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Abstract Molecular imaging requires the highest possible signal-to-noise ratios
(SNRs) at the target of interest. In order to maximize the SNR for optical imag-
ing techniques, various strategies have been developed to design fluorescent probes
that can be activated, for example, by proteolytic degradation. Generally speaking,
these probes are quenched in their native state—e.g., by fluorescence resonance en-
ergy transfer (FRET)—and dequenched after cleavage or hybridization, which is
associated with a strong fluorescence signal increase.

Different strategies of fluorescence signal amplification ranging from large and
small protease-sensing molecules to oligonucleotide-sensing and nanoparticle-based
probes are presented in this chapter.

1 Introduction

Molecular imaging techniques require maximal signal-to-noise yields in order
to noninvasively resolve specific molecular targets in vivo. Different, mainly
enzyme-based signal amplification strategies have been described, which aim at (1)
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Fig. 1 a, b First generation of large protease sensing probes. The first class of proteolytically ac-
tivatable optical probes is depicted. These probes consist of a poly-L-lysine backbone shielded
by multiple methoxy-polyethylene glycol sidechains. Approximately 12–14 fluorochromes are at-
tached to the backbone, resulting in a FRET-based signal quench in the native state of the molecule.
Proteolytic cleavage of the backbone results in a a release of the fluorochromes, followed by b a
strong fluorescence signal increase. (Modified from Bremer et al. 2003)

maximizing the fluorescence signal yield after target interaction and (2) reducing the
unspecific background signal of circulating probes. In recent years, various activat-
able or ‘smart’ probes have been developed for molecular imaging. Typically, they
show a strong fluorescence signal increase after interaction with an enzyme (e.g.,
a protease). The underlying principle is that the native probe is ‘quenched’, a phe-
nomenon which has been known for a long time; e.g., in fluorescence microscopy.
Enzymatic conversion results in dequenching of the probe accompanied by a strong
increase in the fluorescence signal (Fig. 1). Quenching can result from the transfer
of energy to other acceptor molecules residing physically close to the excited fluo-
rochromes (e.g., a second acceptor fluorochrome), a phenomenon known as fluores-
cence resonance energy transfer (FRET). Quenching can, moreover, occur by com-
peting processes such as temperature, high oxygen concentrations, molecular aggre-
gation in the presence of salts and halogen compounds or interaction with metals.

2 Large Protease-sensing Probes

For molecular imaging applications, activatable probes ideally undergo a status of
virtually zero signal in their native state to a strong fluorescence signal after target
interaction. A class of ‘smart’ optical contrast agents, which undergoes conforma-
tional changes after cleavage by various enzymes, was first described by Weissleder
et al. (1999) (Fig. 1). The first autoquenched fluorescent probe was developed in
1999. This was converted from a non-fluorescence to fluorescence state by pro-
teolytic activation (Weissleder et al. 1999). This type of molecular contrast agent
consists of a long circulating carrier molecule (poly-lysine backbone) shielded
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by multiple methoxy-polythylene-glycol side chains (PLL-MPEG). The molecu-
lar weight of these probes ranges around 450–500 kDa. Between 12 and 14 cya-
nine dyes (Cy 5.5) are loaded onto this carrier molecule in close proximity to each
other, resulting in a FRET-based signal quench (see above; Weissleder et al. 1999).
Thus, in its native state, the molecule exhibits very little to no fluorescence, whereas
after enzymatic cleavage a strong fluorescence signal increase can be detected
(dequenching; Fig. 1). Inhibition experiments revealed that this first generation of
protease-sensing optical probe is activated mainly by lysosomal cysteine or serine
proteases, such as cathepsin-B (Weissleder et al. 1999). However, the selectivity
of this smart optical probe can be tailored to other enzymes by insertion of specific
peptide stalks between the carrier and the fluorochromes. Using this approach, smart
optical probes have been developed for targeting–e.g., matrix-metalloproteinase-2,
cathepsin-D, thrombin or caspases (Tung et al. 2000, 2004; Bremer et al. 2002;
Jaffer et al. 2004; Messerli et al. 2004; Kim et al. 2005). In order to impart MMP-2
selectivity, for example, a peptide stalk with the sequence -Gly-Pro-Leu-Gly-Val-
Arg-Gly-Lys- was inserted between the backbone and the fluorochrome. This pep-
tide sequence is recognized by MMP-2 with a high affinity, resulting in an efficient
dequenching of the completely assembled MMP-2 probe by the purified enzyme
(Fig. 2). A control probe, which was synthesized using a scrambled peptide se-
quence (-Gly-Val-Arg-Leu-Gly-Pro-Gly-Lys-), remained quenched after incubation
with the purified enzyme (Fig. 2).

Proteases are known to be key players in a whole variety of pathologies, rang-
ing from carcinogenesis to inflammatory and cardiovascular diseases (Edwards
and Murphy 1998). From the oncological literature it is known that various pro-
teases, such as cathepsins and matrix-metalloproteinases, are involved in a cas-
cade of enzymes, which finally leads to digestion of the extracellular matrix and,
thus, local as well as metastatic tumor cell infiltration (Edwards and Murphy
1998; Aparicio et al. 1999; Folkman 1999; Herszenyi et al. 1999; Fang et al. 2000;
Koblinski et al. 2000). Indeed, clinical data suggest that the tumoral protease burden
correlates with clinical outcome. Thus, the activatable probes outlined above have
been applied for a variety of different oncological models, including xenograft and
spontaneous tumor models (Figs. 2, 3). A cathepsin-sensing probe could be applied
successfully to detect micronodules of tumor xenografts and spontaneous tumors
using fluorescence reflectance imaging (FRI) or fluorescence-mediated tomography
(FMT). The response to protease inhibitor treatment could be monitored early and
noninvasively using a MMP sensitive probe (Bremer et al. 2005). Other experimen-
tal data suggest that a noninvasive tumor grading (aggressive versus nonaggressive
phenotype) may be facilitated using these probes (Bremer et al. 2002).

Since proteases are ubiquitously expressed, the aforementioned probes could
also be successfully applied for imaging of inflammatory responses; e.g., in an
experimental arthritis model. Interestingly, treatment effects (e.g., methotrexate
application) could be monitored sensitively using this approach (Wunder et al. 2004;
Fig. 4). Successful treatment of arthritis resulted in a clear reduction of the joint
associated fluorescence (Wunder et al. 2004). In a cardiovascular plaque model
(ApoE mice), strong probe activation within the atherosclerotic plaques most likely
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Fig. 2 a-c Second generation of large protease sensing probes: MMP imaging. A modification of
the first generation of ‘smart’ optical probes is shown. a In order to impart specificity of the probe
for matrix metalloproteinases, the fluorochromes were conjugated to the backbone through peptide
stalks, which are cleaved with a high affinity by MMP-2. b Incubation with the purified enzymes
showed a strong fluorescence signal increase for the MMP probe, while the probe containing a
scrambled peptide sequence remained quenched. c Tumor xenografts overexpressing MMP-2 could
clearly be visualized using this approach. (From Bremer et al. 2002)

representing inflammatory plaque reactions could be successfully visualized using
this approach (Chen et al. 2002).

3 Small Protease-sensing Probes

Smaller molecules that also undergo an enzymatic conversion have more recently
been described. They can be designed by flanking an enzyme substrate with two
fluorophores or a fluorophore and a spectrally matched quencher molecule, which
absorbs the energy of the fluorochrome via FRET without the emission of photons
(Fig. 5).
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Fig. 3 a, b Application of a cathepsin-sensing probe for in vivo tumor detection. Fluorescence me-
diated tomography (FMT) of spontaneous mammary cancer after injection of a cathepsin sensing
optical probe. a FMT images were acquired at the levels illustrated in the corresponding sagittal
MR images. b After injection of the optical probe strong tissue fluorescence could be reconstructed
in the tumor region as seen in the corresponding axial FMT slice. (From Bremer et al. 2005)

Fig. 4 a, b Application of a cathepsin-sensing probe for in vivo imaging of arthritis. a Raw NIRF
image of a mouse with collagen-induced arthritis in the right for paw, obtained 24 h after probe
injection. Note the high fluorescence intensity in the affected extremity. b Color-coded NIRF image
of a superimposed on white-light image. Cy 5.5 dye (16 nmol/ml), seen above the right hind paw,
was used for standardization. (Wunder et al. 2004)
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Fig. 5 Small protease-sensing probes. Small protease-sensing probes are designed by flanking
an enzyme substrate (red bar) with two fluorophores or a fluorophore and a spectrally matched
quencher molecule (gray dot), which absorbs the energy of the fluorochrome via FRET without
the emission of photons. Enzymatic cleavage of the probes results in a significant dequenching
effect, followed by a fluorescence signal increase

The coupling of a quencher to a fluorophore via a caspase-cleavable nonapep-
tide, for example, can be exploited to detect caspase activity (a marker of cellular
apoptosis) in vitro (Pham et al. 2002). A similar design was proposed for imaging
MMP activity using a different peptide bridge, which is cleaved with a high affinity
by MMPs (Pham et al. 2004). Here an absorber molecule (NIRQ820) was linked
to Cy 5.5 via a MMP-7 substrate. Incubation of the probe with the purified enzyme
resulted in a sevenfold signal increase after dequenching, while MMP-9, for exam-
ple, did not result in dequenching of the probe, which supports the selectivity of this
system. Bullok and co-workers recently presented a small, membrane-permeable
probe that is capable of sensing intracellular caspase activity (Bullok and Piwnica-
Worms 2005). The molecule consists of a Tat-peptide-based permeation sequence
and a caspase recognition sequence (DEVD) flanked by a fluorochrome (Alexa
Fluor 647) and a quencher (QSY 21) (Bullok and Piwnica-Worms 2005). Effi-
cient quenching was achieved in the native state of the molecule, while incubation
with the effector caspases (especially caspases 3 and 7) resulted in a significant de-
quenching of the probe. Cell experiments demonstrated a successful permeation of
the probe into the cell so that caspase activity could be visualized by a clear fluores-
cence signal (Bullok and Piwnica-Worms 2005).

Law et al. (2005) recently developed a small FRET-based probe that recog-
nized protein kinase A (PKA). The probe consists of a specific binding peptide
sequence (LRRRRFAFC) conjugated with two fluorophores (FAMS, TAMRA). In
the absence of PKA, the two fluorophores associate by hydrophobic interactions,
forming an intramolecular ground-state dimer; this results in fluorescein quench-
ing (>93%). Upon PKA addition, the reporter reacts with the sulfhydryl function-
ality at Cys199 through a disulfide-exchange mechanism. FAMS is subsequently
released, resulting in significant fluorescence amplification (Law et al. 2005). The
remaining peptide sequence, which acts as an inhibitor, is attached covalently to the
enzyme.
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While the in vitro results of these small protease-sensing probes are promising,
in vivo applications may be more difficult since rapid clearance of the probes may
counteract sufficient probe accumulation at the target of interest.

4 Oligonucleotide-sensing Probes

A number of different oligonucleotide-based small, activatable optical probes have
been described which were designed to monitor gene expression. As outlined in
4.1.2, these probes are quenched in their native state by either dimerization of flu-
orophores or by interaction with a specific quencher molecule. Tyagi et al. (2000)
designed a probe that contains a harvester fluorophore that absorbs strongly in the
wavelength range of the monochromatic light source, an emitter fluorophore of the
desired emission color, and a nonfluorescent quencher (Fig. 6). In the absence of
complementary nucleic acid targets, the probes are dark, whereas in the presence
of targets, they fluoresce, though not in the emission range of the harvester fluo-
rophore that absorbs the light, but rather in the emission range of the emitter fluo-
rophore (Tyagi et al. 2000). This shift in emission spectrum is due to the transfer
of the absorbed energy from the harvester fluorophore to the emitter fluorophore by
fluorescence resonance energy transfer, and it only takes place in probes that are
bound to targets (i.e., hybridized to the target oligonucleotides).

Metelev et al. (2004) proposed a similar molecule that consists of a hairpin
oligonucleotide flanked by two cyanine dyes (e.g., Cy 5.5), which upon hybridiza-
tion with the target oligonucleotide sequence (here: NF-κB) shows a strong de-
quenching effect. These types of probes can be applied for in vitro gene analysis
or, ultimately, potentially for in vivo genotyping. However, delivery barriers for in
vivo applications are significant so that up to date true in vivo applications have not
yet been described.

Fig. 6 Oligonucleotide-sensing probes. These consist of an oligonucleotide coupled to two fluo-
rochromes or a harvester fluorochrome, an emitter fluorochrome and a nonfluorescent quencher. In
the absence of complementary nucleic acid targets, the probes are dark, due to their hairpin config-
uration with approximation of the quencher (or the second fluorophor) to the fluorochrome (left).
In the presence of targets, however, the probe unfolds and hybridizes with the oligonucleotide,
resulting in spatial separation of the fluorochromes from the quencher/second fluorophor so that a
fluorescent signal can be detected (right). (From Bremer et al. 2003)
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5 Nanoparticle-based Probes

Fluorophores can interact with nanoparticles, such as superparamagnetic iron ox-
ides, resulting in a signal quench of the probe (Fig. 7). Josephson et al. (2002) re-
cently described a hydrid iron oxide-based nanoparticle that was conjugated with
a fluorochrome (Cy 5.5). The surface of the nanoparticles was covered with ami-
nated cross-linked dextran, which allowed covalent binding of Cy 5.5 via protease-
sensitive (or protease-resistant) peptides. Interestingly, the authors found that even
nanoparticles that were, on average, labeled with only 0.14 Cy 5.5/particle showed
significant dequenching effects, suggesting that interaction between the iron ox-
ide nanoparticle and the fluorochrome contributes to the quenching effect. Load-
ing the nanoparticle with multiple fluorochromes (up to 1.19/particle) significantly
increased the quenching/dequenching mechanism (Josephson et al. 2002). The
quenching of fluorescence in proximity to the magnetic nanoparticle may be due to
nonradiative energy transfer between the dye and the iron oxide or due to collisions
between Cy 5.5 and the nanoparticle. Josephson et al. (2002) could successfully
apply this probe for imaging lymph nodes in a mouse model by both MRI as well
as near infrared fluorescence reflectance imaging (FRI). Modifications of this mul-
tivalent magneto-optical probe were presented by Schellenberger et al. (2004) who
were able to attach Annexin V to the nanoparticle and therefore target apoptotic
cells using these probes. A similar phenomenon was also described by Dubertret
et al. (2001), who demonstrated that colloidal gold particles can efficiently quench
fluorochromes.

Fig. 7 Nanoparticle-based probes. Functionalized nanoparticles [e.g., aminated superparamag-
netic iron oxides (SPIOs)] can be linked to fluorochromes via a peptide spacer. Quenching will
occur based on interactions of the fluorochrome with the iron core and/or FRET-based quenching
with neighboring fluorochromes. Enzymatic release of the fluorochromes results in a significant
increase of the fluorescence signal. These multivalent probes can be applied for multimodal imag-
ing; e.g., with MRI and optical techniques. In a clinical scenario, noninvasive MR-based probe
localization could be combined with high-resolution, real-time fluorescence imaging of the probe;
e.g., in an intraoperative setting



Optical Methods 11

Multimodal probes may well have a clinical perspective since they may be ap-
plied, for example, preoperatively for noninvasive detection of the SPIO distribution
by MRI and finally for intraoperative guidance using simple fluorescence reflectance
imaging techniques (Kircher et al. 2003).

6 Other Amplification Mechanisms

In order to detect ß-galactosidase activity, Tung et al. (2004) employed a fluorogenic
substrate that undergoes a significant wavelength shift after conversion by the en-
zyme. While the initial substrate (DDAOG) is excited at 465 nm and fluoresces
at 608 nm, enzymatic cleavage by ß-galactosidase results in a release of another
flourogenic substrate (DDAO), which is excited at 646 nm and fluoresces at 659 nm.
Thus, the cleavage product has far-red fluorescence properties that can be imaged
by FRI. Moreover, significantly, the wavelength shift (approximately 50 nm) allows
detection of the cleaved substrate without background signal from the intact probe
(Tung et al. 2004).

Another elegant way to amplify the optical signal in the target tissue was
described by Jiang et al. (2004), who designed an imaging agent that consists
of polyarginine-based cell-penetrating peptides (CPP), which are fused through a
cleavable linker to an inhibitory domain consisting of negatively charged residues.
Cleavage of the linker, typically by a protease, releases the CPP portion and its
attached cargo (e.g., a fluorochrome) to bind and enter cells. In cell culture and in
vivo, protease activities (e.g., MMP-2 and -9) were successfully visualized, showing
in vivo contrast ratios of 2–3 and a 3.1-fold increase in standard uptake values for
tumors relative to normal tissue or control peptides with scrambled linkers. Thus,
these cell-permeating probes may be another suitable way of amplifying the fluo-
rescence signal for molecular optical imaging.
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