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Apoptosis, the most extensively studied type of cell death, is known to play a crucial role in numerous

processes such as elimination of unwanted cells or cellular debris, growth, control of the immune

system, and prevention of malignancies. Defective regulation of apoptosis can trigger various diseases

and disorders including cancer, neurological conditions, autoimmune diseases and developmental

disorders. Knowing the nuances of the cell death type induced by a compound can help decipher which

therapy is more effective for specific diseases. The detection of apoptotic cells using classic methods has

brought significant contribution over the years, but innovative methods are quickly emerging and allow

more in-depth understanding of the mechanisms, aside from a simple quantification. Due to increased

sensitivity, time efficiency, pathway specificity and negligible cytotoxicity, these innovative approaches

have great potential for both in vitro and in vivo studies. This review aims to shed light on the

importance of developing and using novel nanoscale methods as an alternative to the classic apoptosis

detection techniques.
Introduction

From the very beginning, cell death identication was and
continues to be an important approach in the eld of drug
discovery and molecular biology.1 Many of the classical tech-
niques rely on uorescent probes in order to point out regulated
cell death (RCD) mechanisms by targeting specic cellular
markers.2 At the same time, the development of new dyes or
probes for cell structures and organelles examination has
allowed the indirect association of cell morphology and cell
death. These modications are mainly explored through
microscopy imaging and usually only offer a qualitative analysis
of cellular behaviour.

On the other hand, for the generation of statistically signif-
icant data regarding the incidence of RCD and/or abundancy of
RCD specic markers, other approaches that allow quantitative
analysis are used. In this regard, RCD is monitored using
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techniques such as: nuclear magnetic resonance,3 ow cytom-
etry,4 imaging approaches,5,6 photothermy7 or ultrasound
frequency evaluation.8 Additionally, there are other analytical
procedures for performing molecular biology assays that are
suitable for cell death evaluation9 like toxicology tests,10 viability
assays11 and PCR assays.12,13 These involve the analysis of
specic genes, RNA or proteins, as valuable indicators of cell
death. In this case, many of the techniques are engaging spec-
trophotometry. Moreover, mathematical models are offering
new perspectives in cell death analysis especially regarding the
most likely cell death pathway to be engaged in specic condi-
tions.14,15 Qualitative and quantitative examinations of cell
death synergize to offer an accurate and valid result.

According to the recommendations of the Nomenclature
Committee on Cell Death, in 2018, a novel classication for the
RCD processes based on mechanistic and other important
aspects was established.16 Cell death categories are described
depending on the signal molecules involved in and are named
as follows: intrinsic apoptosis, extrinsic apoptosis, mitochon-
drial permeability transition driven necrosis, necroptosis, fer-
roptosis, pyroptosis, parthanatos, entotic cell death, netotic cell
death, lysosome-dependent cell death, autophagy-dependent
cell death, non-lethal processes. This review aims to highlight
the current and most innovative methods for the detection of
different apoptosis pathways in vitro and in vivo, while briey
summarizing the most commonly used techniques, their
drawbacks and the need of implementing new and more
advanced approaches.
RSC Adv., 2023, 13, 31641–31658 | 31641
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Apoptosis is a physiological process described as an active
mechanism involving cell shrinkage, membrane blebbing,
vacuolated cytoplasm, chromatin fragmentation and the
production of apoptotic bodies.17 Themain apoptosis signalling
pathways are well described and can be seen in Fig. 1. This
phenomenon happens relatively fast and its phases are difficult
to capture. Beyond that, apoptotic bodies, if not cleared by
phagocytes, can proceed to secondary necrosis18 and may
Fig. 1 Schematic representation of apoptosis. There are two main pathw
pathway and intrinsic pathway. The extrinsic one starts with a stress stimu
ligands to death receptors. The chemical messengers can be secreted by
that bind their specific receptors on the targeted cell (e.g. FASR, TRAILR) (
intracellular domain which activates FADD protein inside the cell (5). Activ
their activation through cleavage of proteins that keep them inactive (6).
within the cell cytoplasm and trigger the activation of specific molecules
installation of apoptosis (8). Activated Caspase 8 and Caspase 10 are also
mitochondria causing the activation of BAX and BAK (9) – this step is also
one. The last ones are favouring the installation of mitochondrial outer
chromeC from themitochondria into the cytoplasm (10). The next steps i
complex that is managing the activation of Pro-caspase-9 (12). Activate
(among other functions) (13), enzymes that begin the process of cellular
(14). The extrinsic pathway is triggered by an internal stress stimulus (e.g
BH3-only proteins (2*). Pro-apoptotic BH3-only proteins are managin
intersection between the extrinsic and intrinsic pathway. This figure was

31642 | RSC Adv., 2023, 13, 31641–31658
inuence neighbouring cell populations by inducing inam-
mation and/or cellular stress due to the release of intracellular
contents. Even though secondary necrosis is not a RCD mech-
anism itself, it shares similar morphological features to
apoptotic19 and necrotic cells and as a consequence, it can be
challenging to decipher the exact cell death pathway. Moreover,
other RCD mechanisms also resemble apoptosis when it comes
to morphology and/or expression pattern of certain molecules
ays that conduct to the installation of programmed cell death: extrinsic
li outside of cell (1) that determines the secretion and binding of specific
neighbouring cells (2) and are often represented by FAS and TRAIL (3)

4). The ligand–receptor interaction determines modification within the
ated FADD interacts with Pro-caspase-8 and pro-caspase-10, causing
The active caspases (Caspase 8 and Caspase 10) are further dispersed
, including proteins involved in DNA breakdown (7), finally causing the
interacting with BID that is transformed in tBID (9). tBID moves into the
the intersection point between the extrinsic pathway and the intrinsic
membrane permeability (MOMP) that is allowing the release of cyto-
nvolve the formation of complex of proteins termed “apoptosome” (11),
d Caspase-9 is triggering the activation of Caspase-3 and Caspase-7
materials breakdown that finally concludes to installation of apoptosis
. DNA damage, hypoxia) (1*) which activates a class of proteins called
g the same activation of BAX and BAK, point which represents the
created using https://www.biorender.com/.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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involved in cell death establishment. This suggests the need of
researchers to adapt their studies to the quickly developing eld
of cell death research by using novel and innovative techniques
of RCD detection. Some of these methods, the targeted
biomarkers correlated to the stages of apoptosis are presented
in Table 1.
Classic methods for apoptosis
detection and their main drawbacks

As previously mentioned, many techniques for the detection of
apoptosis were developed, many of which showed impressive
results in vitro. One of the most common approaches is the use
of uorescent dyes that specically bind to target molecules
associated to apoptosis pathways. Microscopy or spectroscopy
techniques are used to visualize morphological changes and/or
quantify labelled biomarkers. However, through intensive
research, new distinct mechanisms of cell death have lately
been identied and many of the classic dyes (PI, DAPI, annexin
V) lack an acceptable specicity or selectivity for their pathways.
As a result, they may enter/label dead or dying cells, but the
researcher cannot accurately discriminate one cell death
pathway from another. For instance, DAPI and PI cannot
distinguish between early apoptotic and necrotic cells leading
to potential false-positive results when used to detect apoptosis.
Moreover, annexin V oen uses expensive recombinant proteins
which can affect cell activity or introduce artifacts. The lack of
real-time monitoring given by the fact the most classic methods
use endpoint measurements, makes it difficult to study cell
dynamics over time, which is necessary for several research
issues. These are just a few drawbacks, which can be overcome
with the aid of other molecular techniques. Even though this
strategy can be time-consuming, it continues to be a good
method for validating the results or for providing more in-depth
answers.

For the in vitro apoptosis detection, different methods are
commonly used: microscopy, biochemical techniques, spec-
troscopy, electrochemistry and microuidics.95 Among the rst
procedures, time-lapse electron microscopy was applied for
morphological hallmarks monitorization of the cells.96

On the other hand, in vivo detection of apoptosis has addi-
tional limitations which makes it more challenging when it
comes to designing uorescent probes. Most of these are related
to the luminescent properties of the probe, interaction of the
light with different tissues or biocompatibility. Notably, scat-
tering of both the excitation or the emitted light by the biolog-
ical tissues can drastically impact the resolution or intensity of
the signal. Moreover, the tissue penetration depth is highly
dependent to the wavelength of the light used. One reason for
this is that tissue molecules interact distinctly with different
wavelengths when it comes to the magnitude of scattering or
absorption events. Hence, longer wavelength light has lower
energy, which besides the fact that it is less likely to be scattered
or absorbed, also has the advantage of a reduced photo-
bleaching effect on the uorescent probe used. Other difficul-
ties that need to be overcome in order to design effective
© 2023 The Author(s). Published by the Royal Society of Chemistry
uorescent probes for apoptosis detection in vivo include the
low signal to noise ratio given by the autouorescence of the
complex biological environments; cytotoxicity or other events
triggered by the interaction of the exogenous probe with the
cells; biological barriers (such as blood–brain-barrier) which
sometimes need to be worked through by the uorescent probe
to analyse specic tissues. Another aspect that needs to be
considered is that the utilization of in vivo research for the
detection of apoptosis may give rise to ethical considerations in
certain instances, as well as provide technical obstacles in terms
of sample acquisition and observation of events within living
organisms.

From a biochemical point of view, some specic proteins
and genes that are activated during apoptosis are recognized as
key effectors97 and can help investigate the cell death pathway
with increased accuracy. Besides the simple quantication of
these effectors, which remains a strong technique, the locali-
zation of particular molecules, such as the externalization of PS
or cytochrome c release from the mitochondria, is also an
appropriate method. Caspases are commonly studied key
effectors of apoptosis. Their activity can be quantied by using
uorogenic caspase substrates via ow cytometry.98 On the
other hand, cytosolic cytochrome c is oen assessed via uo-
rescence microscopy52,99 or ow cytometry47,100 for apoptosis
detection and, other biomarkers, such as oligonucleosomal
multimers of 180–200 bp, or the ratio of proapoptotic to anti-
apoptotic proteins (ex. Bcl-2/Bax) can be quantied with the
help of gel-based assays.101–103
Fluorescent dyes

Detection approaches are dependent on the uorescence
property of the probes used for apoptosis specic markers
labelling engaging microscopy, ow cytometry or even genomic
methods for more detailed investigations. In contrast, many
widely used uorescent dyes may exhibit limited specicity,
since they have the potential to attach to other cellular struc-
tures or processes, hence resulting in potential instances of
false positive results. The most used dye is annexin V conju-
gated to uorescein isothiocyanate (FITC) which can detect
middle to late stage apoptosis by binding to the exposed
phosphatidylserine molecules on cell membrane.104 However,
integrating these dyes with complementary techniques can
mitigate some of the limitations. In many protocols, annexin V-
FITC is used in combination with propidium iodide (PI) which
discriminates between live and necrotic cells by displaying red
uorescence.105 In general, these two dyes are imaged using
uorescence microscopy, but for validation and numerical
quantication, ow cytometry is usually required.106 This
method is an analytical technology that ensures a rapid exam-
ination of cell populations offering exibility for different
particularities of cell cycle events research.107

The combination of microscopy imaging and ow cytometry
in one device makes the detection of apoptosis and necroptosis
possible, as described by Pietkiewicz et al. 2015. They imaged
the morphology of the nucleus at a single cell level using
annexin V-FITC and propidium iodide staining protocol.108
RSC Adv., 2023, 13, 31641–31658 | 31643
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Table 1 Methods for different stages of apoptosis detection and the main biomarkers

Apoptosis
stage Event Biomarker Methods used for the detection Sources

Early Loss of
membrane
asymmetry

Phosphatidylserine (PS) externalization Light microscopy 20
Carbon dots-annexin V probe & uorescence
spectroscopy

21

AI & PI staining 22
Flow cytometry 23 and

24
Electrochemical probes 25
Label free SERS sensing 26
Fluorometric methods 27
Iron oxide nanoparticles conjugated with Pisum
sativum agglutinin & MR imaging & confocal
microscopy

24

Imaging ow cytometry & convolutional autoencoder 28
Cell shrinkage
and membrane
damage

Decrease in cell size, presence of membrane blebs Imaging techniques 29 and
30

Flow cytometry 4 and
29

Dielectrophoretic assay 31
Chromatin
changes

DNA condensation Spectrouorometric assay 32
High resolution confocal imaging – single molecule
localization microscopy

33

Monoclonal antibodies against single-stranded DNA 34 and
35

ELISA 36–38
TUNEL assay 4,39
DNA-specic uorochromes & uorescence
microscopy

40–42

Haematoxylin & eosin staining 43
Mitochondrial
changes

Depolarization of the mitochondrial membrane
potential

Membrane permeable lipophilic and cationic
uorescent dyes & uorescence microscopy

44 and
45

Mitochondrial activity of streptolysin O
permeabilised cells & luciferase luminescence assay

46

Release of cytochrome c and other pro-apoptotic
factors from the mitochondria to the cytosol

Flow cytometry – anti-cytochrome c monoclonal
antibodies & uorochromes

47

Competitive immunoassay of ELISA,
electrochemiluminescence ELISA

48 and
49

Western blot 50
Fluorometric assay based on aptamer/gold
nanocluster probe

51

Confocal laser scanning microscopy using carbon
dots

52

Activation of Bax proteins Western blot, single molecule localization
microscopy, confocal imaging, uorescence cross
correlation spectroscopy, protein-cross linking, and
mass spectrometry

53

Immunocytochemistry 54
Activation of
caspases and
apoptosome
formation

Caspase-8 activation by extracellular signals, like fas
ligand or TNF

Colorimetric assay, Western blot 55
ELISA 56 and

57
Flow cytometry, uorometric activity assay 58
Immunouorescence 59
Membrane permeant uorescent-labelled inhibitors
of caspases & uorescence microscopy

60

Caspase-9 activation by cytosolic cytochrome c and
the formation of the apoptosome together with Apaf-
1

Colorimetric assay (e.g. using unlabelled DEVD
containing peptide substrate and unmodied gold
nanoparticles) & Western blot

55 and
61

Mathematical simulation & computational methods 62 and
63

Split luciferase complementation assay (e.g.
Lumiptosome, lentivirus transfected split luciferase
fragment)

64–66

Calorimetry, NMR spectroscopy, site mutagenesis 63

31644 | RSC Adv., 2023, 13, 31641–31658 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd. )

Apoptosis
stage Event Biomarker Methods used for the detection Sources

Immunouorescence 59
Mid DNA damage DNA fragmentation by caspase-activated DNases

(CAD) into 180–200 bp long fragments (X)
SDS-PAGE 67
TUNEL & single stranded DNA assay 68
COMET assay 69
Laser scanning cytometry, Halo assay, combination
assay

22

In situ ligation assay 70 and
71

In situ end labelling 72 and
73

Change in cell
shape

Cell becomes spherical and detaches from
neighbouring cells

Light microscopy, uorescence microscopy TEM &
SEM

30 and
74

Apoptotic bodies
formation

Activation of caspase-6 and caspase-7 Electrochemiluminescence ELISA assay using a neo-
epitope antibody against cleaved Lamin A

75

Coumarin based uorescent substrates, irreversible
inhibitors, selective aggregation induced emission
luminogens combined with mass cytometry,
immunouorescence, confocal microscopy, and
western blot

76

Immuno blot, ow cytometry, luminescence &
immunouorescence

59 and
76–79

SDS-PAGE, Coomassie staining, uorography
analysis, caspase activity assay by means of
uorimetry

79

Membrane bound fragments called apoptotic bodies
are formed in a controlled way, preventing the release
of certain molecules in the extracellular matrix which
could interfere with surrounding cells

Microscopy methods (phase contrast time lapse
microscopy, confocal microscopy, TEM, SEM)

74 and
80–82

Dynamic light scattering, liquid chromatography
tandem mass spectrometry

74 and
80

Fluorescence activated cell sorting, differential
centrifugation & ow cytometry staining

81 and
83

Morphometric area analysis & morphometric cell
count

84

Fluorescence labelling with Trp-BODIPY cyclic
peptide

85

In situ DNA ligation 86
Late Phagocytosis Apoptotic bodies are engulfed and degraded by other

cells
Microscopy methods (light microscopy, phase
contrast, uorescence, confocal, TEM, SEM)

87–90

Fluorescence activated cell sorting, differential
centrifugation & ow cytometry staining

83, 88
and 89

Fluorescence labelling with Trp-BODIPY cyclic
peptide

85

Degradation of
cellular
components

Organelles and other cellular structures are
processed into component parts

Immunolabelling methods 91–93
Microscopy methods (confocal microscopy, TEM
&SEM)

91, 92
and 94
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TUNEL assay

TUNEL assay is another representative apoptosis assay that can
be performed in vitro on cell cultures, but also in vivo on animal
models109 and ex vivo on different tissues.110,111 The technique
name comes from terminal deoxynucleotidyl transferase (Tdt)-
mediated dUTP nick-end of DNA fragments labelling during
chromatin condensation.112 The analysis have involved ow
cytometry113 or microscopy.41 Being one of the rsts methods
used for apoptosis detection, TUNEL assay had a big disad-
vantage, its accuracy in differentiating between necrotic cells
and late-apoptotic cells.114 In the next years, an attempt to
optimize these difficulties was made and the improvements
© 2023 The Author(s). Published by the Royal Society of Chemistry
consist in exploring other uorophores115 or antibodies116 for
labelling the DNA fragments or using different soware plat-
forms for the analysis.84

Considering these aspects, the signicance of developing
novel techniques for apoptosis detection lies in their potential
to address the challenges associated with conventional
methods. By doing so, researchers can obtain more precise,
targeted, and comprehensive insights into apoptotic mecha-
nisms within both research and clinical settings. This
phenomenon contributes to an enhanced comprehension of
cellular apoptosis mechanisms, pathological pathways, and the
potential of establishing improved therapeutic approaches.
RSC Adv., 2023, 13, 31641–31658 | 31645
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Advanced methods for the detection of
apoptosis
Caspases

Caspases are cysteine proteases that act as key components in
certain types of programmed cell death, such as apoptosis,
pyroptosis, necroptosis, necrosis, autophagy and mitotic
catastrophe.117 Normally they are expressed as inactive zymo-
gens but once stimulated, they become fully active subsequently
autolytic cleavage.118 Apoptosis involves the activation of cas-
pases which degrade cell components. They are known to cleave
a broad spectrum of structural proteins like actin, tubulin,
vimentin, ROCK1, lamin-A and fodrin which might contribute
to the specic apoptotic cell morphology.119 This is followed by
the formation of apoptotic bodies which are removed by
surrounding cells via phagocytosis. Their active form and
cleavage residue presence can be correlated to specic cell
death types. Direct quantication methods for these cell death
biomarkers that rely on antibody labelling are currently used,
including ELISA, ow cytometry and Western blot. However,
sample damage, long assay duration and the need of sophisti-
cated instruments and expensive reagents, are some drawbacks
that make them unsuitable for live cell assays, point-of-care
applications and/or in vivo studies. Evaluation of apoptosis by
monitoring the proteolytic activity of such caspases is a more
reliable and less invasive approach that allows real-time moni-
toring of apoptosis both in vitro and in vivo. With hundreds of
substrates identied so far,119 proteomic studies were able to
highlight the dominant motifs cleaved by specic members of
the caspase family of proteins.120 Since caspase 3 and 7 are the
main proteases involved in cell death, many sensors for
apoptosis rely on short peptides containing restriction sites for
these two members. The optimal and most used sequence for
caspase 3/7 activity sensor designing is a 4 amino acids peptide:
DEVD (Asp-Glu-Val-Asp). Therefore, a wide variety of methods
for apoptosis detection rely on linking a uorophore to
a quencher through a DEVD motif. The resulted construct will
either switch from a uorescent off state to an on state or
signicantly change its optic properties consequent to the
specic proteolytic cleavage.

A wide variety of methods to quantify caspase activity for the
indirect evaluation of apoptosis have been reported.

Caspase cleavage of bioengineered substrate molecules as
a uorescence on/off switch. Since these techniques only show
a uorescent signal as a response to activated caspases, it is
a reliable approach to distinguish apoptosis from other types of
cell death. Therefore, they can be used to highlight the efficacy
of treatments that involve the use of apoptosis-inducing
compounds.

Genetically modied cells to express switch-on uorescence-
base indicators that are specically cleaved by caspase-3 like
proteases have been used to detect cell death in real-time.121

These indicators were designed by genetic engineering using
Venus (a yellow uorescent protein) as a template. The nal
genetically encoded construct is a cyclized protein, in a non-
uorescence state, that contains a caspase-3 cleavage site
31646 | RSC Adv., 2023, 13, 31641–31658
(DEVD). Fluorescence activity is only acquired aer the caspase
specic cleavage of DEVD. This method allows the evaluation of
apoptosis in real-time in various conditions and is suitable both
for 2D and 3D cell culture models.

One interesting and novel approach relies on aggregation
induced emission (AIE) luminogens. AIE is a phenomenon that has
gained signicant interest in the domain of cellular imaging and
theranostics. In contrast to other uorescent molecules or nano-
objects, AIE luminogens (AIEgens) present a strong emission when
they form aggregates due to a restriction in intramolecular move-
ments.122 Since their discovery by Ben Zhong Tang's group,123 they
have become a key component in many applications, including the
evaluation of cellular processes. Moreover, AIE based probes suit-
able for both apoptosis evaluation (through caspase-3/-7 activity
quantication) and apoptosis inducing compounds screening have
been described. One such probe consists of an AIE hydrophobic
luminogen (TPE) in a uorescence off-state due to the conjugation
with a caspase-specic peptide (DEVD).When apoptosis is triggered
following caspase-3/-7 activation, the two subunits are freed
through caspase cleavage and the TPE residues aggregate followed
by a turn-on in their uorescence.124

Fluorescence resonance energy transfer (FRET) between two
proteins (CFP and YFP) linked together by DEVD has been used
for apoptosis detection in living zebra sh at single cell resolution.
The gene for this fusion protein was inserted aer a skin specic
keratin 4 promoter leading to a green uorescence signal (specic
to YFP) under the excitation of the donor molecules (CFP) in skin
cells. The cleavage of DEVD by caspase 3/7 would reduce the
energy transfer, shiing the overall emission from green to blue
(specic to CFP). Single apoptotic cells could be tracked in real
time in a live vertebrate animal model.125

Caspase cleavage of luciferase prosubstrates and
bioluminescence evaluation

Besides uorescence, bioluminescence is another non-invasive
optical imaging technology that has shown huge potential for
the detection of biological processes in vivo. This method relies
on the enzymatic conversion of a non-luminescent substrate
into a light producing molecule. As a result, bioengineered cells
that express luciferase can metabolise exogenous luciferin
leading to a luminescent signal, which can further be quanti-
ed. Lately, numerous bioluminescent probes for apoptosis
detection in animal models have been developed.

In one example, rey luciferase positive cells were subcu-
taneously administered in SCID mice and tumours were
allowed to grow. The authors used a modied substrate, Z-
DEVD-amino luciferin, which could only be metabolised by
luciferase aer the initiation of RCD, the consequent activation
of caspases and cleavage of the prosubstrate.126 Therefore, they
were able to provide a biocompatible, preclinical method for the
detection of apoptotic cells.

Cytochrome c

Cytochrome c (Cyt c) is a hemeprotein that is connected to the
inner mitochondrial membrane and functions as an electron
transporter required for ATP production.127
© 2023 The Author(s). Published by the Royal Society of Chemistry
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The transfer of Cyt c from the intermembrane space of the
mitochondria into the cytoplasm is an event unique to early
apoptosis because, under normal circumstances, the outer
mitochondrial membrane is only permeable to small metabo-
lites up to ∼5 kDa.128

This process, which is a crucial step in the intrinsic
apoptosis pathway, was frequently referred to as the irreversible
point of apoptosis,99 even though more recent data suggest that
cells might recover from late stages of programmed cell death
through a mechanism called anastasis.129 However, quantifying
cytochrome c release from the mitochondria remains a power-
ful tool for the evaluation of apoptosis.

In dying cells, a Cyt c concentration between 1 and 10 mM
(ref. 99) can be identied because a little portion of Cyt c
released from the mitochondria can stimulate various ampli-
cation loops, which lead to the release of all of Cyt c from the
mitochondria to the cytosol.128,130 This will eventually lead to the
formation of the apoptosome (Apaf-1/caspase-9/cytochrome c
complex), which is in charge of cellular structure breakdown.

As a result, the quantication of Cyt c release is frequently
employed to highlight mitochondria-dependent apoptosis.100

However, the most popular techniques are either laborious or
call for complicated processes including immunolabeling,
subcellular separation, and western blotting.47

As a result, nanoparticle-based assays for Cyt c quantication
have gained popularity lately. Many of these rely on carbon dots
(CDs), some carbon-based nanoparticles, due to their unique
optical properties, increased stability, biocompatibility, selec-
tivity and sensitivity. Certain quenching mechanisms of Cyt c
towards CDs have made them ideal candidates for the quanti-
cation of this molecule. Based on these properties, recent
studies report the successful usage of CDs for apoptosis detec-
tion in vitro.52,99 Moreover, Cyt c concentration was determined
in human serum samples131 and in living zebrash.99
Phosphatidylserine externalization sensors

Phosphatidylserine externalization acts as an “eat me” signal of
apoptotic cells to neighbouring phagocytes and is considered
a hallmark of apoptosis.132 However, recent studies suggest that
the PS externalization process is inducible, reversible and not
associated to other apoptosis specic events, such as mito-
chondrial Cyt c release, activation of caspases or DNA frag-
mentation.132,133 Nevertheless, PS export to the outer plasma
membrane leaet lays the foundation for Fluorescein
isothiocyanate-conjugated annexin V binding assay for
apoptosis detection.23 Notably, this process is regulated in
a calcium dependent manner133 and a complete inhibition of PS
externalization was reported in some hematopoietic cell lines in
the absence of extracellular calcium.133 Moreover its external-
ization is also inhibited by calcium channel blockers,132 making
the annexin V assay through ow cytometry or uorescence
microscopy rely on the addition of external calcium ions.
Similar to this technique, more recent methods that focus on
labelling PS have been developed. The detection of single
apoptotic cells using luminol electrochemiluminescence has
been reported.134 Other studies use nanomaterials such as
© 2023 The Author(s). Published by the Royal Society of Chemistry
carbon quantum dots to design annexin V conjugated apoptosis
detection probes,21 or silver nanoparticles followed by SERS
analysis to highlight externalized PS.26 Radiolabelled annexin V
was also used to detect apoptotic cells in vivo.135,136 Although,
there are lots of commercially available FITC-annexin V kits to
highlight and distinguish apoptosis from other RCD types, and
a wide diversity of methods have been developed and used to
assess cell death based on the same principle, their efficacy and
specicity have lately been questioned due to recent studies
which report PS exposure in non-apoptotic cells, such as cells
that undergo necroptosis or pyroptosis.137–140
Computational tools

Label-free detection of apoptosis in live cells could help over-
come the inconvenience of a potential interference between the
uorescent probe and the physiological functions of the cell.
Although it can be difficult to achieve, deep learning- and
activity recognition-based systems have allowed the detection
and quantication of apoptotic events with high accuracy. The
training model relies on large datasets of both apoptotic and
nonapoptotic cells, multiple cell types and uorescent labels
and several imaging techniques. This computational tool can
detect multiple apoptotic events in microscopy time-lapses and
quantify cytotoxicity in vitro and in vivo based on live-cell
imaging, such as intravital microscopy data.141

Other recent studies describe the use of deep learning to
discriminate apoptosis from necroptosis using label-free digital
holographic microscopy,142 or to classify apoptosis and ferrop-
tosis consequent to anti-transferrin receptor 1 antibody, DAPI
and phalloidin-FITC staining.143 The aforementioned methods
are able to predict or identify these cellular processes with
increased accuracy.
Clinical evaluation of apoptosis

The last years have witnessed an increasing amount of newly
approved therapeutic schemes, especially in the oncological
domain. These treatments aim to disrupt the carcinogenesis
process by interfering with the components from the cell death
pathway and induce the apoptosis.144,145 While the main aspect
behind these therapies is represented by efficient tumour
clearance, a second goal is to achieve the installation of pro-
grammed cell death so that cancer cells can be eliminated by
neighbouring phagocytic cells in a “quiet and quickly”
manner.146 Therefore, it is critical to implement in clinical
practice imagistic techniques that can specically evaluate the
efficiency of apoptosis-inducing therapies for disease moni-
toring, especially cancer. The different approaches for apoptosis
detection, their advantages, drawbacks and some applications
are presented in Table 2.

Currently, in clinical setting, these methods primarily rely on
magnetic resonance imaging (MRI) that can track the changes
in the diffusive properties of a tissue or tumourmass (DW-MRI),
where a tissue affected by cell death will have an increased water
diffusion and diffusion coefficient respectively.147,148 In addition
to MRI techniques, high-frequency ultrasound (10 MHz or
RSC Adv., 2023, 13, 31641–31658 | 31647
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Table 2 Comparison of different luminescence-based methods for apoptosis detection

Method Source Advantages Drawbacks Applications

Bioluminescence Bioluminescence proteins
(e.g., rey luciferase/Renilla
luciferase)

High sensitivity In some cases, the reporter
gene must be introduced in
the genome through genetic
manipulation

In vitro, ex vivo and in vivo
detection of apoptosis165

Does not require external
excitation light source

Lower resolution compared
to other techniques

In vitro, ex vivo and in vivo
drug screening of
proapoptotic compounds166

Bioluminescence resonance
energy transfer (BRET) –
based biosensor

Suitable for real-time
detection

Transient signal In vitro uorescence-based
detection and in vivo
bioluminescence-based
detection of apoptosis167

Suitable for in vivo studies BRET-induced NIR
emission-based detection of
apoptotic cells168

Fluorescence Caspase activity reporters
(uorescent molecule
(�quencher) bound to
a peptidic substrate)

High sensitivity The reporter gene must be
introduced in the genome
through genetic
manipulation

Apoptosis monitoring and
drug screening detection
based on AIE124

High specicity Caspase kinetics alteration Real-time monitoring of
apoptosis in cultured
cells169,170

Suitable for real-time
detection

Limited applicability for
complex tissues and in vivo
models

Caspase activity evaluation
with potential applications
in drug design and
screening171

Suitable for in vivo studies Potential cytotoxicity
Challenging data
interpretation

Annexin V – conjugated
probes

High sensitivity In some cases, the reporter
gene must be introduced in
the genome through genetic
manipulation

In vivo detection of cell death
in murine cells and
embryonic tissues172

Suitable for real-time
detection

May require exogenous
calcium ions133

Vis/NIR-detection of
cytotoxic compounds-
induced apoptosis in vitro
and in vivo173

Suitable for ex vivo and in
vivo studies

Specicity limitations (due
to PS exposure in non-
apoptotic cells)137–140

In vitro and in vivo real-time
imaging of apoptosis174

Nanomaterials (e.g., carbon
dots, hybrid nanoparticles)

High sensitivity Potential cytotoxicity Vis/NIR-detection of
cytotoxic compounds-
induced apoptosis in vitro
and in vivo173

High specicity Challenging data
interpretation

In vitro monitoring of
apoptosis inducing
compounds52

Suitable for real-time
detection

Limited use in vivo Real-time detection of
apoptosis175

Fluorescent antibodies High sensitivity Endpoint measurement Flow cytometry evaluation of
apoptosis

High specicity Challenging data
interpretation

Immunouorescence
assays92

Suitable for ex vivo studies High cost
Other uorescence dyes (e.g.,
DAPI/Hoechst/PI, FITC-
annexin V, Mitotracker dyes)

Cost-effective Limited use in vivo In vitro detection of
apoptosis106Some of them have high

specicity for target
biomarkers

Challenging data
interpretation

Versatility Oen – endpoint
measurement
May interfere with other
cellular processes, leading to
false positive results
Photobleaching

31648 | RSC Adv., 2023, 13, 31641–31658 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 (Contd. )

Method Source Advantages Drawbacks Applications

Photoacoustic Contrast agents
(functionalized NPs,
indocyanine green
conjugates, apoptosis-
specic nanobodies)

High sensitivity and spatial
resolution

Limited specicity In vivo real-time detection of
tumour apoptosis176,177

Suitable for real-time
detection

May interfere with other
cellular processes

In vivo evaluation of stem
cell location and
apoptosis178

Suitable for in vivo studies High costs of production
Photostability limitations
Challenging acquisition
setup and data
interpretation

MRI Contrast agents,
paramagnetic/ultrasmall
superparamagnetic iron
oxide NPs

High sensitivity Potential cytotoxicity Detection of drug-induced
apoptosis in vitro, ex vivo and
in vivo179

Suitable for real-time
detection

Limited specicity In vivo real-time detection of
tumour apoptosis177

Suitable for ex vivo and in
vivo studies

Long acquisition times

High-cost equipment
Challenging data
interpretation

PET/SPECT Specic radiotracers Suitable for non-invasive,
whole-body in vivo imaging

Limited specicity and
resolution

In vivo evaluation of caspase
activity153,180

High sensitivity High costs In vivo monitoring of
externalized PS during
chemotherapy induced
apoptosis181,182

Quantitative Radiation exposure
Versatility Challenging data

interpretation
Ultrasound Contrast agents Non-invasive Limited specicity Detection of drug-induced

apoptosis in vitro, in situ and
in vivo150

Suitable for real-time
detection

Limited contrast Drug screening, in vitro
detection of different forms
of cell death183

Low cost Limited depth penetration Pre-clinical in vitro
monitorization of
radiotherapy184 and
photodynamic therapy
effects149

Versatility Limited to structural
information

High spatial resolution Challenging acquisition
setup and data
interpretation
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greater) has shown promise in the detection of apoptotic cells,
both in vitro and in vivo. This imaging modality utilizes the
unique specular reections produced by apoptotic cells,
predominantly arising from the condensation and fragmenta-
tion of the cell nucleus during the later stages of apoptosis.
Ultrasound transducers operating at frequencies of 10–60 MHz
generate wavelengths of 25–150 mm, which closely match the
size of individual cells and nuclei (10–20 mm), enabling sensi-
tivity to change in cell size and nuclear morphology associated
with apoptosis. Notably, the backscatter from apoptotic nuclei
is signicantly higher, up to six-fold, compared to non-
apoptotic cellular nuclei. This distinctive signal can be
© 2023 The Author(s). Published by the Royal Society of Chemistry
observed in cultures treated with a variety of drugs and radia-
tion. Consequently, the combination of high-frequency ultra-
sound with other imaging modalities, such as MRI, offers
a comprehensive approach for evaluating apoptosis and
provides valuable insights into the cellular and molecular
changes occurring in pathological conditions.149,150

Magnetic resonance spectroscopy (MRS) is also used to
measure lipid concentration and correlation of fat-water ratio
for cell death quantication.151,152 However, these techniques
are not capable to timely and directly quantify the induction of
apoptosis and fail to offer specic indicators. Other intensive
tested methods involve the radiolabelling of Annexin-V or
RSC Adv., 2023, 13, 31641–31658 | 31649
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aposense compounds and tracking of their uptake and bio-
distribution via positron emission tomography (PET) or single
photon-emission tomography (SPECT). Although more specic,
these methods are not yet efficient in specically detecting and
differentiating true cell death from growth arrest.146 Experi-
mental imaging techniques are now relying on the specic
labelling of active caspases or substrates that are cleaved by
these enzymes153,154 and further quantication via PET imaging.
Even so, there are issues related to the selectivity and specicity
of the ligands or the uptake of the substrates.

Fluorescent imaging is one of the most commonly used tech-
nique for preclinical research involving early diagnosis, drug
development, real-time therapeutic monitoring and prediction of
prognosis. The reliability of this technique is supported by the
sensibility of uorescence, the stability of the uorescent labels,
advanced labelling techniques for specic molecular targets and
ultimately, the reliable spatial resolution in comparison with the
cellular dimensions.155 Most of the techniques currently used in
the clinic involve ex vivo analysis for quantication of specic
molecules or events based on uorescence assay. Such an example
is the evaluation of apoptosis through terminal deoxynucleotidyl
transferase (TdT) dUTP nick and labelling (TUNEL). This assay is
measuring the uorescent labelled dUTPs that are integrated via
TdT into the damaged DNA of a biopsy sample, where the intensity
of the uorescence is corelated with the degree of apoptosis.156,157

Similar principles are applied in the case of immunouorescence
techniques where specic tissue or circulatory molecules can be
detected based on antibody – antigen affinity and use of uoro-
chromes to detect the location of the antibody. This technique can
highlight the presence of specic molecules associated with the
induction of apoptosis, or even multiple ones through simulta-
neous labelling with different uorophores (e.g. FITC or rhoda-
mine).158 These assays are valuable to quantify the molecular
changes related to cell death in tissue samples before and aer
treatment; however, there is a signicant disadvantage consisting
in the necessity of multiple biopsies and inability to monitor
patients in real-time. While serial tumours sampling (or other
tissue) is not necessarily a proper strategy in clinical trials, an
advantageous technique could be represented by specic
measurement of circulating molecules associated with cell
apoptosis, considering the minimally invasive character of blood
sampling. One group of such molecules are cytokeratins that
represent up to 5% of the intracellular proteins.159 Experimental
evidence suggests that quantication of CK18 and/or CK19 in
liquid biopsies could predict the cell death ratio in tumours, but
are not able to differentiate apoptosis from necrosis: the release of
soluble CKs takes place in both mechanisms.160,161 However,
combination techniques like the one between M30 apoptosense
ELISA directed toward a caspase-cleaved neo-epitope on CK18 and
M65 ELISA for detection of cleaved and intact CK18 from liquid
samples could differentiate between different mechanisms of cell
death in patients.161 Currently used techniques for molecular
diagnostics are based on ELISA assays that quantify the colori-
metric reaction between an antibody directed toward amolecule of
interest and linked to an enzyme, and a substrate that is processed
by the specic enzyme.158However, considering the low amounts of
circulatory apoptotic biomarkers in the liquid samples of the
31650 | RSC Adv., 2023, 13, 31641–31658
patients, a more advantageous approach could consist in
uorescence-linked immunosorbent assay (FLISA) or uorescent
ELISA (FELISA), techniques that are amore sensitive variation from
the standard colorimetric ELISA and also more suitable for high
throughput screening due tominimal amounts of required anti-
bodies and less manipulation. However, at the current time, there
are no extensive clinical studies based on this approach.

Nevertheless, an ex vivo approach for dynamically measuring
cell apoptosis in patients during treatment is not necessarily
feasible compared to the imagistic approaches. Fluorescent
evaluation in the clinical setting is hampered by the unavail-
ability of uorescent dyes approved for patients use.155 For the
moment only two uorophores, indocyanine green (ICG) and
uorescein, have been reported in the clinic for uoresce based
imaging of patients. ICG has been used to reconstruct in 3D an
image of human breast cancer via uorescence diffuse optical
tomography (FDOT).162 Fluorescein has been experimentally
used in ophthalmology for diagnosis of cystoid macular edema
(CME) via fundus uorescein angiography (FFA). Even so, the
standard optical coherence tomography (OCT) has been
assessed as more superior in demonstrating axial distribution
of uid.163 Although these studies are promising, ICG and
uorescein are non-specic exogenous uorophores and thus
are not suitable for targeted molecular imaging. However, these
types of approaches are standing at the base of clinical trials
based on targeted uorophores for real life detection of specic
biomarkers of apoptosis. Moreover, combination of uores-
cence molecular tomography (FMT) with X-ray computed
tomography (CT) or MRI will enhance the value of the imaging
due to the possibility of specic mapping of molecular struc-
tures according to anatomical structures.155

Emerging data suggest that the dysregulation of apoptosis,
through upregulation or downregulation, plays a signicant
role in the pathogenesis of various human diseases. However,
the molecular mechanisms responsible for this dysregulation
during disease initiation remain undened. Consequently,
future research should prioritize identifying the specic cellular
and molecular entities that modulate apoptosis, with objectives
centred on its inhibition or amplication based on therapeutic
needs. It is crucial to emphasize functional assays to assess
cellular viability, which provides a more precise evaluation of
potential therapeutic agent efficacy compared to simply
tracking cell retention or eradication.

A primary aim in biomedical research is harnessing insights
into abnormal apoptosis to devise treatments enhancing
patient outcomes in related diseases. Notably, in oncology, the
observation that the majority of chemotherapeutic agents
induce apoptosis in cancer cells has spurred investigations into
treatments that target this dysregulated apoptosis. Further-
more, the integration of apoptosis imaging with imaging of
other biological pathways, such as metabolism and angiogen-
esis, has potential to optimize clinical decision-making in
diseases and interventions centred on apoptosis. Additionally,
direct therapeutic interventions aiming at modulating
apoptosis may exhibit reduced systemic toxicity compared to
traditional chemotherapy. Such interventions could function as
adjunctive treatments, augmenting the pro-apoptotic response
© 2023 The Author(s). Published by the Royal Society of Chemistry
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of tumour cells during chemotherapeutic exposure. In autoim-
mune disease contexts, inducing apoptosis in auto-reactive
lymphocyte subsets by introducing specic autoantigens
without co-stimulatory survival signals offers promise. The
efficacy of this strategy has been demonstrated in murine
models of experimental autoimmune encephalomyelitis.164

Conclusions

Apoptosis detection involves specic equipment and reagents that
sometimes require high costs, laborious work, and prolonged
time. Moreover, the lack of sensitivity and/or specicity are
common in conventional apoptosis detection assays, making
them inadequate to establish cell death conclusively. Conse-
quently, a combination of complementary yet distinct techniques
is highly recommended, such as uorogenic assays with molec-
ular quantication of apoptosis specic proteins. However,
conventional methods have evolved to be used in more general
assays, such as routine and preliminary experiments. Given these
circumstances, it is essential to use comprehensive apoptosis
detection techniques which add considerable value to both in vitro
and in vivo research to ensure thorough understanding of the RCD
events and factors inuencing them.

The optical properties of various molecules or nanomaterials
have been exploited to design improved probes with higher
detection efficacy, increased signal to noise ratio and simplicity
of approach, for example ON/OFF sensors and other probes
which rely on event triggered changes in their optical proper-
ties. Furthermore, this allows to distinguish between RCD types
that share similar characteristics and can investigate rapidly
occurring cellular stages of such events. A novel trend is the use
of computational tools such as deep learning in predicting
apoptosis within a cell population, tissue or in vivo.
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T. Luedde, E. Lugli, M. MacFarlane, F. Madeo,
M. Malewicz, W. Malorni, G. Manic, J.-C. Marine,
S. J. Martin, J.-C. Martinou, J. P. Medema, P. Mehlen,
P. Meier, S. Melino, E. A. Miao, J. D. Molkentin,
U. M. Moll, C. Muñoz-Pinedo, S. Nagata, G. Nuñez,
A. Oberst, M. Oren, M. Overholtzer, M. Pagano,
T. Panaretakis, M. Pasparakis, J. M. Penninger,
D. M. Pereira, S. Pervaiz, M. E. Peter, M. Piacentini,
P. Pinton, J. H. M. Prehn, H. Puthalakath,
G. A. Rabinovich, M. Rehm, R. Rizzuto,
C. M. P. Rodrigues, D. C. Rubinsztein, T. Rudel,
31652 | RSC Adv., 2023, 13, 31641–31658
K. M. Ryan, E. Sayan, L. Scorrano, F. Shao, Y. Shi, J. Silke,
H.-U. Simon, A. Sistigu, B. R. Stockwell, A. Strasser,
G. Szabadkai, S. W. G. Tait, D. Tang, N. Tavernarakis,
A. Thorburn, Y. Tsujimoto, B. Turk, T. Vanden Berghe,
P. Vandenabeele, M. G. Vander Heiden, A. Villunger,
H. W. Virgin, K. H. Vousden, D. Vucic, E. F. Wagner,
H. Walczak, D. Wallach, Y. Wang, J. A. Wells, W. Wood,
J. Yuan, Z. Zakeri, B. Zhivotovsky, L. Zitvogel, G. Melino
and G. Kroemer, Molecular mechanisms of cell death:
recommendations of the Nomenclature Committee on
Cell Death 2018, Cell Death Differ., 2018, 25, 486–541.

17 N. J. McCarthy and G. I. Evan, Curr. Top. Dev. Biol., 1997, 36,
259–278.

18 T. Vanden Berghe, N. Vanlangenakker, E. Parthoens,
W. Deckers, M. Devos, N. Festjens, C. J. Guerin,
U. T. Brunk, W. Declercq and P. Vandenabeele,
Necroptosis, necrosis and secondary necrosis converge on
similar cellular disintegration features, Cell Death Differ.,
2010, 17, 922–930.

19 M. Sachet, Y. Y. Liang and R. Oehler, The immune response
to secondary necrotic cells, Apoptosis, 2017, 22, 1189–1204.

20 B. Fadeel, B. Gleiss, K. Högstrand, J. Chandra, T. Wiedmer,
P. J. Sims, J.-I. Henter, S. Orrenius and A. Samali,
Phosphatidylserine Exposure during Apoptosis Is a Cell-
Type-Specic Event and Does Not Correlate with Plasma
Membrane Phospholipid Scramblase Expression, Biochem.
Biophys. Res. Commun., 1999, 266, 504–511.

21 M. Mahani, P. Karimi-Mazidi, F. Khakbaz and
M. Torkzadeh-Mahani, Carbon quantum dots—Annexin V
probe: photoinduced electron transfer mechanism,
phosphatidylserine detection, and apoptotic cell imaging,
Microchim. Acta, 2022, 189, 69.

22 Z. Bacso and J. F. Eliason, Measurement of DNA damage
associated with apoptosis by laser scanning cytometry,
Cytometry, 2001, 45, 180–186.

23 I. Vermes, C. Haanen, H. Steffens-Nakken and
C. Reutellingsperger, A novel assay for apoptosis Flow
cytometric detection of phosphatidylserine expression on
early apoptotic cells using uorescein labelled Annexin V,
J. Immunol. Methods, 1995, 184, 39–51.

24 G. Lin, Q. Mu, R. Revia, Z. Stephen, M. Jeon andM. Zhang, A
highly selective iron oxide-based imaging nanoparticle for
long-term monitoring of drug-induced tumor cell
apoptosis, Biomater. Sci., 2021, 9, 471–481.

25 T. Liu, W. Zhu, X. Yang, L. Chen, R. Yang, Z. Hua and G. Li,
Detection of Apoptosis Based on the Interaction between
Annexin V and Phosphatidylserine, Anal. Chem., 2009, 81,
2410–2413.

26 H. Zhou, Q. Wang, D. Yuan, J. Wang, Y. Huang, H. Wu,
J. Jian, D. Yang, N. Huang, C. Haisch, Z. Jiang and
S. Chen, Early apoptosis real-time detection by label-free
SERS based on externalized phosphatidylserine, Analyst,
2016, 141, 4293–4298.

27 S. Morita, S. Shirakawa, Y. Kobayashi, K. Nakamura,
R. Teraoka, S. Kitagawa and T. Terada, Enzymatic
measurement of phosphatidylserine in cultured cells, J.
Lipid Res., 2012, 53, 325–330.
© 2023 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1002/0471141755.ph1208s25
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05809c


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
ok

to
br

is
 2

02
3.

 D
ow

nl
oa

de
d 

on
 0

5.
11

.2
02

5 
19

:2
0:

48
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
28 J. Kranich, N. Chlis, L. Rausch, A. Latha, M. Schifferer,
T. Kurz, A. Foltyn-Arfa Kia, M. Simons, F. J. Theis and
T. Brocker, In vivo identication of apoptotic and
extracellular vesicle-bound live cells using image-based
deep learning, J. Extracell. Vesicles, 2020, 9, 1792683.

29 L. C. Crowley, B. J. Marfell, A. P. Scott and N. J. Waterhouse,
Quantitation of Apoptosis and Necrosis by Annexin V
Binding, Propidium Iodide Uptake, and Flow Cytometry,
Cold Spring Harb. Protoc., 2016, 2016, prot087288.

30 C. Stadelmann and H. Lassmann, Detection of apoptosis in
tissue sections, Cell Tissue Res., 2000, 301, 19–31.

31 J. Cheng, Z. Lv, X. Zhang, X. Mitchelson and J. Cheng,
Systematic dielectrophoretic analysis of the Ara C induced
NB4 cell apoptosis combined with gene expression
proling, Int. J. Nanomedicine, 2013, 2333.

32 P. Majtnerova, J. Capek, F. Petira, J. Handl and T. Rousar,
Quantitative spectrouorometric assay detecting nuclear
condensation and fragmentation in intact cells, Sci. Rep.,
2021, 11, 11921.

33 R. Rose, N. Peschke, E. Nigi, M. Gelléri, S. Ritz, C. Cremer,
H. J. Luhmann and A. Sinning, Chromatin compaction
precedes apoptosis in developing neurons, Commun. Biol.,
2022, 5, 797.

34 O. S. Frankfurt and A. Krishan, Identication of Apoptotic
Cells by Formamide-induced DNA Denaturation in
Condensed Chromatin, J. Histochem. Cytochem., 2001, 49,
369–378.

35 O. S. Frankfurt, J. A. Robb, E. V. Sugarbaker and L. Villa,
Monoclonal Antibody to Single-Stranded DNA Is a Specic
and Sensitive Cellular Marker of Apoptosis, Exp. Cell Res.,
1996, 226, 387–397.

36 M. Enari, H. Sakahira, H. Yokoyama, K. Okawa,
A. Iwamatsu and S. Nagata, A caspase-activated DNase
that degrades DNA during apoptosis, and its inhibitor
ICAD, Nature, 1998, 391, 43–50.

37 C. Gabler, Extranuclear detection of histones and
nucleosomes in activated human lymphoblasts as an early
event in apoptosis, Ann. Rheum. Dis., 2004, 63, 1135–1144.

38 P. Salgame, An ELISA for detection of apoptosis, Nucleic
Acids Res., 1997, 25, 680–681.

39 Z. Darzynkiewicz, D. Galkowski and H. Zhao, Analysis of
apoptosis by cytometry using TUNEL assay, Methods,
2008, 44, 250–254.

40 W. G. Telford, L. E. King and P. J. Fraker, Comparative
evaluation of several DNA binding dyes in the detection of
apoptosis-associated chromatin degradation by ow
cytometry, Cytometry, 1992, 13, 137–143.

41 Y. Gavrieli, Y. Sherman and S. A. Ben-Sasson, Identication
of programmed cell death in situ via specic labeling of
nuclear DNA fragmentation, J. Cell Biol., 1992, 119, 493–
501.

42 L. C. Crowley, B. J. Marfell and N. J. Waterhouse, Analyzing
Cell Death by Nuclear Staining with Hoechst 33342, Cold
Spring Harb. Protoc., 2016, 2016, prot087205.

43 C. Charriaut-Marlangue, I. Margaill, A. Represa, T. Popovici,
M. Plotkine and Y. Ben-Ari, Apoptosis and Necrosis aer
© 2023 The Author(s). Published by the Royal Society of Chemistry
Reversible Focal Ischemia: An in Situ DNA Fragmentation
Analysis, J. Cereb. Blood Flow Metab., 1996, 16, 186–194.

44 S. Sakamuru, M. S. Attene-Ramos and M. Xia,
Mitochondrial Membrane Potential Assay, Methods Mol.
Biol., 2016, 1743, 17–22.

45 P. Nguyen, P. Doan, A. Murugesan, T. Ramesh,
T. Rimpilainen, N. R. Candeias, O. Yli-Harja and
M. Kandhavelu, GPR17 signaling activation by CHBC
agonist induced cell death via modulation of MAPK
pathway in glioblastoma, Life Sci., 2022, 291, 120307.

46 M. Fujikawa and M. Yoshida, A sensitive, simple assay of
mitochondrial ATP synthesis of cultured mammalian cells
suitable for high-throughput analysis, Biochem. Biophys.
Res. Commun., 2010, 401, 538–543.

47 N. J. Waterhouse and J. A. Trapani, A new quantitative assay
for cytochrome c release in apoptotic cells, Cell Death
Differ., 2003, 10, 853–855.

48 P. Manickam, A. Kaushik, C. Karunakaran and S. Bhansali,
Recent advances in cytochrome c biosensing technologies,
Biosens. Bioelectron., 2017, 87, 654–668.

49 J. Radhakrishnan, R. Origenes, G. Littlejohn, S. Nikolich,
E. Choi, S. Smite, L. Lamoureux, A. Baetiong, M. Shah
and R. J. Gazmuri, Plasma Cytochrome c Detection Using
a Highly Sensitive Electrochemiluminescence Enzyme-
Linked Immunosorbent Assay, Biomarker Insights, 2017,
12, 117727191774697.

50 X. Hu, Z. Li, R. Lin, J. Shan, Q. Yu, R. Wang, L. Liao, W. Yan,
Z. Wang, L. Shang, Y. Huang, Q. Zhang and K. Xiong,
Guidelines for Regulated Cell Death Assays: A Systematic
Summary, A Categorical Comparison, A Prospective, Front.
Cell Dev. Biol., 2021, 9, DOI: 10.3389/fcell.2021.634690.

51 H. Salmani-Zarchi, Y.-S. Borghei andM. Nikkhah, A turn-off
uorimetric -aptasensor for early detection of apoptosis
inside the cells, Spectrochim. Acta, Part A, 2023, 300, 122933.

52 C. S. Moldovan, A. Onaciu, V. Toma, R. Marginean,
A. Moldovan, A. B. Tigu, G. F. Stiuuc, C. M. Lucaciu and
R. I. Stiuuc, Quantifying Cytosolic Cytochrome c
Concentration Using Carbon Quantum Dots as a Powerful
Method for Apoptosis Detection, Pharmaceutics, 2021, 13,
1556.

53 A. Jenner, A. Peña-Blanco, R. Salvador-Gallego,
B. Ugarte-Uribe, C. Zollo, T. Ganief, J. Bierlmeier,
M. Mund, J. E. Lee, J. Ries, D. Schwarzer, B. Macek and
A. J. Garcia-Saez, DRP1 interacts directly with BAX to
induce its activation and apoptosis, EMBO J., 2022, DOI:
10.15252/embj.2021108587.

54 T. Panaretakis, K. Pokrovskaja, M. C. Shoshan and
D. Grandér, Activation of Bak, Bax, and BH3-only Proteins
in the Apoptotic Response to Doxorubicin, J. Biol. Chem.,
2002, 277, 44317–44326.

55 Y. Wu, D. Zhao, J. Zhuang, F. Zhang and C. Xu, Caspase-8
and Caspase-9 Functioned Differently at Different Stages
of the Cyclic Stretch-Induced Apoptosis in Human
Periodontal Ligament Cells, PLoS One, 2016, 11, e0168268.

56 T. Wieder, F. Essmann, A. Prokop, K. Schmelz, K. Schulze-
Osthoff, R. Beyaert, B. Dörken and P. T. Daniel, Activation
of caspase-8 in drug-induced apoptosis of B-lymphoid
RSC Adv., 2023, 13, 31641–31658 | 31653

https://doi.org/10.3389/fcell.2021.634690
https://doi.org/10.15252/embj.2021108587
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05809c


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
ok

to
br

is
 2

02
3.

 D
ow

nl
oa

de
d 

on
 0

5.
11

.2
02

5 
19

:2
0:

48
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
cells is independent of CD95/Fas receptor-ligand
interaction and occurs downstream of caspase-3, Blood,
2001, 97, 1378–1387.

57 M. T. Cencioni, S. Santini, G. Ruocco, G. Borsellino, M. De
Bardi, M. G. Grasso, S. Ruggieri, C. Gasperini, D. Centonze,
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