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9.1 Introduction

Major challenges for the molecular imaging community are (a)
defining diagnostically relevant targets and (b) developing suitable
imaging methods to noninvasively depict those targets. Various
molecular substrates such as DNA, RNA, or proteins could serve as
potential imaging targets. However, targeting intracellular structures
in vivo is a major pharmacological challenge since several delivery
barriers have to be overcome. Moreover, there is a natural “signal
amplification” in the transcription and translation process resulting
in several copies of RNA from one DNA template and again multi-
ple protein copies of the mRNA. Therefore “downstream imaging”
(i.e., molecular imaging on the protein level) should be the most
promising approach to detecting molecular structures in an intact
organism.
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Compared to conventional imaging approaches even targeting
whole cells, which measure 5-20 pm in diameter in size, is an ambi-
tious goal. However, looking at protein structures is an even more
challenging task and therefore requires efficient contrasting strate-
gies with excellent signal-to-noise ratios (SNR). Nuclear imaging
modalities have been the mainstay for in vivo probing of molecular
substrates since radioactive tracers are employed without any natural
background signal and therefore high SNR can be achieved. In con-
trast, detecting molecular structures by magnetic resonance imaging
(MRI) is a very challenging task as protons are omnipresent within
the body because approximately 65% of the body consists of water,
contributing to a high background signal. More recently, very prom-
ising approaches have been undertaken to exploit “smart” MR-con-
trast agents as well as carbon or fluorine compounds serving as spe-
cific molecular contrast agents in vivo.

9.2 Light for Molecular Imaging

Using light for in vivo imaging is an emerging imaging modality
which offers some unique advantages for molecular in vivo imaging:

1. Different optical techniques have already been used for many
years in the molecular biology community to probe tissue sam-
ples or cells (such as the use of fluorescent proteins, fluorescently
labeled antibodies, etc.) and can be adapted for in vivo applica-
tions.

2. In the near infrared range (NIR) very little tissue auto-fluores-
cence can be observed offering excellent signal-to-noise ratios
(SNR) comparable to conventional nuclear imaging techniques.
Besides offering high SNR, light in the NIR can traverse tissue
very efficiently as the absorption by water and hemoglobin is rel-
atively low in this spectrum (“diagnostic window”; Ntziachristos
and Weissleder 2001).

3. Functional paradigms can be applied for optical contrast agents
(such as fluorescence resonance energy transfer or biolumines-
cence) in order to detect specific target interactions in vivo (such
as enzyme activity).
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9.3 Optical Contrast Agents

Various strategies can be pursued to obtain optical information from
the tissue ranging from nonspecific perfusion contrast agents to tar-
geted or “smart” optical probes (Fig. 1).

While nonspecific perfusion agents such as indocyanine green
(ICG) can only depict tumor physiology such as perfusion, vessel
permeability, or tissue blood volume, molecular information can not
be obtained using this approach.

Targeted contrast agents, however, are linked to affinity ligands
imparting molecular specificity to the optical probe. Ideally, these
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Fig. 1A-C. Design of different optical contrast agents. Nonspecific fluoro-
chromes such as indocyanine green (A) show perfusion and/or permeability
properties of the tissue. Targeted probes (B) bind via specific ligands to pro-
tein structures on the cell surface such as tumor-associated receptors; un-
bound probe contributes to background signal, lowering the SNR. “Smart”
probes (C) are activated by enzymatic conversion yielding a strong fluores-
cence increase once the fluorochromes are released from the backbone
(right). Tumor-associated proteases can be detected using this approach
(reprinted with permission from Bremer et al. 2003)
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contrast agents are accumulated at the target over time offering a
strong signal in the region of interest (Fig. 1). However, there is —
especially in the early phase after injection — a fair amount of un-
bound circulating material contributing to background signal and
therefore lowering the SNR. Different targeted contrast agents have
been described and experimentally validated using large molecules
such as antibodies (AB) or AB fragments to small peptide deriva-
tives serving as tissue-specific affinity ligands (e.g., bombesin, soma-
tostatin, or the folated receptor; (Becker et al. 2001; Licha et al.
2002)).

“Smart” optical probes change their signal characteristics upon in-
teraction with the target. They ideally undergo a status of zero sig-
nal in their native state to a strong signal after target interaction. A
class of smart optical contrast agents was recently described, which
undergo conformational changes after cleavage by various enzymes
(Weissleder et al. 1999; Fig. 1C). In 1999, the first autoquenched
fluorescent probe was developed, which is converted from a non-
fluorescence to fluorescence state by proteolytic activation (Weiss-
leder et al. 1999).

The first generation of this smart contrast agent consists of a long
circulating carrier molecule (poly-lysine backbone, ~ 450 kDa)
shielded by multiple methoxy-polyethylene-glycol sidechains (PLL-
MPEG). Twelve to 14 cyanine dyes (Cy 5.5) are loaded onto this car-
rier molecule resulting in a signal quench due to fluorescence reso-
nance energy transfer (FRET; Weissleder et al. 1999). Thus, in its na-
tive state the molecule exhibits very little to no fluorescence, whereas
after enzymatic cleavage a strong fluorescence signal increase (up to
several 100-fold) can be detected (dequenching; Fig. 1 C). Inhibition
experiments revealed that this first generation of protease-sensing
optical probes are activated mainly by lysosomal cysteine or serine
proteases such as cathepsin-B (Weissleder et al. 1999).

The selectivity of this smart optical probe can be tailored to other
enzymes by insertion of enzyme-specific peptide stalks between the
carrier and the fluorochromes. In order to impart MMP-2 selectivity,
for instance, a peptide stalk with the following sequence: -Gly-Pro-
Leu-Gly-Val-Arg-Gly-Lys- was inserted between the backbone and
the fluorochrome. This peptide sequence is recognized by MMP-2 with
a high affinity resulting in an efficient dequenching of the completely
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assembled MMP-2 probe by the purified enzyme. A control-probe that
was synthesized using a scrambled peptide sequence (-Gly-Val-Arg-
Leu-Gly-Pro-Gly-Lys-) remained quenched after incubation with the
enzyme. Besides MMPs, other enzyme systems such as cathepsin-D
or thrombin could be targeted using this approach (Weissleder et al.
1999; Bremer et al. 2001 a, b).

9.3.1 Oncological Imaging

Different proteases are known to be key players in a whole variety
of pathologies ranging from carcinogenesis to immune diseases
(Edwards and Murphy 1998). It is known that various proteases such
as cathepsins and matrix-metalloproteinases are involved in a cas-
cade of enzymes, which finally yields to the digestion of the extra-
cellular matrix and thus local as well as metastatic tumor cell infil-
tration (Edwards and Murphy 1998; Fang et al. 2000; Folkman
1999; Aparicio et al. 1999; Herszenyi et al. 1999; Koblinski et al.
2000). Indeed, clinical data suggest that tumoral protease burden
correlates with clinical outcome (McCarthy et al. 1999; Kanayama
et al. 1998; Davidson et al. 1999).

The first experimental studies using a LX-1 tumor xenograft mod-
el showed that even small tumor nodules could be sensitively con-
trasted with the cathepsin-B sensing optical probe, suggesting that
protease imaging might be a feasible approach for early cancer de-
tection (Weissleder et al. 1999; Mahmood et al. 1999). Indeed, there
is evidence that protease overexpression is an early step involved in
malignant cell transformation. In colon cancer, for example, cathep-
sin-B and matrix-metalloproteinases have been found to be upregu-
lated within the invasive tumor margins (Campo et al. 1994; Em-
mert-Buck et al. 1994; Khan et al. 1998a,b). In line with this obser-
vation is the fact that even premalignant gastrointestinal lesions
could be detected by enyzme-sensing molecular beacons (Marten et
al. 2002). Dysplastic colon polyps in aged APCM™* mice serving as
a model for spontaneous adenomatosis coli could be sensitively de-
tected using the cathepsin-B sensing optical probe (Marten et al.
2002). Even lesions in the submillimeter range (50 um in diameter),
which were invisible with white-light inspection, could be visualized
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using this approach. Lesion conspicuity could be significantly en-
hanced compared to visual inspection, yielding a sensitivity of about
96% and a specificity of about 93% (Marten et al. 2002).

Highly invasive cancers have been linked to a higher load of pro-
teases in both clinical and experimental investigations (McCarthy et

Fig. 2A-C. Tumor differentiation with NIRF imaging using protease-sens-
ing probes. Fluorescence reflectance imaging using a cathepsin-B sensing
optical probe. The animal was implanted with a highly invasive (DU4475;
right chest) and a well-differentiated breast adenocarcinoma (BT20; left
chest); light image (A), raw NIRF image (B), and color-encoded NIRF sig-
nal (AU of NIRF-intensity) superimposed on light image (C). Due to a high-
er protease load, the invasive breast lesion activated the probe more effi-
ciently, resulting in a higher NIRF signal of the tumor (B, C reprinted with
permission from Bremer et al. 2002)
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al. 1999; Kanayama et al. 1998; Davidson et al. 1999; Kuniyasu et
al. 1999; Murray et al. 1996; Sakakibara et al. 1999). Therefore,
noninvasive tumor grading might be another application of protease
imaging. In a breast cancer xenograft model, a highly invasive hu-
man adenocarcinoma (DU4475) was tested against a well-differen-
tiated breast adenocarcinoma (BT20; Bremer et al. 2002; Fig. 2). In
accordance with the literature, the protease load (cathepsin-B) of the
DU4475 tumor cells was about 1.7-fold higher compared to the
well-differentiated adenocarcinoma. Fluorescence reflectance imag-
ing (FRI) of the tumors revealed significantly stronger probe activa-
tion by the highly invasive compared to the well-differentiated tumor
(Bremer et al. 2002). A grading of tumor types according to pro-
tease load can therefore be envisioned using protease sensing optical
probes.

Treatment effects of novel protease inhibitors can also be visual-
ized using protease-sensing optical probes (Bremer et al. 2001 a, b).
Nude mice implanted with MMP overexpressing fibrosarcomas
(HT1080) were treated with an MMP-protease inhibitor (AG3340,
Aguron/Pfizer, San Diego, CA) and imaged by FRI using the MMP-
sensing optical probe (see Sect. 9.3). Treatment resulted in a signifi-
cant reduction of protease-induced NIRF signal which could be de-
tected as early as 48 h after initiation of the treatment, long before
phenotypical changes (such as regression of tumor size, rarefication
of vasculature, etc.) can be seen (Bremer et al. 2001b). Thus pro-
tease imaging is a very sensitive means to assess novel antitumor
therapies (Bremer et al. 2001 b).

9.4 Nononcological Imaging

Protease imaging can potentially be applied to imaging the activity
of autoimmune diseases such as rheumatoid arthritis (Ji et al. 2002).
In a model of inducible rheumatoid arthritis, FRI with a cathepsin-B
sensing probe detected inflammatory activity in the joints as early as
20 h after disease induction while clinical manifestations of the dis-
ease were still discrete (Ji et al. 2002).

Inflammatory activity in atherosclerotic soft plaques were re-
cently visualized by FRI using the cathepsin B probe (Chen et al.
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2002). Twenty four hours after probe injection, aortic atherosclerotic
plaques showed strong probe activation in ApoE-deficient mouse
strains that were kept on a Western-style, lipid-rich diet (Chen et al.
2002). There was a clear colocalization of tissue fluorescence and
soft plaques in the mouse aorta. Cathepsin B expression was con-
firmed by immunohistochemistry of plaques sections. Moreover,
thrombin activity was recently visualized using a dedicated throm-
bin-sensitive optical probe (Tung et al. 2002). Since thrombin is a
key enzyme in hemostasis and thrombotic events, a screening for
clotting disorders or thrombosis might be possible with this molecu-
lar sensor (Tung et al. 2002).

9.5 Potential Clinical Applications

With the advent of three-dimensional, quantitative imaging methods
for detection of fluorochrome distribution such as fluorescence-
mediated tomography (FMT; Ntziachristos and Weissleder 2001;
Ntziachristos et al. 2001, 2002a,b), a wide range of clinical applica-
tions of optical imaging can be envisioned (Fig. 3). Numerical simu-
lations based on current laboratory data suggest that FMT can be up-
scaled for human use (Ntziachristos et al. 2002c). Moreover, in a
clinical study combing gadolinium-enhanced MRI with indocyanine-
green-enhanced diffuse optical tomography (DOT), breast lesions
could be optically resolved, which serves as a proof of principle for
the applicability of this concept for human use.

Combining detailed anatomical resolution by MRI or CT with
molecular information generated by optical signatures or contrast
media, respectively, would greatly enhance the sensitivity and, most
of all, the specificity of biomedical imaging. Contrast-enhanced opti-
cal breast imaging will be the first application to come and the first
clinical studies are currently underway. However, other aspects of
cancer imaging can potentially be addressed using FMT and smart
or targeted optical probes including musculoskeletal, head and neck,
and pediatric imaging applications.

Besides tomographic sensors, a combination of endoscopic or la-
paroscopic devices with optical fibers for fluorochrome detection
should be feasible to build. Moreover, handheld scanning devices
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Fig. 3a-i. Fluorescence mediated tomography (FMT). FMT allows for three-
dimensional, quantitative imaging of fluorochrome distribution in vivo. a In-
trinsic light image obtained with reflectance imaging. b Fluorescence image
obtained with reflectance imaging. ¢ Superposition of b onto a after threshold
application. d MRI axial slice at the level of the uppermost FMT slice ac-
quired, with an arrow denoting the tumor location. e MRI sagittal slice with
lines denoting the three-slice volume segmentation assumed by FMT. A fibro-
sarcoma was implanted in the mammary fat pad of a nude mouse. An arrow
denotes the tumor location. f-h Reconstructed FMT slices. The outline of
the axial MRI slice is shown superimposed in f for registration purposes. i Vol-
ume rendering of the FMT dataset (red). Blue spheres denote the locations of
the most superior ring of detectors. Note that three-dimensional, quantitative
assessment of fluorochrome distribution is feasible using FMT (reprinted with
permission from Ntziachristos et al. 2002 a)
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comparable to ultrasound probes may be useful to screen for superfi-
cial fluorochrome detection.

In summary, optical imaging techniques provide excellent tools
for probing molecular information in vivo both for experimental and
clinical applications.
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