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Abstract

Apoptosis, or programmed cell death, is involved in numerous human conditions including neu-
rodegenerative diseases, ischemic damage, autoimmune disorders and many types of cancer, and is
often confused with other types of cell death. Therefore strategies that enable visualized detection
of apoptosis would be of enormous benefit in the clinic for diagnosis, patient management, and
development of new therapies. In recent years, improved understanding of the apoptotic ma-
chinery and progress in imaging modalities have provided opportunities for researchers to for-
mulate microscopic and macroscopic imaging strategies based on well-defined molecular markers
and/or physiological features. Correspondingly, a large collection of apoptosis imaging probes and
approaches have been documented in preclinical and clinical studies. In this review, we mainly
discuss microscopic imaging assays and macroscopic imaging probes, ranging in complexity from
simple attachments of reporter moieties to proteins that interact with apoptotic biomarkers, to
rationally designed probes that target biochemical changes. Their clinical translation will also be
our focus.

Key words: Apoptosis, Microscopic imaging assays, Macroscopic imaging probes, Clinical transla-

tion.

1. Introduction

There is no life without death. - Dogen Zenji

Multicellular organisms have evolved a mecha-
nism of programmed cell death termed “apoptosis”
more than 40 years ago by Kerr et al. [1] to eliminate
redundant cells during the course of embryonic de-
velopment, normal maintenance of homeostasis, and
under pathological circumstances. However, dysreg-
ulation of apoptosis can lead to the destruction of
normal tissues, resulting in a variety of disorders,
including autoimmune and neurodegenerative dis-
eases (if there’s too much apoptosis) or the growth of
tumors (if there’s too little) [2, 3]. In particular, suc-
cessful tumor treatments, such as radiation, chemo-
therapy, thermal therapy and photodynamic therapy,
iatrogenically induced apoptosis [4-6]. Given the cen-

tral role of apoptosis, it would be desirable to have a
robust imaging method to detect and monitor this
process.

Studies of specific biochemical changes in cells
undergoing apoptosis have identified three main
apoptotic pathways, including the: i) mitochondrial
(or intrinsic) pathway, mediated by the Bcl-2 super-
family members that interact with the mitochondrial
membrane; ii) death receptor (extrinsic) pathway,
governed by specific death receptors that bind specific
ligands, including tumor necrosis factor (TNF), TRAIL
(a TNF-related, apoptosis-inducing ligand that binds
to the DR4 and DR5 death receptors), and FasL (a
ligand that binds to the Fas receptor); and iii) endo-
plasmic reticulum stress pathway, mainly regulated
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by IRE1- and CHOP-mediated proapoptotic signaling
[7-10]. At the heart of each pathway is the activation of
caspases, cysteine aspartate-specific proteases--which
exist as inactive zymogens under normal conditions.
All the pathways ultimately converge on the execu-
tive enzyme caspase-3. The activation of caspase-3
results in the activation of poly-ADP-ribose polymer-
ase (PARP), an enzyme that facilitates the degradation
of nuclear DNA into 50- to 300-kilobase-sized pieces
(DNA ladder formation), along with the morphologic
events of apoptosis [11]. One of the earliest biochem-
ical events occurring during the apoptotic process is
the externalization of phosphatidylserine (PS) [12].
Following PS externalization, cytoplasm shrinkage
occurs, therewith cell shrinkage, membrane blebbing,
and fragmentation of the cell into apoptotic bodies.
The net result of apoptosis is the orderly breakdown
of a cell via compression, and self-packaging of cellu-
lar proteins. Of note, due to their similar characteris-
tics in morphology and molecular biology and intri-
cate cross-talks [13, 14], apoptosis is often confused
with other types of cell death including autophagy
and programmed necrosis. The methods for distin-
guishing apoptosis from other types of programmed
cell death would be valuable.

Over the past two decades, various microscopic
and macroscopic imaging modalities have been de-
veloped to detect apoptosis. Microscopic methods
require harvesting tissue invasively and imaging by
cell-based assays. By contrast, macroscopic imaging
modalities, which have become common following
the emergence of molecular imaging in the late 1990s
[15], visualize apoptosis in living subjects noninva-
sively. To date, various molecular imaging technolo-
gies have been employed to study apoptosis in vivo,
including single photon emission computed tomog-
raphy (SPECT), positron emission tomography (PET),
magnetic resonance imaging (MRI), optical imaging
and dual- or multiple-modality techniques. An im-
proved understanding of apoptotic machinery as well
as advances in imaging modalities in recent years
have provided opportunities for imaging scientists to
formulate microscopic and macroscopic imaging
strategies that are based on well-defined molecular
markers and/or physiological features. A large col-
lection of apoptosis imaging probes and approaches
have therefore been documented in preclinical and
clinical studjies.

In this review, we mainly discuss microscopic
imaging assays and macroscopic imaging probes,
ranging in complexity from simple attachments of
reporter moieties to proteins that interact with apop-
totic biomarkers, to rationally designed probes that
target biochemical changes. Their clinical translation
will also be our focus.

2. Microscopic Imaging of Apoptosis

Over the years, an extraordinary increase in re-
search aimed at understanding the mechanisms and
processes underlining apoptosis has led to a blos-
soming of fluorescence-based assays and labels for
apoptotic markers readable in various formats, such
as optical microscopy, flow cytometry, and microar-
rays, etc. In this section, we will review the chemistry
of imaging probes that are suitable for assays of
apoptosis at the cellular level and which, in most cas-
es, use optical microscopy.

Fluorescent Annexin Based Assays. Annexin V
is a small 35-36 kD calcium-dependent protein with a
potent high-affinity for PS (Kq = 0.1 nM) [16]. In viable
cells, PS is located in the inner membrane leaflet and
not available for Annexin V binding. However, upon
induction of apoptosis, it is translocated to the outer
leaflet of the membrane, where it can bind with An-
nexin V in a Ca?*-dependent manner. Once bound to
the PS-expressing membrane, the structure of An-
nexin V translates from monomers to trimers, which
assemble in a two-dimensional lattice covering the
PS-expressing surface via trimer-trimer interactions
[17]. Annexin V conjugates are highly fluorescent and
provide quick and reliable detection methods for
studying the externalization of PS and serve as an
indicators of early stages of apoptosis. These reagents
must be applied to or injected into live cells or tissues
for more than 15 min before washing and fixation.
This si applicable to cells in culture and young em-
bryos or injection into the circulation of older embryos
[18, 19]. However, PS also appears on the necrotic cell
surface and leads to false positive signals. To over-
come this, the combination of nucleic acid stains such
as propidium iodine (PI) and Annexin V provide an
option to distinguish viable, early apoptotic, late
apoptotic and necrotic cells simultaneously via optical
microscopy or flow cytometry.

In live cell imaging experiments, separate steps
are required for binding of fluorescent Annexin V
probes to apoptotic cells and subsequent removal of
the unbound protein to minimize the background
fluorescence before analysis. Therefore, reported An-
nexin V-based probes are suboptimal for live cell im-
aging. To circumvent these problems, pSIVA (Polarity
Sensitive Indicator of Viability & Apoptosis), an An-
nexin XII based, polarity sensitive probe was devel-
oped for the spatiotemporal analysis of apoptosis and
other forms of cell death [20, 21]. pSIVA was designed
by engineering cysteine mutations at residues 101 and
260 in membrane-binding loops of an Annexin B12
plasmid construct, and conjugating the recombinant
PSIVA protein to the polar sensitive dye IANBD,
which fluoresces only when pSIVA is bound to the
cell membrane. pSIVA’s membrane  bind-
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ing-dependent fluorescence and reversible binding
properties are technological advancements in detect-
ing PS exposure that are superior to Annexin V con-
jugates for gaining additional information on cell
death/cell survival processes [22].

Chromogenic Caspase Substrate Based Assays.
Caspases, a family of cysteine dependent aspar-
tate-directed proteases, play a key role during the
process of apoptosis. Most apoptotic signaling path-
ways converge on the activation of intracellular
caspases and generate a complex biochemical cascade
that propagates death signaling [23]. Due to the cen-
tral role of caspases in the process of apoptosis, many
types of caspase inhibitors and substrates with speci-
ficity for different members of the caspase family have
been constructed for early detection of apoptosis.
Based on these specific caspase inhibitors and sub-
strates, a subset of assays have been developed for
monitoring caspase activity. Fluorescently labeled
DEVD peptides, widely used for caspase-3/-7 activity
assays, release a fluorescent reporter that may be
monitored by optical microscopy (with appropriate
excitation and emission settings) when cleaved by
caspase-3. In the case of DEVD-NucView 488 caspa-
se-3 substrate, a highly negatively charged DEVD
peptide is attached to a DNA-binding dye to make the
dye unable to bind to DNA and thus unable to pro-
duce fluorescence in the presence of DNA. The sub-
strate can rapidly cross cell membranes into the cell
cytoplasm, and subsequently be cleaved by caspase-3
to release the high-affinity DNA dye NucView 488.
The released DNA dye migrates to the cell nucleus to
stain the nucleus with bright green fluorescence.
Therefore, this bifunctional substrate detects caspa-
se-3 in an apoptotic cell, as well as stains the cell nu-
cleus, which is known to undergo morphological
change during the apoptotic process. As apoptotic
cells in the same cell population may differ in their
onset times for different apoptotic events, it is im-
portant to be able to follow these events inde-
pendently in real-time, so that the interrelations
among the events can be better understood.
DEVD-NucView 488 caspase-3 substrate combined
with other fluorescent probes has been constructed for
studying the temporal and spatial relations among the
various events by fluorescence microscopy [24].

Lipophilic Cationic Dye Based Assays. Mito-
chondria, one of the sources of signals that initiate
apoptosis, plays a key role in apoptotic cell death.
Depending on the potential stimulus, a series of mi-
tochondrial dysfunctions can trigger the initiation of
apoptosis [25]. One of the earliest characteristics of the
mitochondrial dysfunction is the collapse of the mi-
tochondrial transmembrane potential that occurs fol-
lowing induction of apoptosis. Therefore, it has been

of growing interest to assess mitochondrial membrane
potentials in intact cells. Cossarizza et al. reported a
strategy for monitoring mitochondrial membrane
potential changes in intact, living cells by employing
5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazol-car
bocyanine iodide (JC-1), a lipophilic cationic fluores-
cent dye that exists in a monomeric form, emitting at
527 nm after excitation at 490 nm [26, 27]. However, in
the presence of a high mitochondrial membrane po-
tential, JC-1 forms so-called J-aggregates that are ac-
companied by a large red shift in emission (590 nm)
[28]. Therefore, the dye stains the mitochondria of
healthy cells bright red; but, in apoptotic cells, JC-1
cannot accumulate within the mitochondria due to the
collapse of mitochondrial membrane potential and
remains in the cytoplasm in a green fluorescent
monomeric form. Hence, it is easy to distinguish
apoptotic cells that display primarily green fluores-
cence from healthy cells, which show red and green
fluorescence. In addition, other fluorescent dyes such
as TMRE or TMRM (Tetramethyl Rhodamine Ethyl-
or Methyl-ester), and Rhodamine 123 can also be used
to measure the mitochondrial membrane potential
[29].

TdT-mediated dUTP Nick End Labeling
(TUNEL) Assays. The fragmentation of DNA, known
as a “DNA ladder”, is another accepted indicator of
apoptosis [30]. Labeling DNA fragments is a promis-
ing assay for detecting apoptotic cells [31]. Since the
original description by Garvrieli, Sherman, and
Ben-Sasson in the early 1990s, the TdT mediated
dUTP-biotin nick end labeling (TUNEL) assay has
become one of the most widely used methods for de-
tecting DNA fragmentation during apoptosis [32].
The assay relies on the presence of nicks in the DNA
which can be identified by terminal deoxynucleotidyl
transferase or TdT. This method has subsequently
been improved significantly and performed correctly
when detecting apoptotic cells in the last phase of
apoptosis. Several new methods utilize dUTPs modi-
fied by fluorophores or haptens, including biotin or
bromine, which can be detected directly in the case of
a fluorescently-modified nucleotide (i.e., fluoresce-
in-dUTP), or indirectly with streptavidin or antibod-
ies, if biotin-dUTP or Br-dUTP are used, respectively
[33]. An alternative strategy is to use
5-ethynyl-2’-deoxyuridine (EdU), a dUTP modified
with an alkyne. This small, bio-orthogonal functional
group enables the nucleotide to be more readily in-
corporated by TdT than other modified nucleotides,
as well as detected by a fluorescent azide that cova-
lently reacts with the alkyne group via “click chemis-
try” [34]. This method is faster and more specific than
other assays and doesn’t require DNA denaturation
[35].
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Other Assays. ApoSense is a family of low mo-
lecular weight compounds, designed to address the
challenge of molecular imaging of apoptosis. Since
they interact with externalized PS residues on the cell
surface, the molecules are perturbed membrane pref-
erentially binding compounds comparable to Annexin
V [36]. The compounds do not cross the plasma
membrane of an intact, viable cell. However, in cells
in the early stages of apoptosis, they perform selective
passage through the membrane and accumulate in the
cytoplasm. Uptake of ApoSense compounds during
apoptosis occurs in parallel with acquisition of An-
nexin V binding, activation of caspases and the col-
lapse of mitochondrial membrane potentials. The up-
take of ApoSense precedes the loss of membrane in-
tegrity, as proven by PI exclusion. In vitro and ex vivo
studies have demonstrated that dansyl compounds
bearing amino acid moieties such as DDC
(N,N’-didansyl-L-cystine) are selectively bound to
apoptotic cells [37]. These studies illustrate its ap-
plicability as a diagnostic imaging agent enabling
real-time accurate detection of apoptosis. Now, DDC
has been developed for Apo-TRACE assays suitable
for imaging apoptosis under fluorescence microscope
or flow cytometry.

Rapid progress and continued interest in apop-
tosis have spurred the development of new assays
and the revival of old ones. As shown in Table 1, the
various apoptosis assays have different strengths and
limitations in specific applications. Notably, no matter
how appropriate and well accepted the assay is, it is
always recommended that a second assay using a
different principle be used to confirm the results of
apoptosis detection.

3. Macroscopic Imaging of Apoptosis

Although the accumulated knowledge about the
biology of apoptosis has resulted in microscopic im-
aging methods that have contributed to better under-
standing of the apoptotic process, these are primarily
in vitro or ex vivo methods and are thus invasive and
set limitations to many follow-up studies. More so-
phisticated methods with the requisite targetability
and pharmacokinetics are needed to detect apoptosis
in living cells, experimental animals and, ultimately,
humans. In this section, various well-defined imaging
probes for macroscopic imaging will be presented,
including those for cell surface targets such as plasma
membrane phospholipids, cell surface exposed his-
tones, membrane potentials and those for intracellular
targets such as caspases, mitochondrial membrane
potentials, efc.

Radionuclide Imaging Probes. Despite rapid
progress in a number of imaging modalities, nuclear
imaging remains the premier clinical method. Simi-

larly to computed tomography (CT), modern nuclear
imaging techniques rely on the rotation of detector
arrays around the subject of investigation. With this
approach, the position and concentration of a radio-
nuclide marker introduced into an animal or patient
can be calculated. Unlike CT, however, nuclear medi-
cine imaging involves the administration of radioac-
tively labeled tracers, which decay over time by emit-
ting gamma rays that can be detected by a PET or
SPECT scanner, in conjunction with rigorous recon-
struction algorithms [39]. The development of SPECT
and PET, combined with the synthesis of novel radi-
olabeled tracers specific for different biochemical
targets, launched the field of nuclear medicine into a
new era of molecular imaging. A critical step in the
development of tracers for nuclear imaging is the ra-
diolabeling process. Due to the characteristics of
short-lived radioisotopes, the labeling, purification,
and characterization of radiolabeled molecules need
to be performed in a restricted time window. This
limits the options of the candidate chemistry. Various
strategies have been developed that allow efficient
labeling with clinically useful radioisotopes via a
chelating moiety or prosthetic group. The chemistry
of various convenient and efficient radiolabeling
strategies, as well as recently developed radiolabeled
probes for apoptosis targeting in vivo will be dis-
cussed here.

Table 1. Pros and Cons of Major Microscopic Assays for
Apoptosis [38].

Assay Pros Cons

Annexin V Detects earlier apop-  Limited resources; Expensive;
tosis; Slow clearance;
Allows double or More complicated synthesis and

isolation;

Non-specific interactions with the
parts of cells producing high back-
ground signal;

Annexin V binds to the PS which is
not a unique characteristic of apop-
tosis and also occurs in necrosis;
Ca2* dependence

triple labeling;
Convenient to use

Caspase Easy preparation; Indirect approach;
Activity Low background Cannot detect specific cells or tissues
interference; where the apoptosis is independent
Quantitative; of expression of caspases;
Easy to use Need high levels of apoptosis
Mitochondrial Assay used inliving ~ Mitochondrial events occur in
Potential cells non-apoptotic pathways;
Mitochondrial events take place in
apoptosis and necrosis
TUNEL High sensitivity; Expensive; Time-consuming;
Specificity for apop-  Often requires complicated pro-
totic cells; cessing;

Commonly used and
well-accepted assay;
Can be used in whole
mounts of thin tissues

Possible false positives
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Figure 1. Representative radiolabeling strategies: (A) macrocyclic chelators,
(B) Tc chelating agents and (C) '8F synthons.

Radionuclide Labeling Strategies. There are various
radiolabeling strategies available to incorporate a ra-
dionuclide into a probe molecule (Figure 1). The
choice of technique for a radiochemist depends pri-
marily on the radionuclide used [40]. For instance,
since many metallic radionuclides possess the ability
to form stable complexes with chelating agents, radi-
oactive metals are often labeled via complexation with
a chelator, thus allowing further conjugation with
probe molecules. Metal isotopes, including *Cu, %Ga
and MIn are introduced to the tracers mainly with the
aid of certain polyaminopolycarboxylic ligands, such
as 1,4,7,10-tetraaza-cyclodecane-1,4,7,10-tetraacetic
acid (DOTA), 2,2,2”-(1,4,7-triazacyclononane-1,4,7-
triyl)triacetic acid (NOTA) and diethylene triamine
pentaacetic acid (DTPA). These chelators are efficient
in coordinating the metals with all of the amino
groups and some of the carboxyls. The multiple
bonding sites lead to high binding strengths. Metals
such as mTc can be efficiently chelated by other che-
lating groups. Although bare *mTc can complex with
polydentate chelators, such as boronic acid adducts or
DTPA, the more favorable forms are [Tc=O]3* or
Tc-6-hydrazinopyridine-3-carboxylic acid (HYNIC),
which possess better stability. Various chelators with
a combinational form of N,Ssx have proved effective
in binding with [Tc=OJ3*, resulting in a square py-
ramidal structure with Tc in the center [41]. 18F has so
far been the most utilized radioisotope in PET imag-
ing. Compared to the radiometal-labeling method,
where the labeling process is no more than an instan-

taneous coordination, the 8F fluorination is far more
complicated. There are generally two forms of '8F
precursors, [8F]F (such as K[*®F]F and Cs['¢F]F) and
['8F]F. or its derivative (such as acetyl hypofluorite
(CH3COO['8F]F)). Although there are reports of using
these two precursors for direct peptide labeling, gen-
erally these approaches are regarded as inefficient and
lacking chemoselectivity, and are rarely employed.
Practically, it is more common to convert the 18F pre-
cursors to certain forms of 18F-labeled prosthetic
groups (called synthons) and to use those synthons
for peptide labeling. Due to the specificity of probe
molecules for targets, attaching a bulky radiolabeled
chelating group or a prosthetic group may influence
the biological activity of the probe molecules. There-
fore, site-specific radiochemistry is needed and im-
portant for the preparation of biologically active
probes [42].

Radiolabeled Protein Probes. Annexin V-PS binding
is one of the most successful and widely applied
strategies in apoptosis imaging. By coupling different
radioactive isotopes to the Annexin V molecule, visu-
alization of PS in vivo in animal models or even in
patients using SPECT or PET can be performed. An
overview of the radioligands used for imaging PS is
given in Table 2. "Tc-labeled Annexin V is by far the
most extensively investigated and broadly used
apoptosis-detecting radioligand to date. Over the past
years, a wealth of ™Tc-Annexin V radioligands have
been developed by different groups using various
types of chelators and co-ligands, each resulting in a
different biological behavior [62-64]. %°mTc-4,5-bis-
(thioacetamido)pentanoyl-Annexin V (*™Tc-BTAP-
Annexin V) was the first ™Tc-Annexin V probe to be
described and evaluated in vivo in animals and pa-
tients [44, 65-68]. However, due to the elaborate and
time-consuming procedures but relatively low radi-
ochemical yields, an improved method was needed.
As an alternative radiolabelling approach for Annexin
V, in 1998, Blankenberg et al. [43] were the first to de-
scribe the preparation of %mTc-hydraziononico-
tinamide-Annexin V (*mTc-HYNIC-Annexin V) using
the HYNIC technology, originally developed by
Abrams et al. [69] The preparation is performed by
synthesis of an activated hydrazino-nicotinamide
(HYNIC) ligand, which is a nicotinic acid analogue
with a bifunctional chelator capable of binding to the
NHo-terminal amino acid and lysine residues of pro-
teins on the one hand and of sequestering *™Tc on the
other, followed by conjugation to human rh-Annexin
V and then labeled with #mTc using tricine as
co-ligand in the presence of stannous ions (Figure 2).
The HYNIC-Annexin V conjugate proved to be a sta-
ble complex and allowed fast and efficient labelling
with #mTc. Compared with #mTc-BTAP-Annexin V,
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the formulation of mTc-HYNIC-Annexin V is much
simpler and faster, requiring substantially lower
amount of starting activities (1.11-1.48 GBq). All of
these advantages make “mTc-HYNIC-Annexin V
much more suitable for routine production and fast
application in a clinical setting. Undoubtedly, the
development of #mTc-HYNIC-Annexin V can be con-
sidered as a benchmark in the field of apoptosis im-
aging since this tracer is by far the most extensively
investigated and best characterised apoptosis detect-
ing radioligand [70-74]. At present,
#mTe-HYNIC-Annexin V' is the only apopto-
sis-detecting radioligand that is currently being in-
vestigated in phase II/IIl trials in patients with
non-small-cell lung cancer [75, 76] and is likely to
reach the stage of commercialization for routine use in
nuclear medicine. However, this method is rather
non-specific as any of the -NH> groups could be tar-
geted. Recently, a cys-Annexin V with a single cyste-
ine-residue at its concave side has been developed by
site-directed mutagenesis to allow conjugation
through thiol-chemistry without affecting its apop-
totic cell binding properties and was derivatized with
HYNIC in a 1:1 stoichiometry [47]. Preliminary in vivo
evaluation of this *mTc-HYNIC-cys-Annexin V de-
rivative shows apoptosis avidity similar to the 1st
generation " Tc-HYNIC-Annexin V [45, 77]. Annexin
V and its mutants have also been designed for specific
labeling of *™Tc or other radionuclides such as ¢Ga
and "In using the same methodology [48-52, 78-80].
Nevertheless, because of better resolution and the
possibility of absolute quantitation, PET imaging of
apoptosis could be superior to the SPECT approach in
practice. Only a few methods have been published so
far dealing with 18F-labelling of Annexin V. The latest
work presents a site-specific labeling of Annexin
V-128, a mutant form of Annexin V containing a sin-
gle cysteine residue at the NH»- terminus of Annexin
V, with the thiol-selective prosthetic group
N-{4-[(4-[*®F]fluorobenzylidene)aminooxy]butyl}male
imide ([*®F]JFBABM), which was synthesized in a
two-step, one-pot method with an average yield of
23% and specific activities of 222 GBq/pmol (Figure
3A) [54]. Another labelling strategy uses the
NHo,-targeting active ester N-succinimidyl
4-['8F]fluorobenzoate (['8F]SFB). The first fully auto-
mated synthesis for 18F-Annexin V was developed by
Zijlstra et al. via a four-step procedure with a radio-
chemical yield up to 20% (specific activity more than
35 GBq/umol) within 90 min (Figure 3B) [81]. Sub-
sequently, they showed the potency of 8F-Annexin V

as a candidate for apoptosis imaging comparable to
that of #mTc-Annexin V and the low uptake of
18F-Annexin V in the liver, spleen and kidneys, supe-
rior to ¥mTc-Annexin V [82]. In addition, our group
also employed ['®F]SFB as the 8F-labeled radiosyn-
thon of choice for the synthesis of 8F-Annexin V to
visualize and evaluate apoptosis induced by doxoru-
bicin in a human head and neck squamous cell cancer
UM-SCC-22B tumour xenograft model [83]. The
apoptosis was clearly visualized by 8F-Annexin V
PET with a peak tumor uptake at day 3 after treatment
started, which was significantly higher than that in
the untreated tumours (Figure 4).

Other PS-binding proteins have also been la-
beled with radionuclides for imaging apoptosis. The
C2A domain of synaptotagmin I, a neural protein
with Ca?*-dependent PS binding capacity, has been
identified. Typically, the C2A domain is expressed
and used as a recombinant glutathione-S-transferase
(GST) fusion protein. The PET counterpart of
C2A-GST (*8F-C2A-GST) was prepared by labeling
C2A-GST with [¥F]SFB with more than 95% radio-
chemical purity and the stability for 4 h after formu-
lation [59]. Despite the distinct structural differences
between the C2A domain and Annexin V, the C2A
domain can be labeled as efficiently with ['8F]SFB as
can Annexin V. Moreover, 18F-C2A-GST was able to
detect apoptosis similarly to 8F-Annexin V in the
same tumor cells and animals. Besides, the glycopro-
tein lactadherin (also known as MFG-ES8, PAS-6/7) is
also capable of specifically binding to PS in a
Ca?*-independent manner. #mTc-HYNIC-lactadherin
conjugates showed the same phospholipid binding
properties as lactadherin, and biodistribution studies
demonstrated rapid clearance from the blood and
accumulation in the liver [61, 84]. A recent study in
pigs found that in contrast to *mTc-Annexin V,
9mTc-lactadherin has a low renal uptake, making it
possible to image apoptosis in the kidneys [85].
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Figure 2. Radiochemistry of #mTc-HYNIC-Annexin V.
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Table 2. An Overview of the Radioligands Used for Imaging PS during Aapoptosis.

Radiopharmaceutical Radionuclide Half-life Labeling Intermediates Ref.
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Figure 3. Different labeling strategies for the synthesis of 18F-Annexin V.
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Radiolabeled Peptide Probes. Because protein
probes have inherent defects, such as slow clearance
rate, several radiolabeled peptide probes have been
developed by various groups independently. Xiong et
al identified a 14-mer peptide FNFRLKAGAKIRFG
(PSBP) that was derived from the PS-binding site with
PS binding affinity Kq ~100 nM [86]. Preclinical mod-
els were used to determine the effectiveness of mTc
labeled PSBP for the early assessment of treat-
ment-induced apoptosis in comparison with widely

clinically used 8F-FDG [87]. Similar to PS, the ap-
pearance of phosphatidylethanolamine (PE) (20-40%
of total phospholipid) on the cell surface also appears
to be a universal indicator of apoptosis. Duramycin, a
19-amino-acid, disulfide crosslinked peptide has been
found to be capable of binding to PE with high affinity
and high selectivity [88]. Duramycin is covalently
modified with HYNIC and labeled with *"Tc using
the tricine-phosphine coligand system. With its robust
binding mechanism and favorable pharmacokinetic
profile, the in vivo properties of *mTc-Duramycin are
promising [89-91]. However, up to this point, HPLC
purification is prerequisite for intravenous injection.
Therefore, it would be desirable to attain high quality
PmTc-Duramycin  without additional purification
steps in a single-step kit formulation. Recently, a sin-
gle-step kit formulation was developed for
#mTc-labeling of HYNIC-Duramycin [92]. An optimal
formulation with tricine-to-TPPTS molar ratio of 10:1
was ultimately determined, which led to consistent
production of *mTc-Duramycin with high radio-
chemical purity without need of further purification.
The radiopharmaceutical produced retained PE
binding affinity and specificity, while its clearance
properties and in vivo biodistribution were consistent
with those in prior studies involving radio-
HPLC-purified preparation [91].

In addition to exposed PS and PE, recent studies
indicated that the exposed histones on the cell surface
can also be one of the characteristics of apoptosis [93].
Based on this, Wang et al. identified a CQRPPR hex-
apeptide (Apopep-1) using phage display technology,
which targets the histone H1 exposed on the surface
of apoptotic cells [94]. Modification of ApoPep-1 with
radioactive iodine (%I) enabled PET imaging of tu-
mor apoptosis in vivo. The uptake of F-FDG de-
creased only by 0.97 in drug-induced apoptosis of
tumor, whereas the accumulation of 24[-ApoPep-1
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increased by 1.6 during the same time, indicating that
early response of tumor to anti-cancer drugs could be
monitored properly by radiolabeled ApoPep-1.

In other situations, radiolabeled peptides tar-
geting caspases have also been employed to detect
apoptosis. An initial study was conducted with the
irreversible pan-caspase inhibitor Z-VAD-FMK [95].
This radioiodinated Z-VAD-FMK was analyzed with
apoptotic Morris hepatoma cells, showing increased
uptake in apoptotic cells but insufficient overall cell
uptake. This could be ascribed to an intrinsic disad-
vantage of caspase inhibitors such as binding-site
saturation. Enzyme substrates that leave the active
site of an enzyme after cleavage result in a signal en-
hancement. One prerequisite, however, which has to
be met, is the retention of the cleaved imaging agent
[96]. Recently, Kolb et al. identified and validated
18E-CP18, a DEVD (the caspase 3 substrate recognition
motif) containing a substrate-based compound as an
imaging tracer for caspase-3 activity in apoptotic cells
(Figure 5) [97]. In vitro assays showed caspa-
se-3-dependent uptake of 8F-CP18 in apoptotic tumor
cells, while the in vivo microPET imaging signal of
18F-CP18 in xenograft tumors correlated with the ex
vivo caspase-3/7 activities in these tumours [98]. Soon
after, the biodistribution and radiation dosimetry of
18E-CP18 in healthy volunteers was assessed using
whole-body PET/CT scans [99]. 8F-CP18 displayed
strong uptake in both the bladder and the kidneys,
indicating a rapid renal clearance. From the radiation
dosimetry perspective, because of receiving the high-
est radiation dose, the urinary bladder wall was
deemed the critical organ.

However, up to now, there has been no report on
PET imaging of apoptosis using reporter gene systems
[100]. As a proof of concept, we described a unique
molecularly engineered cyclic herpes simplex virus
type 1-thymidine kinase (cTK) reporter for real-time
apoptosis PET imaging [101]. The cyclic PET reporter
was developed by fusing two fragments of DnaE in-
tein to neighboring ends of HSV1-TK connected with
a substrate sequence for caspase-3 recognition (Figure
6).

Radiolabeled Small Molecular Probes. Compared
with protein and peptide probes, small molecules
have advantageous clinical translation potentials, in-
cluding amenable structural optimization and favor-
able pharmacokinetic properties such as organ dis-
tribution profiles, rapid diffusion rates and
blood-pool clearance rates. Therefore, it is highly de-
sirable to develop several classes of small molecule
imaging probes with the same targeting capabilities as
proteins. With this in mind, investigators have
searched for small molecules that exhibit high selec-
tivity and affinity for apoptotic cells. The group of

Smith and co-workers utilized zinc dipicolylamine
(Zn-DPA) coordination complexes as an alternative
approach for PS-targeting [102]. Zn?* ions mediating
cooperative association of the dipicolylamine ligand
and the anionic head group of membrane-bound PS
accounted for its targeting function [103-105], which is
similar to the way that Ca?* ions act as cofactors for
membrane association of Annexin V. Recently, Wyf-
fels et al. developed %mTc(CO);-ZnDPA and
PmTe-HYNIC-ZnDPA to assess their potential for
apoptosis imaging using SPECT [106]. The anti-Fas
liver apoptosis and myocardial ischemia reperfusion
injury mouse models demonstrated the ability of the
9mTc-labeled Zn-DPA coordination complexes to
target apoptosis. To extend this molecular design
strategy, Oltmanns ef al. have developed a '8F-labelled
zinc-cyclen probe targeting apoptosis [107]. PET im-
aging in both radiation and taxol treated tumors
models in vivo revealed higher levels of Zn-cyclen
probe compared with the non-treated groups. How-
ever, high accumulation of Zn-DPA and Zn-cyclen
probes in the liver and other organs occurred, which
suggested that the pharmacokinetics need to be opti-
mized before they can be considered for clinical trials.
In addition, other radioisotopes such as In were
used for labeling to further explore the potential of
radiolabeled Zn-DPA coordination complexes for
imaging apoptosis [108].

Another class of small molecule agents comprise
the ApoSense family including DCC, NST-732 and
dansyl-ML-10 with a key di-acid (typically a malonic
acid) functionality that allows the probe to interact
with externalized PS residues on the cell surface
[109-112]. 18F-ML-10 is the first PET tracer for apopto-
sis that has advanced into the clinical stage of devel-
opment, with promising results to date in several
small scale clinical trials (Figure 7). Pre-clinical stud-
ies with 18F-ML-10 showed the cerebral uptake in the
stroke area that well correlated with histologic evi-
dence of cell death [113]. In a phase I trial on healthy
volunteers, 8F-ML-10 manifested high stability in vivo
and favorable biodistribution and dosimetry profiles
[114]. In a phase 1la study, PET imaging of apoptosis
of neurovascular cells has been achieved in patients
with acute ischemic cerebral stroke. In patients with
brain metastases treated with whole-brain radiation
therapy, the uptake of 8F-ML-10 was shown on the
PET scans. Voxel-based analysis showed a mean
change in F-ML-10 in the volume of interest (VOI) of
69.9%, ranging from 36.3% to 100%, which correlated
with the anatomic response evidence obtained by MRI
6-8 weeks after completion of therapy [115, 116].
However, the radioiodinated version of ML-10, which
showed a clearly pH-dependent uptake in tumor cells
both in vitro and in vivo, was not suitable for apoptosis
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imaging due to a poor acidosis effect in apoptotic cells ~ probe family so that the probe structure can be ra-
[117]. This suggested that further studies are needed  tionally modified for specific apoptosis imaging ap-
to fully elucidate the targeting mechanism of this  plications [118].
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Figure 7. Chemical structures of representative small molecules.

Based on the dansyl moiety showing accumula-
tion inside the cytoplasm of apoptotic cells, Zeng and
his coworkers designed and synthesized a class of
dansylhydrazone analogues for detecting apoptosis
(Firure 7) [119-121]. The biological evaluation showed
that these dansylhydrazone, including DFNSH, selec-
tively bind to paclitaxel-induced apoptotic cancer
cells. Subsequently, '8F-DFNSH was synthesized and
isolated in 50-60% radiochemical yields, based on
[K/K22]8F, with a synthesis time of 50 min. This
straightforward preparation of fluorine-18 labels
makes it a promising probe for PET imaging of
apoptosis. More recently, the same group prepared
4-(5-dimethylamino-naphthalene-1-sulfonamido)-3-(4
-iodophenyl)-butanoic acid (DNSBA) with good yield
[122]. The biological characterization demonstrated
that DNSBA can be used to specifically and selectively
detect apoptotic cancer cells at both early and late
stages of apoptosis. Labeling of DNSBA with radio-
iodine (I-123, -124, and -131) to further explore the
potential for SPECT and PET imaging of apoptosis is
promising for further application.

On the other hand, an advance has recently been
made with the introduction of small-molecule caspase
inhibitors, based mostly on the isatin sulfonamide
moiety [123-125]. The first evaluation of the isatin
series for in vivo imaging of apoptosis was imple-
mented by Zhou et al. using 8F-WC-II-89 [126]. The
synthesis of F-WC-II-89, shown in Figure 8, resulted
in good yield (more than 70%) with high radiochem-
ical purity (99%) and specific activity (~55.5
GBq/umol). In a rat model, 8F-WC-I1-89 showed ap-
proximately two-fold higher accumulation in liver
and spleen in treated animals than in control groups
as analyzed by both PET imaging and ex vivo biodis-
tribution and this correlated well with caspase-3 ac-
tivity. Another promising imaging agent of the isatin
series was 18F-ICMT-11 and more in vitro and in vivo
evaluations have been employed for caspase-3/7 im-
aging [127-130]. For clinical translation, an automated
radiosynthesis of 8F-ICMT-11 was developed using a
protected tosylate precursor and displayed high EOS
yield in a short time with very high specific activity
(Figure 9) [131,132]. Due to the promising mechanistic
and safety profile of 8F-ICMT-11, the radiotracer has

been selected as a candidate radiotracer by the
QulC-ConCePT consortium for clinical development
[132]. Most recently, 8F-ICMT-11 was performed in
healthy volunteers for biodistribution and radiation
dosimetry  [133].  After the administration,
18E-JCMT-11 accumulated in the liver and kidneys
rapidly, followed by clearance through the renal and
the hepatobiliary routes. The effective dose (ED) av-
eraged over both men and women was estimated to
be 0.025 + 0.004 mSv/MBq with good tolerance, which
is within the range of other commonly used 8F PET
tracers.
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Figure 8. Radiosynthesis of 18F-WC-II-89.
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In addition, several other classes of small mo-
lecular probes have been designed and employed for
imaging apoptosis with different targeting. The
18F-fluorobenzyl  triphenylphosphonium  cation
(*8F-FBnTP) was developed to target the collapses of
electrochemical proton gradient across the inner mi-
tochondrial membrane at the early period of apopto-
sis [134]. The high sensitivity of 18F-FBnTP to detect
apoptosis in vitro and in vivo, and its capacity to report
the progression over time of the metabolic defect may
have important clinical implications in diseases other
than cancer [135-137]. Nevertheless, in contrast to the
increased signal observed with other PET apoptosis
probes, these probes present a signal reduction on
induction of apoptosis that are technically less attrac-
tive [138]. In view of the 90 kDa heat shock protein
(Hsp90) as a major inhibitor of apoptosis [139, 140],
noninvasive imaging of this target is likely to have
wide application in biological research and patient
diagnosis and management. Recently, Park et al. de-
scribed a peptide trivalent arsenical,
4-(N-(S-glutathionyl-acetyl)amino)phenyl-arsonous
acid (GSAO), that rapidly accumulates in the cytosol
predominantly by covalent cross-link with the highly
conserved Cys-Cys motif (Cys™® and Cys’) in the
C-terminal domain of Hsp90 [141]. The abundance of
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Hsp90 in the cytosol allows for high accumulation of
GSAO conjugates in apoptotic cells and therefore re-
sults in superior sensitivity and resolution of detect-
ing apoptosis. Modification of GSAO with DTPA and
MIn enables in vivo imaging of cell death in tumor
models by SPECT/CT comparable to that of
9mTc-Annexin V.

Optical Imaging Probes. Microscopic optical
imaging has traditionally been the gold standard for
cellular imaging in molecular biology. Alongside the
introduction of live cell fluorescence microscopy, a
number of macroscopic optical imaging modalities
have emerged. These macroscopic imaging tech-
niques enable noninvasive following of molecules in
real time at good spatial resolution (nanometer to
millimeter range) and temporal resolution (micro-
seconds to a few minutes), with high sensitivity
(femto- to picomolar range) [142]. Recently developed
optical imaging instruments and sophisticated optical
imaging probes have provided noninvasive, real-time
imaging of small animals at the whole-body, tissue,
and cellular levels. Particularly, the combination of
various near-infrared (NIR) fluorophores and ligands
has significantly expanded and improved the per-
formance of optical imaging systems. In this section,
we will limit our discussions to the recent progress in
the development of apoptosis-targeting NIR fluores-
cent probes and bioluminescence probes after a brief
introduction to fluorophores and labeling strategies.

Fluorophore Labeling Strategies. By taking ad-
vantage of NIR optical imaging [143], concerted ef-
forts to develop new NIR fluorophores and imaging
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Figure 10. Chemical structures of commonly used NIR fluorophores.
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probes have surged over the past decade. To date, a
number of NIR fluorophores have been reported, and
their reactive intermediates for bioconjugation are
readily available (Figure 10). For instance, NIR
fluorophores are provided in the forms of -NHS ester,
-maleimide, and -hydrazide, with the targeting func-
tional groups being amine, thiol, and carbonyl, re-
spectively. However, NIR fluorophore molecules are
sensitive to the environment, and their emission may
vary with changes of pH, solvent, and buffer compo-
nents. This can be beneficial, as when the fluorophore
and quencher are arranged in close proximity (<10
nm), strong fluorescence quenching can be induced
by fluorescence resonance energy transfer (FRET) and
dark quenching mechanisms [144]. This principle has
been employed in the design of activatable imaging
probes, which are effective in monitoring en-
zyme-based pathological alternations. Biolumines-
cence resonance energy transfer (BRET) operates with
biochemical energy generated by bioluminescent
proteins to excite fluorophores and offers additional
advantages over FRET for in vivo imaging [145]. Two
kinds of apoptosis reporter genes have been reported
in the literature in which either: i) luciferin loses its
bioluminescence activity by changing structure or ii)
the luminescence is quenched by forming luminescent
donor and fluorescent acceptor protein pairs based on
BRET. The remaining sections of this review discuss
recently reported, highly sensitive inactivata-
ble/activatable probes that combine various fluoro-
phores with substrates, polymers, nanoparticles, and
reporter genes to image apoptosis.
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Fluorophore-Labeled Probes. As the first NIR probe
for optical imaging in tumor apoptosis in vivo, An-
nexin V was labeled with the near infrared fluores-
cence dye, Cy5.5 [146]. Interestingly, the preparation
of Cy5.5-Annexin V in an equimolar dye-to-protein
ratio has PS-binding capability. = However,
Cy5.5-Annexin V probes modified with >2 dyes per
protein did not bind to PS. In the tumor model the
NIR fluorescence signal of PS-binding Cy5.5-Annexin
V increased 2-3 folds after treatment compared to the
control. To overcome the limitations of NIR imaging
such as relatively low resolution and the lack of
quantification, tomographic techniques have been
recently developed that allow for quantitative
three-dimensional imaging in deep tissues. Accord-
ingly, Ntzachristos et al. demonstrated that tumor
response to chemotherapy can be accurately resolved
by fluorescence mediated tomography (FMT) using
the PS-binding probe Cy5.5-Annexin V. They also
observed at least a 10-fold increase of the fluoro-
chrome-associated signal in treated tumors and a
7-fold increase in resistant tumors, each compared
with corresponding control studies [147]. To mimic
the apoptosis sensing function of Annexin V, the
conjugation of a Zn-DPA affinity group to a NIR
fluorophore was developed [148,149]. The ability of
fluorescently labeled Zn-DPA to target and identify
apoptosis in vivo was validated in animal models.
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substrate
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G ‘ M
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Figure 11. Real-time imaging of apoptosis with a polymeric nanoprobe. A)
Schematic diagram of the caspase-3 activatable nanoprobe (Apo-NP). B) In vivo
NIR fluorescence images of subcutaneous SCC7 tumor-bearing mice after
intratumoral injection of the Apo-NP with or without pretreatment of doxo-
rubicin (24 h before the probe injection). Only apoptotic tumors were clearly
visualized. (Adapted from Ref. [158] with permission.)

Fluorophore-Quenched ~Activatable Probes. NIR
fluorophore-labeled probes continuously emit signals
and hence are “always on” [150]. The fundamental
disadvantage of “always on” probes is that they emit
signals regardless of their proximity or interaction
with target tissues or cells, and as a result there is
considerable background signal to contend with [151].
Recently, “activatable probes” or “smart probes” have
become a particularly attractive platform for targeted
optical imaging [152, 153]. These probes allow re-
searchers to control and manipulate the outputs of
maximized target signal and minimized background
signal by altering the chemical environment. To target
caspases, Bullok et al. prepared a small, membrane
permeable probe, TcapQ647, consisting of a Tat per-
meation peptide sequence (Ac-rkkrrorrr), an effector
caspase recognition sequence (DEVD), and an acti-
vatable dye pair of QSY 21/ Alexa Fluor 647 [154]. The
studies demonstrated that TcapQ647 is a sensitive,
effector caspase-specific “smart” probe to monitor
apoptosis [155, 156]. A similar probe design with a
different cell-penetrating peptide sequence KKKRKV
resulted in improved signal sensitivity with less cel-
lular toxicity [157].

Because NP-based probes provide a platform for
different quencher-fluorophore combinations such as
multiple-to-one or multiple-to-multiple pairs, very
recently, polymeric and inorganic NP-based activata-
ble probes have been successfully developed. Lee et al.
reported an activatable nanoprobe based on a poly-
mer nanoparticle platform [158]. This nanoprobe con-
sists of strongly dual-quenched (dye-dark quencher
and dye-dye quenching mechanisms), caspa-
se-3-specific, and NIR fluorogenic peptides on the
surface of hyaluronic acid-based, self-assembled
polymeric nanoparticles (HA-NPs) that serve as car-
riers (Figure 11). The activatable nanoprobe can effi-
ciently deliver dual-quenched caspase-3-sensitive
fluorogenic peptides into cells, allowing caspa-
se-3-dependent strong fluorescence amplification to
be imaged in vitro and in vivo. To date, a large number
of similar probes have been reported. However, few
probes have been designed to target the caspase cas-
cade during apoptosis. As a proof-of-concept, we de-
scribed a simple one-step technique that enables re-
al-time imaging of multiple intracellular caspase ac-
tivities, which involves a straightforward peptide
synthesis and a simple mixing step with a commercial
transfection agent [159]. The transfection agent effi-
ciently delivered highly quenched fluorogenic probes,
comprised of distinctive pairs of dyes and quenchers,
to the initiator caspase-8 and the effector caspase-3 in
apoptotic cells, allowing dual-imaging of the activities
of both caspases during the apoptotic process. Fur-
thermore, a set of protease specific substrates of the
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dye were conjugated on the reactive surface of a
broad-spectrum nanoquencher, which was generated
by incorporating 3-aminopropyltriethoxysilane (APS)
conjugated to the individual dark quenchers BHQ-1,
BHQ-2, and BHQ-3 (APS-BHQ), as well as the mix-
ture of all three BHQs into mesoporous silica nano-
particles (MSNs) [160]. The nanosensor is capable of
producing multiplexed fluorescence signals in the
presence of multiple proteases.

Bioluminescence Imaging Probes. Most activatable
probes utilize fluorescence as a reporter signal, but
bioluminescence imaging (BLI) is another promising
modality for optically imaging apoptosis owing to
exceptionally high signal-to-noise levels [161, 162].
Based on BLI techniques, many strategies exist for
genetically engineered bioluminescent proteins for
apoptosis imaging, such as structural changes of sub-
strate-based and BRET-based agents. The common
recombinant bioluminescent probes are composed of
a “sandwich” linear structure, Luc-DEVD-receptor.
However, their molecular size is quite large and the
intensity of the luminescence signals is relatively low
because of insufficient digestion of the DEVD se-
quence during apoptosis. To overcome this limitation,
Kanno et al. engineered a genetically encoded cyclic
luciferase to detect protease activities in living cells
and animals [163]. Two fragments of DnaE intein,
producing a high yield of cyclic peptide or protein,
were fused to neighboring ends of Fluc connected
with a substrate sequence for the protease. This cyclic
luciferase was demonstrated to quantitatively sense
caspase-3 activity in living cells upon extracellular
stimuli and to noninvasively image the
time-dependent caspase activity in living mice (Fig-
ure 12) [164, 165]. Renilla and firefly luciferases, hav-
ing substrates of coelenterazine and D-luciferin, re-
spectively, have been used to monitor different bio-
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logical processes in a single animal [166]. The ability
to image two or more biological processes by using
two different luciferases or activatable luciferases,
greatly increases the utility of luciferase imaging.
Shah et al. utilized dual substrate/reporter biolumi-
nescence imaging (Fluc: Firefly luciferase-luciferin
and Rluc: Renilla luciferase-coelenterazine) to test the
efficacy of TRAIL using replication-deficient herpes
simplex virus (HSV) type 1 amplicon vectors in glio-
mas. Growth of tumors stably transfected with Fluc
(Gli36fluc*) was readily monitored in vivo by BLI fol-
lowing luciferin administration [167]. HSV amplicon
vectors bearing the genes for TRAIL and Rluc injected
directly into Gli36fluc+-expressing subcutaneous
gliomas revealed peak Rluc activity 36 h after intra-
tumoral injection as determined by coelenterazine
injection followed by imaging. This strategy offers a
unique way to monitor both gene delivery and effi-
cacy of TRAIL-induced apoptosis in tumors in vivo in
real time by dual enzyme substrate (Rluc/Fluc) im-
aging. The original BRET system used Rluc as the
donor, the derivative of coelenterazine as its substrate
and a yellow fluorescent protein (YFP) as the acceptor.
In recent years, some GFPs and fluorophores were
introduced as acceptor along with luciferin as the
donor. Angers et al. first reported the detection of
caspase-3 by the BRET technique in a study of G pro-
tein-coupled receptor (GPCR) homodimers at the
surface of living cells [168]. The Rluc-DEVD-YFP fu-
sion gene was subcloned from the pT7 plasmid into
the mammalian expression vector. The stimulation of
caspase-3 activity by a treatment of the cells with
staurosporine promoted a marked decrease in the
BRET ratio, indicating that a portion of the fusion
protein was cleaved, resulting in the physical separa-
tion of the BRET partners. The staurosporine-induced
reduction in BRET was blocked by a pretreatment
with the caspase-3 inhibitor,
confirming the specificity of
the effect.

Ohr 24hr 48hr 96 hr

Figure 12. A genetically encoded cyclic
luciferase for the detection of caspase-3
activities. A) Schematic overview of the
pcFluc-DEVD  system. B) Representative
bioluminescent images of 22B-pcFluc-DEVD
tumors xenografted mice treated with one
dose of doxorubicin (5mg/kg). C) Quantifi-
cation of BLI signal over tumor region.
(Adapted from Ref. [165] with permission.)
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MR Imaging Agents. Magnetic resonance im-
aging (MRI), a highly versatile imaging modality with
ultrahigh spatial resolution, has revolutionized clini-
cal diagnostics and has also proven effective in the
basic research setting, enabling researchers to spy on
the biological process in single cells, organs, or even
the living animal models [169]. However, in compar-
ison to other molecular imaging techniques, the prin-
cipal challenge of MRI lies in its low sensitivity. Con-
trast agents therefore have been developed to address
these limitations. To date, gadolinium chelates and
superparamagnetic iron oxide nanoparticles (IONPs)
represent the contrast agents most widely used in
magnetic resonance imaging [170, 171]. A summary of
the recent development of MRI contrast agents used
in apoptosis imaging is given.

Magnetic Labeling Strategies Currently, Gd(III)
chelates are one of the most commonly used MRI
contrast agents in clinical practice. Safety is a signifi-
cant consideration, and Gd(Ill) cannot be directly
administered in the form of free ions, because of their
inherent toxicity due to severe interference with cal-
cium channels and protein binding sites. Therefore,
Gd(IIl) ions need to be complexed with chelators to
minimize toxic side effects. The most commonly used
chelating ligands are DTPA, DOTA and their deriva-
tives. In order to conjugate Gd-DOTA and Gd-DTPA
to biocompatible macromolecules, various bifunc-
tional chelates of DTPA and DOTA have been devel-
oped for conjugation [172]. Bifunctional ligands and
small molecular Gd chelates can be readily conjugated
to many macromolecules such as proteins, polymers
and dendrimers via functional groups such as anhy-
dride, N-hydroxysuccinimide activated carboxylic
acid, maleimide, alkynyl and azide. Iron oxide nano-
particles represent the other most commonly used
MRI contrast agents. Appropriate physicochemistry
and tailored surface properties of iron oxide nano-
particles have been extensively investigated for MR
imaging. Surface modification usually confers the
needed safety, biocompatibility, stability, hydro-
philicity, and the terminal functional groups needed
for further conjugation [173]. Surface coating of the
nanoparticle can be achieved by using appropriate
polymer or surfactants such as poly (ethylene glycol)
(PEG), dextran, poly (vinyl alcohol) (PVA), polyeth-
ylenimine (PEI), oleic acid (OA), or silane, precious
metal. Among different kinds of polymer coating
materials, PEG is the most widely used polymer for
nanoparticle coating due to its impressive properties
such as safety, biocompatibility, stability, and hy-
drophilicity. In order to attach PEG to nanoparticle,
various methods have been established, represented
by nanoparticle polymerization and surface silane
grafting. In addition, a proper active functional group

can provide easy access to nanoparticles for subse-
quent biological conjugation. Nevertheless, most na-
noparticles lack functional groups after the hydro-
philic modification. Therefore, an additional surface
modification step is required to increase active func-
tional group such as carboxylic acid, amine, malei-
mide groups. The feasible solution here is connecting
with a linker. Till now, many linkers have been de-
signed and applied in the iron oxide nanoparticles
based agents, as seen in review [174].

Labelled Gadolinium Complexes. High spin para-
magnetic Gd(III) complexes are effective for increas-
ing T1 relaxation rate (1/T1) and commonly used as T
contrast agents, producing a positive image contrast.
However, because of their inherently low sensitivity,
large amounts of contrast agents are often required.
Strategies employed to deliver sufficient contrast
agent to image and amplify the signal in vivo comprise
attachment of the contrast agents into lipoproteins,
linear polymers, micellar structures, dendrimers and
solid lipid nanoparticles (SLNs) [175]. For the detec-
tion of exposed PS, biotinylated Annexin V was
linked wvia avidin by covalent binding with
Gd-DTPA-labeled biotinylated liposomes [176]. Ex
vivo study of cardiovascular apoptosis in the isolated
rat heart showed a significant increase in signal in-
tensity of MRI in those regions containing cardiomy-
ocytes at the early stage of apoptosis. Since detection
of early apoptotic cell death in intact organs using
histology and immunohistochemistry remains chal-
lenging, the use of Gd-DTPA-labeled Annexin V in
MRI is clearly an improvement in rapid targeting of
apoptotic cells in the ischemic and reperfused myo-
cardium. In addition, van Tilborg et al. reported the
preparation of paramagnetic liposomes by incorpora-
tion of Gd-DTPA-bis(stearylamide) (Gd-DTPA-BSA)
lipids within the lipid bilayer of PEGylated liposomes.
Multiple human recombinant Annexin V molecules
were covalently coupled to introduce specificity for
apoptotic cells. The Annexin V-conjugated contrast
agents were shown to significantly increase the relax-
ation rates of apoptotic cell pellets compared to un-
treated control cells, which suggests that the targeted
nanoparticle may have applications for in vivo detec-
tion of apoptosis [177]. Recently, the same group de-
veloped a small micellar Annexin V-functionalized
nanoparticle for noninvasive MR imaging of PS ex-
posing cells in atherosclerotic lesions. In vivo
Ti-weighted MRI of the abdominal aorta in athero-
sclerotic ApoE~/- mice revealed enhanced uptake of
the Annexin V-micelles as compared to control mi-
celles, which corroborated with ex vivo studies (Figure
13) [178]. Binding of the C2A domain of synaptotag-
min I to PS expressed on the surface of apoptotic cells,
when labeled with gadolinium complexes, can also be
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used to detect the presence of apoptosis using MRI
techniques. The preparation of Gd-DTPA-C2A-GST
contrast agent by a directly attached method was de-
scribed [179]. In vivo Ti-weighted imaging revealed
that there was a greater tumor accumulation of the
PS-active contrast agent than in control groups.

Peptides and organic molecules with
low-molecular weight were also labeled with gado-
linium complexes. In a recent work published by
Burtea and his co-workers, a hexapeptide (LIKKPF)
with high PS binding affinity identified by phage
display technology was used to design a targeted MRI
contrast agent via labeling the peptide with Gd-DTPA
complexes [180]. MR imaging suggested that these
complexes were able to visualize cell death in athero-
sclerotic plaques and in a mouse liver apoptosis
model.

Currently, trials to visualize enzyme activity by
H MRI are in progress. However, one limit of TH MRI
probe for detecting enzyme activity arises from the
background signals, which interfere with detection of
the probe signals. Thus, some researchers have fo-
cused on YF MRI, which is sensitive and scarcely
shows background signals in animal bodies. Based on
these strategies [181], a F MRI probe,
Gd-DOTA-DEVD-Tfb consisting mainly of three
parts: a Gd3* complex, an enzyme substrate peptide,

A
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@= Rhodamine- or Cy5.5-lipid
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and a ”F-containing group (Tfb), was synthesized for
detecting caspase-3 activity (Figure 14) [182]. When
Gd-DOTA-DEVD-Tfb was treated with caspase-3, the
F NMR peak became sharper and higher in a
time-dependent manner, which indicated the in-
tra-molecular paramagnetic effect from Gd3* to “F
was cancelled by the cleavage of the probe. In this
fashion, the same group chose 7-amino-4-
trifluoromethylcoumarin (AFC) as a reporter group
that is active in both F MRI and fluorescence meas-
urement to construct Gd-DOTA-DEVD-AFC [183].
After the enzyme cleavage, the 9F MRI signal is in-
creased in much the same manner as in the case of
Gd-DOTA-DEVD-Tfb. The search for physiologically
responsive diagnostic agents is an important driving
force in the current development of contrast agents for
MRI. Paramagnetic chemical exchange saturation
transfer (PARACEST) agents hold promise as sensors
for measuring various parameters of their biological
environment. In this perspective, Yoo et al. developed
a “smart” PARACEST MRI contrast agent,
DEVD-(Tm-DOTA) amide that can detect an active
caspase-3 enzyme [184]. Studies with
DEVD-(Tm-DOTA) amide showed PARACEST with
good sensitivity (as low as 5-50 nM) at physiological
pH and temperature, indicating that this MRI contrast
agent may be useful for in vivo molecular imaging.
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Figure 13. Schematic of annexin A5-micelles nanoparticle (A) and T1-weighted in vivo MR images at the level of the abdominal aorta (arrow). Scans were made
before (left panel) and 24 h after (right panel) contrast agent injection. ApoE—/— mice received either control-micelles (B, C) or annexin A5-micelles (E, F). Wild-type
(WT) C57BL/6 mice only received annexin A5-micelles (G, H). (Adapted from Ref. [178] with permission.)
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Figure 14. A) Design principle of 19F-MRI probe detecting protease activity. B) Structure of Gd-DOTA-DEVD-Tfb. (Adapted from Ref. [182] with permission.)

Labelled Iron Oxide Nanoparticles. Superpara-
magnetic iron oxide nanoparticles are the most rep-
resentative 1> contrast agents, which are effective in
enhancing T> relaxation rate (1/71>), generating nega-
tive image contrast. In recent years, considerable ef-
forts have been spent in the development of this kind
of nanoparticles [185]. A highly stabilized and
cross-linked derivative of monodisperse iron oxide
(MION), known as cross-linked iron oxide (CLIO),
was developed for molecular imaging applications
[186]. Annexin V-CLIO, which had an average of 2.7
Annexin V proteins linked through disulfide bonds
per CLIO nanoparticle appears to be an effective MR
imaging probe for detecting apoptosis [187]. Moreo-
ver, one of the recent studies in this field published by
van Tilborg et al. is devoted to the internalization of
Annexin V-functionalized iron oxide particles [188].
This process is considered to be driven by the for-
mation of two-dimensional crystals of Annexin V
trimers on the apoptotic cell membrane [189].

As an alternative to using Annexin V, the C2A
domain was subsequently conjugated to superpara-
magnetic iron oxide (SPIO) nanoparticles [190]. De-
tection of apoptotic cells, using this contrast agent,
was demonstrated both in vitro, with isolated apop-
totic tumor cells, and in vivo, in a tumor treated with
chemotherapeutic drugs. In order to increase probe
sensitivity and circumvent possible in vivo toxicities of
gadolinium chelates, Burtea et al. screened an M13
phage display library on PS-coated enzyme-linked
immunosorbent assay (ELISA) plates and identified
another PS binding hexapeptide (TLVSSL), which was
then attached to ultrasmall superparamagnetic iron
oxide particles (USPIO), producing a new MRI con-
trast agent [191]. In vivo MRI performed in different

apoptosis models showed that peptide-USPIO parti-
cles were able to detect increased apoptosis [192, 193].

Multimodal Imaging Probes. Commonly used
imaging modalities in the clinic including optical im-
aging, MRI, CT, ultrasound (US), and PET or SPECT,
have capabilities varying from anatomical to func-
tional imaging. Each imaging modality has intrinsic
limitations, such as relatively low sensitivity or spatial
resolution, and thus it is difficult to acquire accurate
and reliable biological information by a single imag-
ing modality [194]. To compensate for this problem,
combinations of imaging modalities have gained
popularity, allowing integration of the advantages of
individual modalities, while reducing their limita-
tions. Such hybrid systems might allow simultaneous
and/or sequential acquisitions with different modali-
ties, accomplishing high sensitivity and high resolu-
tion and providing more detailed anatomical and bi-
ological information.

Since the first fused PET/CT instrument re-
ported by Townsend et al. in 1998, several kinds of
high-resolution dual- or tri-modality systems such as
SPECT/CT, SPECT/ optical, PET/ optical,
PET/SPECT/CT, and PET/MRI have been devel-
oped. However, simultaneous measurements by dif-
ferent modalities can’t be accomplished unless the
multimodal imaging probes have identical pharma-
cokinetic properties. The development of multimodal
imaging probes is far from trivial for a pharmaceutical
chemist. In the next section, we will provide an over-
view of the many strategies that have been used to
create multimodal probes and to apply them in im-
aging of apoptosis.

Multimodal Labeling Strategies. In the design of
multimodal imaging probes, it is of less value if the
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different modalities offer similar, rather than com-
plementary strengths. This is why the highly sensitive
imaging modalities such as PET and optical imaging
are frequently combined with other imaging modali-
ties with high spatial resolution (MR, CT, etc.). Owing
to the high loading capacity of payloads and the in-
trinsic properties such as magnetism or luminescence,
nanoparticles (NPs) have been the favorable plat-
forms to combine different modalities of moieties for
multimodal imaging. Compared with the complex
organic synthesis of small molecule multimodal
probes, it is simple and relatively facile for making
NP-based multimodal probes, allowing change of
moieties of NPs without necessitating redesign of the
overall synthetic protocol. Generally, these NPs such
as IONPs, have been coated with biocompatible
polymers, such as dextran, PEG, or their derivatives to
provide surface functionalization. These surface func-
tionalities can also bind different imaging or thera-
peutic moieties to NPs platforms via conjugates,
core/shell structure or doping. These strategies ap-
plied to the design of multimodal probes have been
described in detail in several excellent reviews
[195-197]. Small molecule multimodal probes are
simpler in structure than NP-based multimodal
probes, but perhaps more complex to synthesize.
Modification to small molecule multimodal probes
must not affect their biological activity. Thus, the
chemistry used in the conjugation of moieties to mol-
ecules must be compatible and mild. Secondly, in or-
der to combine two or more imaging modalities di-
rectly, some spacers (or linkers) are needed to mini-
mize interference of bonds and to maintain molecule
function. In addition, minimizing the number of al-
teration points of the molecule (often 1:1 ratio), while
attaching diverse moieties, may help maintain bioac-
tivity of small molecules. In short, strategies are
needed to preserve the small size and the pharmaco-
kinetic properties of the parent probes.
Nanoparticles-Based Multimodal Probes. During the
past decades, many multimodal imaging probes tar-
geting apoptosis have been developed [198]. Schel-
lenberger et al. described the synthesis of a magne-
to/optical form of Annexin V, Anx-CLIO-Cy5.5,
achieved by reacting SATAylated Annexin V with an
SPDP activated fluorescent CLIO nanoparticle [199].
The conjugation strategy preserved the strength of the
interaction between Annexin V and apoptotic cells in
vitro and in vivo, and was readily detectable by
standard MR imaging or NIRF optical methods [200].
van Tilborg et al. developed a Annexin V-conjugated
bimodal nanoparticle composed of a quantum dot
encapsulated in a paramagnetic micelle prepared with
Gd-lipids and fluorescein containing lipids as well as
additional PEGylated lipids, making it suitable for

both optical imaging and MRI [201]. The specificity of
the Annexin V-conjugated nanoparticles for apoptotic
cells was demonstrated both with fluorescence mi-
croscopy and MRI, confirming its potential for the
detection of apoptosis with both imaging modalities
in vivo [202]. Recently, Zhang et al. described and
evaluated Annexin V conjugated, polyethylene gly-
col-coated, core-cross-linked polymeric micelles
(CCPMs) dually labeled with NIR fluorophores and a
radioisotope (1"In) [203]. Annexin V-CCPM allowed
visualization of tumor apoptosis by both nuclear and
optical techniques in vitro and in vivo. Later, micro
single-photon emission tomography/computed to-
mography (pSPECT/CT) and fluorescence molecular
tomography (FMT) were employed to evaluate An-
nexin V-CCPMs in various disease models [204]. The
study indicated that dually labeled Annexin
V-CCPMs has the potential to aid the diagnosis of
disease states or tissue responses involving abnormal
cell death. Zhang et al. have described and fully char-
acterized a liposomal nanoprobe, PGN-L-IO/DiR,
based on a human a monoclonal antibody, PGN635
that specifically targets PS [205]. In that study, SPIO
were packed into the core of liposomes, while
near-infrared dye, DiR was incorporated into the
lipophilic bilayer. In vitro and in vivo longitudinal MRI
and optical imaging were performed and the results
indicated that PS-targeted liposomes may provide a
useful platform for tumor-targeted delivery of imag-
ing agents or potentially anti-cancer drugs for cancer
therapy. All the same, multimodality imaging of
apoptosis using nanoparticles is still in its infancy.
Future designs that are more clinically relevant would
be beneficial. Multifunctional NPs that recognize
other apoptosis targets (not PS) would also be im-
portant and need further development.

Small Molecule Multimodal Probes. Small mole-
cules labeled with different kinds of reporter moieties
can be used for multimodal imaging. Lee et al. re-
ported an optical-nuclear dual mode molecular probe
with complementary reporting strategies to image the
molecular events of caspase-3 activation [206]. Mo-
lecular probe L5498 consists of DOTA for chelating a
radionuclide #Cu, a NIR fluorophore-quencher pair
and caspase-3 specific peptide substrate. In vitro and
in vivo studies demonstrated the feasibility of using
radionuclide imaging for localizing and quantifying
the distribution of the molecular probes and of optical
imaging for reporting the functional status of diag-
nostic enzymes. However, the relative paucity of tags
may limit probe utility to modalities of similar sensi-
tivities [196], nevertheless, the potential for rapid
diffusion through tissue may be attractive for in vivo
applications.
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Table 3. Some of Radiolabeled Apoptosis Imaging Agents in Preclinical and Clinical Trials.
Radiotracers Class Status Investigators Disease Group Ref.
9mTc-HYNIC-Annexin V Protein Phase I1/11I Theseus Imaging Corp. NSCLC 75,76
99mTc-BTAP-Annexin V Protein Phase I Theseus Imaging Corp. Healthy Volunteers 67
18F-CP18 Peptide Phase I Kurdziel et al. Ovarian Neoplasms,
Fallopian Tube 99
Neoplasms
18F-ICMT-11 Isatin family Phase I QulIC-ConCePT Consortium Healthy Volunteers 133
18F-ML-10 Aposense family Phase I/1I NST NeuroSurvival Technologies Ltd. Acute Ischemic Cerebral Stroke,
Metastatic Brain Tumors 114, 215

4. Clinical Translation of Apoptosis Im-
aging Agents

Since 1972, when Kerr et al. first coined the term
apoptosis, intense attempts to explore the rich diver-
sity of biology and chemistry of apoptosis have cre-
ated a “pipeline” of exciting new apoptosis imaging
probes. Based on various biochemical events during
the apoptosis, numerous tracers have been developed
for non-invasive detection of this process [207-211].
Table 3 summarizes some of the radiotracers that
have been advanced to early or late clinical studies.
The imaging of apoptosis has witnessed a dynamic
evolution over the past decades from the initial
proof-of-concept studies using PS-targeted, pro-
tein-based probes represented by Annexin V to ap-
proaches based on small molecule structures specific
for apoptosis. Despite the potential of many probes
tested in preclinical animal models, there are limited
clinical examples of the use of SPECT or PET for im-
aging of apoptosis. This may be attributable to the
complex set of features required of a probe for imag-
ing apoptosis in clinical practice. Overall, a desirable
apoptosis imaging probe with clinical translation po-
tential is expected to have the following unique char-
acteristics: 1) high selectivity and specificity for
apoptotic cells; 2) high stability in vitro and in vivo; 3)
favorable pharmacokinetics; 4) compatibility with
imaging equipment, labeling techniques, and math-
ematic algorithms for quantitative analysis of the
signal; 5) low immunogenicity and toxicity; and 6)
feasibility of economical production [207, 212]. In ad-
dition, due to the time-dependent nature of apoptosis,
a high-contrast image must be achieved within a spe-
cific time window. Since apoptosis imaging probes
constitute a subtype of pharmaceuticals, the drug and
probe discovery thus share lots of similarities. Scien-
tists can apply the knowledge and experience gained
from the drug discovery process to facilitate molecu-
lar probe discovery. The general workflow for ex-
ploratory investigational new drug (eIND) ap-
proaches can also represent the streamline for a probe
development, allowing expedited translation of some

promising SPECT or PET imaging probes into the
clinic [213]. Since Feridex has been out of market, it is
unlikely that any iron oxide based imaging probes
including targeted iron oxide probes will be approved
by the Food and Drug Administration (FDA) in the
near future. Fortunately and conveniently, due to
their close gyromagnetic ratio (y) values, the signal of
E-MRI probes can be detected with most TH-NMR
instruments by appropriately tuning the ra-
dio-frequency coils. Accordingly, the development of
YE-MRI probes may represent the future direction of
MRI agents used in clinical settings. Optical imaging
is at the initial stage of clinical testing in fields such as
surgical navigation [214]. As the fluorescent dye in-
docyanine green (ICG) translates from preclinical
studies to patients, potential applications of fluores-
cent molecular imaging in clinical medicine are ex-
pected to expand dramatically. A number of optical
probes with potential as markers of apoptosis are in
the preclinical stage, but they are likely still a long
way from FDA approval. At present, there are no
multimodal probes approved by FDA. This partly
accounts for the lack of hybrid instruments for clinical
practice except for PET/CT and SPECT/CT. Howev-
er, multimodality imaging is thriving and still evolv-
ing rapidly. Multimodal imaging probes, highly
complementary to the hybrid imaging systems are
being developed and are likely to flourish.

5. Conclusions and Perspectives

Over the years, a number of methods have been
developed to detect apoptosis. There are several mi-
croscopic techniques such as optical microscopy, the
TUNEL assay and flow cytometry [216]. These con-
ventional apoptosis detection methods are comple-
mentary to noninvasive imaging techniques and pro-
vide critical standards to confirm the specificity of the
apoptotic signal provided by various preclinical and
clinical imaging methods. Research in the past dec-
ades has produced a wealth of macroscopic imaging
methods, in various stages of development, based on
use of nanoparticles, proteins, peptides and small
organic molecules. The potential of these probes for
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effective imaging of apoptosis in vivo could benefit
many areas of clinical medicine. Nevertheless, the
current enthusiasm for clinical applications has been
dampened by the inherent difficulties of developing
clinical imaging agents and by the recognition that no
agent has cleared the obstacles and reached the mar-
ket to date.

Can the challenges associated with successful
development of clinical imaging agents be overcome?
The answer is YES. Advancements have numerous
biochemical features of apoptosis that can serve as
targets for imaging probes, as well as facilitate chem-
ical design strategies, biological evaluation and im-
proved translational research, which are all crucial to
the success of clinical imaging agents that may out-
perform existing ones. Furthermore, with the advent
of theranostics [217-221], the combination of apoptosis
imaging strategies with therapy provides researchers
and physicians with extraordinary insight into apop-
tosis and thus enlarges the armory for the fight
against a range of diseases [222,223]. Consequently, it
is our genuine belief that there is convincing that one
or more of these probes will clear the multiple hurdles
of the drug development pathway to become clini-
cally useful imaging agents in the not too distant fu-
ture.
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