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The qualitative characteristics of programmed cell death (PCD), 
which is initiated and executed through multiple interconnected 
signaling cascades, differ not only between cell and stress types, 
but also within the clonal cell population encountering the same 
stress. The regulation of apoptosis involves a switch between the 
gradual (rheostat-type) and binary (all-or-none) events, which 
often establishes the threshold sensitivity for life-death deci-
sions.1,2 Such level of complexity, with multiple variables con-
currently expressed, requires an in-depth investigation of cell 
populations at a single cell level, kinetically, and with multivari-
ate analytical capability.

The techniques applied to study PCD encompass a variety 
of molecular markers, such as fluorescent functional probes or 
genetically encoded fluorescently-tagged proteins, as well as phe-
notypic analysis of structural and bulk biochemical characteris-
tics of dying cells. The most commonly used approach is a static 
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Cell population can be viewed as a quantum system, which 
like Schrödinger’s cat exists as a combination of survival- and 
death-allowing states. Tracking and understanding cell-to-cell 
variability in processes of high spatio-temporal complexity 
such as cell death is at the core of current systems biology 
approaches. As probabilistic modeling tools attempt to impute 
information inaccessible by current experimental approaches, 
advances in technologies for single-cell imaging and omics 
(proteomics, genomics, metabolomics) should go hand in hand 
with the computational efforts. Over the last few years we have 
made exciting technological advances that allow studies of cell 
death dynamically in real-time and with the unprecedented 
accuracy. These approaches are based on innovative 
fluorescent assays and recombinant proteins, bioelectrical 
properties of cells, and more recently also on state-of-the-art 
optical spectroscopy. Here, we review current status of the 
most innovative analytical technologies for dynamic tracking 
of cell death, and address the interdisciplinary promises and 
future challenges of these methods.
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assessment of cell status at a single time point. The very nature 
of cell death is, however, based on the multiple switches between 
slow but also variable in time decision-making processes, involv-
ing gradual accumulation of pro-apoptotic molecules (e.g., tBid, 
Bax complexes), followed by snap-action rapid activation of cas-
pases, and variable kinetics and specificity of proteolytic degrada-
tion of endogenous targets. The cell-to-cell variability in time 
between the varying stages of cell death arises from the subtle 
fluctuations in the concentrations or states of regulatory proteins,3 
protein oscillations, the induction of multiple compensatory 
mechanisms (e.g., autophagy), or ‘molecular noise’ originating 
from low copy number components.4 Therefore, the possibility to 
continuously track individual cells from the time of encountering 
stress signal, through the decision-making and execution phases 
of cell death, up to the point of complete demise, could provide 
previously inaccessible information of how complex biological 
systems progress from life-maintaining to death-allowing steady-
states. This can be represented by a three-dimensional cubic  
(lattice) box which mimics the dynamics (time) of cellular 
changes (output) over encountered signals (input) (Fig. 1). In 
addition, any state space can represent multiple inputs-outputs 
(that is, y and z have more then one coordinate). The inherent 
complexity of cellular systems requires massive experimental 
parallelization, as snap-shot static analysis cannot reveal the full 
biological intricacy of the events.

It should be noted that the intercellular variability in passing 
the “point of no return” during apoptotic process provides flexi-
bility for cell populations to respond to stresses of different inten-
sity by granting survival for the most resistant cells. In the case 
of cancer chemo- or radio-therapy such cells are of most interest 
because they escape the treatment and are responsible for can-
cer recurrence. The assessment of cells heterogeneity including 
identification of the stress resistant or sensitive cells for their fur-
ther characterization at molecular level requires thus cytometric 
approach i.e., quantitative analysis of constituents in individual 
cells.

Given the above, an ideal approach to monitor cell death 
would require to: (1) focus at the level of individual living cells; 
(2) follow cells over extended period of time to allow analysis 
of cell-to-cell variability; (3) induce minimal perturbations to 
structural and bio-physiological properties of the cells; (4) allow 
multiparameter analysis in combination with other approaches 
of similar nature, to correlate multiple events at a single cell 



www.landesbioscience.com Cell Cycle 2331

 review review

As it has been suggested that multiple kinetics of cytochrome 
c and Smac release exist during apoptosis,12 and that the release 
of cytochrome c does not take place simultaneously in all mito-
chondria,13 multiparameter real-time imaging of MOMP and 
pre-MOMP events is of paramount importance to detect small 
spatio-temporal changes. Fluorescently-tagged recombinant 
proteins, such as mitochondrial intermembrane space reporter 
protein (IMS-RP),2 cytochrome c-GFP and dsRed-Bax,12,14,15 
GFP-Bax or Smac/DIABLO-YFP16-18 have all proven useful for 
real-time monitoring of MOMP on a single-cell level. For exam-
ple, the imaging of cells for early spatially-confined MOMP, with 
the use of cytochrome c-GFP, Smac-mCherry and markers of 
mitochondrial transmembrane potential (∆Ψ

m
), revealed that the 

release of cytochrome c and Smac, and loss of ∆Ψ
m
, occur in a 

similar spatial and temporal pattern.13

After the discovery that it is possible to fuse two proteins that 
fluoresce at different wavelengths and monitor fluorescence reso-
nance energy transfer (FRET),19-21 the recombinant FRET-based 
sensors have been deployed to study MOMP and up-stream regu-
latory proteins. For example, it has been shown, using time lapse 
fluorescence microscopy and FRET, that the translocation of 
Bax to mitochondria involves several dynamic stages and leads to 
MOMP upon formation of small (>100 molecules) Bax-Bak com-
plexes.18 FRET-Bid recombinant protein, i.e., Bid fused to yellow 
fluorescent protein (YFP) and cyan fluorescent protein (CFP) at 
the N-terminus and C-terminus, respectively, has been used for 
real-time detection of caspase 8-mediated cleavage of Bid, as well 
as translocation of tBid to mitochondria, at a single cell level.22 
Other members of the Bcl-2 family can also be cleaved during 
the process of apoptosis, and the cleavage products, such as p18 
Bax, can significantly affect the kinetics of apoptotic events.23 
Therefore, we envisage that FRET-based recombinant proteins 
can provide substantial new insights into the dynamic role of 
Bcl-2 family members in apoptosis.

The main obstacle to successful imaging of early apoptotic 
events, such as initiation of MOMP, is the variable time to onset 

level over time with each other; and (5) be applicable to high-
throughput formats, i.e., straightforward in use and adaptable for 
automation. The innovative approaches to study cell death can 
be divided into molecular, based on novel probes and recombi-
nant sensors, and bioengineered, based on ongoing developments 
in the fields of micro- and nano-technologies and spectroscopy. 
Here we discuss the use of these methods and their potential to 
enhance current understanding of sensitive and robust cell death 
networks.

The Fluorescent Toolbox for Analyzing Apoptosis

Analysis of mitochondrial outer membrane permeability 
(MOMP) and its regulators. Mitochondria act as central sen-
tinels of stress signals, both in the mitochondrial (intrinsic) 
pathway of apoptosis and, in type II cells, in the death recep-
tor (extrinsic) pathway of apoptosis.5,6 MOMP is the critical 
event leading to the release of pro-apoptotic proteins, such as 
cytochrome c, Smac, Omi or AK2 from the intermembrane 
mitochondrial space to the cytosol.7 It is also the point at which 
a graded signal (e.g., formation of Bax pores or accumulation 
of truncated Bid) is transformed into an all-or-none snap-
action signal.2 Traditionally, MOMP has been studied using 
bulk biochemical approaches, such as cellular fractionation and 
western blot-based detection of cytochrome c and other pro-
teins released from mitochondria upon MOMP, flow cytomet-
ric analysis of the amount of cytochrome c retained by fixed 
and permeabilized cells,8 as well as native blue-PAGE to show 
formation of Bax complexes.9 Although these approaches can 
provide interesting new mechanistic insights, e.g., about pro-
cessing of pro-caspase 9 in mitochondria,10 they generally lack 
temporal single-cell resolution and do not reveal rare interme-
diate cellular states, or events such as mitochondrial fusion and 
fragmentation.11 They also do not reveal a possible mechanistic 
relationship in terms of cause-effect link between the particular 
events.

Figure 1. rationale behind real-time analysis of living single cells. each cell within a population is likely to respond to certain stimuli (inputs) with vary-
ing kinetics and outcomes (outputs). Steady-state measurement can mask this inherent variability. Dynamic labeling allows not only kinetic analysis 
but also enormous reduction of sample processing steps. This is important for the preservation of fragile apoptotic cells and allows obtaining content-
rich kinetic data sets.
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Inc., USA). When activated caspases cleave the liker, the rhoda-
mine molecules are released and become highly fluorescent.28-30 
Importantly, cleaved fluorescent fragments are well retained on 
the side of the membrane where the cleavage took place, allow-
ing detection of low-level, compartmentalized caspase activity in 
living cells.29,31

In another twist to fluorogenic caspase substrate design, Can 
et al. directly linked a DNA-binding dye, NucView488, to the 
caspase-3 recognition peptide DEVD (Fig. 2A).32,33 NucView488 
(2-[(1-(5-((2-aminoethylamino)carbonyl)pentyl)quinolinium-
4(1H)-ylidene)methyl]-3-methylbenzo[d]thiazolium iodide) 
is a DNA binding probe, derivative of thiazole orange. When 
attached to a highly negatively charged group of Ac-DEVD, its 
ability to electrostaticaly bind to DNA is inactivated. Substrate 
cleavage by active caspase 3 initiates dye release, restoration of 
its high positive charge, and translocation to the nucleus. Upon 
binding to DNA NucView488 becomes highly fluorescent34 
(Fig. 2A). DEVD-NucView488 probe is reportedly not cyto-
toxic and does not affect cell fate decisions even during long-term 
incubations.32,33

Activation of caspases can also be assayed by using genetically-
encoded recombinant caspase substrates. Recombinant FRET 
probes based on GFP variants have been successfully applied in 
single-cell kinetic analysis of caspase activity.34-37 Recently, sev-
eral new assays have been designed using the tandem molecules of 
green fluorescent protein (GFP), blue fluorescent protein (BFP), 
enhanced cyan-(ECFP) or yellow-fluorescent protein (YFP), or 
improved version of YFP called Venus, covalently linked by a 
short caspase-cleavable peptide.38-42 FRET that occurs between 
the pairs of these fluorescent proteins when they are linked by 
the peptide is abruptly terminated upon cleavage of the peptide 
linker (Fig. 2B). Caspase activation, thus, manifests by loss of 
FRET. The drawback of FRET probes is their poor sensitivity 
due to spectral overlap between cyan and yellow FRET partners, 
and often the low dynamic range of FRET sensors.43 As it is criti-
cal to use FRET probes with high signal to noise ratio in order 
to facilitate the detection of low caspase activities, new FRET 
sensors have been recently developed, including an optimized 
CFP-YFP pair called CyPet-YPet,44 as well as bright monomeric 
fluorescent TagGFP and TagRFP pair.43 The TagGFP-DEVD-
TagRFP sensor shows increased dynamic range, bright fluores-
cence and enhanced pH and photo-stability (Fig. 2C). Finally, 
a FRET probe for simultaneous measurement of caspase 3 and 
caspase 6 activity has been developed, based on CFP-YFP-mRFP 
fusion protein containing caspase 3 cleavage site between CFP 
and YFP, and caspase 6 cleavage site between YFP and mRFP.45 
Noteworthy, the major disadvantage of all FRET methods is 
the transfection step which lacks versatility, as not all cells are 
equally susceptible to gene delivery, is difficult to adopt during 
automated dispensing, increases costs, and potentially interferes 
with the robustness of cell physiology.33

Apoptotic Changes within Plasma Membrane

A characteristic asymmetric distribution of plasma mem-
brane phospholipids between inner and outer leaflets is lost 

and subsequent speed of these events. This intrinsic feature of 
apoptotic signaling makes it difficult to image single cells at 
high temporal resolution without causing photodamage and 
photobleaching by high power lasers of conventional laser scan-
ning microscopy (LSM). Moreover, the speed of beam scanning 
movements and scan acquisition in single-beam LSM is usually 
not fast enough to capture video rate imaging of rapid cellular 
reactions, such as mitochondrial membrane depolarization.24 
The expansion of multi-beam confocal microscopy (MBCM) 
and video-rate confocal microscopy (VRCM), based on spinning 
disc principle, provides new opportunities to study single living 
cells at a high temporal resolution, confocal sectioning and rela-
tively low phototoxicity. In contrast to conventional single beam 
and single pinhole confocal microscopy, the spinning disc confo-
cal systems utilize a disk that contains numerous pinholes or slit 
opening, and rotates allowing the pattern of pinholes to cover the 
entire specimen. Although spinning disc imaging compromises 
somewhat the spatial resolution as compared to LSM, it achieves 
much better florescence transmission and image acquisition rates. 
It is thus preferable for 4D (time-lapse) multi-colour imaging of 
living specimens that require enhanced spatial resolution, full 
frame imaging at high frame rates (up to 15 frames per second) 
and reasonable sensitivity with low power lasers or mercury arc 
lamps.24

Probing Caspase Activation

Activation of caspases is critical for execution of apoptosis.25 
Real-time monitoring of caspase activity at a single cell level is 
crucial to the understanding of concepts such as bistability, vari-
able-delay caspase activation, and integration of gradual signals 
into all-or-none decision of apoptosis execution.2

Several techniques have been recently used to address this 
issue, including probes based on cell-permeable organic fluo-
rogenic caspase substrates. Non-fluorescent substrates with 
incorporated lipophilic moieties pass freely through the cellular 
membranes, become fluorescent upon caspase-mediated cleav-
age, and are retained within the cell, usually by the charge of the 
fluorochromes. For example, a hydrophobic red fluorescent dye, 
cresyl violet, linked to the bi-substituted target peptide aspartate-
glutamate-valine-aspartate (z-DEVD)

2
, can detect active cas-

pase 3/7 within living cells without the requirement of washing 
steps.26 Further advantages of this probe, known under the trade-
mark Magic Red® (ICN Biomedicals and Immunochemistry 
Technologies), include low autofluorescence and reduced photo-
toxicity, both important in live cell imaging.

Another promising fluorogenic system utilizes xanthenes dyes 
forming H-type dimers with spectral characteristics described 
under exciton theory.27 Upon formation, xanthene H-type dimers 
exhibit fluorescence quenching, a feature utilized by inserting 
the linker between two rhodamine fluorophores. The linker is an 
18-amino acid peptide constituting the recognition and cleavage 
sequence from CPP32 (PARP-1), a physiological target for cas-
pase 3. As a result, proximity-enforced formation of H-type rho-
damine dimers generates quenched and cell-permeable caspase 
substrate, known under the trademark PhiPhiLux (OncoImunin, 
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Figure 2. For figure legend, see page 2334.
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Autophagic Flux

Macroautophagy (hereafter referred to as autophagy) is an intra-
cellular bulk degradation system for long-lived proteins and 
whole organelles. Emerging evidence suggests that autophagy 
promotes survival of cells exposed to various stress, but can also 
contribute to cell death when induced above an acceptable for 
cellular homeostasis threshold.64,65 The analysis of the kinetics of 
autophagy could thus reveal new aspects related to the robustness 
of cellular physiology. To date only a handful of methods have 
been introduced to quantify autophagy. Fluorescent microscopy 
(using GFP tagged MAP1-LC3 protein) as well as transmission 
electron microscopy are used to follow steady-state accumula-
tion of autophagosomes, whereas bafilomycin A1-inhibitable 
half-life assessments of long-lived proteins is applied to access the 
catabolic autophagic activity.66,67 Current methods designed to 
quantify autophagic activity are, however, time consuming, labor 
intensive, and not feasible for measuring the dynamics of autoph-
agic flux. Recently, the elegant solution has been proposed by 
Farkas and colleagues68 who designed a luciferase-based reporter 
assay (RLuc-LC3) to measure the autophagic flux in real-time. 
Particular advantage of the RLuc-LC3 assay lies in a broad 
dynamic range and applicability to a dynamic analysis of cell 
population. The assay has been validated by screening a library 
of small-molecule kinase inhibitors, proving its applicability for 
tracking dose- and stimulus-dependent differences in autophagy 
kinetics.68

Metal Nanoparticles—Because Stochastic Reactions 
Need Single Molecule Tracking

Advances in organic chemistry, materials science and molecu-
lar biology have recently created new classes of probes for cell 
imaging, such as functionalized gold or silver nanoparticles. 
The binding of proteins to such nanoparticles changes the wave-
length of plasmon resonance, which can be followed by dark-
field microscopy. Moreover, the light-scattering intensity of a pair 
of nanoparticles is greater then for two separate particles, and 
increases even further for multi-particle assemblies. This feature 
has been recently utilized to study activation of caspase 3. To this 
aim peptides with caspase 3 cleavage sequence DEVD have been 
linked to crown nanoparticle probes composed of a NeutrAvidin-
coated gold-core nanoparticle with 5 biotinylated gold satellite 
nanoparticles.69 Although the intracellular movement of crown 
nanoparticles is limited due to their large size, small cleaved 

during caspase-dependent apoptosis when phosphatidylserine 
(PS) becomes exposed on the outer leaflet.46-48 The detection of 
exposed PS residues with a fluorochrome-tagged 36 kDa antico-
agulant protein Annexin V, which reversibly binds to PS residues 
in the presence of milimolar concentration of Ca2+ ions, allows 
detection of apoptotic cells.47 Interestingly, fluorescent conjugates 
of Annexin V are typically used in end-point assays to quantify 
apoptotic frequency in vitro. This is somehow contradictory to 
an abundant number of reports showing non-invasive methods 
with radio-labeled Annexin V in dynamic analysis of apopto-
sis in vivo.49-51 Indeed, in our recent work we have shown that 
a dynamic tracking of apoptosis on state-of-the-art microfluidic 
cell arrays is feasible using fluorescent Annexin V conjugates con-
tinuously present in perfusion culture medium (Fig. 3).52 The 
only consideration for such assays is the necessity to increase 
concentration of calcium ions in culture medium. Moreover, 
Annexin V conjugated to inorganic, semiconductor nanocrys-
tals (Quantum Dots; QDs)53,54 has increased photostability and 
narrow emission spectra. Recently polarity-sensitive indicator 
of viability and apoptosis (pSIVA), based on Annexin B12, has 
been developed and successfully applied in live-cell imaging of 
etoposide-treated cells and nerve growth factor (NGF)-deprived 
neurons.55 Annexin V functionalized quantum dots and polarity-
sensitive annexin-based biosensors are feasible for real-time and 
multiparameter studies of apoptosis,55-58 and could be used for 
high-throughput screening on microfluidic platforms59 or with 
the use of MRI.49

Plasma membrane permeability, although not specific to 
apoptotic cell death, is a common marker of dead cells. It is 
detected using charged fluorescent probes, e.g., propidium iodide 
(PI), 7-aminoactinomycin D (7-AAD), SYTOX or YO-PRO1, 
which enter cells and stain nucleic acids only upon permeabi-
lization of the plasma membrane.60,61 In contrary to the com-
monly suggested toxicity of these probes, we have recently 
described their applicability to dynamically trace cell death in 
real-time.60,62,63 The proliferation rates, viability, and even quan-
titative responses to cytotoxic and DNA damaging agents were 
not significantly affected by a continuous growth of cells in the 
presence of these fluorochromes.60,62,63 While some increase in 
fluorescence intensity of live cells growing in their presence was 
seen, the intensity of fluorescence was many-fold enhanced upon 
cell death. The finding that charged cationic fluorescent mark-
ers do not affect cell growth or DNA integrity in any significant 
degree implies a possibility of their use in real-time single-cell  
analysis.

Figure 2 (See previous page). Dynamic analysis of caspase activation. (A) Left, principle of the DevD-Nucview 488 probe. right, confocal image of 
apoptosing Jurkat T cell, stained with DevD-Nucview 488 (green) and CF647-Annexin v (violet) probes. Note the nuclear localization of the Nu-
cview488 probe following cleavage of the DevD substrate by caspase 3. Nucview 488 staining reveals also characteristic apoptotic fragmentation of 
the nucleus. Data courtesy of Biotium inc., (Hayward, CA, USA). (B) Diagram of a FreT sensor. The fluorescence resonance energy transfer (FreT) that 
occurs between the pairs of fluorescent proteins when they are linked by the peptide is abruptly terminated upon caspase-mediated cleavage of the 
peptide linker. (C) Caspase activation visualized by a loss of FreT between TagGFP (green, ex/em 482/505 nm) and TagrFP (red, ex/em 555/584 nm). 
HeLa cells were transiently transfected with Casper3-Gr, and then treated Staurosporine (2 µM). Left, time-lapse images were acquired using 520 nm 
band-pass filter for TagGFP and 580 nm for TagrFP. right, green to red fluorescence signal ratio after stimulation of cells with Starosporine indicates 
activation of caspase 3. Data courtesy of evrogen JSC (Moscow, russia).
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satellite nanoparticles can move and 
allow analysis of single molecule tra-
jectories. Briefly, a scattering intensity 
map of the crown nanoparticle-labelled 
cell is obtained, and once the apoptotic 
stimulus is administered the time trace 
of single probes is analyzed.69 Such an 
approach allows detection of early and/
or spatially confined caspase activation. 
In the future crown nanoparticles could 
be used to study the activity of other cas-
pases or protein conformational changes 
(e.g., during mitochondrial outer mem-
brane pore formation), and potentially to 
assess the kinetics of reactions that, due 
to the spatial location of protein com-
ponents and their diffusion rates, con-
stitute low probability stochastic events 
(e.g., apoptosome assembly). Similar 
technology, referred to as SNaPT (Single 
Nanoparticle Photothermal Tracking), 
has also been used to quantify confor-
mational changes of mitochondria under 
selected pro-apoptotic stimuli in live 
COS-7 cells.70

Label-Free Approaches

Kinetic tracking of cell death based 
on labeling approaches is a compel-
ling prospect, hampered, however, 
by possible adverse effects of ectopic 
probes on processes within the living 
cells. For example, photoexcitation of 
TMRM can trigger permeability transi-
tion pore (PTP), release of cytochrome 
c and relocation of Bax.71 Therefore, 
technologies for measuring functional 
responses in living cells without the 

Figure 3. real-time, dynamic analysis of 
apoptosis using fluorescent Annexin v 
conjugate on a microfluidic live-cell array. 
(A) Overview of the microfluidic live-cell 
array. Note the array of micromechanical 
traps that allow single cell positioning and 
perfusion. (B) Typical, time-resolved images 
of a single HL-60 cell undergoing apoptosis 
after perfusion with Staurosporine (2 µM), 
with time points indicated at the lower 
left corner. Cells were stimulated in the 
presence of Annexin v-APC and plasma 
membrane permeability marker prop-
idium iodide (Pi). Time-lapse images were 
collected every minute. Note the stochas-
tic nature of cell death with the gradual 
exposure of the phosphatidylserine and 
increase in plasma membrane permeability 
to Pi during apoptosis.
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Surface Resonance Spectroscopy

Resonant plastic-based photonic crystal technology is an elegant, 
label-free method for detecting the proliferation and cell death in 
real-time.75 Photonic crystals are composed of a periodic arrange-
ment of dielectric materials such as TiO

2
. Sensor measures 

changes in the reflected light wavelength within an evanescent 
region adjacent to the surface during cell attachment and spread-
ing.74 Importantly, the resonant wavelength emitted by the crys-
tal is measured after illumination with white light and reflected 
spectrum of each pixel is collected using an imaging spectrom-
eter.74 This technology has been used to dynamically monitor 
proliferation of MCF-7 breast cancer cells and their detachment 
during drug-induced apoptosis.75

Thermal Lens Spectroscopy

Tamaki and colleagues have recently developed a revolutionary 
scanning thermal lens microscopy for detection of non-fluores-
cent biological substances with extremely high sensitivity and 
spatial resolution.76 This technology utilizes a photo-thermal 
effect of a non-radiative relaxation of photo-excited species in 
a very small volume coupled with a rapid thermal conduction 
between a solid-liquid interface.76 Compared to any of the cur-
rently available absorption methods thermal lens spectroscopy 
has a much higher sensitivity, which allows kinetic monitoring of 
rapid intracellular events associated with apoptosis.76 For exam-
ple, high spatial resolution of thermal lens spectroscopy permit-
ted single-cell quantitative analysis of cytochrome c release from 
mitochondria during apoptosis.76

Raman Spectroscopy

Non-destructive spectroscopies such as infrared micro-spec-
troscopy and Raman micro-spectroscopy attract an increasing 
interest for a label-free analysis at the single cell level.77,78 Raman 
spectroscopy is an optical technique based on inelastic scattering 
of photons by molecular vibrations of biopolymers79 (Fig. 4A). 
To avoid destruction of live specimens, it relies mostly on scatter-
ing of monochromatic light in the near-infrared spectrum. The 
wavelengths and intensities of the scattered light are collected 
from a very small volume and provide a chemical fingerprint 
of cells without the use of fluorescent labels.79 When applied 
in a hyperspectral imaging mode, thousands of Raman spectra 
is used to generate detailed Raman maps, which can provide 
content-rich information, with a very high spatial and temporal 
resolution, on molecular changes within living cells78,79 (Fig. 4B 
and C).

Recently, Raman spectroscopy employing a broad band (1,900 
cm-1) spontaneous non-resonant scattering has been applied to 
investigate distribution of DNA, RNA, proteins and lipids in 
human HeLa cells undergoing apoptosis.80 Confocal Raman 
hyperspectral data sets allowed also a label-free visualization of 
mitochondrial distribution in living cells,81 as well as being used 
for detection of quantitative and conformational changes in pro-
teins and nucleic acids in necroric cells.82 The ability of Raman 

use of probes or recombinant proteins are gaining increasing  
interest.72

Capacitance Spectroscopy

Capacitance cytometry represents a pioneering approach with 
prospective applications in the analysis of cell cycle and frac-
tional DNA content (sub-G

1
).73 This technology is based on a 

linear relationship between the DNA content of eukaryotic cell 
and the change in capacitance that is evoked by the passage of 
individual cell across a 1-kHz electric field.73 As capacitance mea-
surements do not require cell processing and can be repeatedly 
performed on the same population of living cells, they are partic-
ularly useful in the real-time monitoring of changes in cell cycle  
distribution.73

Alternating Current (AC) Impedance Spectroscopy

Microelectronic alternating current (AC) impedance spectros-
copy is another up-and-coming technology for monitoring of cell 
death, developed and commercialized by Roche Applied Science 
in partnership with ACEA Bioscience under the trademark of 
xCELLigence system. Impendence spectroscopy allows label-
free analysis of adherent cells cultured on proprietary micro-
electrode plates. It relies on the local ionic environment at the 
electrode-solution interface, which affects the impedance value of 
the electrode. The more cells attach to an array of inter-digitated 
electrodes, the larger the increase in total impedance. Impedance 
spectroscopy can be used to monitor not only cell viability, but 
also cell proliferation and degree of cell adhesion. The technol-
ogy offers several advantages, including the lack of labeling, 
real-time monitoring and potential for automation. The main 
disadvantages of impedance spectroscopy are (i) its applicability 
to adherent cells only; and (ii) lack of specificity for cell death 
versus cell detachment or decrease in proliferation rate. The lat-
ter is a serious obstacle to characterization and quantification of 
cell death. When apoptotic signaling is triggered cells often start 
to detach from the surface leading to a rapid loss of impedance 
values. Primary necrotic and late apoptotic/secondary necrotic 
cells will, however, also lose contact with the substrate, yielding in 
principle the same results. Moreover, cells that respond by detach-
ment may still maintain viability for a long-time before commit-
ting to cell death. Therefore, a drop in impedance value can be 
observed irrespectively of the type, and even in the absence, of 
cell death. Finally, impedance spectroscopy is a bulk technique 
that measures the average impedance over the total area cov-
ered by micro-electrode array, thus lacking single-cell specificity. 
Recent developments can increase the specificity of impedance 
cytometry, and allow quantitative analysis of the results. For 
example, Tong and co-authors have developed novel biosensor 
which incorporates electrochemical impedance measurements 
with the specificity of Annexin V.74 Overall, impedance spectros-
copy can provide a valuable complement to the flow cytometry 
and imaging methods, especially during screening of compounds 
that induce irreversible or reversible cell cycle arrest leading to 
e.g., senescence.
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Figure 4. For figure legend, see page 2338.
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during the AFM scans cells experience a very low mechanical 
stress, which provides a unique opportunity for the kinetic and 
real-time live cell scanning. Apart from cell surface, AFM scans 
can also reveal the distribution of subcellular structures localized 
in a close proximity to plasma membrane. This is possible as a 
result of the mechanical elasticity of the plasma membrane, and 
is somewhat analogical to palpation during medical examina-
tion.93 AFM technology has been also applied to study remodel-
ling of cytoskeleton and plasma membrane during cell movement 
and division, tumor metastasis, viral infection as well as necrotic 
cell death.94-97 Recently AFM technology has begun to attract 
a growing interest in the real-time studies on programmed cell 
death. Kuznetsov and colleagues were first to investigate plasma 
membrane blebbing in osteosarcoma cells undergoing apoptosis.91 
More recently, AFM was used in a multidimensional and kinetic 
study of volumetric changes during Staurosporine-induced 
casapase dependent apoptosis in human epidermoid carcinoma 
cells.90 Interestingly, the 3D virtualization of cell surface using 
AFM can be further enhanced by overlaying simultaneously 
acquired confocal microscopy images or even confocal Raman 
micro-spectroscopy data (Fig. 5C). Approaches that merge 3D 
rendering and volume measuring capabilities of AFM with chem-
ical spectroscopy allow multidimensional imaging with many 
applications in real-time spectroscopy of programmed cell death.

Summary and Future Outlook

We have shown before that during the cell cycle cell popula-
tions become heterogeneous after cytokinesis which is asym-
metrical and generates daughter cells unequal in size, RNA and 
protein content.98 Due to variation of their residence time in 
G

1
 allowing smaller cells to “catch up” with the larger ones the 

populations become more uniform at the time of entrance to 
S, to become again heterogenous after cytokinesis.98 We postu-
lated that heterogeneity of cell populations generated this way 
along the cell cycle provides basis for cell variability in response 
to growth- and stress-factors and is one of the mechanisms of 
survival for cell populations in adverse conditions such as drug 
treatment.98 Recent approach of single cell encoding with quan-
tum dots also shows that cell division is an asymmetric event.99 
Moreover, the discoveries of new markers of apoptotic cell death 
go hand-in-hand with development of single-cell monitoring 
approaches, as in the case of detection of active acetylcholines-
terase (AChE).100 While most standard analytical assays rely on 
averaging of cells populations, masking features of individual 

micro-spectroscopy to non-invasively track cell cycle dynamics in 
single living cells has also been recently reported.83

The advent of surface enhanced Raman spectroscopy (SERS), 
which features signal enhancement of over 14 orders of magnitude 
over non-enhanced Raman scattering, opens up new avenues for 
real-time dynamic spectroscopy.84-86 New cellular SERS reporter 
probes based on silver and gold nanoparticles are already being 
developed.85-87 Nanostructures within a hybrid SERS probe pro-
vide sufficient enhancement in the electromagnetic field to ana-
lyze single biomolecular species while using only low laser powers 
and short data acquisition times.84,87 SERS has also been shown 
to provide valuable dynamic information on the local pH values 
with sub-endosomal resolution.87,88

Size and complexity of Raman spectroscopy data sets make 
detecting and classifying small biological changes difficult. 
Therefore, in recent studies of toxin- and heat shock-induced 
cell death Raman spectroscopy has been coupled with support 
vector machines (SVMs) learning algorithms.89 SVMs are artifi-
cial intelligence methods designed for automated learning from 
sets of known examples, usually well defined input:output pairs. 
They are perfectly suited for rapid searching and pattern recogni-
tion on established databases. The SVM algorithms proposed by 
Pyrgiotakis and colleagues allow rapid classification of the results 
from Raman micro-spectometry while ignoring random biologi-
cal variations inherent to any cellular system. This elegant work 
is also first to apply sophisticated machine learning algorithms to 
non-invasively detect small biochemical differences in living cells 
using Raman spectroscopy in real-time.89

Multidimensional Atomic Force Microscopy (AFM)

The rich morphometric data can be also obtained using high res-
olution atomic force microscopy (AFM). AFM utilizes a micro-
mechanical probe (cantilever) that moves (in contact mode) or 
oscillates (in tapping mode) up and down along the surface of 
the cell (Fig. 5A). Scanning probe technology allows resolution at 
ångström scale,90 which is theoretically limited only by the radius 
of the imaging probe. Collected AFM data reflect the relative 
size of structural features and give a topological visualization of 
the cell surface.91 In contrast to scanning electron microscopy 
(SEM), AFM provides an accurate 3D visualization of the cell 
surface that can be further enhanced by photo-realistic 3D vol-
ume software rendering (Fig. 5B). Importantly AFM does not 
require any sample processing steps or chemical dyes and can be 
performed at ambient pressures and temperatures.92 Moreover, 

Figure 4 (See previous page). raman micro-spectroscopy in single-cell analysis of apoptosis. (A) Basic schematics of confocal raman microscope. 
Scattered photons of light are collected and spectrally analyzed after passing through the diffraction grating and a CCD detector. raman scattering 
occurs when photon of light collides with a molecule and interacts with its electron cloud and the chemical bonds. The inelastic interaction changes 
the vibration state of the molecule. exited vibrational quantum stage of the molecule leads to an energy shift between the incident light and the 
back-scattered light. This energy shift is a unique chemical fingerprint of the molecule and can be used for qualitative and quantitative analysis of live 
cells. (B) Averaged basic raman spectra obtained from different cellular compartments: mitochondria, endoplasmic reticulum (er) and nucleoli, in a 
living HeLa cell (left). Basic spectra were constructed by averaging 10,000 spectral sets. raman images were generated by the fit algorithm using pre-
selected basic spectra from different regions of a cell (right). (C) Composite and pseudo-colored raman image of a cell. Different cellular structures can 
be easily analyzed using spectral fingerprints. inset shows a conventional brightfield image of the cell. raman spectra were obtained using a wiTec 
CrM 200 Confocal raman Microscope using a x60 water-immersion objective and a frequency-doubled Nd:YAg laser (532 nm, 10 mw). Scan range 
represented region size of 100 x 100 pixels (10,000 spectra). raman data shown are a courtesy of wiTec GmbH (Ulm, Germany).



www.landesbioscience.com Cell Cycle 2339

Figure 5. Multidimensional atomic force microscopy (AFM). (A) Principles of the AFM technology. Piezoelectric actuator moves the microscope stage 
with ångström (Å) precision while very fine tip (probe) of the cantilever (100 nm) is moving (contact mode) or oscillates up and down (tapping mode) 
along the surface of the cell. The deflection of the tip is measured using laser beam reflected from the surface of the cantilever. reflected light is 
subsequently projected onto the position sensitive photodiode array. From the output signals data processing electronics and visualization software 
creates 3D virtualization of the cell surface characteristics. Note that the tip of the cantilever (red) has subcellular dimensions [inset photograph, 
courtesy of: Drs Alexandre Berquand (veeco instruments GmbH, Mannhaim, Germany), ian Schroeder (Leica Microsystems) and Frank Lafont (Pasteur 
institute, Lille, France)]. (B) Advanced visualization of AFM data showing improved recognition of unique morphometric features (indicated with white 
arrows). Standard 2D AFM height image (upper), pseudo (non-realistic) 3D AFM height image (middle) and photo-realistically rendered 3D height im-
age (lower). Note that live realistic 3D volume rendering of AFM data allows even very small cell surface structures to be identified with great precision. 
(C) Hybrid images of a cell showing 3D representation of confocal fluorescence, height and deflection AFM modes (upper panel). reconstruction of 3D 
cell surface visualized together with the fluorescence confocal data (green texture layer). Note volume measuring tool that provides unique morpho-
metric capabilities (lower). Multiple surface visualization of atomic force microscopy and fluorescence data were performed using Surface3D PrO 
engine (ScienceGL inc.,) (data used with permission from ScienceGL inc., Attleboro, MA).
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go beyond the familiar territories of bioengineering, we are 
soon to witness massive technological advances in live-cell spec-
troscopy that can bring revolutionary discoveries in many fields 
of biology and medicine. It is our hope that by bridging the 
engineering, informatics, chemistry and biomedical arenas we 
can all contribute to a major “quantum leap” in drug discovery 
pipelines and personalized diagnostics, ultimately leading to a 
better and more affordable healthcare.
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