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Abstract
The recent emergence of optical imaging has brought forth a unique challenge for chemists:
development of new biocompatible dyes that fluoresce in the near-infrared (NIR) region for
optimal use in biomedical applications. This review describes the synthesis of NIR dyes and the
design of probes capable of noninvasively imaging molecular events in small animal models.
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1. INTRODUCTION
Fluorescent light is a natural phenomenon that has been known by humans for thousands of
years. This fascinating event has been employed in many areas of research including the
fields of chemistry and organic photochemistry for explaining reaction mechanisms and
identifying other reactive intermediates such as carbenes, radical pairs, and singlet oxygen.
It has been used in the areas of supramolecular chemistry, host-guest chemistry, and physics,
especially for studying the electronic vibration of molecules. It has also found use in high
technology research such as information processing, biophotonics, and optical data
recording in the past decade. One of the latest applications of this phenomenon is in the
biomedical imaging of disease. Optical imaging is an emerging technology, thanks to
several research breakthroughs from a number of scientific areas including fluorescence
technology, biology, and chemistry. Furthermore, the field is greatly indebted to the
development of laser technology and physics, specifically for the invention of the CCD
camera. Optical imaging has increasingly become a more favorable research tool as an
alternative to other techniques.

In vivo optical imaging makes use of molecular probes to visualize the underlying
mechanisms of biological processes at the cellular and molecular levels. In general, an
optical probe is comprised of an active biological component tagged with one or many
fluorophores. The mode of construction of the molecular imaging probes relies on the
creativity of chemists. The attachment of fluorophores onto biological factors is diverse and
can be exploited to exert the best reporting mechanism depending upon the study design. For
example, using fluorescence resonance energy transfer (FRET) methods, researchers have
created a conditionally activated fluorescent signal to gauge enzyme activity.[1] Other
researchers have developed innovative methods to manipulate the intrinsic structures of dyes
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to provide logically activated modes that are indicated by enhanced quantum efficiencies,
shifted spectrums, and/or altered fluorescence lifetimes.[2] Despite the large number of
optical probes reported in the past few decades, they can be classified into three categories:
targeted probes, topologically activated probes, and FRET probes.

Since scattering and auto fluorescence are prominent in living systems, it is imperative to
tune the in vivo imaging parameters away from potential interference from endogenous
fluorescence factors and into the near-infrared (NIR) spectral region (650-900 nm). NIR
fluorescence imaging offers a considerable advantage over imaging in the visible range. Not
only does it help to enhance the signal-to-noise ratio, but fluorescent labels associated with
the NIR emission wavelengths also penetrate deeper into tissue than those associated with
blue emission wavelengths. Owing to its excellent sensitivity and temporal resolution,
optical imaging in the NIR window provides enormous potential for detecting diseases and
monitoring therapy non-invasively. Furthermore, it allows for the assessment of treatment
efficacy and thereby facilitates the potential to adjust and customize treatment in vivo.

While the importance of optical imaging in biomedical research is increasingly recognized,
its usefulness is limited by the chemical synthesis of fluorescent probes. Unfortunately, there
is very little reported literature that shows comprehensive information on probe development
and subsequent application. In this review article, we hope to fill that gap by describing the
fundamental design and synthesis of common fluorescent dyes that are currently used in
molecular imaging. In the following sections, we will describe how probes are assembled
onto biologically compatible scaffolds to create optical molecular probes. Finally, we will
discuss the applications of these molecular probes for imaging a number of disease models
in small animals.

2. FUNDAMENTALS OF FLUORESCENCE
When a small organic chromophore absorbs light, the molecule will excite from the ground
state of the atom, S0, to a higher energy level excited state (mostly S1 and sometimes S2).
Immediately, it will relax and return to the ground state via several mechanisms that depend
on the structure of the molecule. In general, the cascade of electrons to the S0 state follows a
radiation or radiationless pathway. In the latter mechanism, electrons move from the S1
energy level to S0 via internal conversion or intersystem crossing, thereby generating heat.
The radiationless mechanism can be exploited in the field of photochemistry by creating
highly strained organic molecules. The excited molecule relaxing to the ground state is
associated with new bond formation due to changes in the molecule’s electronic
configuration. In the radiation mechanism, the direct return of the excited electrons from the
S1 to the S0 energy state emits fluorescent light at a wavelength corresponding to the energy
difference of the two energy states. Because of this relationship, the atomic absorbance and
emission spectra are usually mirror images of each other. The energy of emission is lower
than that of excitation, which results in a longer wavelength than the excitation light. The
peak difference between the excitation and emission spectra is called the Stokes shift. For
cyanine dyes, the Stokes shift is very narrow and typically falls somewhere in the range of
30 nm. On the other hand, rhodamine dyes have much larger Stokes shift. In general,
fluorescence intensity is proportional to the total number of fluorophores in the excited state.
It is extremely sensitive to the surrounding environment, and therefore can be used to
provide valuable information on biological processes. Environmental changes such as ion
concentration, hydrophobicity, and pH can alter not only quantum efficiency, but also the
actual spectra of the fluorophores.[3]
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3. FLUORESCENT DYES
There are a large number of fluorescent dyes available for use in microscopy,
immunohistology, and other high technology research. These dyes have extended
conjugated carbon chains embedded in their chemical structures. The molecules are able to
absorb light energy and emit light of a different color. According to molecular orbital
theory, this phenomenon occurs due to electron transitions from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). The
emission wavelengths of organic dyes can be fine tuned to emit light of longer wavelength
by incorporation of an electron sink within the molecule that allows for delocalization of π
electrons along the unsaturated chain.[4] Even though NIR dyes have been developed for
many years for use in high technology fields, just a handful of them have found use for in
vivo applications.

The development of NIR fluorescent dyes has played a critical role in the optical imaging
field, allowing it to become an increasingly important contributor to imaging science. In
contrast to the classical application of fluorescent dyes in other technologies; the design of
fluorescent dyes for in vivo applications needs to incorporate several important criteria
including (1) water solubility, (2) structural and chemical stability, (3) NIR fluorescence, (4)
high quantum yield and last but, not least (5) a functional group for bioconjugation.

The chemical syntheses of fluorescent dyes have been well developed over the past few
decades. A large part of the current knowledge base is a result of fundamentals discovered
during the last half of the century.Novel reaction mechanisms have been developed that are
paving the way for the rational design of more synthetically demanding dyes. In the narrow
context of this review, we are going to highlight the fundamental design of two major
families of dyes, namely the cyanines and rhodamines. The discussion focuses on the impact
of their design for molecular imaging research and their potential capability for use in in
vivo imaging. Efforts to improve their performance in biological applications will also be
emphasized.

3.1. CYANINE DYES
Cyanine dyes are a large family of dyes that, in general, contain an unsaturated carbon chain
linked by heterocyclic rings such as, but not limited to indole, quinoline, isoquinoline,
benzothiazole, and benzooxazole. These ring systems play an important role in the final
characteristics of the dyes. Additionally, these rings serve as a critical framework to fine-
tune the photophysical properties of the dyes. Modification of the rings enhances the
feasibility of the dyes for biological use by helping tune the emission wavelength of the dye
into the NIR region. The color of the dye is generated by electron propagation along the
polymethine moieties bridging the heterocyclic ring system. The quaternary amines on the
rings act as electron sinks. As shown in Fig. (1), the wave function of polymethine cyanine
dyes has equal contributions from two cationic resonance structures. What makes cyanine
dyes unique compared to other dyes is their flexible chemistry that allows for modifications
at many possible positions on the carbon backbone. These modifications allow for (1) the
fine-tuning of the absorbance wavelengths as precisely as possible, (2) enhanced solubility,
(3) chemical stability, and (4) functionalization.

Condensation reactions are a major synthesis pathway for the production of cyanines. For
example, one of the early syntheses of hemicyanine dyes, Basic Yellow and its analogs were
based on the condensation of Indole Fisher aldehydes with anilines in the presence of acetic
acid.[5] Under these conditions, the rate-determining step of the reaction is the nucleophilic
attack of the free amine on aniline with the carbonyl group of the Fisher base aldehyde.[6]
Therefore, aniline was used in excess compared to the aldehyde in order to assure reaction
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completion via pseudo-first-order conditions. The concentration of acetic acid plays a
crucial role in this condensation reaction. A high concentration of acetic acid decreases the
free amine concentration and increases the amount of protonated amine. The protonated
amine reduces the chance of nucleophilic attack toward the electrophilic carbon on the
aldehyde by free amine. Such dyes were used in imaging cell membrane potentials and as
intracellular pH sensors.[7]

A second condensation reaction used to make cyanines employs orthoester intermediates
and reactive methyl groups on heterocyclic aromatic rings. One of the earliest reactions
performed by Konig et al. at the beginning of the last century involved the condensation of
benzothiazolium, a quaternary ammonium salt, with triethyl orthoformate in the presence of
sodium tetrafluroborate (Fig. (2)). The blue-violet prism shaped product was collected by
recrystalization resulting in an overall yield of 70%.[8] This approach is generally employed
for synthesizing any trimethine cyanine dyes (Cy3), not only those with benzothiazole rings,
but ones made with other ring systems such as N-alkylquinoline, N-alkylpyridine, and N-
alkylbenzazole are also possible. The emission λmax of most trimethine cyanine dyes
extends below 600 nm, and the molar extinction coefficient is high enough for use in
microscopic or in vitro imaging. However, they are not suitable for in vivo studies given the
limited tissue penetration of visible light and the high background fluorescence signal
caused by intrinsic biological materials such as hemoglobin and others that can emit light in
the visible spectrum (400-600 nm).

In an effort to develop polymethine cyanine dyes that absorb longer wavelengths for in vivo
imaging applications, several studies have focused on polyenes since each double bond
enhancement in this region would increase the bathochromic shift (sometimes called
vinylene shift) by ~100 nm.[9] This feature shows the advantage of cyanines compared to
other dyes where tuning is contingent upon the expansion of the aromatic rings. Several
lines of research have demonstrated that addition of an aromatic 6-membered ring would
shift the absorbance by approximately 20 nm.[9] The major drawback to this approach is the
increased hydrophobicity of the resulting compound.

Various NIR polymethine dyes became available at the beginning of the 1930s and proved
very useful in photographic sensitization up to 1300 nm.[4] It was not until a few decades
later that biologically useful NIR dyes were developed with reasonable chemical
accessibility. To generate dyes with a bathochromic shift, a number of innovative
chemistries have been developed to generate extended and reactive unsaturated carbon
chains. For example, Mujumdar et al. reported the synthesis of NIR polymethine cyanine
dyes employing polyene intermediates with longer carbon chains.[10] The key intermediate
underlying this pioneering approach for making dyes for in vivo imaging was the synthesis
of indoleninium-5-sulfonate from p-hydrazinobezenesulfonic acid and methyl isopropyl
ketone by Fisher indole condensation. Condensation of an indolenine intermediate with
malonaldehyde dianil salt or glutaconaldehyde dianile salt resulted in NIR cyanine dyes. The
sulfonate-associated cyanine dyes have SO3

- groups at the 5 and 5’ positions to enhance
their water solubility. Incorporation of multiple sulfonate groups in the dye structure not
only increases water solubility, but also improves the brightness of labeled products in
biological medium resulting from the minimization of dye aggregation and the reduction of
nonspecific binding to cellular constituents. The dyes are pH insensitive, making them
suitable for in vivo applications.

The choice of dye end groups can also contribute to the dye spectra. Dyadyusha and
Kachkovskii et al. developed a clever set of rules based on topology to explain how to tune
the color of dyes.[11] Using the molecular orbital perturbation theory, paying particular
attention to π-electrons of aromatic end rings, the absorbance of a cyanine dye is not only

Nolting et al. Page 4

Curr Org Synth. Author manuscript; available in PMC 2011 August 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



affected by polymethine bridges, but also by the electron-donating power and the effective
length (L) of the terminal groups. Altogether, it seems the combination of extending the
polyenes, together with the electronic effect, play a key role in the design of compact NIR
dyes for in vivo imaging. To illustrate the power of using the electronic effect on cyanines,
Pham et al. developed two distinct azulene-based NIR dyes.[12] Even though the two dyes
have an equal number of unsaturated carbons, the electron-donating group of guaiazulene at
the aromatic end of the ring helped to red-shift the dye up to 50 nm. Thus, this rule is a
powerful tool for tuning the wavelength of NIR dyes as shown in Fig. (3).

For most biological applications, the stability of fluorescent dyes is crucial for sustaining
their functions over the course of a study. This issue is worth mentioning, particularly for
cyanine dyes, given that most of the polymethine bridges connecting the heterocycles of
cyanines are linear carbon chains with the potential for rotation or flip-flop of the end rings
thereby destroying the dye. The issue becomes more problematic when the dyes need to be
tuned for NIR wavelengths. To overcome this drawback, Reynolds et al. proposed making
the polymethine chain rigid by incorporating the methine groups into a cyclic frame, thus
minimizing rotation.[13] This work demonstrated that five- and six-member rings in the
methine groups make the dyes a hundred-fold more stable than their linear counterparts.

Polyene Modifications—Symmetrical synthesis of polymethine cyanine dyes are highly
preferred because purification would be very complicated and time consuming otherwise.
However, if the end groups have been incorporated with a handle for conjugation,
symmetrical synthesis results in dyes with two activating groups, which may result in cross-
linking of different amino groups on the same target or on different targets.[14] One solution
to resolve this drawback is asymmetrical synthesis.

Nonetheless, experience from past studies shows that asymmetric synthesis usually results in
low yields, and the by-product, specifically the symmetric dyes, mix with the desired
product making purification a challenging task.[15] Altogether, efforts have focused on the
modification of the polymethine for bioconjugation. This focus enables symmetric synthesis.
Furthermore, it allows for incorporation of sulfonate groups to increase water solubility.
Shan et al. reported a novel approach for making monofunctional pentamethines by
incorporating functional groups into malonaldehyde dianil intermediates.[16] The
malonaldehyde dianil derivatives were prepared via carboxylic acid intermediates, which
were synthesized from methyl 5,5-dimethoxyvalerate by the Vilsmeier-Haack-Arnold
mainoformylation followed by basic hydrolysis. This chemistry enables the incorporation of
a number of common functional groups such as carboxylic acids, alkynes, or azides. The
latter allows for coupling of dyes to biologically relevant molecules via “click” chemistry.

Modification of the polymethines can serve several different purposes. Pham et al. modified
the polymethine aiming to develop large Stokes shift dyes for multiplex imaging.[17] In this
work, the nucleophilic substitution (SNR1) at the central vinylogous halide carbon (C(sp2)-
X) by an amine moiety from an alkylamine contributes to the intramolecular charge transfer
(ICT) process.[18] As a result, the perturbation of the electronic effect causes an apparent
hypsochromic shift. This shift causes a large Stokes shift of approximately 150 nm, which
allows for the use of this dye along with other conventional NIR fluorophores for imaging
multiple targets in one environment (Fig. (4)).

So far, all of the condensation reactions discussed above provide cyanines with an odd
number of methine carbons. It is possible to synthesize cyanines with an even number of
methine carbons, also known as merocyanine dyes. For this particular chemistry, it is
necessary to have an activated methylene group on a heterocycle, which acts as a
nucleophile and reacts with another activated polymethine (Fig. (5)). As a result,
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merocyanines usually have asymmetric structures. There are three unique differences
between these dyes compared to other cyanine dyes. First, merocyanines are uncharged
colored molecules (sometimes referred to as neutrocyanines). Second, they contain electron-
withdrawing and electron-donating substituents on their end rings, and third, the degree of
aggregation of merocyanines in solvent is typically less profound when compared to the
corresponding cationic polymethines. Although merocyanine dyes have not been used in
molecular imaging, they have been used as fluorescent probes for the determination of
polarity gradients in biological media, intracellular pH, microviscosity of membranes and
biopolymers, and as markers for specific biological sites.[19] It is worth mentioning their
potential for use as contrast agents for in vivo imaging since the tuning of the emission
wavelengths of these dyes into the NIR region is simple and robust. For example, with a
very compact structure, merocyanines emit at very long wavelengths extending into the NIR
region when dissolved in polar solvents. Moreover, the photophysical properties of these
dyes are very sensitive to changes in the electronic effects on the end groups. Therefore,
merocyanines have wide applications in high technology. Some of the most well known
examples of the merocyanines are the Spiropyrans (Fig. (6)). This family of compounds has
found wide application in memory switches[20], logic devices[21], displays, non-linear
optics, and other nanodevices given their ability to conditionally control switching from the
neutral, closed form to the charge-separated merocyanine isomer.

Because of the nature of an asymmetric molecule, the syntheses of merocyanine dyes that
contain electron donors and electron acceptors on the ends of polyenes often encounter
multiple challenges. The synthesis of these compounds requires careful design in order to
minimize undesired products of symmetric cationic or anionic dyes. The problems become
particularly more challenging when synthesizing merocyanines with long polyenes. Not only
are there a large number of side reactions and difficulties with product isolation, but the
scarcity of the starting materials is also a concern.[22] However, tetramethinemerocyanines
and hexamethinemerocyanines can be synthesized using commercially available
malonaldehyde and glutaconaldehyde derivatives, respectively.

3.2. RHODAMINE DYES
Rhodamines and oxazines have honeycomb-like structures since they are architectural
clusters of hexagonal frameworks formed by conjugated π-systems. Because of their
structure, this super family of dyes exhibits notable photostability and photophysical
properties when compared to other families of dyes. Many rhodamines found use in a
number of biological studies even before the arrival of molecular imaging such as in
microcopy, histology, and as molecular switches[23]. Some well known versions have
common names like rhodamine 6G, rhodamine B, Alexa dyes, TAMRA, and Texas Red.

Simple rhodamines can be synthesized using condensation reactions between phthalic
anhydride and m-aminophenol in the presence of concentrated sulfuric acid (Fig. (7)). A few
unique physical characteristics that make rhodamines different from cyanines include high
absorption coefficients, larger fluorescence quantum yields, and broad fluorescence in both
the visible and NIR regions.[24] Another interesting feature of rhodamines is the
relationship of the structural amino end groups towards temperature, pH, or polarity. This
phenomenon is explained by non-radiative deactivation by internal conversion. Internal
conversion has both activated and non-activated components.[25] If the end amino groups
on rhodamine carry none or only one alkyl substituent at each nitrogen, or when the amino
groups are rigid, the activation process is absent and the quantum yield of these dyes is very
high and independent of temperature. However, N-dialkyl substitution introduces a
dominant, activated internal conversion. As a consequence, the quantum yield and
fluorescence lifetime varies with temperature.[25]
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The capability to switch fluorescence on and off upon modification of the amino groups
make rhodamines versatile probes for in vitro analysis by a number of important biological
assays. In this construct, the free amino groups are acylated with specific substrates for
proteases, caspases, and other kinds of enzymes such as esterases. The fundamental
underlying design is that when the amino groups are acylated, rhodamine converts into a
lactone due to the rearrangement of the π-conjugated system. The fluorescent signal
intensity of rhodamine is reduced significantly when the dyes are locked in the lactone form.
For example, Chandran et al.,[26] recently developed activated rhodamines by acylation of
the 3- and 6- amino groups with a “trimethyl lock” to quench the fluorescence (Fig. (8)).[26]
The “trimethyl lock” strategy employs the use of strain to enhance reactivity. The o-
hydroxycinnamic acid introduces unfavorable steric interactions between the three methyl
groups which induces facile lactonization to form a hydrocoumarin.[27] By treating these
latent probes with Hela cells, the intra-cellular esterase removes the acetate moiety and
triggers delactonization resulting in enhanced fluorescence.

For imaging applications, rhodamines are designed with functional groups to meet certain
parameters. The functional groups shift the emission of the dyes into the NIR range and
make the dyes more soluble. The usual method for making functionalized rhodamines is by
the condensation reaction between m-aminophenol and trimellitic anhydride. This reaction
produces isomeric products where the carboxylate group is derivatized at either the 4’ or 5’
positions. The dyes are activated as succinimidyl esters using dicyclohexyl carbodiamide
and N-hydroxysuccinimide. However, it is apparently more difficult to develop rhodamines
with isothiocyanates as an amine-reactive group. In this approach, Riggs et al.[28]
demonstrated the synthesis starting with the condensation reaction between m-
diethylaminophenol and p-nitrophthalic anhydride (Fig. (9)). The nitro group from the
product was reduced to an amine that was further converted to isothiocyanate using
thiophosgene.

Perhaps one of the biggest breakthroughs in the development of rhodamines for in vivo
applications stems from the work of Lefevre and Haugland et al. on the modification of
Rhodamine Red-X© from Texas Red sulfonyl chloride and rhodamine B sulfonyl chloride.
[29] The dyes have strong red fluorescence, chemical stability, and water solubility. These
rhodamines are unique in that the carboxylic group at the 2’ position is removed so the dyes
are always locked in the strongly fluorescent mode. In addition, attaching a linker for
bioconjugation through the sulfonyl chloride helps reduce instability that the precursor dyes
usually encounter. The authors demonstrated the versatility of the dyes by activating them as
either a succinimidyl ester or a maleimide for labeling amine or sulfhydryl groups,
respectively.[29]

Due to the intrinsic nature of their structure, it is more demanding to tune rhodamines to
extend their emission wavelength into the NIR region compared to cyanines. One of the
reasons researchers hesitate to expand the rings in the backbone of rhodamines is because
they will become much more hydrophobic. To overcome many of the shortcomings
associated with ring expansions, Sauer et al.[30] demonstrated that incorporation of CF2 in
place of the aromatic ring at position 9 on the xanthene backbone helps shift the dye to
longer wavelengths (Fig. (10)). It was also found that placement of two additional double
bonds into the outside rings help to create a promising NIR feature and a greater than 30 nm
bathochromic shift compared to comparable molecules that do not possess the extra olefins.

4. Optical Imaging Probes
Optical imaging is one of just a few imaging modalities at the forefront of in vivo molecular
imaging research. Optical in vivo molecular imaging techniques refer to the imaging of light
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photons with charge-coupled device (CCD) cameras that allow for imaging of light both
within and outside the visible range.[31] Compared to other imaging modalities, optical
imaging techniques are cost effective, widely available, and do not involve any form of
ionizing radiation. The most often used optical techniques for in vivo imaging are
bioluminescence and fluorescence intensity imaging (FII).[31] Bioluminescence refers to the
production and emission of light by a living organism. This naturally occurring, inherent
chemiluminescent reaction is used in imaging to follow enzymatically mediated chemical
reactions in vivo that produce light.[31] FII on the other hand, uses injected or applied
fluorophores that are stimulated to fluoresce by an exogenous light source.[31] FII is more
applicable to potential clinical use due to the fact that bioluminescence methods involve
gene transfer techniques that result in cross species proteins.[31] Therefore, this section will
focus on FII and the wide range of molecular probes that have been developed for this
optical imaging technique.

FII is very sensitive, and as little as 10-9 to 10-12 molar concentration of a probe can be
imaged.[31],[32] FII also has very good spatial resolution (2-10 mm).[32] FII can
incorporate the use of a wide range of fluorophores that are available (including GFP, RFP,
NIR fluorophores, and quantum dots), with emission spectra ranging from the visible
spectrum (390-650 nm) to the near infrared (650-900).[32] Most fluorescent-based probes
display only modest fluorescence changes, which leads to insufficient resolution. This
insufficient resolution is a result of low fluorescent signal amplification and poor selectivity
of the imaging probe for the molecules or events of interest.[33]

Progress in the field of optical imaging is becoming more and more dependent on the
development of novel imaging probes.[33] Strategies that amplify the fluorescent signal and/
or boost specific target recognition properties are driving the development of highly
sensitive fluorescence-based imaging probes.[33] In recent years, fusing of fluorophores
with materials such as peptides, polymers, and different metals has increased the pool of
available imaging probes.[33] Optical imaging probes can be lumped into two generalized
groups: probes that can be targeted and those that can be activated. Targeted probes
accumulate at a region of interest (Fig. (11)). Therefore, the signal of the probe increases
over time, but they are always “on”. Activated probes are those that can be turned “on” or
“off”, usually through some type of quenching mechanism (Fig. (12) and (13)). Activated
probes may also be referred to as “smart” imaging probes. The vast majority of in vivo
optical imaging probes fall into the latter category.

4.1. Targeted optical probes
There are broad arrays of exogenous fluorescent dyes that are available to make optical
imaging probes. NIR cyanine-based dyes are the most commonly used for in vivo FII.
Indocyanine green (ICG) is the only NIR fluorescent dye currently approved for use in
human subjects.[34] ICG is a nonspecific contrast agent that does not have reactive
functional groups that would allow it to be conjugated to biological carriers to enhance its
target selectivity in vivo. However, it can be used to image the lymphatic system. Rasmussen
et al. has shown that ICG, which can be excited between 760 and 785 nm and fluorescence
imaged between 820 and 840 nm, can be used to passively image the lymphatic system in
human subjects.[35] More selective imaging probes of the lymphatic system will be
described later in this review.

Although ICG is nonspecific, analogs of ICG have been synthesized which allow them to be
conjugated to biological carriers.[36] These functionalized fluorescent probes allow
researchers to obtain tissue-specific or molecular information with an optical contrast agent.
[37] Many carriers can be used to impart molecular selectivity to fluorescent optical dyes.

Nolting et al. Page 8

Curr Org Synth. Author manuscript; available in PMC 2011 August 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Peptides, proteins, antibodies, and aptamers have all been used in the synthesis of targeted
fluorescent optical probes.[38]

For example, early studies observed the behavior of synthesized ICG analogs conjugated to
peptides that were targeted to somatostatin and bombesin receptors.[36] This approach
resulted in the compounds being preferentially localized over the course of 24 hours in
tumors known to over-express somatostatin and bombesin receptors.[36] Moon and Tung et
al. decided to target folate receptors (FR) since they are overexpressed in many cancers.[39]
Using the NIR fluorophore NIR2, the group showed that the FR targeted probe significantly
increased tumor fluorescence intensity and contrast compared to normal tissue when
compared to the nontargeted fluorescent dye.[39] Another group used this same method to
develop a NIR dye-labeled hexapeptide, Cyp-GRD, that was formulated to target non-small
cell lung cancer cells (A549) in a whole-body fluorescent lifetime imaging study in mice.
[34]

In a different approach, Pham et al. developed a novel water-soluble cyanine dye that
incorporated a cyclic polymethine.[15] This dye was conjugated onto a peptide capable of
targeting the uMUC-1 antigen. In vivo NIR optical imaging on tumor bearing athymic nude
mice (tumors induced from injection of human pancreatic adenocarcinoma cells) was
performed and the fluorescence signal was found to be 2.5 times greater in the tumors versus
muscle (Fig. (14)).

Lysosomes have also been targeted with fluorescent optical probes to potentially elucidate
their role in cancer.[40] Recent studies have shown that NIR probes conjugated onto
glucosamine have selectivity for lysosomes.[41] These NIR fluorescent glucosamine-bound
probes demonstrated selective accumulation in lysosomes in human breast cancer tumor
xenografts.[40]

Another tactic for making peptide-dye conjugates has been to use the dye as the scaffold and
attach multiple proteins to it. A recent study made use of multimeric RGD peptide-dye
conjugates to target αVβ3 integrin receptors.[42] Using the ICG analog cypate, they were
able to conjugate one or two RGD peptide chains with each chain containing up to four
linear RGD units. In vitro binding assay results showed that the binding affinity of linear
RGD peptide-dye conjugates increased with a greater number of RGD units and was similar
to control and cyclic RGD peptide conjugates.[42] In vivo results showed that probes with
greater binding affinities localized in tumors faster, but after 24 hours, low binding
compounds were also retained in the tumor.[42]

Tagging technology has also been used to make fluorescent peptides and proteins.[43], [44]
Using a linear, random 7 amino acid phage display library, Kelley et al. were able to
determine a peptide sequence (IQ-tag) that had subnanomolar binding affinity for a variety
of (benz)indolium fluorophores.[43] They envision the IQ-tag system will be amenable to a
number of different modalities and will find use in site-specific protein expression and cell
tagging applications to name a few. Other studies have used the dehalogenase-based protein-
Tag (HaloTag) system to image cancer in vivo.[44] Introduction of highly expressed
HaloTag receptors in cancer cells followed by an external injection of fluorophore-
conjugated dehalogenase-targeted linkers allowed for successful in vivo cancer imaging. In
fact, the HaloTag system can be used for practically every step of cancer imaging studies:
from in vitro validation and quantification of receptor expression to in vivo imaging and ex
vivo histological analysis.[44] Since there are a wide range of fluorophores that can be
attached to the reactive linker, an optimal color can be selected to meet the requirements of
whatever experiment is being performed. The HaloTag system allows the tumor to be
imaged at various wavelengths without changing the underlying tumor model.[44]
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Targeted optical imaging probes have more uses than just detecting tumors. Many groups
have shown fluorescent optical probes to be useful in visualizing antitumor treatments.
Apoptosis is a programmed cell death process in multicellular organisms that plays a key
role in the pathogenesis of many disorders.[33] Due to the fact that many effective
antitumor/anticancer therapies initiate apoptosis, non-invasive methods to detect the
progression of apoptosis could clinically assist in determining whether chemotherapy
regimens are working appropriately.[33] Conjugation of fluorescent Cy5.5 dyes to annexin
V allows for the imaging of cell death resulting from tumor response to chemotherapy.[45],
[46] Labeling annexin V with NIR700 dye allowed for imaging tumor response to
trastuzumab in mouse models of HER2-overexpressing breast cancer.[47]

Tracking of cells and mapping of the lymph node system can also be accomplished using
targeted fluorescent optical imaging probes. Pham et al. recently showed that dendritic cells
can be tracked in vivo using FITC conjugated to a myristoylated polyarginine peptide.[48]
This peptide sequence has also been shown to cross the blood-brain barrier with a
fluorescent dye (Cy5.5) payload and remain intact.[49]

As stated previously, the lymphatic system has been imaged with ICG.[35] However, in
order to image multiple lymph nodes at one time, a multicolor nanoprobe has been
developed. Building upon a generation-6 PAMAM dendrimer scaffold, five different NIR
fluorophores were conjugated onto dendrimers resulting in fluorescent probes with nearly
identical size and chemical characteristics.[50] Only one specific fluorescent dye was
attached to each dendrimer with at most four dye molecules conjugated onto each scaffold in
order to minimize dye self quenching. By using three different excitation filters, the five
distinct fluorescent dyes used could be differentially excited simultaneously and the
lymphatic drainage of the head and neck region of mice could be imaged in vivo.[50]

An interesting use of fluorescent optical imaging probes is their use in the optical imaging of
bacterial infections. It was recently discovered that zinc (II) dipicolylamine (Zn-DPA)
coordination complexes have a high affinity for the anionic surfaces of bacterial cells and
apoptotic animal cells.[51] Studies have shown that a NIR fluorophore attached to Zn-DPA
ligands can stain bacterial cells in vitro and selectively target them in vivo.[51], [52]

There are wide ranges of targeted fluorescent optical imaging probes being developed.
These techniques allow for highly specific targeting using low amounts of fluorophores.
However, these techniques may not have the best signal-to-background ratio since non-
bound probes are also fluorescent and therefore contribute to background noise.[37], [32],
[38]

4.2. Activated optical probes
Alternative strategies employed to impart molecular selectivity into optical imaging contrast
agents is to design activatable probes. These probes interact with the intended target and
undergo a chemical reaction or conformational change causing the probe to switch from a
weakly fluorescent state to a strongly emitting form.[37-38] A number of mechanisms can
impact the emission of a fluorophore: (1) photon-induced electron transfer (PeT), (2)
fluorescence resonance energy transfer (FRET), and (3) self-quenching to name a few.[31]

The PeT mechanism involves the silencing of a fluorophore via electron transfer from a
donor to acceptor fluorophore where the donor and acceptor are part of the same
fluorophore.[53] While useful, PeT probes will not be discussed further in this review. A
more common approach to developing activatable probes is the combining of a fluorophore
and a quencher which fluoresces when activated by spatial separation.[31] This approach
involves the FRET or self-quenching mechanisms. FRET results from the nonradiative
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transfer of energy between a donor (dye) and an acceptor (dye or quencher) to prevent the
radiative transition of an electronically excited dye which usually results in fluorescent
output.[33] Similarly, many fluorophores can self-quench if conjugated to the same targeting
substrate in close proximity.[31]

4.2.1. Topologically Activated Probes—Recent studies have investigated the potential
use of NIR fluorescent probes in neuroimaging, particularly for the imaging of amyloid-beta
(Aβ) plaques.[54], [2], [55] Optical probes for neuroimaging must meet certain requirements
similar to the fluorescent probes already mentioned. However, they must also be able to
rapidly cross the blood-brain barrier (BBB) after intravenous injection.[54] In order to enter
the brain, the fluorescent optical imaging probes must be relatively small (approximately
600 Da) and relatively lipophilic (and therefore, should not bear ionic groups).[54], [55] To
meet these criteria, small organic dyes having substantial conformational freedom while free
in solution have been developed. The dye remains in its quenched “off” state while unbound
and conformationally free. However, upon binding to Aβ, the dyes become conformationally
restricted. The increase in rigidity of the dye upon binding decreases vibrational-rotational
processes coupled to ground and excited states, decreases the radiationless decay rate, and
increases the fluorescence quantum yield of the bound molecule.[54]

Using known Aβ-staining compounds such as Congo Red and Thioflavin T as guides,
Bacskai et al. have designed small organic dyes suitable for in vivo imaging of Aβ by
utilizing a push-pull architecture with terminal donor and acceptor moieties that are
interconnected with a highly polarizable bridge.[54], [2] By inserting various donor and
acceptor groups, they are able to manipulate the relative energies of the HOMO and LUMO;
better donor and acceptor pairs led to a smaller HOMO-LUMO gap and to the desired
absorption/emission bands.[54]

Other studies have found that modifications to the structure of Curcumin also led to
fluorescent organic dyes that target Aβ plaques.[55] Incorporating a difluoroboronate group
and N,N’-dimethyl groups in place of the phenolic hydroxyls of Curcumin, Ran et al. were
able to synthesize an organic molecule with red-shifted absorption and emission upon
binding to Aβ40 aggregates.[55]

Topologically activated probes have also been developed to image enzyme activity. For
instance, Ras proteins play important roles in many cell signal transduction pathways
including those involving cell division cycles, programmed cell death, and differentiation. It
has been reported that misregulation of Ras proteins is responsible for 90% of pancreatic,
50% of colon, and 30% of lung and breast cancers.[56] The proteins must be localized to the
inner surface of the plasma membrane which occurs via post-translational modification
mediated by farnesyl protein transferase.[56] Pham et al. exploited this post-translational
modification using dansyl and dapoxyl dyes that show strong fluorescence emissions in
organic solvents, but very weak emissions in water. Studies showed that conjugation of the
dapoxyl dye to the N-terminus of the Ki Ras-B peptide sequence followed by farnesylation
in an enzyme assay resulted in a 2-fold increase in fluorescence signal compared to a control
probe.[56]

4.2.2. FRET Probes
Small Molecule FRET Probes: A common approach to activatable probe development is
combining a fluorophore (donor) and quencher (acceptor) (FRET mechanism). In the case of
peptides, the fluorphore and quencher are attached to opposite ends of the peptide linking
them. These probes are activated by target biomolecules that induce cleavage or recognition,
which in turn generates amplified fluorescence signal by increasing the physical distance
between the dye and quencher.[31], [33]
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Imaging of protease activity seems to be the major use for FRET activated fluorescent
imaging probes. Pham et al. recently designed a low molecular weight peptide-based NIR
fluorescent probe designed primarily to sense tumor associated matrix metalloproteinase
(MMP-7) activity (Fig. (15)).[1] Using a NIR fluorophore they had synthesized (NIRQ820)
[12b], they found it was an efficient quencher for the commercially available fluorophore
Cy5.5.[1] After attaching Cy5.5 and NIRQ820 onto a core MMP-7 substrate, they found that
the probe was 7 times more fluorescent after enzymatic degradation in an MMP-7 biological
model.[1] The Matrisian group built upon these concepts with larger molecules, which will
be discussed later. Pham et al. also designed a caspase-3 activatable peptide-based probe by
directly attaching a synthesized nonfluorescent azulene quencher (absorbance of 750 nm)
and Alexa Fluor 680 onto a cleavable peptide substrate.[57] Treatment with caspase-3
induced over a four-fold increase in fluorescent signal while no activation was observed in
the presence of a caspase-3 inhibitor.

Most MMPs reside in the extracellular space. Therefore, MMP-activatable probes can be
used to target the tumor microenvironment rather than the cells themselves.[33] In recent
studies, cell-penetrating peptides (CPPs) have been used to image proteolytic activation in
tumors.[58] These cell-permeable extracellular probes are selectively activated near cancer
cells and then transported into near-by cells.[33] Tsien and colleagues used this strategy and
designed activated CPPs (ACPPs) composed of a polycation and a polyanion that were fused
together with a cleavable linker. The polycation sequence was able to penetrate the cell
membrane along with attached cargo (in this case a Cy5 dye), but the attachment of a
polyanion sequence effectively neutralized the effect via electrostatic interactions. When
neutralized (in the absence of MMPs), uptake was effectively blocked. In the presence of
MMPs the linker was cleaved, freeing the polycation from the polyanion, and the Cy5
payload was thus internalized by the cell. These ACPPs successfully identified tumors
overexpressing MMP-2 and -9.[58] It was theorized that FRET pairs can be attached to the
termini of the peptide with the quencher on the polyanionic sequence and the fluorophore on
the polycation.

Similar studies have used intracellular protease-mediated fluorescence activation and
retention as a molecular imaging strategy. This strategy is similar to the ACPPs discussed
previously, except that the membrane permeable peptide remains in a quenched state free to
travel into and out of cells in the absence of a target enzyme. Upon intracellular proteolysis,
the charged fluorescent tag is cleaved from the permeation peptide leading to signal
accumulation as the quencher is washed out of the cell into the extracellular space.[59]

The intracellular protease-mediated fluorescence activation strategy has found use in the
imaging of cell death. Bullok et al. have recently reported the development of a permeation
peptide fluorescent probe that is caspase activatable (TcapQ647).[60], [61] TcapQ647 is
comprised of an all D-amino acid Tat-peptide-based permeation peptide sequence
(comprised mostly of arginine) to afford cell penetration and an L-amino acid effector
caspase recognition sequence. Flanking the caspase recognition sequence with a farred
quencher, QSY21, and a fluorophore, Alexa Fluor 647, completed the probe. The efficacy of
TcapQ647 was tested via recombinant enzyme assays that indicated TcapQ647 was
preferentially cleaved by effector capases 3 and 7 by up to a 170-fold higher rate than
initiator caspase 9.[60] In vivo experiments demonstrated the ability of TcapQ647 to detect
amoeba-induced cell death in mice with bilateral colon xenografts.[61]

A similar permeation peptide, KcapQ, was developed by Maxwell and colleagues that uses a
lysine-rich cell-penetrating sequence and the same caspase recognition sequence flanked by
the same fluorophore (Alexa Fluor 647) and quencher (QSY21) used in the TcapQ647
probe.[62] Again, KcapQ was preferentially cleaved by effector caspases 3 and 7 while all

Nolting et al. Page 12

Curr Org Synth. Author manuscript; available in PMC 2011 August 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



initiator capases showed essentially no activity. KcapQ however displayed a unique increase
in its absorbance at 605 nm when compared to the basic peptide conjugated to fluorophore
alone. According to the researchers, this observation is consistent with strong Coulombic
intramolecular interactions in the quencher-fluorophore pair, and data suggests that the
quenching mechanism occurred through n-π or π-π stacking rather than classical FRET
mechanisms.[62]

Rather than induction of fluorescence upon protease cleavage, quenched activity-based
probes (qABPs) fluoresce after labeling an active protease.[63], [64] Bogyo and colleagues
designed and synthesized qABPs that contain a fluorescent donor and acceptor in close
proximity that are effectively quenched by FRET. qABPs are small molecules that are able
to modify their enzyme target by forming specific covalent bonds with key catalytic
residues. The covalent modifications release the quenching fluorescence acceptor, thereby
increasing the observed fluorescence of the donor. The fluorescent qABPs are cell-
permeable and label active cysteine proteases, which allow for real-time monitoring of
protease activity within living cells. The fluorescently-labeled cysteine proteases were
investigated using fluorescence microscopy and standard biochemical methods.[63]
Expansion into the use of qABPs with NIR dyes (qNIRF-ABPs) enabled monitoring of
cathepsin activity in vivo after intravenous injection of the probes into mice bearing grafted
tumors.[64] The qNIRF-ABPs not only allowed for real-time imaging of target proteases,
but the permanent nature of the probes also allowed for secondary ex vivo biochemical
profiling. Such validation studies permitted the identification of specifically activated
proteases and the correlation of their activity with whole body images.

Several classes of molecular probes have been developed for RNA detection. A very good
review of these probes has been published recently.[65] The most commonly used probes
are FRET-based oligonucleotide hairpin probes. These fluorescent probes are typically
labeled at one end with a donor fluorophore and at the other with an acceptor/quencher.
These probes are designed to form stem-loop hairpin structures in the absences of a
complementary target, causing the fluorescence of the donor fluorophore to be quenched.
Upon hybridization with a target nucleic acid, the hairpin opens and physically separates the
donor fluorophore from the acceptor/quencher, allowing fluorescence to occur upon
excitation.[65] These probes have very high signal-to-background ratios and their intensity
can increase by greater than 200-fold upon opening and binding to a target.[66]

Macromolecular and Polymer-based FRET Probes: Low-molecular weight imaging
probes often tend to be unstable, nonspecific, and rapidly cleared. A larger problem related
to small molecules is that they generally lack sites for chemical modification without
affecting their biological activities.[33] Modern polymer chemistry has provided
opportunities to make polymer-based imaging probes that have large surface areas,
increased plasma half-lives, enhanced stability, improved targeting, and reduced nonspecific
binding.[33] Polymer chemistry advancements have provided many biocompatible polymer
structures ranging from poly amino acids and dendrimers to multivalent, branched, graft,
and block co-polymers.

In order to detect intracellular targets in vivo, fluorescent probes must not be cleared from
the body rapidly in order to provide adequate time for the probe to exit blood vessels and
accumulate in regions of interest, i.e. tumors. Weissleder and colleagues have developed a
plethora of polymer-based probes that have found widespread applications. One example is
the urokinase plasminogen-activator (uPA)-sensitive NIR fluorescent probe.[67] Increased
levels of uPA have been found in many types of malignancies and the expression level of
uPA has been correlated with prognosis in studies of breast and bladder cancer.[67] The
fluorescent probe consists of three components: (1) a copolymer of L-lysine and methoxy
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poly(ethylene glycol) (MPEG) as the backbone for substrate attachment and tumor delivery,
(2) a peptide substrate recognized and cleaved by uPA, and (3) terminally conjugated NIR
fluorophores (Cy5.5 and Cy7). The fluorophores were assembled in close proximity
resulting in effective FRET dye-dye quenching. The probe fluorescence was tested using
fluorescence spectrophotometry and was used to detect urokinase in biological samples.
When incubated with uPA, the Cy5.5 uPA-selective fluorescent probe showed an increase in
fluorescence of 680% over time and reached a plateau after 2 hours.[67]

A related study investigated the use of fluorescent nanofibers as uPA-selective fluorescent
probes. The nanofibers were comprised of a peptide substrate highly degradable by uPA
conjugated to a fluorescein derivative (FITC) and flanked by a hydrophobic β-sheet segment
at the C-terminus (consisting of D-amino acids to avoid nonspecific proteolytic digestion)
and a MPEG hydrophilic polymer attached at the N-terminus (to prevent aggregation).[68]
The nanofibers self assemble and can be sorted by size by passing them through a mini
extruder to obtain fiber lengths of 100 nm and 200 nm. In the presence of uPA, a four-fold
increase in fluorescence was observed.

Another study by Galande and Tung et al. used the multiple antigenic peptide (MAP)
system, which is a small and discrete dendrimer scaffold.[69] The fluorescent probes they
designed were based on a tetravalent, branched lysine core with dendritic arms that
integrated a dipeptide as a substrate for cathepsin S. To make the probe more soluble, short
and discrete poly(ethylene glycol) (PEG) groups were inserted between the peptides and the
fluorophore, CyTE-777. They found that eight ethylene oxide units in the PEG chain
(CyPEG-2) resulted in the most soluble probe. Activation studies conducted on CyPEG-2
with cathepsin S showed more than a 70-fold increase in fluorescence in pH 6.5 buffer.[69]

Another application for a poly-L-lysine backbone sterically protected by MPEG side chains
is for the imaging of lymph nodes.[70] Researchers designed a poly-L-lysine backbone that
contained Cy5.5 fluorophores conjugated to residues that were in close enough proximity to
efficiently quench the fluorescent probe in its native state. After intravenous and
subcutaneous injections, enzymatic cleavage of the unmodified lysines in the backbone
released the fluorescent probe (Cy5.5) resulting in fluorescent signal increases of up to 30-
fold.[70] Data indicated the probe was effective in imaging local and systemic lymph nodes
in vivo since blood circulation of the probe was prolonged due to the chemical structure of
the backbone. The longer residence time allowed for accumulation in the lymph nodes.

It has been noted that real-time imaging of cell death would assist in clinically managing
cancer patients by determining whether or not their anticancer therapeutic regimen was
effective.[33] Biocompatible NIR-fluorescent activatable polymeric nanoparticles have been
devised to detect early signs of apoptosis.[71] Such a nanoparticle was generated via
conjugation of a Cy5.5 caspase-3 cleavable peptide substrate onto a biocompatible
polymeric nanoparticle prepared from a hydrophilic polymer [branched
poly(ethyleneimine)] and a hydrophobic moiety (deoxycholic acid). This synthetic scheme
resulted in spherical nanoparticles with diameters ranging from 80- to 100-nm; the particles
were also cell-permeable. The Cy5.5 fluorophores were in a self-quenched state due to their
close spatial proximity. However, NIR fluorescence intensified by ten-fold in the presence
of caspase-3 in in vitro studies. Live cell studies using HeLa cells confirmed the fluorescent
nanoparticle probe was able to image caspase-dependent apoptosis.[71]

Other macromolecular scaffolds, such as dendrimers, have found use as carriers for
fluorescent optical dyes in biological applications. Poly(amido amine) (PAMAM)
dendrimers have been used as scaffolds for fluorescent optical imaging probes that serve as
proteolytic beacons to image MMP-7 activity.[72], [73] McIntyre and Matrisian et al. have
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engineered a generation 4 PAMAM dendrimer that incorporates a covalently-bound
fluorescein (donor)-labeled peptide and tetramethylrhodamine (TMR, acceptor) [PB-
M7VIS]. The fluorescein-labeled peptide serves as a selective optical sensor for MMP-7
activity and TMR serves as an internal standard to detect both uncleaved and cleaved
reagents. Treatment of PB-M7VIS with MMP-7 resulted in a 17-fold enhancement in
fluorescence versus non-treated control samples, and PB-M7VIS was 13-fold more selective
for MMP-7 than MMP-3.[72] In vivo selectivity of PB-M7VIS was determined in a mouse
xenograft model. Significant fluorescence enhancement was seen in MMP-7 expressing
tumors compared to control tumors lacking MMP-7 expression.[72] A similar dendrimer
probe was reported by Scherer and Matrisian et al. in which the fluorescein and TMR dyes
were exchanged for NIR dyes to afford better in vivo imaging.[73] This proteolytic beacon
still used a generation 4 PAMAM dendrimer scaffold, but incorporated a covalently coupled
Cy5.5-labeled peptide and AF750 (PB-M7NIR). Here, the Cy5.5-labeled peptide was
designed for selective cleavage by MMP-7 while the AF750 served as the internal standard.
PB-M7NIR showed a five-fold increase in the Cy5.5 fluorescence signal when cleaved by
MMP-7 in vitro. In vivo studies showed a 2.2-fold signal enhancement, while ex vivo studies
showed a 300-fold signal enhancement in MMP-7 overexpressing tumors compared to
nonexpressing tumors.[73] Both the PB-M7NIR and PB-M7VIS proteolytic beacons rely on
quenching of the sensor fluorescence (fluorescein or Cy5.5) by both homotransfer self-
quenching and by additional quenching afforded by FRET with the internal reference
fluorophores (TMR or AF750).[72], [73]

FRET-based avidin and trastuzumab-activatable targeted optical probes have also been
designed to detect cancer metastases in vivo.[74] Using TAMARA as the donor and QSY7
as the acceptor, the FRET pair was conjugated onto avidin [Av-TM-Q7 or Av-TM-Q7(CL)]
to target the D-galactose receptor, or trastuzumab, a monoclonal antibody against the human
epithelial growth factor receptor type2 (HER2/neu) (Traz-TM-Q7 or Traz-TM). The FRET
quenched probes, Av-TM-Q7 and Traz-TM-Q7, showed fluorescent enhancements of 40-
fold and 13-fold, respectively, when denatured by SDS during in vitro experiments.[74] In
vivo studies demonstrated that the quenched activatable probes had high tumor-to-
background ratios indicating that FRET dequenching is an effective mechanism for
activating fluorescent probes.[74]

Monoclonal antibodies have also been utilized to make activatable fluorescent optical
imaging probes. Specifically, trastuzumab has been conjugated to multiple self-quenching or
FRET fluorophores to construct activatable targeted optical imaging probes.[75], [74] These
studies show the power of activated versus targeted versions of optical imaging probes.
While the activatable self-quenched probes employed the fluorophores Cy5.5 or Alexa Fluor
680 conjugated to trastuzumab at a ratio of approximately 7 dyes per antibody, the targeted
probes had approximately one Cy5.5 or Alexa680 conjugated to trastuzumab.[75] In vivo
imaging of the fluorescent probes in HER2+ and HER2- tumor-bearing mice showed that the
activatable self-quenched Alexa680 probe had the highest tumor-to-background ratio and
the targeted tumor, HER2+, showed the greatest fluorescence enhancement.[75]

5. CONCLUDING REMARKS
In the past decade we have witnessed remarkable achievements in the development and
implementation of noninvasive optical imaging. In spite of advancements in this area, the
chemical design of fluorescent dyes and reporter probes is perceived as a limiting step in
imaging. In order to push the technology forward for use in studies with large primates or
humans, it is necessary to design better dyes. On top of the prerequisites of being stable and
safe, such NIR dyes would have to emit with extremely high fluorescence quantum yields.
However, currently used dyes emit approximately less than 30% quantum yield. We predict
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that ideal fluorescent dyes for medical imaging should have 40-50% quantum yield if optical
imaging is to become a useful tool in clinical trials. In summary, much effort is needed to
synthesize dyes meeting these requirements. The result could be an effective, safer imaging
modality with broad use in clinical settings.

Experience obtained from our work and that of others has led us to believe that there is no
single imaging modality which can effectively provide information that is sufficiently robust
to detect biological events with high sensitivity, deep tissue penetration, and quick data
acquisition and processing. Therefore, the current trend in this area attempts to combine the
imaging modalities necessary to provide superior imaging properties through synergistic
enhancements unmatched by any single modality. Advancements in the design of
multimodal imaging probes will bring the field of optical imaging one step closer to clinical
applications. For instance, multimodal probes have already been designed that contain
moieties for nuclear and optical imaging that are able to detect HER2[76], target αvβ3
integrin expressed in human melanoma[77] and interleukin 11 receptor alpha-chain[78], as
well as image the lymphatic system in mice.[50] Other multimodal probes have been
synthesized that contain MR and optical imaging moieties. These probes have been used in
the surgical resection of brain tumors[79], the detection of apoptotic cells[80], and for the
delivery and noninvasive imaging of siRNAs to tumors.[81] Combining optical imaging
with other imaging modalities allows for the advantages of each technique to be realized in
one study. Moreover, multimodality allows for more data to be acquired with one probe,
which can lead to a better diagnosis of disease or provide feedback on treatment efficacy.
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ABBREVIATIONS

NIR Near-infrared

FRET fluorescence resonance energy transfer

Cy cyanine

TAMRA carboxytetramethylrhodamine

FITC fluorescein isothiocyanate

PAMAM polyamidoamine

MMP matrix metalloproteinase
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HOMO highest occupied molecular orbital

LUMO lowest occupied molecular orbital

FR folate receptor

DPA dipicolylamine

BBB blood brain barrier

CPPs cell-penetrating peptides

ACPPs activated cell-penetrating peptides

qABP quenched activity-based probe

uPA urokinase plasminogen-activator

MAP multiple antigenic peptide

PEG polyethylene glycol

PAMAM polyamidoamine

TMR tetramethylrhodamine

HER2 human epithelial growth factor receptor type2

RNA ribonucleic acid

SiRNA small interfering ribonucleic acid

RGD arginylglycylaspartic acid

Aβ amyloid-beta
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Fig. (1).
Representative chemical resonance structures of a cyanine dye.

Nolting et al. Page 22

Curr Org Synth. Author manuscript; available in PMC 2011 August 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. (2).
Synthesis of Cy3 dyes.
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Fig. (3).
Azulene-based squaric NIR dyes.
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Fig. (4).
Multichannel-imaging using large Stokes shift dyes. NIR820 fluoresces when both samples
are irradiated with light at an excitation wavelength of 750 nm. Switching the excitation
wavelength to 600 nm causes only 4-SULFONIR to fluoresce.
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Fig. (5).
Synthesis of cyanine dyes with an even number of methine carbons.
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Fig. (6).
Closed (spiro) and open (merocyanine) structure of Spiropyran.
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Fig. (7).
Common synthesis of rhodamine dyes using m-aminophenol and phthalic anhydride.
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Fig. (8).
“Smart” activation of a rhodamine dye by hydrolysis of bis(acetylated trimethyl lock)
Rhodamine 110 by an esterase.

Nolting et al. Page 29

Curr Org Synth. Author manuscript; available in PMC 2011 August 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. (9).
Classical synthesis of rhodamine dyes with an isothiocyanate activating group.
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Fig. (10).
Rhodamine dyes with long wavelengths.
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Fig. (11).
Mechanism of activation of topologically activated fluorescent dyes. Dyes change their
conformation due to a change in environment leading to an increase in fluorescence. For
example, conformational degrees of freedom quench the fluorescent signal when the dye is
unbound, but upon binding to β-amyloid plaques, the dye becomes rigid and fluoresces.
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Fig. (12).
Mechanism of activation of targeted optical imaging probes. Dyes are conjugated to a ligand
and circulate through the body until they reach the desired target and accumulate in tissues
rich in the targeted receptor.
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Fig. (13).
Mechanism of activation of FRET and self-quenched optical imaging probes. In the intact
probe, donor and acceptor dyes are in close proximity to one another and fluorescence is
quenched. Upon cleavage, fluorescence increases due to spatial separation of the dyes.
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Fig. (14).
Targeted imaging probe: imaging of uMUC-1 tumor antigen in a xenograft mouse model.
Picture modified and used with permission from Ref. 15.
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Fig. (15).
“Smart” activated probe using FRET technology: imaging of MMP-7 activity in nude mice
(unpublished results courtesy of Dr. Pham, image taken by Dr. Yongdoo Choi).
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