwave assistance was
used to create the m-CCDs. The time-resolved fluorescence
properties of the m-CCDs following attachment to the bacteria
were evaluated using FLIM and Confocal laser scanning
microscopy (CLSM) in order to examine their interaction with
Gram-negative bacteria. When m-CCDs interact with E. coli
bacteria, the bacterial cells produce fluorescence signals. Gram-
negative bacteria like E. coli can be particularly interacted with
by m-CCDs through its colistin moiety. When m-CCDs interact
with the outer membrane of E. coli, colistin disrupts the lipo-
polysaccharide by displacing certain ions, resulting in the
formation of membrane pores. These pores then enable m-
CCDs to penetrate the bacterial cell. The FLT decay curves of E.

researchers, are shown in Fig. 23a. The average lifetime of m-
CCDs-treated E. coli ranged from 1.51 to 1.64 ns at different
points on the bacterial cell, as indicated in Table 4. This has
a much shorter T compared to the typical duration of free m-
CCDs, which was approximately 3.91 ns. It appears that the
interaction between m-CCDs and E. coli leads to an increase in
non-radiative processes, which in turn reduces the fluorescence
lifetime. Results from the FLT measurements were consistent
across the E. coli cell's several regions of interest (ROI). By
conducting FLT measurements at three different ROIs and
gathering triplicate data from five different sites, the average
fluorescence lifespan (tavg) of m-CCD-bac was confirmed
(Fig. 23b-d). Additionally, there was no discernible difference in
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Fig. 24

(a) After adding FNCDs, the FLIM images of 4T1 cells under different times. (b) The FLIM images of FNCDs in the nutrient solution. (c) The

FLIM images of FNCDs in the cytoplasm. (d) The FLIM images of FNCDs in the nucleus. (e) The average lifetime of FNCDs in the nutrient solution,
cytoplasm, and nucleus, respectively. (f) After adding FNCDs, the CLSM images of 4T1 cells under different times. Scale bar: 20 um. ((a—f) Adapted

with permission from ref. 294 Copyrights 2020 Elsevier B.V).

44946 | RSC Adv, 2025, 15, 44919-44960

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra05371d

Open Access Article. Published on 18 November 2025. Downloaded on 3/11/2026 3:25:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

the FLT profile between the bacterial cell's cytoplasm and outer
membrane. The average lifespan for m-CCD-bac was found to be
almost constant throughout all chosen areas, ranging from
roughly 1.34 to 1.68 ns.**

5.3 FLIM with CDs for monitoring cell cycle

Drugs have an impact on the various stages of cellular develop-
ment. In a recent study, Li, et al. conducted research on FNCDs to
investigate their potential as cell-targeting probes and their
ability to deliver drugs at various stages of the cell cycle. Through
a one-step hydrothermal treatment of glycine and 2,4-di-
fluorobenzoic acid, a new probe was successfully produced. The
FNCDs showed a remarkable QY 57%, along with excellent
optical stability. Furthermore, they exhibited the capacity to
sustain their fluorescence despite variations in circumstances
such as ionic strength, pH, temperature, and the presence of
guest molecules. FLIM was utilized to observe the entry of FNCDs
into cells and their subsequent arrival at the nucleolus. Through
time-dependent experiments, it was observed that FNCDs were
able to enter the cytoplasm of 4T1 cells via endocytosis within
10 min of co-incubation. Furthermore, after 20 min, the FNCDs
were found to have reached the nucleolus. Fig. 24 offers a thor-
ough summary of the FLIM data. Fig. 24a illustrates the dynamic
uptake and localization of FNCDs in 4T1 cells over 40 min, with
images taken at 5-min intervals. The FLIM images demonstrate
the process of FNCDs being absorbed into the cytoplasm and
nucleus from the nutrient solution. Fig. 24b-d shows the FLIM
images of FNCDs in the nutrient solution, cytoplasm, and
nucleus, respectively. These images reveal different fluorescence
lifetimes in each environment. The measured lifetimes varied
across different parts of the cell, 2545.35 ps in the nutrient
solution, 3334.04 ps in the cytoplasm, and 3702.49 ps in the
nucleus. Fig. 24e provides a quantification of the average
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fluorescence lifetimes, highlighting how FNCDs are influenced
by their surroundings. Fig. 24f provides additional support to
these findings through the use of CLSM images, which visually
confirm the spatial distribution of FNCDs within the cells. This
experiment has revealed a groundbreaking discovery FNCDs have
the remarkable ability to penetrate cells, target specific areas
within them, and exhibit stable fluorescence lifetimes that
respond to the cellular environment. This establishes FNCDs as
powerful fluorescent probes for live cell imaging.***

5.4 FLIM-based CDs photo catalyst for ROS-mediated
inhibition of algae growth

Human-caused potentially dangerous algal blooms have grown
more prevalent, highlighting the significance of taking effective
elimination measures rapidly. Researchers in this study have
managed to successfully generate R-CDs that are safe and stable
for biological usage. When exposed to sunlight, these small
particles emit ROS unusually. In addition, FLIM was first used
to explore the physiological responses related to oxidative stress
caused by Phaeocystis globosa Scherffe (PGS) in response to
ROS threat. The FLIM image (Fig. 25i(b)) provides an extensive
look of the cell's fluorescence lifespan and structure compared
to the CLSM image (Fig. 25i(a)), which records fewer details. In
the absence of light, the fluorescence lifetime stayed constant at
an average of 319.2 ps. Nevertheless, there was a was a notice-
able difference between central and peripheral regions of the
cell. The average fluorescence lifetime significantly decreased
following light exposure, suggesting changes in the physiolog-
ical roles of the PGS cells' subcellular structures (Fig. 25i(c)).
The fluorescence lifespan first decreased markedly as the light
duration increased, but it eventually recovered to its initial level.
These alterations imply that significant changes in the physio-
logical state of the PGS cells were brought about by reactive ROS
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Fig. 25

(i) (@) FLIM intensity map of the PGS@R-CD system over time. (b) FLIM lifetime map of the PGS@R-C system over time. (c) Line graph

showing the average lifetime changes of PGS@R-CD cells over time. (d) Curve fitting of the lifetime changes of PGS@R-CD cells over time ((a—f)
Adapted with permission from ref. 295 Copyrights 2023 by the authors. Licensee MDPI, Basel, Switzerland).
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produced by R-CDs when exposed to light. The shape of the
fluorescence lifetime fitting curve Fig. 25i(d) shows that the R-
CDs stayed stable and only functioned as catalysts. R-CDs
connect to the PGS cells’ internal (II) and external (I) subcel-
lular structures, as shown by the phase diagram in (Fig. 25ii(a)).
Fig. 25ii(b) illustrates the differences between the exterior and
internal components of PGS cells and R-CDs. Fig. 25ii(c and d)
illustrates how the R-CDs produced ROS in response to light
exposure, resulting in oxidative stress. Ribosomes in the endo-
plasmic reticulum released ROS scavengers, which had a major
impact on the R-CDs' fluorescence lifetime. As depicted in
Fig. 25ii(e and f), the heightened presence of ROS scavengers in
close contact to the endoplasmic reticulum (ER) led to a notable
enhancement in longevity. A glimpse into the interesting world
of R-CDs and their powerful anti-algae mechanism.***

5.5 FLIM integrated with CDs to mimic complex
microenvironments inside the cells

Understanding intracellular movement and functions requires
careful monitoring of intracellular pH. There are several limita-
tions when it comes to biosensing using fluorescence intensity or
spectra analysis. For the first time, FLIM was used to detect
intracellular pH using pH-sensitive CDs. Prior to investigating CD
fluorescence in cells, control cells’ inherent fluorescence was

View Article Online

Review

contrasted with that of CDs-treated cells. The study revealed that
the intensity of cell auto-fluorescence was significantly lower
compared to the fluorescence of CD's, with a difference of 8.5
times. Additionally, the auto-fluorescence lifetime was measured
to be approximately 0.98 ns. Therefore, the autofluorescence signal
has no impact on the FLIM measurement of cells treated with CDs.
As depicted in Fig. 26¢, the intracellular pH of the HeLa cells was
altered when treated with various pH buffers. Notably, variation in
pH were observed across different regions of the cells. Conse-
quently, the FLIM images of CDs inside living cells showed a wide
range of colors in various locations. As the buffer's pH was
elevated, the cells' fluorescence lifespan gradually increased
(Fig. 26d). The average fluorescence lifespan of the CDs inside the
cells progressively increased from 2.1 ns to 2.4 ns across the whole
pH value range that was examined. The curve adopted a sigmoidal
shape in contrast to the smooth increase seen in Fig. 26a(ii),
presumably as a result of differences in the intracellular pH in
relation to the pH of the buffer solution. An interesting pattern was
found when examining the phasor FLIM data (Fig. 26e): the
intracellular CDs data moved to the left as the pH level increased.
Fig. 26a(iii) illustrates this tendency, which implies that the pH
response of CDs in living cells is similar to that seen in solution.
The phasor FLIM behavior of the CDs in solution is in agreement
with this result. A little percentage of CDs penetrate the nucleus,
but the majority are found in the cytoplasm. Given the rapid
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Fig. 26 Comparison of the fluorescence characteristics of (a) CDs and (b) commercial pH sensor oregon green in different pH environments. (i)
Fluorescence intensity changes with pH values (the error bar is very small in this case and the inset is the fluorescence spectra), (i) fluorescence
lifetime changes with pH values, and (i) phasor analysis of FLIM images. pH response of CDs in Hela living cells. (c) Fluorescence lifetime images
of cells labeled with CDs at different pH buffers, scale bar: 20 um. (d) The relationship between the average fluorescence lifetime and the pH
values of the FLIM images in (c). (e) A phasor diagram obtained using the phasor analysis of the FLIM images in (c), in which the enlarged part of
the phasor diagram gives the maximum density of the corresponding phasor plot for each pH value. The FLIM images of the CDs in the Hela cells
were compared. (f) Cells were incubated with CDs for 2 hour. (g) Cells were incubated with CDs for 2 hours, and then cultured with digitonin for
3 min for cell permeabilization (scale bar: 20 um). (h) The different fluorescence lifetimes of CDs in the lysosomes, cytoplasm, and nucleus of the
cell are in discrete colors. (i) Statistical curves of the CDs fluorescence lifetime distribution in different regions of the cell (lysosomes, cytoplasm,
and nucleus). (j) FLIM images of a permeabilized cell and (k) the corresponding phasor FLIM distribution, where 1, 2, and 3 correspond to the three
regions of the nucleus, cytoplasm, and lysosomes, respectively. (a—k) Adapted with permission from ref. 296. Copyright 2020, MDPI (Open
access).

44948 | RSC Adv, 2025, 15, 44919-44960 © 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra05371d

Open Access Article. Published on 18 November 2025. Downloaded on 3/11/2026 3:25:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

division of the HeLa cell, the ratio of cytoplasm to nucleus would
be lower, resulting in relatively larger nuclear size compared to
normal cells. Therefore, there is a high likelihood of external
material entering the nucleus when the cell membrane is di-
srupted. It is possible that this could lead to the distribution of
CDs within nuclei. Furthermore, as illustrated in Fig. 26c, the pH
buffer affected the cell membrane's permeability, which resulted
in a greater uptake of CDs into the cells and nuclei. Digitonin
treatment improved the permeability of the membrane and
nuclear envelope, enabling a more accurate examination of the
CDs' fluorescence lifespan inside the nucleus. The FLIM pictures
of CDs in living cells before and after digitonin treatment are
contrasted in (Fig. 26f). The CDs seldom ever entered the nucleus
in (Fig. 26f) when the cell membrane was intact, and their fluo-
rescence lifespan varied between 1.6 and 2.3 ns. Nevertheless, the
CDs were able to enter the nucleus when the membrane perme-
ability was changed, leading to a fluorescence lifespan of roughly
2.5-2.8 ns, which was longer than in the cytoplasm (Fig. 26g).
Various colors are used to illustrate the various fluorescence life-
times of CDs in the cytoplasm (green), lysosomes (red), and
nucleus (blue) in (Fig. 26h and i). The FLIM picture of CDs inside
a HelLa cell treated with digitonin is displayed in Fig. 26j, and the
matching phasor image analysis is shown in Fig. 26k. Three
separate zones with varying distributions are shown by the data in
Fig. 26k: the nucleus, neutral cytoplasm, and acidic lysosomes.**

The CDs in this work were able to penetrate the nuclear
envelope, which allowed for the investigation of the microen-
vironment inside the nucleus, in contrast to the majority of CDs
or SQDs, which have a restricted ability to reach the nucleus.”®”
This study offers a useful method for precisely measuring
intracellular pH in intricate biological systems by fusing FLIM
technology with pH-sensitive CDs.

5.6 Unaltered imaging capability of CQDs in cellular
environments

Understanding the biocompatibility and biointeractions of
nano-CQDs is essential for evaluating their potential risks to
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human health, particularly for biomedical applications such as
imaging and therapy.** In a study, the biocompatibility and
biointeractions of CQDs synthesized via laser ablation in liquid
were assessed for their potential use as optical nanoprobes. The
CQDs were evaluated through a variety of in vitro and in vivo
assays to determine their cytotoxicity, apoptosis, bi-
odistribution, immunotoxicity, and gene expression alterations.
For in vitro analysis, L929 and PC-3M cells were incubated with
CQDs (1 uM) for 48 hours, followed by examination using
fluorescence lifetime imaging microscopy (FLIM) with 400-nm
excitation. Control experiments were performed with blank
cells (without CQDs) to evaluate autofluorescence. Notably, cells
demonstrated strong autofluorescence under UV excitation in
the range of 260 to 400 nm, which may interfere with CQD
labeling applications. Following this, lifetime images were
captured at 560 nm, based on established research protocols.
The results of FLIM revealed that the average time molecules
remained in the excited state followed a mono-exponential
function for both L929 and PC-3M cells (Fig. 27a and b). Auto-
fluorescence lifetime distributions for L929 (1591-2431 ps) and
PC-3M cells (1783-2221 ps) were observed prior to CQD uptake
(Fig. 27c and d). After CQD uptake, these distributions shifted to
182-3216 ps for L929 cells and 110-1748 ps for PC-3M cells,
with a notable increase in the average excited-state lifetime in
L929 cells and a decrease in PC-3M cells. The average fluores-
cence lifetime of CQDs inside the cells was longer (0.94 ns)
compared to when they were measured independently, indi-
cating the cellular uptake of CQDs altered their optical
properties.>*®

5.7 Target specific CDs flim probe to study nucleus

Moreover another study was conducted for fluorine-nitrogen
codoped carbon dots (F-NCDs) in conjunction with two-
photon fluorescence lifetime imaging microscopy (TP-FLIM)
for the in vivo visualization and imaging of nucleic acids,
specifically DNA and RNA. The FNCDs were synthesized via
a hydrothermal method and showed excellent biocompatibility,
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Fig.27 Comparison of fluorescence intensity with and without CQDs for 48 h at an excitation wavelength of 400 nmin (a) L929 cells and (b) PC-3M
cells. Comparison of FLIM images of L929 and PC-3M cells (c) with and (d) without CQDs. The excitation wavelength was 400 nm, and the emission
wavelength was 560 nm. Insets: Bright-field images of L929 and PC-3M cells. ((a—d) Adapted with permission from ref. 29 Copyrights 2020,

International Journal of Nanomedicine).
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with an ability to penetrate cell membranes easily and localize
in the nucleus, where nucleic acids are abundant. Fluorescence
lifetime measurements were performed on pure FNCDs, as well
as FNCDs bound to DNA and RNA in mixed solutions. The
average fluorescence lifetimes of the FNCDs were measured as
follows: 3.8 + 0.1 ns for pure FNCDs, 2.5 + 0.2 ns for FNCDs
bound to DNA, and 3.2 £+ 0.2 ns for F-NCDs bound to RNA
(Fig. 28a-c). These results highlight the sensitivity of FNCDs to
nucleic acid binding, with noticeable fluorescence lifetime
changes when they were bound to DNA and RNA. This allowed
for the differentiation between the two types of nucleic acids
based on their fluorescence lifetime properties. Moreover, the
fluorescence lifetime of FNCDs was observed to decrease
significantly upon binding to DNA and RNA, which suggests
that these carbon dots can distinguish between nucleic acids
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based on their fluorescence lifetime properties (Fig. 28d). The
changes in fluorescence lifetime were studied in detail in HeLa
and NRK-2E cells, where TP-FLIM revealed the distribution of
DNA and RNA within the nucleolus. The fluorescence lifetime
images (Fig. 28e and f) showed average lifetimes of 3.0 + 0.1 ns
for HeLa cells and 3.2 £ 0.1 ns for NRK-2E cells, reflecting the
differences in DNA and RNA concentrations in the nucleolus of
these two cell types. The amplitude ratio (al/a2) was calculated
to reflect the DNA/RNA concentration ratio in the nucleolus
(Fig. 28g and h), revealing a ratio of 0.95 in HeLa cells and 0.90
in NRK-2E cells, further demonstrating distinct DNA/RNA
distributions between the two cell types. FNCDs were also
used for imaging plant cells, such as onion root tip meriste-
matic cells, during various stages of mitosis (Fig. 28i-1). The
fluorescence lifetime data of plant cells showed dynamic
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Fig. 28

(a—c) FLIM imaging of FNCDs in pure solution, FNCDs bound to DNA, and F-NCDs bound to RNA in mixed solution. (d) Fluorescence

lifetime change of F-NCDs binding to different concentrations of DNA and RNA. (e and f) FLIM images of nucleolus in HelLa and NRK-52E cells
stained with F-NCDs. Co-localization results of F-NCDs with the commercial dye Hoechst 33 342 showed that F-NCDs targeted the nucleolus of
Hela and NRK-52E cells). (g and h) al/a2 ratio of (e and f), respectively. Color-coded by the al/a2 ratio. (i and j) FLIM image of a single plant cell
stained with F-NCDs in interphase and metaphase (k and 1) al/a2 ratio of (i and j). (m and n) FLIM images of DNA and RNA separated by a phasor
plot. (o) Comparison of DNA and RNA ratios in different species and mitotic stages. (p) Phasor plot corresponding to (i). All al/a2 ratio images
were denoised. ((a—p) Adapted with permission from ref. 299 Copyrights American Chemical Society, 2025.
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changes in the DNA/RNA ratio during the cell cycle (Fig. 28m
and n). In interphase, the average DNA/RNA ratio was 1.35, with
the nucleolus showing a ratio of 0.92. However, during meta-
phase, the ratio decreased to 0.98, with RNA showing a more
pronounced increase relative to DNA. In metaphase, the average
DNA/RNA ratio across the entire plant cell nucleus decreases to
0.98 (Fig. 280). This indicated dynamic fluctuations in DNA and
RNA concentrations as cells transitioned through the cell cycle.
The TP-FLIM data from plant cell nuclei were further analyzed
using a phasor plot (Fig. 28p), which visually distinguished the
DNA and RNA regions based on their fluorescence lifetime
distributions. This provided a comprehensive view of DNA/RNA
distribution within plant cells, exemplifying the utility of F-
NCDs in plant cell imaging.>

5.8 FLIM -CDS as pH sensors in living cells

Incorporating the use of carbon dots with fluorescence lifetime
imaging microscopy FLIM has advanced the field of cellular bio-
imaging, particularly through the application of PEI-coated
carbon dots (PEI-CDs). These PEI-CDs, synthesized via a one-
step hydrothermal method, exhibit excellent biocompatibility
and pH-responsive fluorescence due to the amine groups on the
PEI surface. These characteristicc make PEI-CDs promising
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candidates for cellular imaging, where their positive charge
enables efficient electrostatic interactions with cellular
components, particularly DNA within the nucleus. The fluo-
rescence lifetime of PEI-CDs was found to be highly sensitive to
pH changes, allowing for the monitoring of dynamic intracel-
lular processes. The study utilized FLIM to assess the fluores-
cence lifetime of PEI-CDs under different pH conditions,
showing their potential as effective pH sensors in living cells
(Fig. 29a) presents FLIM images of the PEI-CDs under different
pH conditions, highlighting their pH-dependent fluorescence
lifetime variations. This demonstrates their potential as effec-
tive pH sensors in living cells, allowing for real-time monitoring
of intracellular processes where pH plays a critical role, such as
cell migration, apoptosis, and ion transport. Additionally, the
conjugation of PEI-CDs with AuNPs formed a CDs-Au nano-
hybrid, which significantly enhanced the fluorescence intensity
of the CDs through metal-enhanced fluorescence (MEF). The
fluorescence intensity of PEI-CDs was notably higher after
conjugation with AuNPs, illustrating the MEF effect, which
improves the fluorescence properties and enhances their
application in high-resolution bio-imaging. Fig. 29(b and c)
show the fluorescence intensity and fluorescence lifetime
measurements of both PEI-CDs and CDs-Au nanohybrids,
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demonstrating the enhanced optical properties of the hybrid
structure. The fluorescence lifetime (FLT) of the PEI-CDs
decreased slightly from 2.50 ns to 2.45 ns after complexation
with AuNPs, indicating a more efficient interaction between the
CDs and AuNPs.** These findings suggest that PEI-CDs,
particularly when integrated with gold nanoparticles, hold
great potential for bio-labeling, targeted imaging, and thera-
peutic applications.

5.9 FLIM-CDS distinguish cellular autofluorescence

CDs have been employed as fluorescent probes for cell imaging
in the past due to their low cytotoxicity and intense fluorescence
emission.*** Nevertheless, the majority of earlier research on the
bioimaging of CDs in cells relied on enhancing the contrast
between the cells and the backdrop by using the PL emission
intensity of CDs. Unless there is a very high concentration of
CDs in cells, the fluorescence signal from CDs is barely different
from the cellular autofluorescence because CDs typically exhibit
PL emissions in the blue-to-green region (400-500 nm), where
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cellular autofluorescence is also very intense under short-
wavelength excitation. Researchers looked into the FCDs'
possible uses for fluorescence lifetime imaging in living cells
because of their extended fluorescence lifetime. When a fluo-
rescent sample is activated by two-photon excitation,*** FLIM
generates images based on the differences in fluorescence
lifetimes. This allows one to see the contrast between materials
that glow at the same wavelength but have different fluores-
cence decay rates.>*” Furthermore, because NIR excitation light
has a strong penetrating capability in tissues, the use of two-
photon excitation (750 nm fs laser) is advantageous for
possible deep-tissue imaging. Fig. 30 displays the FLIM pictures
of graphene quantum dots (GQDs)145 with a short fluorescence
lifetime (~1 ns, right column), control cells (left column), and
incubations with FCDs with a long fluorescence lifetime (~7.2
ns, middle column). It is clear that the FCDs' extended fluo-
rescence lifetime made it easier to distinguish the FCD fluo-
rescence emission from the cells' autofluorescence. These
findings demonstrate FCDs' enormous potential as intracellular
imaging probes for FLIM imaging.

Control

(a)

Bright field

(d)

FLIM

50 um

FCDs (€) GQDs

Average lifetime (ns)

©,,

= ]
1.2
(1] 1
X 0.61
30.3]
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(@) (h) (i)

Fig. 30 (a—c) Bright-field, (d—f) two-photon excited FLIM imaging,

and (g-i) recovered lifetime histograms of control cells without FCD

treatment (left column), experimental cells incubated with FCDs (middle column), and GQDs (right column), respectively. ((a—i) Adapted from ref.

304. Copyrights 2025 Elsevier Ltd).
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Fig. 31 (i) (@ and b) FLIM images, and (c and d) POM images of niosomes incorporated with YCDs; (e) DLS measurement showing the size

distribution of the niosomes after sonication for 30 min, and (f) plot of the normalized correlation function (G(z)) of YCDs with time obtained from
the FCS measurements in bulk water and in niosomes. (i) (a) FLIM images of the YCDs in niosomes with 75 uM MB (the ring selects a region for
measuring the lifetimes), and (b) the lifetime histogram for the YCD-MB adduct and only YCD in the niosomes at 25 °C. ((a—f) Adapted with

permission from ref. 305 Copyrights, RSC 2022).

5.10 FLIM-CDs for niosome detection

Niosomes are very stable systems and biologically diverse
substances having various applications in pharmaceuticals and
as nano-carriers and nano-reactors. This was the first detailed
report on the photophysical dynamics of fluorescent CDs in
niosomes.

Yellow emissive carbon dots (YCDs) were found in the
surfactant bilayer of niosomes using the FLIM approach
(Fig. 31i(a and b)). As a result, excited state durations could be
correlated with time-correlated single photon counting (TCSPC)
lifetimes. Polarised optical microscopy (POM) was used to
confirm that the niosomes remained stable even after the
addition of YCDs (Fig. 31i(c and d)). When the niosomes
interacted with the YCDs, their shape did not change. The
existence of YCDs in the bilayer was confirmed by FLIM
pictures, which only appeared when fluorophores were present.
The distribution of the YCDs in the niosomal bilayer was further
examined using fluorescence correlation spectroscopy (FCS),
which demonstrated a sluggish diffusion rate of YCDs inside
the bilayer (Fig. 31i(e)). The fluorescence of the YCDs also di-
splayed a bi-exponential decay (Fig. 31i(f)). As a result of the
interactions between YCDs and the surfactant head groups, the
diffusion time inside the niosomes increased from 7 ps in bulk
water to roughly 20 ps. The observed delay in diffusion within
the bilayer was supported by the predicted diffusion coeffi-
cients, which were 4.04 x 10° pm? s~* in bulk water and 1.63 x
10° pm? s~ ! in niosomes.

5.10.1 Donor-detected (DD)-FLIM-FRET studies. When
YCDs are included in niosomes, they cause two decaying
components: one inside the multilamellar niosomal bilayers
and one at the interface. Due to FRET and singlet oxygen, both
components degrade more quickly when MB is added. While
the slower component stays rather constant, the quicker
component (likely YCDs at the interface) decays more.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Understanding the FRET mechanism using lifetime imaging is
made much easier with the help of the FLIM-FRET technology.
Direct monitoring was done of the energy donor's (YCD) life-
span alterations within the niosomal bilayer.

The distribution of YCDs in two distinct niosomal regions
was evident from the FLIM pictures; in one, their lifetime is
somewhat shorter, while in the other, it is significantly longer.
The discernible alterations was observed in the FLIM picture
(Fig. 31ii(a)) upon the addition of methyl blue (MB) to the YCDs
integrated inside the niosomal bilayers. Two decaying batches
of YCDs that resembled those in the time-resolved ensemble
studies were collected by us. Under typical circumstances, the
two decaying components in the indicated area of Fig. 8a di-
splayed decays of 807 and 3385 ps with 75 uM MB.

For the YCD-MB adducts and the YCDs integrated into the
niosomal bilayer, the lifetime distribution clearly shifts in
amplitude (Fig. 31ii(b)). We employed the DD-FLIM-FRET
technique to explain our findings because the signal from MB
could not be detected in the current setup. The multilayered
niosome's interfacial region, which travels towards the polar
aqueous regions and interacts with the YCDs, is where the FLIM
image shows singlet oxygen production. Therefore, it is possible
to think of the niosomes as carriers of singlet oxygen generators
that can be designed to reach the intended targets. Further-
more, the findings show that adjusting the quantity of MB
introduced to the system can affect the formation of singlet
oxygen.*” The synthesized YCDs exhibit high fluorescence QY
and photostability, making them promising for bio-imaging
and staining. Incorporating them into niosomes enhances
their QY to 91%, but reduces FRET efficiency due to bilayer
interaction. These YCDs, paired with MB, show potential for
NIR bio-imaging, FRET-based applications, and controlled
photodynamic therapy (PDT).
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6. Conclusions, challenges and
perspectives

The integration of CDs into FLIM represents a significant
advancement in cell imaging applications. It offers numerous
advantages over conventional fluorescent probes. This review
has explored the multifaceted potential of carbon dots,
emphasizing their remarkable attributes such as biocompati-
bility, water solubility, and tunable fluorescence properties.
From a synthetic standpoint, various methods for producing
carbon dots have been explained, indicating the versatility of
both “top-down” and “bottom-up” approaches. Analyzing its
optical characteristics, the suitability of carbon dots for
fluorescence-based applications is attributed to their UV-vis
absorption, PL, fluorescence quantum yield, and exceptional
photostability. Significantly, the tunability of their fluorescence
properties through size, surface functionalization, and doping
offers unprecedented flexibility in designing tailored imaging
probes. Additionally, the ability of carbon dots to serve as
sensors for detecting metal ions and ROS, as well as their
potential for accurate targeting and imaging of cellular organ-
elles, including lysosomes, mitochondria, and nuclei is
emphasized. In the field of advanced imaging techniques, FLIM
emerges as an essential tool, offering valuable fluorescence
lifetime information for probing dynamic cellular processes.
The synergy between carbon dots and FLIM suggest a new era in
intracellular imaging and sensing, promising deeper insights
into cellular functions and dynamics. Despite the promising
applications of CDs in FLIM and cellular imaging, several
challenges remain. One of the primary challenges is improving
the penetration capabilities of CDs to enhance nucleous
imaging and sensing. Current CDs often exhibit limited ability
to penetrate deep cellular structures, restricting their applica-
bility. Another significant challenge is addressing the long-term
toxicity and environmental impact of CDs. While CDs are
generally considered biocompatible, comprehensive studies on
their long-term effects and environmental impact are necessary
to ensure safe clinical applications. Photostability is another
concern; prolonged exposure to light can lead to photo
bleaching, limiting the duration of imaging sessions. Further-
more, achieving consistent quality and reproducibility in CDs
synthesis is challenging due to variations in precursor materials
and synthesis conditions. The processes of surface functional-
ization and doping, essential for tuning fluorescence proper-
ties, introduce additional complexity and variability in CD
behavior.

Future research should focus on developing advanced
synthesis techniques to produce CDs with consistent quality
and reproducibility. To increase CDs' suitability for long-term
imaging research, their photostability must be improved. Inte-
grating CDs with other imaging modalities could provide more
comprehensive imaging solutions, investing the unique prop-
erties of CDs for multi-modal imaging. Similarly exploring tar-
geted delivery mechanisms to improve the specificity of CDs for
various cellular components, including the nucleus, is essential
for advancing their utility in detailed cellular imaging.

44954 | RSC Adv, 2025, 15, 44919-44960
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Consequently, enhancing the real-time sensing capabilities of
CDs, particularly for detecting dynamic changes in cellular
environments, will open new avenues in biological research and
medical diagnostics. Overall, the continued development and
optimization of CDs for FLIM and cellular imaging hold
significant promise for advancing our understanding of cellular
processes and improving diagnostic techniques.
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