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1. Introduction
In vivo medical imaging has made great progress due to

advances in the engineering of imaging devices and develop-
ments in the chemistry of imaging probes. Several modalities
have been utilized for medical imaging, including X-ray
radiography and computed tomography (X-ray CT), radio-
nuclide imaging using single photons and positrons, magnetic
resonance imaging (MRI), ultrasonography (US), and optical
imaging. To extract more information from imaging, “con-

trast agents” have been employed. For example, organic
iodine compounds have been used in X-ray radiography and
computed tomography, superparamagnetic or paramagnetic
metals have been used in MRI, and microbubbles have been
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used in ultrasonography. Most of these, however, are
nontargeted reagents.

Molecular imaging is widely considered the future for
medical imaging. Molecular imaging has been defined as the
in vivo characterization and measurement of biological
processes at the cellular and molecular level,1 or more
broadly as a technique to directly or indirectly monitor and
record the spatiotemporal distribution of molecular or cellular
processes for biochemical, biological, diagnostic, or thera-
peutic application.2 Molecular imaging is the logical next
step in the evolution of medical imaging after anatomic
imaging (e.g., X-rays) and functional imaging (e.g., MRI).
To attain truly targeted imaging of specific molecules which
exist in relatively low concentrations in living tissues, the
imaging techniques must be highly sensitive. Although MRI,
US, and X-ray CT are often listed as molecular imaging
modalities, in truth, radionuclide and optical imaging are the
most practical modalities for molecular imaging because of
their sensitivity and the specificity for target detection.

Radionuclide imaging, including γ scintigraphy and
positron emission tomography (PET), are highly sensitive

and quantitative and offer the potential for whole body
scanning. However, radionuclide imaging methods have the
disadvantage of poor spatial and temporal resolution.3

Additionally, they require radioactive compounds which have
an intrinsically limited half-life and expose the patient and
practitioner to ionizing radiation, and are therefore subject
to a variety of stringent safety regulations which limit their
repeated use.4

Optical imaging, on the other hand, has sensitivity
comparable to that of radionuclide imaging and can be
“targeted” if the emitting fluorophore is conjugated to a
targeting ligand.3 Optical imaging, by virtue of being
“switchable”, can result in very high target-to-background
ratios. Switchable or activatable optical probes are unique
in the field of molecular imaging since these agents can be
turned on in specific environments but otherwise remain
undetectable. This improves the achievable target-to-
background ratios, enabling the detection of small tumors
against a dark background.5,6 This advantage must be
balanced against the lack of quantitation with optical imaging
due to unpredictable light scattering and absorption, espe-
cially when the object of interest is deep within the tissue.
Visualization through the skin is limited to superficial tissues
such as the breast7–9 or lymph nodes.10,11 The fluorescence
signal from the bright green fluorescent protein (GFP)
expressing tumors can be seen in deep organs only in nude
mice.12,13 However, optical molecular imaging can also be
employed during endoscopy14 or surgery.15,16

2. History of Fluorescent Probes in Medical
Imaging

The history of fluorescence imaging in medicine is a long
one. However, only two fluorophores are currently approved
by the U.S. Food and Drug Administration (FDA) for
medical use, indocyanine green (ICG) and fluoresein. A third
fluororophore, rhodamine B, was approved for use in 1966
but was subsequently banned after 1987 after being linked
to cancer in mice and ratsswith an estimated risk of only 1
in 9 millon over a 70 year lifespan.17 Fluorescein has been
approved for human use for over 30 years, primarily in
ophthalmology, while indocyanine green has been approved
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for use as an ophthalmologic agent and as a hepatic
functional agent for 50 years. Today, these two agents are
primarily used to obtain retinal angiograms that require fairly
high doses of the agent (500 and 40 mg for a single human
dose of fluorescein and ICG, respectively). Side effects such
as hypersensitivity reactions can occur; however, specific
organ toxicity has not been reported.18,19 For molecular
imaging the fluorophore dose will be much lower than the
current clinical dose used in ophthalmology, and therefore,
minimal toxicity is expected.

3. General Requirements for Fluorescent Probes
in Medical Imaging

There are several characteristics of a successful optical
molecular probe for medical imaging, including wavelength,
brightness, bio- and photostability, and pharmacokinetics
including nonspecific tissue accumulation.

3.1. Wavelength
Fluorophores require excitation light to emit light. Excita-

tion in the ultraviolet can cause direct tissue damage,20

whereas excitation in the near-infrared can lead to tissue
heating.21 Fluorophores requiring blue and/or green excitation
light are compatible with surface imaging applications;
however, such wavelengths have poor tissue penetration,
making them appropriate only for superficial structures or
small-animal imaging. Fluorophores requiring excitation with
yellow or red light (at around 600 nm) leads to excessive
autofluorescence because the bulk of naturally occurring
endogenous fluorophores, mostly hemoglobin and related
molecules (Figure 1), are also excited in this range.3 The
optimal excitation wavelength of a fluorophore is in the deep
red or near-infrared range because of the combined virtues
of good tissue penetration and low autofluorescence.9,22,23

It should be noted that the asymmetry between excitation
and emission wavelengths, known as the Stokes shift, is
important in designing a probe. The lower wavelength excitation
light may not penetrate sufficiently into tissue to generate
emissions from the desired target, so that even though the
emission light wavelength is theoretically satisfactory for
imaging, the excitation light may not be sufficient to attain
deeper tissue penetration. Both excitation and emission wave-
lengths are ideally in the 650-900 nm range, which describes

the range encompassing the deep red and near-infrared. Here,
absorbance and autofluorescence are minimal, so that light
penetration through tissue is maximal (Figure 1). However, the
use of NIR probes requires a special camera, as the light is not
visible to the naked eye or conventional video cameras. Such
“night vision” cameras are widely available, although they vary
greatly in their sensitivity. It should be emphasized that the
emission wavelength of a fluorophore is only one consideration
among many. For instance, for surface applications, such as
detecting tumors on a mucosal or epithelial surface, lower
wavelength (e.g., blue, green, yellow) emitters with high
quantum efficiency may produce as good or better results
compared to NIR probes.

3.2. Brightness
A second consideration in choosing a fluorophore is its

brightness. Of course, the brighter the agent, the more depth
penetration expected due to higher signal-to-noise ratio. The
higher the quantum yield, the less excitation light needed
for fluorescence to occur. However, increased brightness
often comes at the cost of increased size. For instance, the
genetically encoded fluorophore GFP is quite bright and
capable of in vivo imaging for visualizing deep objects,12

but it is also very large at 25-50 kDa and difficult to
conjugate, making it impractical for many applications
including development of exogenously injected reagents.
Quantum dots are also extremely bright24,25 but are harder
to target because of their large size. Potential toxicity issues
related to their component parts such as selenium and
cadmium, both heavy metals, must also be considered.26

3.3. Stability
The stability of a fluorophore in vivo is another important

consideration. While these molecules are generally stable in
vitro, in vivo stability, especially after intracellular internal-
ization, is usually compromised. Once internalized within
the lysosome, most of the fluorophores, including fluorescein,
BODIPY, and cyanine derivatives except rhodamines, lose
fluorescence within several days.27,28 In the case of rhodamine
derivatives, fluorescence can persist for longer than a week.
In addition, most organic fluorophores suffer photobleaching,
which compromises their fluorescence. Therefore, when
longitudinal observation is necessary, organic fluorescent

Figure 1. Extinction coefficient value of water and oxy- and deoxyhemoglobin plotted ranging from visible to near-infrared wave-
length.
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probes must be repeatedly injected. Furthermore, in vitro
success may not predict in vivo success since the agent may
have too rapid a biological half-life in vivo to be useful. Of
course, from a translational point of view, some level of
degradation is desirable so that the product is excreted.
Quantum dots, for instance, are very slowly metabolized and
must be excreted intact to be clinically useful. Stability
pertains not only to the fluorophore but also to the conjugate.
Once the fluorophore is conjugated to a targeting ligand via
a linker molecule, its stability may be compromised by
alterations in pharmacokinetics followed by catabolism. For
instance, a fluorophore that by itself would be rapidly
excreted, when conjugated to a larger carrier molecule will
be in vivo for longer and, thus, be subject to unforeseen
degradation with potentially deleterious effects on fluorescence.

3.4. Pharmacokinetics
Most small-molecule fluorophores may alter the pharma-

cokinetics of targeting moieties to which they are conjugated,
such as peptides and proteins, especially when more than
one fluorophore is conjugated to each targeting ligand. For
example, when several fluorophores such as rhodamine X
and Cy5.5 are conjugated to a single protein molecule, the
fluorophores can drastically alter the pharmacokinetics of
the targeting probe, leading to rapid liver accumulation before
successful targeting. When these small fluorophores are
conjugated with a sugar or an amino acid, the fluorophore
dominates the pharmacokinetics. Quantum dots (Qdots) or
other fluorescent nanoparticles are even larger than antibod-
ies; therefore, the pharmacokinetics of target-specific mo-
lecular conjugates with fluorescent nanoparticles such as
Qdots vary greatly with the final form of the probe.

4. Classification of Fluorophores
For purposes of discussion fluorophores can be divided

into three major classes. Small synthetic fluorophores form
the bulk of the commercially available fluorescent molecules.
Genetically encoded proteins are often naturally occurring
fluorophores produced within cells. Finally, nanocrystals are
larger, solid-state nanoparticles generally characterized by
large molecular diameter and high quantum yields.

4.1. Small-Molecule Fluorophores
An array of low molecular weight synthetic fluorophores

with various core structures including fluorescein, BODIPY,
rhodamine, and cyanine derivatives (Figure 2), ranging from
300 to 2000 Da, are available from commercial providers
and span the emission spectrum from blue to NIR. Generally,
those that are bright, small, and hydrophilic and contain no
net charge are better candidates for in vivo imaging. Low
molecular weight fluorophores can be designed to be

sensitive to enzymatic catalysis so that they activate in
specific environments.6,16,29–34 Other conditions such as acidic
pH and the presence of singlet oxygen or other reactive
oxygen species can influence the performance of small-
molecule fluorophores.35–37

4.2. Genetically Encoded Fluorophores
Genetically encoded fluorescent proteins come from a wide

range of animals found in nature. Artificial, endogenous
proteins have also been generated with emission wavelengths
not found in nature, including infrared.38,39 Typically such
fluorophores are genetically encoded and must be transfected
within the genome of host cells. This makes clinical
translation infeasible except in the context of gene therapy.40

Fusion proteins with various gene products have been used
to trace the fate of specific proteins in vivo. Endogenous
proteins include GFP (Figure 3), yellow fluorescent protein
(YFP), and red fluorescent protein (RFP). Some of them have
unique features including a long Stokes shift and a switchable
ability by a specific pulse of excitation light.41 Newer
constructs can be made conditionally activatable so that the
fluorescence is only observed in precise biological circum-
stances, such as during the expression of a particular gene.
A limitation of such proteins is their relatively large size
(30-50 kDa), which limits their delivery, making them
impractical as injectable target-specific fluorescent protein
probes.

4.3. Fluorescent Nanocrystals
The synthesis of nanocrystals is currently a developing

field in material science and nanotechnology (Figure 4).
Numerous nanocrystals have been reported, some with
unique optical properties. Qdots, in particular, are character-
ized by a broad excitation range, a narrow emission peak,
resistance to photobleaching, and ultrahigh brightness.42,43

Target-specific Qdot conjugates with monoclonal antibodies

Figure 2. Small-molecule fluorophores with representative cores including fluorescein (fluorescein), BODIPY (BODYPY-FL), rhodamine
(rhodamine green), and cyanine (Cy5.5) cores.

Figure 3. 3D structure of the green fluorescent protein.
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or peptides have been synthesized.44,45 As a further extension
of quantum dots, self-illuminating quantum dots, in which
the Qdot is excited by bioluminescent enzymes (luciferase),
have been developed. This is known as bioluminescence
resonance energy transfer (BRET). Upon encountering the
enzyme substrates (luciferin or coelenterazine), the conjugate
emits light, which in turn induces the Qdot to emit a strong
light.46,47

Another group of unique optical crystals are upconversion
nanocrystals. Typical fluorophores emit light at a longer
wavelength than their excitation wavelength. Upconverting
nanocrystals are unique fluorophores that emit light at shorter
wavelengths (visible and near-infrared) after excitation in
the near-infrared. This dramatically reduces background
autofluorescence since endogenous fluorophores are not
excited by the longer excitation wavelengths. This results
in high target-to-background ratios and good tissue penetra-
tion due to the use of NIR for both excitation and emission.48

A major concern for nanomaterials is their toxicity. Qdots,
for instance, contain heavy metals such as cadmium and
selenium in their core. These fluorescent crystals are gener-
ally larger than the renal excretion limit (<6 nm in diam-
eter).49 Unless a nanoparticle can be made especially
small50,51 and thus is excreted via the kidney, these particles
typically have delayed clearance and are mostly excreted
through the liver and into the bile without significant
metabolism.52 For developing targeted reagents, conjugation
with targeting moieties only adds to the size of the particles.
Therefore, a major challenge with nanoparticle-based mo-
lecular probes is synthesizing agents that are large enough
to take advantage of the unique features of nanoparticles (e.g.,
brightness) while minimizing toxicity by having particles
small enough that they are excreted via the urinary tract.

5. Advanced Applications of Fluorescent Probes
in Medical Imaging

Targeted molecular imaging probes consist of three basic
parts, a signaling payload, a carrier, and a targeting moiety,
which respectively provide a signal for imaging, optimized
pharmacokinetics, and binding to the receptor. When the
signaling payload and the targeting moiety are small, there
is freedom to choose a carrier that provides appropriate

pharmacokinetics for the application. If a large molecule,
such as a nanocrystal for signaling or an antibody for
targeting, is employed, the clearance of the imaging probe
will be markedly prolonged. Therefore, the use of small-
molecule fluorescent dyes in designing imaging probes is
generally advantageous as there are more choices for
optimizing the delivery and one dye can be used on multiple
targeting carrier molecules. In contrast to the conventional
design strategy for the “always-on” monochrome imaging
probes, which are used for X-ray radiography, CT, MRI, and
radioisotope imaging, there are two approaches to improving
the sensitivity and specificity of optical molecular probes,
and both involve enhancing the target-to-background ratio:
(1) maximizing the signal from the target, (2) minimizing
the background signal. There has been a long-term focus on
maximizing signal from the target, especially in the context
of measuring drug delivery with radionuclide imaging for
dosimetry. Less attention has been paid to reducing the
background signal. A unique feature of optical imaging is
that optical probes can be designed to generate images that
maximize the target signal while minimizing the background
signal, resulting in higher target:background ratios than are
possible with conventional imaging methods. In this section
we demonstrate the features of advanced optical probes in
the context of two strategies for minimizing the background
signal from an optical probe: (1) simultaneous multicolor
imaging, (2) signal activation in the target tissue. The former
strategy is based on processing the multiparametric signals
obtained by the simultaneous use of multicolor fluorophores
in a mathematical way. The latter signal activation strategy
is based on the chemical design and synthesis of “activatable”
imaging probes.

5.1. Multicolor Imaging
The simultaneous imaging of multiple molecular targets

with multicolor imaging is commonly employed in in vitro
microscopy (e.g., genetically transfected fluorescent fusion
proteins, immunofluorescence using exogenous fluorophores,
conventional immunohistochemistry) and with fluorescence-
assisted cell sorting (FACS). Five or more colors have
already been used during FACS studies.53–55 These methods
can be utilized for ex vivo analysis of biopsy specimens,
but they are invasive and time-consuming because of the
multiple steps needed for processing resected tissue. Nuclear
imaging has the potential for the simultaneous imaging of
two (or at most three) molecular targets under limited
conditions including different physical decays and emitting
energy windows;56,57 however, only optical imaging can
simultaneously and independently distinguish five or more
separate imaging probes in vivo.10

Spectral imaging is the most sensitive optical technique
for the identification of multiple targets. With spectral
imaging, several fluorescence signals can be individually
detected through a process called “unmixing”, although fixed
two-color imaging can be performed with minimal back-
ground signal58 by employing an appropriate excitation light
source and appropriate excitation/emission filter sets.12,59

Unmixing also removes unwanted background autofluores-
cence signal in various ranges of wavelengths. Furthermore,
by simultaneously using multiple fluorophores with close but
distinct emissions, it is possible to define the spectrum of
the mixture of unbound fluorophores still circulating within
the serum and subtract it from the background. At the same

Figure 4. Schematic excitation and emission profiles of three
nanoparticles with heavy metal cores which are currently employed
for in vivo fluorescence imaging.
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time one can delineate each of the bound fluorophores by
their unique spectrum.

The total number of organic small-molecule fluorophores
that can be imaged simultaneously is still limited due to
overlapping emission spectra. Typically, small, organic
fluorophores have a distinct and narrow excitation spectrum
close to their broad peak emission spectrum, and successful
resolution of more than two dyes is technically challenging.
Among the dyes capable of simultaneous multicolor imaging
are a few organic dyes with long Stokes shift, nonorganic
Qdots with wide excitation ranges, and the Keima series of
fluorescent proteins with various wide Stokes shifts.60 To
overcome this limited number of fluorophores, multiexcita-
tion spectral fluorescence imaging algorithms have been
developed to distinguish two or more dyes.61–63 Since the
multiexcitation spectral fluorescence imaging method can
serially excite each fluorophore at the appropriate wave-
length, it is able to overcome the problem created by the
narrow excitation bands of small organic fluorophores, which
has been a major disadvantage of such dyes in the past.
Therefore, this method allows more flexibility in color

selection and permits the simultaneous use of greater
numbers of target agents with which to perform multicolor
in vivo fluorescence imaging. Several studies have success-
fully demonstrated the simultaneous characterization of
multiple molecular targets in vivo using multiexcitation
spectral methods (Figure 5).

There are several obstacles facing multicolor in vivo
imaging. First, totally overlapping fluorescence emissions can
be difficult to delineate, even with spectral unmixing
software. Fluorophores must be chosen so that their emissions
are at least 20 nm apart from each other, ultimately limiting
the number of potential probes (currently up to five),
especially in the crowded NIR (650-800 nm) range (Figure
6). However, there are a growing number of NIR fluoro-
phores which have been developed by several companies64–67

and academic centers68,69 which will enable more NIR probes
to be used simultaneously. The recent development of NIR
probes with emissions >800 nm such as Cypate, IR800, and
AlexaFluor790, will extend the range of NIR fluorescence,
enabling even more simultaneous NIR probes. Additionally,
spectral unmixing with tunable crystal filter technology

Figure 5. Multiexcitation multicolor spectral fluorescence imaging. (A) Filter profiles which were used for multiexcitation spectral fluorescence
imaging with a combination of three near-infrared fluorophores, Cy5, AlexaFluor700 (Alexa700), and Cy7. (B) Emission profiles of Cy5,
Alexa700, and Cy7 serially excited by three filter sets shown in (A). (C) In vivo multiexcitation multicolor spectral fluorescence “in vivo
immunohistochemistry” image of a mouse bearing four tumors, A431 (HER1+), 3T3/HER2 (HER2+), SP2/Tac (CD25+), and LS174T (a
negative control). This image was taken 1 day after injection of 50 µg of cetuximab-Cy5 (anti-HER1), 50 µg of daclizumab-Alexa700
(anti-CD25), and 50 µg of trastuzumab-Cy7 (anti-HER2) monoclonal antibody. Distinct antibodies were specifically accumulated in the
respective tumors overexpressed with their specific antigens.

Figure 6. Simultaneous five-color lympharic image in the head and neck region of a mouse injected with five different near-infrared
fluorophore-labeled half-coated generation-6 dendrimers. A scheme of injected sites and expected lymphatic drainage (left), a white light
image (middle), and a five-color spectrally resolved in vivo lymphatic drainage image (right) are shown.
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reduces the time required to obtain each frame to about 5 s.
This temporal resolution is inadequate for fluorescence-
guided surgery, which requires near real time frame rates,
so that multicolor surgical guidance has not been possible.70

However, this limitation could be minimized or overcome
by further development of spectral imaging technology.

Multicolor imaging has three advantages over conventional
imaging: (1) simultaneous imaging of more than one physi-
ological or pathological condition, (2) simultaneous evalu-
ation of the pharmacokinetics and in vivo interaction of more
than one drug, (3) noninvasive profiling of multiple receptors
expressed on target cells especially for cancer diagnosis and
therapy.

In the case of interstitially injected optical probes, it is
possible to simultaneously image multiple lymphatic basins
draining cancers as well as normal tissue. This could help
minimize lymphatic complications after the surgery, such
as lymphedema.71,10 Lymphatic imaging using NIR fluoro-
phores can be used to map lymphatic drainage patterns
through the skin due to the better depth penetration of NIR
light.61 However, even deep penetration is possible with
ultrabright Qdots that emit in the visible range which enable
simultaneous and direct visualization of the multiple lym-
phatic channels as well as sentinel lymph nodes with the
naked eye ( supplemental video 1 demonstrating in vivo real-
time multicolor fluorescence lymphatic imaging; each drain-
ing lymph node can be identified by its distinct color).72

The measurement of the pharmacokinetics of several drugs
at the same time is difficult with imaging. However, by using
two NIR-labeled reagents, it is possible to distinguish the
clearance of both agents during short- and long-term73

pharmacokinetic studies.74 This may be useful for drug
development and testing in small animals as well as a
possible means of noninvasively monitoring the blood
concentration of reagents in vivo.

Tumors often demonstrate a diversity of cell surface and
proteomic targets. The simultaneous imaging of multiple
molecular targets with multiple optical agents is com-
monplace in in vitro microscopy (e.g., immunohistochem-
istry, immunofluorescence) and FACS. These methods can
also be utilized for ex vivo analysis of biopsy specimens or
cytology, but they are, by definition, invasive and time
intensive. However, the real time characterization of an
expression pattern in vivo is an opportunity to understand
the biology of a living malignancy in real time without
having to remove the tumor itself. Multicolor in vivo imaging
is capable of performing noninvasive characterization of the
expression of multiple receptors on target cancer cells.63,75

This technique can not only determine the receptor profile
of tumors analogous to “noninvasive in vivo immunohis-
tochemistry” (see also Figure 5) but also assist in the
development of multicolor fluorescence-guided biopsy/
surgery in real time.70,76

5.2. Activatable Imaging Probes
On the basis of pharmacokinetics, the “perfect” in vivo

targeting agent has not yet been developed. Macromolecular
targeting moieties such as monoclonal antibodies are highly
specific and can be delivered in high concentrations to the
target, but have the undesirable feature of prolonged clear-
ance of unbound molecules, leading to a high background
signal. On the other hand, small molecules are rapidly
cleared, thus improving the target-to-background ratio but
reducing the absolute amount of accumulation within the

target while increasing the accumulation in the excretion
pathways, typically the hepatobiliary system or urinary tract.
Therefore, to combine the desirable features of both ap-
proaches, an antibody-based targeting molecule is employed
to achieve highly specific delivery with a signaling molecule
that is only activated within the target cancer cells, an
approach that contrasts with enzyme-activatable probes which
are activated in the interstitium, thus reducing the nonspecific
background signal.

From the chemistry point of view, there are three
categories of activation mechanisms for optical probes: (1)
small molecules with their own intrinsic activating mecha-
nisms, (2) large-molecule self-quenching probes that activate
upon disaggregation of the component molecules, (3) large-
molecule probes linked to small-molecule activatable probes.
The third design is optimal for target-cell-specific probes
because of the flexibile combinations of large targeting and
small activatable signaling molecules for targeted activation
at wide varieties of molecules.

5.2.1. Small-Molecule Activatable Fluorescent Probes

Most existing small-molecule probes have been developed
for fluorescence microscopy. Currently available fluorescent
probes can be classified into two groups, autofluorescent
protein (AFP)-based probes and small organic probes. Both
probes react or bind specifically to receptors on the cell,
leading to marked changes in optical properties such as the
wavelength (color) or the intensity of emitted light. Several
photochemical mechanisms can be employed to achieve these
results. One mechanism, fluorescence resonance energy
transfer (FRET), is frequently used for AFP-based probes.
For example, calcium ion sensitive AFP-based probes such
as Cameleon are comprised of two different AFPs bound
by a linker and a calcium-binding motif.77 Upon binding to
a calcium ion, the orientation or the distance between the
two AFPs is altered, leading to a change in the efficiency of
the resonance energy transfer which is reflected in the relative
ratio of the two emission peaks, thus providing a direct
readout of the concentration of calcium ion. This mechanism
is quite suitable for AFP-based probes, and indeed a wide
variety of probes with specific photochemical sensitivities
have been developed.

For small-molecule probes, the FRET mechanism can also
be employed; however, because two fluorophores are neces-
sary for this type of probe, the overall molecular size is
relatively large, which sometimes impedes efficient cellular
uptake of the probe. Therefore, other mechanisms are
frequently used to develop small-molecule fluorescent probes.
A classic strategy is to develop small optical probes that alter
their absorption spectra upon reaction with a target analyte.
For instance, (aminomethyl)coumarin (AMC) is one of the
most frequently used scaffolds for protease probes. Peptidyl-
AMC has its absorbance maximum around 320 nm; however,
after cleavage of the amide bond by the target enzyme, AMC,
which has an absorbance maximum around 340 nm, is
released. As peptidyl-AMCs have minimal absorbance and
AMC absorbs well at 380 nm, the activity of the target
enzymes can be monitored by determining the light intensity
after excitation at 380 nm and emission at 460 nm.

Another strategy for developing activatable fluorescent
probes is based on xanthene fluorophores such as fluorescein
and rhodamine 110. The former is frequently used as a
scaffold of probes for various esterases and phosphatases
and the latter for various peptidases. Diacetylated fluorescein
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(FDA) has no color and no fluorescence due to its intramo-
lecular lactone structure.78 Upon reaction with esterase, two
acetyl groups are cleaved to release the fluorescein, which
then fluoresces strongly. Thus, the activity of the target
esterase can be monitored by exciting at 490 nm and
monitoring for the emission light at 515 nm. Almost the same
strategy can be applied to the rhodamine 110-based protease
probe. Dipeptidylrhodamine 110 has no color, and upon
cleavage of two amide bonds by the target peptidase, highly
fluorescent rhodamine 110 is produced.79 These probes are
highly sensitive and can be used to image live cells; however,
a pitfall is that the increase in fluorescence is not directly
proportional to enzymatic activity because the reactions
require two-step cleavages to yield the highly fluorescent
product.

Recently, a novel strategy utilizing intramolecular spiro-
cyclization was reported. X-ray crystallography demonstrates
that specific rhodamine derivatives which bear a hydroxy-
methyl or a mercaptomethyl group instead of the original
carboxy group show unique intramolecular spirocyclic
structures. By regulating the spirocyclization and modulating
the absorbance and fluorescence of the rhodamine derivatives
before and after the reaction with target analytes, it was
possible to develop a new activation strategy for fluorescent
probes. For instance, a new fluorescent probe which specif-
ically detects hypochlorous acid, an acid found in phago-
somes, was successfully developed using this strategy. This
probe, dubbed HySOx, has no color and no fluorescence in
aqueous solution at pH 7.4 due to a mercaptomethyl group
which results in a spirocyclic structure. HySOx reacts with
hypochlorous acid to yield a highly fluorescent rhodamine
by the oxidation of sulfur (Figure 7). Indeed, the production
of hypochlorous acid inside phagosomes of living neutrophils
could be successfully monitored in real time using HySOx80

(Figure 7b).
Another, more widely applicable mechanism for develop-

ing small-molecule-based probes is “photoinduced electron
transfer” (PeT). PeT is a widely accepted mechanism for
fluorescence quenching in which electron transfer from the
PeT donor to the excited fluorophore diminishes the fluo-
rescence of the fluorophore. Recently, it was reported that
fluorescein could be considered to be part of a directly linked

electron donor-fluorophore acceptor system. In other words,
the fluorescence properties of fluorescein derivatives could
be precisely controlled by intramolecular PeT. However, until
recently, PeT was not thought to be possible in long-
wavelength fluorophores, and indeed almost all the photo-
chemical reports of PeT utilized UV-excitable fluorophores
such as anthracene etc. Urano and Nagano et al. found that
when the fluorescein structure was deconstructed into two
parts, i.e., the benzoic acid moiety as the PeT donor and the
xanthene ring as the fluorophore, only small alterations in
absorbance were observed among fluorescein and its deriva-
tives. Moreover, the dihedral angle between the benzoic acid
moiety and the xanthene ring is almost 90°, which suggests
that there is little ground-state interaction between these two
parts. They found that when the HOMO energy of the
benzoic acid moiety was higher than a certain threshold, PeT
occurred efficiently, resulting in little fluorescence.81 On the
other hand, when the HOMO energy is lower than the
threshold, as is the case for generic fluorescein, the rate of
PeT slows and the molecule becomes highly fluorescent.
PeT-based quenching was evidenced by observing transient
absorption spectra in laser flash photolysis experiments; i.e.,
bands corresponding to the radical cation of the electron
donor and the radical anion of the xanthene moiety were
successfully detected. The fact that PeT rates and the rates
of back electron transfer follow the Marcus parabolic
dependence of electron transfer rate with a driving force
provides the basis for rational design of high efficiency,
quantitative modulation of the fluorescence properties of
fluorescein-based probes. Further, this strategy has been used
not only with fluorescein but also with a wide range of long-
wavelength-excitable families of fluorophores such as
BODIPYs, rhodamines, and the cyanines.

Just as PeT represents the flow of electrons from donor to
fluorophore, the transfer in the opposite direction provides
another fluorescence switch in visible-light-excitable fluo-
rophores: the fluorescence properties can be modulated via
the PeT process from the excited fluorophore to a reducible
benzene moiety (donor-excited PeT, d-PeT). In other words,
when the LUMO energy of the benzoic acid moiety is lower
than a certain threshold, the rate of d-PeT is quite fast, and
hence, this derivative will be nonfluorescent. This finding

Figure 7. (a) Scheme of HySOx activation reacted with hypochlorous acid. (b) Serial images of cells which produced hypochlorite, monitoring
with HySOx in real time.

Fluorescent Probe Design Chemical Reviews, 2010, Vol. 110, No. 5 2627



also provides a basis for a new and practical strategy for the
rational design of novel functional fluorescent probes.82

On the basis of these PeT-based strategies, various novel
fluorescent probes were successfully developed (Figure 8):
(a) DPAXs and DMAXs for singlet oxygen, (b) DAFs and
DAMBOs for nitric oxide, (c) HPF and APF for highly
reactive oxygen species (hROS), (d) MitoHR and MitoAR
for hROS stress in mitochondria, (e) NiSPYs for peroxyni-
trite, (f) DACals and APC as highly sensitive probes for nitric
oxide and hROS, which are highly retained in living cells,
(g) DNAT-Me for the activity of glutathione S-transferase
(GST), (h) acidic pH-sensitive BODIPY-based probes,
among others.

To develop singlet oxygen-sensitive fluorescent probes,
the endo-addition of singlet oxygen to anthracene was
utilized, which yields the corresponding endo-peroxide
product whose HOMO energy is much lower than that of
the starting anthracene. Thus, the initial fluorescence of
DPAXs83 and DMAXs84 was efficiently quenched by PeT,
but was recovered by the reaction with singlet oxygen

because the rate of PeT is quite slow due to the lowered
HOMO energy of endoperoxides (Figure 8a). Further, the
endo-addition reaction is specific for singlet oxygen, making
these probes quite selective for sensing singlet oxygen.

Nitric oxide-sensitive fluorescent probes such as DAFs,85

DAMBOs,86 DARs,87 and DACs88 were successfully devel-
oped by utilizing the reaction of NO with o-phenylenedi-
amines to yield corresponding benzotriazoles (Figure 8b).
The HOMO energy of phenylenediamines is quite high due
to the existence of two strong electron-donating amino
groups, which leads to efficient quenching of adjacent
fluorophores by PeT. The PeT mechanism is applicable to a
wide range of fluorophores such as fluoresceins, rhodamines,
BODIPYs, cyanines, and so on. On the other hand, because
the HOMO energy of benzotriazoles is quite low, the
resulting products of these probes when bound to NO were
highly fluorescent. Therefore, these probes work quite well
as selective and sensitive fluorescent probes for NO. How-
ever, users of these probes must be cautious that these probes
are not reactive with NO itself, but rather reactive with NO+

Figure 8. Schemes for the fluorescence signal activation of fluorescein-based activatable probes reacted with singlet oxygen (a), nitric
oxide (b), hROS (c, d), peroxynitrite (e), and glutathione S-transferase (g) and at acidic pH (h) based on the PeT theory.
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or its equivalent species. NO is easily oxidized by a dioxygen
molecule to yield NO+ or its equivalent species, so these
compounds can be used as NO probes under aerobic
conditions. However, if these probes are used under anaero-
bic conditions, no fluorescence increase will be observed
whether in the presence of NO or not.

Numerous reactive oxygen species (ROS) are known to
occur; however, the reactivity of each ROS differs substan-
tially. For example, while the hydroxyl radical is quite short-
lived and reactive, thus promoting oxidation of alkanes and
arenes, hydrogen peroxide is relatively inert and stable. Thus,
it is of interest to generate in vivo probes that detect hROS
such as hydroxyl radical, peroxynitrite, and hypochlorite. For
selective monitoring of hROS production in cells, HPF and
APF were developed89 (Figure 8c,d). These compounds are
based on fluorescein but utilize the O-dearylation reaction
of (aryloxy)phenols and (aryloxy)anilines to create selective
reactions catalyzed by hROS. HPF and APF were almost
nonfluorescent due to the intramolecular PeT from the
hydroxy or aminophenoxy group attached to the xanthene
ring of fluorescein. These electron donor moieties are cleaved
off by the reaction with hROS to yield highly fluorescent
fluorescein. HPF can selectively detect hydroxyl radical and
peroxynitrite among various ROS, and APF detects hy-
pochlorite also. Further, these probes are completely resistant
to autoxidation, which is a well-known pitfall of fluorescent
probes for ROS such as DCFH and DHR123.

MitoHR and MitoAR were developed as another type of
hROS-selective probe based on tetramethylrhodamine as a
fluorescent scaffold.35 The same O-dearylation reaction used
in HPF and APF was utilized as the key reaction with hROS,
and mitoHR and mitoAR are almost nonfluorescent because
of the fast rate of intramolecular PeT from the benzene-bound
hydroxy or aminophenoxy group attached to tetramethyl-
rhodamine. These probes can selectively detect damage to
the mitochondria caused by hROS, because the probes
accumulate exclusively in mitochondria. With these probes,
it was possible to successfully observe that as little as 10
µM hydrogen peroxide can cause hROS damage to mito-
chondria in living HL60 cells.

Peroxynitrite, an hROS, can be selectively detected with
recently developed fluorescent probes, named NiSPYs90

(Figure 8e). NiSPYs are the first fluorescent probes which
show a marked fluorescence increase after nitration by
peroxynitrite. Because the nitro group was believed to be a
strong and general quencher of fluorescence, it was not
thought possible to develop fluorescent probes for perox-
ynitrite which show increases in fluorescence. Ueno et al.
reported that the nitrobenzene derivatives caused efficient
quenching due to d-PeT originating from the excited fluo-
rophore moiety due to the strong electron-withdrawing effect
of the nitro group. They developed a family of novel
fluorescent probes based on dicyano-BODIPY which are
sensitive to peroxynitrite by adjusting the HOMO and LUMO
energies of the fluorophore and the reactive moiety for
peroxynitrite. NiSPYs were almost completely nonfluorescent
in the absence of peroxynitrite but became highly fluorescent
upon reaction with peroxynitrite.

Fluorescein-based probes generally diffuse uniformly in
the cytosol, which is advantageous for detecting cytosolic
ROS production. However, fluorescein derivatives are well-
known to leak out from living cells through anion transporters
expressed on the cell membrane, which hampers sensitive
and quantitative detection of target analytes due to the

decreasing concentration of probes in the cells. Calcein is a
very hydrophilic fluorescent dye and is well-known not to
leak from living cells. Thus, calcein-based fluorescent probes
could be more sensitive and reliable probes especially for
long-term observations. Recently, it was reported that the
fluorescence property of calcein can also be controlled
precisely by the PeT mechanism, and calcein-based fluores-
cent probes for nitric oxide, named DACals, and hROS,
named APC, were developed.91 Acetoxymethyl (AM) ester
derivatives of these probes can permeate the cell membrane
and become retained in the cytosol after cleavage of the AM
ester by ubiquitous esterases found in living cells. DACals
and APC were developed using the same strategies employed
in the design of DAFs and APF, respectively. In the absence
of their respective analyte, they were almost nonfluorescent,
but became highly fluorescent upon reaction with nitric oxide
and hROS, respectively. After activation, they were retained
in living cells, leading to amplification of the signal. As a
result, DACals and APC were more sensitive to low
concentrations of nitric oxide and hROS in living cells.

The concept of PeT is not restricted to developing
fluorescent probes for ROS, but is also applicable for a wide
range of enzymes. Glutathione S-transferase is a generic term
for a family of enzymes mainly involved in the detoxification
and metabolism of endogenous and exogenous compounds,
including drugs. Despite the medical significance of this
enzyme family, thus far no fluorescent probes have been
developed which offer selective in vivo imaging of GST
activity. Recently, a novel fluorescent probe for GST activity,
DNAT-Me, was successfully developed using 3,4-dini-
trobenzanilide (NNBA) as a specific substrate and d-PeT as
a mechanism for fluorescence quenching92 (Figure 8g).
DNAT-Me is switched “on” after GST-catalyzed glutathio-
nylation. This agent has excellent kinetic parameters for
monitoring the enzymatic activity in living cells. Indeed,
nuclear localization of GSH/GST activity in HuCCT1 cell
lines was successfully visualized with the use of DNAT-
Me. These results indicate that DNAT-Me should be useful
not only for high-throughput GST inhibitor screening but
also for studies on the mechanisms of drug resistance in
cancer cells.

Almost all currently known fluorescein derivatives contain
a carboxylic group. However, the carboxylic group can be
replaced with another functional group. Recently, Urano and
Nagano et al. reported a novel fluorescein derivative called
Tokyo Green (TG) which replaces the carboxylic group with
a methyl or methoxy group.93 TG dyes are easily synthesized
in high yields by the conventional C-C bond coupling
reaction (Figure 9).

Further, by precisely controlling the HOMO energy of the
benzene moiety, they were able to construct another rational
design strategy for novel fluorescent probes (Figure 10). The
value of this approach is exemplified by a novel, highly
sensitive and membrane-permeable fluorescent probe for
�-galactosidase called TG-�Gal93 (Figure 11a). Further, on
the basis of the same strategy, TG-phos94 for alkaline
phosphatase, which is also a widely used reporter enzyme,
and TG-NPE30 (Figure 11b) as highly efficient caged
fluorophores were successfully developed.

Using TG-�Gal, an application of optical imaging for the
detection of small cancer implants with high signal contrast
was recently reported. Peritoneal dissemination of cancer is
known to be difficult to treat and is often fatal. During
surgery, it is also difficult to detect small tumor implants in
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the peritoneum due to the complex anatomy and the poor
visual contrast between the tumor and normal tissue using
white light imaging. Even nonactivatable imaging probes
have been successful in this model. Recently, Kobayashi et
al. found that a lectin (asialo receptor family) targeted optical
imaging technique which utilizes a fluorescein-avidin
conjugate was effective for the visualization of peritoneal
implants in a mouse ovarian cancer model.15 Using a
combination of lectin-targeting and activatable fluorescent
probes, however, Kamiya, Kobayashi, and Urano et al.
demonstrated an even more sensitive and selective imaging
method.31 Using a two-step procedure in which lectin was
first used to localize �-galactosidase on cancer cells and then
was subsequently targeted by the administration of a highly
sensitive fluorescent probe, very small implants with low
background signal were achieved. The presence of �-galac-
tosidase led to target-specific fluorescence activation within
the tumor. The net result was a novel activatable fluorescent
probe for targeting the tumor (AM-TG-�Gal) that dramati-
cally increases fluorescence emission when the tumor cells
are prelabeled with �-galactosidase as an activating enzyme
(Figure 12). Since the tumor-targeted enzyme can catalyze
numerous substrate turnovers, a great number of fluorescent
molecules could be activated, leading to a high tumor-to-
background ratio. It was possible to see a strong fluorescence
signal within prelabeled tumor cells after only 1 h of
incubation with AM-TG-�Gal. Moreover, using the same
probe with fluorescence microscopy revealed that cancer
microfoci as small as 200 µm could be visualized.

5.2.2. High Molecular Weight Activatable Fluorescent
Probes

High molecular weight activatable fluorescent probes
depend on the intermolecular relationship between two or
more fluorophores or fluorescence quenchers and typically
rely upon one or more strategies such as FRET, dimer
formation (H-type or J-type), or PeT. These probes can be
categorized as (1) enzyme-specific probes, which are acti-
vated by enzymes in proximity to a target cell, or (2)
targeted-cell-specific probes, which bind to the specific cell
surface target molecules, are internalized and activated by
lysosomal conditions including low pH, oxidation, unfolding,
catabolism, or protein cleavage by lysosomal enzymes. The
fluorescence signal arising from activated target-cell-specific
probes should, therefore, only occur in the target cells. In
contrast, enzyme-specific probes are able to activate in a
broader spectrum of pathological conditions such as inflam-

mation and neoplasia and are therefore less specific than
targeted-cell-specific probes.

5.2.2.1. Enzyme-Specific Activation. Activatable fluo-
rescent probes are commonly used for molecular biology in
vitro. FRET is another of the methods used to switch on
fluorescence and can be used to detect enzymatic activity.95

FRET uses two different color fluorescent proteins or
fluorophores, where the energy absorbed by one fluorophore
is transferred to the second. FRET systems are designed such
that the emission spectrum of the donor fluorophore overlaps
the acceptor fluorophore’s absorbance spectrum. Because the
energy transfer takes place only when the donor and the
acceptor molecules are less than 10 nm, the distance of two
molecules can be monitored by measuring the fluorescence
spectrum changes. Thus, FRET-based activation has been
used in vitro for DNA biosensors and investigation of protein
conformation change.96–98

Excimer formation is another activating mechanism that
is also used to detect DNA, in RNaseH activity analysis,
and in protein detection.99–101 An excimer is a complex of
ground-state and excited-state fluorophores which emit longer
and broader wavelength fluorescence than do monomers.102

Since the complex can be formed only when the molecules
are close to each other, this mechanism is useful in detecting
when compounds are in the monomer (separated) or excimer
(in close proximity). This can be useful in determining
specific enzymatic activity as the monomer state is more
likely after enzymatic catalysis.

In addition, protein kinase sensors that fluoresce upon
exposure to phosphorylated compounds can be used to assess
specific protein kinase activities.103,104 Such sensors, which
are applicable to a wide range of kinases, depend on protein
kinase substrate peptides that are combined with a sensing
fluorophore, a fluorophore-quencher pair, or a self-quenched
fluorophore. Fluorescence is activated upon the phosphory-
lation of the substrate peptide.

5.2.2.1.1. Fluorophore-FluorophoreActiVation(Self-Quench-
ing). Self-quenching is a mechanism of fluorescence switch-
ing in which excited fluorophores of similar type absorb the
energy from each other that would otherwise have led to an
emitted photon, thus diminishing the fluorescence of the
entire compound. This can only take place when multiple
fluorophores are located close to each other. Weissleder et
al. have developed self-quenched but enzymatically activat-
able probes. They conjugated multiple NIR fluorophores
(Cy5.5) on a synthetic graft copolymer.6 The polymer
consists of poly-L-lysine linked by multiple methoxypoly-
ethylene glycol (MPEG) molecules to extend the circulation
time in vivo. The probe is supposed to be retained in the
blood pool for a long period of time and gradually leak
through the tumor neovasculature by enhanced permeability
and retention (EPR).105,106 The poly-L-lysine chain is then
cleaved by a lysosomal protease, and the Cy5.5 fluorophores
are separated from each other, resulting in dequenching
(fluorescence activation). This system worked in vivo as well
as in vitro, with visualization of mouse tumors after
intravenous injection.

The expression of specific enzyme activity is often elevated
both in tumors and in inflammatory conditions and often
relates to the disease severity rather than providing specificity
as to the process. Therefore, the utilization of more specific
enzymes for fluorescence activation instead of broad pro-
teases found in the lysosome should increase the specificity

Figure 9. Scheme of the development of Tokyo Green derived
from fluorescein.
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to the target tissue and aid in the characterization of the
pathological condition.

For example, cathepsins are related to several disease
processes, e.g., cancer, atherosclerosis, and Alzheimer’s
disease.107–111 Tung et al. conjugated cathepsin D substrate
peptide and multiple Cy5.5 molecules on MPEG and poly-
L-lysine.112 This probe was thought to be activated only after
cathepsin D substrate peptide cleavage, which released Cy5.5
molecules. From the same group, Bremer et al. applied this
method to cathepsin B substrate and succeeded in detecting
tumors in vivo.113 They also developed a cathepsin K-specific

probe for atherosclerosis imaging and osteoclast activity
measurement.114,115

Matrix metalloproteinase (MMP) is another potential target
enzyme. MMPs are expressed in cancers in higher levels
than in normal tissue and play important roles in metastasis
and angiogenesis.116,117 Bremer et al. combined MMP-2
substrate peptide with multiple Cy5.5 molecules on MPEG
and poly-L-lysine to form a single probe.118,119 Successful
results were obtained both in vitro and in vivo. The degree
of fluorescence activation reflected MMP enzyme activi-
ties, and the fluorescence activation was inhibited by an
MMP inhibitor. During in vivo imaging studies, tumors
located in the mammary fat pad were visualized. Since
MMPs are highly expressed in atherosclerotic plaques,
they may also be useful in identifying vulnerable plaque.120

Figure 10. Scheme of the PeT effects on the fluorescence signal of Tokyo Green derivatives to demonstrate that 2-Me-4-OMe-Tokyo
Green can be a versatile scaffold for designing hydrolase probes.

Figure 11. Schemes for the fluorescence signal activation of Tokyo
Green-based activatable probes reacted with �-galatosidase (a) and
UV irradiation (caged) (b) probes.

Figure 12. Delivery (a) and reaction (b) schemes of specific tumor
cell detection with both esterase and �-galactosidase probes.

Fluorescent Probe Design Chemical Reviews, 2010, Vol. 110, No. 5 2631



MMP-sensitive deliverable fluorescent probes have recently
been synthesized based on activatable cell-penetrating pep-
tides for use in detecting cancer, inflammation, and athero-
sclerotic plaques.121

5.2.2.1.2. Fluorophore-Quencher ActiVation. Self-quench-
ing involving only fluorophores still yields weak fluorescence
even in the quenched state. An alternative to fluorophore-
fluorophore quenching is to use a fluorophore-quencher
combination in which the quencher is nonfluorescent.

Farber et al. developed a probe to image phospholipase
A2 (PLA2) activity. They employed BODIPY as the fluo-
rophore and dinitrophenyl as the quencher and combined
them with phospholipid substrate analogues. In the zebrafish
model, effective quenching and dequenching was observed
with and without phospholipid.122 Bullok et al. applied a
different fluorophore-quencher to detect apoptosis.123 Al-
exaFluor647 was used as the fluorophore and QSY21 as the
quencher. AlexaFluor647 and QSY21 were conjugated across
a caspase recognition sequence, which was combined with
a Tat peptide to enhance permeation. Caspase activity
produced fluorescence detectable with microscopy. A cathe-
psin-sensitive probe using a fluorophore-quencher pair was
reported by Bulm et al.124 They selected the peptide (acy-
loxy)methyl ketone (AOMK) as a cathepsin substrate. Then
both Cy5 (fluorophore) and QSY21 (quencher) were linked
to AOMK across the cathepsin cleavage point. They tested
this probe in tumor-bearing mice and compared it with the
unquenched fluorophore. Unlike the always-on probe, the
quenched probe produced a specific signal in the tumors and
showed virtually no background signal. The tumor signal
increased with time and reached a maximum 6-8 h after
probe injection.

5.2.2.2. Targeted-Cell-Specific Activation. Another strat-
egy to increase target specificity is to utilize target-specific
carrier molecules followed by binding to the target cell
surface molecules, internalization, and activation of the
fluorescence signal within the target cells. In vivo molecular
imaging with always-on probes has been performed using
antibodies, proteins, and peptides as targeting molecules.
Integrins are cell adhesion molecules that are overexpressed
during tumor growth and metastasis. Cyclic RGD peptides
are known to bind to Rv�3 integrin. When the Cy5.5-
conjugated RGD peptide was delivered for in vivo imaging,
the tumors were visualized with this probe; however, the
background fluorescence signal from the whole body was
high due to the always-on nature of the probe.125,126 Similar
results were obtained with epidermal growth factor (EGF)
conjugated Cy5.5 or quantum dots.127,128

However, there are a growing number of humanized
monoclonal antibodies and other targeting molecules directed
against tumor-specific cell surface antigens and epitopes
which are now used for cancer therapies, and therefore,
molecular imaging with antibodies has great potential to
detect and characterize cancers. Several groups have tried
in vivo tumor imaging with fluorophores conjugated to
antibodies.129–131 Unfortunately, as has been confirmed with
radiolabeled monoclonal antibodies, antibody imaging is
limited by slow background clearance, leading to high
background signals as well as nonspecific uptake due to EPR
caused by the leaky tumor vasculature.75 To overcome these
limitations, several types of antibody fragments have been
engineered to improve the pharmacokinetics by reducing the
molecular size of the targeting moiety.132 These engineered
antibodies are usually cleared rapidly from the circulation

and therefore do not accumulate as much in tumors. Using
smaller molecule targeting ligands, the background signal
is low enough to be neglected in in vivo imaging. Therefore,
despite the pharmacokinetic advantages of smaller molecules,
the whole IgG is likely the best platform for activatable
antibody probes among existing engineered antibodies and
antibody-derived fragments since the absolute accumulation
in the target tissue can be maximized. In vivo molecular
imaging with activatable antibody probes using conjugates
should have great potential for sensitive and specific target
detection.

To maximize the activation efficacy, fluorescence signal
activation based on targeting internalization in which fluo-
rophores are delivered to the target tissue by a carrier
molecule (such as a monoclonal antibody) and activated once
inside the target cells, results in high target-to-background
ratios. In general, the two quenching-activation mechanisms
are self-quenching, which operates only with single or
multiple distinct fluorophore molecules, and fluorophore-
quencher combinations, which operate on the basis of the
interaction between two different molecules (Figure 13). In
both cases, fluorophore(s) can be quenched upon conjugation
to the targeting moiety and stay quenched in the circulation
and then can be dequenched by certain processes in the
lysosome of the target cell.

5.2.2.2.1. Fluorophore-Fluorophore ActiVation in the
Targeted Cells (Self-Quenching). In the same manner as the
enzyme-specific activation probe, self-quenching is another
mechanism by which target-cell-specific activation can be
achieved. Self-quenching occurs when multiple fluorophores
are conjugated to a single targeting protein; e.g., antibodies,
receptor ligands, and the fluorophores become crowded on
the molecule (Figure 13a). Alternatively, even a single
fluorophore molecule such as ICG or BODIPY-FL can be
quenched by the interaction with certain side chains of amino
acids at the conjugation with some targeting proteins (Figure
13b) such as humanized monoclonal antibodies74 or avidin
derivatives,133 respectively.

For instance, multiple copies of carboxy-X-rhodamine
(ROX) conjugated to avidin is an effective activatable probe
that utilizes the self-quenching mechanism.134 Avidin is a
noncovalently bound homotetrameric glycoprotein, and it
binds to the D-galactose receptor, which is commonly
expressed on cancer cells. After internalization to the cell,
the tetramer is broken down into monomers in the lysosome;

Figure 13. Scheme for quenching-dequenching (activation) of
macromolecular probes conjugated with multiple fluorophore-
quencher molecules.
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as a result, each fluorophore is separated and dequenched,
resulting in fluorescence activation. Three ROX molecules
conjugated to a single avidin showed higher activation
capacity (13-fold) compared to 0.5 ROX molecule conjugated
to a single avidin (always on) (Figure 14). When the 3ROX-
conjugated probe was applied in vivo in peritoneal-tumor-
bearing mice, tumors were detected with high sensitivity and
specificity. The self-quenching system can be applied to
another tumor-targeting protein, galactosamine serum albu-
min (GSA).135 In a manner similar to that of avidin, GSA
binds to D-galactose receptor, is internalized, and then is
unfolded and broken down into small fragments in the
lysosome. In an in vivo investigation, twenty ROX molecules
conjugated per GSA (GSA-20ROX) clearly visualized
tumors with higher sensitivity and specificity than the
GSA-0.5ROX conjugate. In this way, ROX was revealed
to be an appropriate fluorophore to make use of the self-
quenching mechanism.

The self-quenching properties of several xanthene-based
fluorophores listed in Figure 15 have been reported.136

Xanthene derivatives are known to form homodimers in high-
concentration aqueous solutions.137,138 This homodimer for-

mation induces short (H-dimer) or long (J-dimer) shifts of
the absorbance spectra, which completely quench the emis-
sion fluorescence signal.139 The fluorophores were conjugated
to the cancer-targeting molecule avidin or trastuzumab.
Trastuzumab is a humanized monoclonal IgG1 antibody
which binds to human epidermal growth factor receptor type
2 (HER2). After binding to HER2, trastuzumab is gradually
internalized within HER2 expressing target cells and then
undergoes degradation in the lysosome.140 The fluorophore-
protein conjugates showed diverse levels of fluorescence
activation capacities. Also a short shift of the absorbance
spectra of the fluorophores (H-dimer formation) was observed
(Figure 16) for the quenched probes at concentrations suitable
for in vivo molecular imaging. The quenching capacity
directly related to the extent of dimerization. This means
that H-dimer quenching occurs when specific fluorophores
are conjugated to specific carrier proteins. R6G and TAMRA
formed H-type dimers most effectively. In vitro microscopy
showed fluorescence activation after cellular internalization
and dissociation of the H-dimer in the target cells. After
injection of avidin-TAMRA into tumor-bearing mice, the
peritoneal tumors were clearly visualized by fluorescence

Figure 14. Scheme for the activation mechanism of the self-quenched avidin-3ROX probe targeting D-galactose receptor expressing
cancer cells.

Figure 15. Chemical structures of xanthene-based fluorophores: Oregon Green (OrgG), AlexaFluor488 (Alexa488), rhodamine green (RhodG),
rhodamine 6G (R6G), TAMRA, AlexaFluor568 (Alexa568), ROX, or Texas Red-X (TexRed).
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endoscopy with low background signals (Figure 17) (see also
supplemental video 2, fluorescence-guided laparoscopy of a
disseminated ovarian cancer implant model; a tiny implanted
tumor, which can hardly be pointed out with the conventional
white light endoscope (left window), was clearly detected
using the fluorescence guide injected with galactosyl serum
albumin-based D-galactose receptor targeted activatable probe
on the green fluorescence view (right window)). Thus,
H-dimer formation is shown to be a promising mechanism
for activation of target-specific macromolecular optical
probes for molecular imaging. These observations are

consistent with our previous study using other target moieties.
Several xanthene-based fluorophores were conjugated to
GSA, and a series of in vitro and in vivo experiments were
performed to investigate which fluorophores possess the
optimal characteristics for in vivo molecular imaging. It was
found that TAMRA has the optimal fluorescence properties
among commonly employed in vivo molecular imaging
probes.28

Since NIR probes are of great interest for in vivo imaging,
the self-quenching properties of NIR fluorophores were
also investigated. The cyanine-based NIR fluorophores
AlexaFluor680 (Alexa680) and Cy5.5 were conjugated to
trastuzumab.141 These two fluorophores have identical ab-
sorbance spectra and fluorescence emission spectra. Seven
fluorophores were conjugated to each trastuzumab molecule
to make the following self-quenching probes: Tra-Cy5.5(SQ)
and Tra-Alexa680(SQ). For comparison, always-on probes
Tra-Cy5.5(ON) and Tra-Alexa680(ON) were prepared with
one fluorophore per trastuzumab. The quenching capacities
were 9-, 2-, 8-, and 2-fold for Tra-Cy5.5(SQ), Tra-
Cy5.5(ON), Tra-Alexa680(SQ), and Tra-Alexa680(ON),
respectively. In vitro microscopy demonstrated that the fluo-
rescence signals of Tra-Cy5.5(SQ) and Tra-Alexa680(SQ)
are quenched while the antibody conjugates are outside the
HER2-positive cell, but they are activated after internalization
into the cell (Figure 18). In contrast, with always-on probes,

Figure 17. Fluorescence endoscopic images in peritoneal-tumor-bearing mice by avidin-TAMRA and avidin-Alexa488. The pink arrow
heads show the tumor nodules. The tumors were clearly visualized with a low background signal by the activatable probe avidin-TAMRA.
In contrast, the always-on probe avidin-Alexa488 showed a high background signal and high fluorescence from excess injectate in the
peritoneal cavity (green arrow).

Figure 18. Scheme for the concept of a self-quenching activation system with avidin-fluorophore or antibody-fluorophore conjugates.
The fluorescence is self-quenched outside the cell. When it binds to the target and is internalized, it is catabolized within the lysosome and
dequenched. Thus, fluorescence is activated only inside the target cells.

Figure 16. Absorbance spectrum of TAMRA-conjugated avidin
in PBS (solid line). The blue-shifted peak (521 nm) represents the
H-dimer formation of fluorophores. When the conjugate is treated
with SDS to separate the fluorophores, the dimer peak decreases
and the monomer peak (555 nm) increases.
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bright surface fluorescence was detected. When these probes
were applied in vivo, Tra-Alexa680(SQ) showed a high
tumor-to-background ratio and only the target HER2-positive
tumor was detected. In contrast, Tra-Cy5.5(SQ) caused high
nonspecific binding, and the HER2-negative tumor demon-
strated an even higher signal than the HER2-positive tumor.
The always-on probes, as expected, showed high background
signals arising from the blood pool. Thus, the self-quenched
Alexa680 probe demonstrated target-specific activation. As
predicted from the chemical structures, the lipophilicity of
Cy5.5 was higher than that of Alexa680. This characteristic
may have led to higher nonspecific protein binding, although
other factors (e.g., charge, molecular weight) might also
affect its binding and pharmacokinetics. This system was
validated by comparing it with a similarly labeled humanized
anti-CD25 antibody, daclizumab, to demonstrate that this
method is widely applicable to a broad range of humanized
antibodies.

Currently, ICG is the only NIR fluorophore that has been
approved by the FDA for clinical use. The absorption peak
is at 780 nm, and the emission peak is at 820 nm, which is
longer than the emission wavelength of Cy5.5, which means
better penetration and lower autofluorescence. The ICG-
conjugated (Figure 19) antibody, however, loses its fluores-
cence, a property that has not until recently been understood.
Therefore, ICG has not been used in imunohistochemistry
in vitro.142,143 However, ICG-conjugated monoclonal antibod-
ies can be used as target-cell-specific activatable probes
during in vivo molecular imaging.74 ICG was conjugated to
daclizumab, panitumumab (human anti-HER1 monoclonal
antibody), and trastuzumab at 1:1 or 1:5 antibody:ICG ratios.
The quenching capacities were 43, 6, 58, 44, and 10 for
Dac-ICG (1:5), Dac-ICG (1:1), Pan-ICG (1:5), Tra-ICG
(1:5), and Tra-ICG (1:1), respectively. Surprisingly, even
the 1:1 conjugate showed fluorescence quenching. In addi-
tion, the quenching capacity of 1:5 conjugates was extremely
high, although self-quenching usually leaves a weak residual
fluorescence emission. The mechanism has not been entirely
elucidated yet, but noncovalent interaction between ICG and
hydrophobic amino acid sequences on the IgG might cause
loss of fluorescence from the ICG. In vitro microscopy
demonstrated fluorescence activation only within target cells,
and the surface fluorescence signal was undetectable (Figure
20). In in vivo studies, the target tumor was specifically
visualized with ICG-conjugated daclizumab with a high
tumor-to-background ratio. The fluorescence intensity of the
tumor increased only in the target ATAC4 (IL2-RR+) tumor,
and it was higher for Dac-ICG (1:5) than Dac-ICG (1:1).
The background and the nontarget tumor fluorescence were
low for both Dac-ICG (1:1) and Dac-ICG (1:5). When the
HER1-targeting Pan-ICG (1:5) and HER2-targeting Tra-ICG
(1:5) were injected into mice bearing HER1+ and HER2+

tumors, HER1+ tumors (MDA-MB468 and A431) were only
visualized by Pan-ICG (1:5) and not by Tra-ICG (1:5).
On the other hand, the HER2+ tumor (3T3/HER2) was
imaged only by Tra-ICG (1:5). Thus, ICG-IgG is an
activatable probe for in vivo molecular imaging that can be
conjugated with highly specific monoclonal antibodies. It is
possible to detect and characterize tumors in vivo using ICG-
conjugated to antibodies (Figure 21).

5.2.2.2.2. Fluorophore-Quencher ActiVation in the Tar-
geted Cells. Similar to enzyme-specific activatable probes,
another method to accomplish target-cell-specific fluores-
cence switching is to utilize fluorophore-quencher combina-
tions. We found that the TAMRA (fluorophore) and QSY7
(quencher) combination works well for in vivo molecular
imaging by combination with targeting proteins.144 Both
TAMRA and QSY7 were conjugated to avidin or trastu-
zumab to synthesize Av-TM-Q7 or Traz-TM-Q7. Both
probes have large quenching capacities, 40-fold for Av-TM-
Q7 and 13-fold for Traz-TM-Q7. As expected, activation
took place intracellularly by releasing the quencher from
TAMRA during lysosomal degradation of the carrier mol-

Figure 19. Chemical scheme of the amine-reactive indocyanine
green probe.

Figure 20. Fluorescence microscopy and differential interference
contrast (DIC) images with 3T3/HER2 cells. For trastuzumab-ICG,
the fluorescence signal was detected after internalization into the
cells by 8 h of incubation. The fluorescence signal was not detected
by 1 h of incubation while the conjugates were outside the cells
binding to the surface receptors. In contrast, the always-on
fluorescent probe trastuzumab-RhodG showed cell surface fluo-
rescence by 1 h of incubation. Many fluorescent dots were observed
after the antibody internalization by 8 h of incubation as well as
the surface fluorescence.

Figure 21. In vivo fluorescence images 4 days after the
trastuzumab-ICG or panitumumab-ICG injection into the HER1-
positive- and HER2-positive-tumor-bearing mice: arrowhead, 3T3/
HER2 (HER2-positive) tumors; solid arrow, MDA-MB468 (HER1-
positive) tumors; dashed arrow, A431 (HER1-positive) tumors. Only
the target-specific tumor was detected by both conjugates.
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ecule. The tumors in the peritoneal cavity were clearly
imaged by Av-TM-Q7. Traz-TM-Q7 visualized lung
tumors after intravenous injection with fairly low background
signal. The tumor-to-normal-lung-tissue ratios of Traz-
TM-Q7 was 22.4 ( 4.3, and the ratio was 5.7 ( 1.8 for
non-quencher-conjugated always-on probe Traz-TM. Thus,
activatable probes based on a fluorophore-quencher pair
conjugated to a targeting ligand are promising for target-
specific molecular imaging. The mechanism of this activation
was thought to be caused by FRET between TAMRA and
QSY7. However, since altered absorbance profiles of both
TAMRA and QSY7 have been demonstrated, also it is
suggested that part of this activation is derived from hetero-
H-dimer formation with these two different molecules.

5.2.3. Macromolecular Targeted Agents Conjugated to
Activatable Small-Molecule Probes

Macromolecular contrast agents provide a number of
advantages over low molecular weight agents. The multiple
binding sites afforded by macromolecules allow multiple
binding ligands and/or signaling molecules to be bound to
the agent. When a targeting moiety and an activatable probe
are coupled to a single molecule, the conjugate can be
designed to yield a signal only under specific conditions,
such as only after binding to a targeted cell type. Since the
targeting moiety is independent from the signaling moiety,
this design is advantageous compared to conventional
strategies because (1) the targeting moieties on the macro-
molecule can be flexibly selected to adapt to specific cell
surface targets of interest, (2) the pharmacokinetics of the
probe can be easily altered by changing the size of the
macromolecule, and (3) appropriate activation mechanisms
including oxidation-reduction or proton concentration (pH)
(both potentially reversible) and enzymatic cleavage (usually
irreversible) can be used.

Using this concept, Urano and Kobayashi et al. designed
a highly specific in vivo cancer imaging probe that incor-
porates an activatable fluorescent imaging probe within the
macromolecule. This agent is activated, after cellular inter-
nalization, by changes in pH which occur during lysosomal
degradation of the probe.36 A library of pH-activatable probes
based on the BODIPY fluorophore and the PeT mechanism
were created (see Figure 8h), each activating at a different
pH, and these were conjugated to a monoclonal antibody
targeting a cancer-specific cell surface receptor. These pH-
activatable probe-antibody conjugates were almost non-
fluorescent under neutral pH conditions; however, after
selective uptake by tumor cells the conjugate was transported
to the lysosome to undergo degradation at pH 4-5 (Figure
22a). Upon activation the probe became highly fluorescent.
As proof of concept, ex vivo imaging and in vivo imaging
of human HER2-positive lung tumors in mice were per-
formed with a humanized antibody against HER2, trastu-
zumab, conjugated with a BODIPY-based pH-activatable
small-molecule fluorophore. The probes did not yield a
fluorescence signal on the surface of HER2-positive cells
but internalized and activated the signal only in the lysosome
in vitro (Figure 22b) and were highly specific for tumors
and had only minimal background signal in vivo (Figure
22c).

As mentioned previously, in vivo tumor imaging with
another cancer-targeting molecule, GSA, which is known to
bind to a galactose-binding lectin on the cell surface and
then be internalized, demonstrated successful imaging with
high target-to-background ratios. The pH-activatable probe-
GSA conjugate was given to living mice with peritoneally
disseminated ovarian cancer expressing galactose-binding
lectin. By using fluorescence microendoscopy, tiny tumor
sites, invisible to the naked eye, became clearly visible,
demonstrating this method might be useful in situations such

Figure 22. (a) Schematic strategy for selective imaging of viable target cancer cells with an acidic pH-sensitive small-molecule probe
conjugated with cell surface molecule targeted monoclonal antibodies. (b) Confocal microscope images obtained just after the addition of
the probes and at 2 and 24 h postaddition of “always-on” and “pH-activatable” BDP-conjugated trastuzumab against HER2. (c) In vivo
tumor detection with targeted activatable fluorescent probes in HER2-positive lung metastasis model mice. The pH-activatable probe produces
a fluorescence signal only from tumors in the lung. However, the control always-on probe produces a fluorescence signal not only from
tumors, but also from the background normal lung and heart.
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as laparoscopic surgery by providing the surgeon with a road
map of the resectable lesions.

Another advantage of this probe is its reversibility. Because
the probes lose signal when they leak out of the cell and into
the more neutral conditions of the extracellular environment,
cellular viability can be assessed since this is an energy-
consuming process. Thus, viable cancer cells can be distin-
guished from dead or apoptotic cells, permitting a better
delineation of the relevant target population of cells. Thus,
activatable probes conjugated to macromolecular targeting
agents have specific advantages over low molecular weight
probes.

5.2.4. Pretargeting Activation-Quenching Strategy

A pretargeting activation-quenching strategy is another
unique method for target-specific activation. Hama et al.133

and Ogawa et al.145 reported two successful pretargeting
activation-quenching systems for target-specific fluorescence
imaging. In the strategy described by Hama, biotinylated
target-specific monoclonal antibody was first injected, and
then after clearance of nonbound antibody, a second injection
was made with a nonfluorescing neutravidin-BODIPY
conjugate, which was activated upon binding to biotin. This
strategy led to the successful visualization of HER1-positive
ovarian cancer in the peritoneal cavity with high tumor-to-
background ratios. Another approach was to first target the
specific antigen with the injection of a monoclonal antibody
conjugated with an always-on fluorophore and biotin mol-
ecules, and then after sufficient accumulation of the fluoresc-
ing antibody at the target, another injection was made with
a neutravidin-quencher conjugate to minimize the back-
ground signal from unbound antibody. Unbound antibody
was bound to the neutravidin-quencher, reducing the signal
and resulting in faster clearance via the liver. By using this
pretargeting quenching-chasing method, Ogawa et al. suc-
cessfully visualized the HER2-positive breast cancers with
minimal background signals.

6. Additional Signaling Mechanisms Using
Fluorescent Probes

For the previously described activation strategies, fluo-
rescence was induced by excitation light leading to emission
light. Although fluorescence intensity is the most straight-
forward way to obtain signal, fluorophores can also be
detected by observing other emission properties such as
fluorescence decay (lifetime). Moreover, light can be induced
with acoustic energy. These technologies are still under
development for use in medical imaging; however, these
agents have great potential to overcome some limitations of
conventional optical imaging, including the reduction of
background signal derived from autofluorescence or the
enhancement of tissues that are deep to the skin. In this
section, we review these emerging technologies as potential
adjuncts to fluorescence imaging.

6.1. Fluorescence Lifetime Imaging
Fluorescence lifetime imaging is the production of spatially

resolved images which reflect the time required for an excited
fluorophore to transition to its ground state (typically in
nanoseconds). This lifetime value can be measured through
the rate of fluorescence decay, which is proportional to the
number of energy dissipation pathways made available to

the fluorophore by its environment. Methods to dissipate
energy include fluorescence quantum yield, quenching,
internal conversion, photolysis, FRET, etc. This provides a
useful additional source of contrast as the lifetime is largely
independent of the fluorophore concentration, light scattering,
excitation laser power, and light path length146,147and other
artifacts which prevent reliable interpretation of the fluores-
cence intensity. If a probe’s lifetime is distinct from tissue
autofluorescence, fluorescence lifetime imaging provides a
simple means of removing autofluorescence from the image.

The fluorescence lifetime is measured through both time
domain and frequency domain techniques. Time domain
measurements are performed through time-correlated single
photon counting and through a series of nanosecond excita-
tion pulses and exposures. This method is more sensitive
than frequency domain techniques but has a lower temporal
resolution (∼1 per second). Frequency domain measurements
are done through the application of an excitation light of a
known frequency, demodulating the resulting emission light,
and determining the lifetime from the phase shift.148 This
technique has a much higher temporal resolution (∼10 per
second), allowing a near real time monitoring. Commercial
time domain cameras have become available in recent years,
broadening the applicability of this technique to provide new
insights into biology. The majority of work done with
fluorescence lifetime has been done with microscopy (con-
focal, multiphoton, and wide-field microscopes) and is often
referred to as fluorescence lifetime imaging microscopy
(FLIM). The principle use of FLIM has been imaging of
FRET studies. The transfer of energy from the donor to the
acceptor in FRET decreases the donor lifetime while increas-
ing the lifetime of the acceptor. FRET-FLIM is advanta-
geous because the presence of FRET can be determined
independently of concentration, FRET-FLIM is less sus-
ceptible to tissue scattering, and the technique offers
improved quantification149,150 and allows for the elimination
of the potential artifacts of photoconversion of FPs151 and
spectral bleedthrough from donor to acceptor.152 A recently
developed assay technique utilizes multiphoton FRET-FLIM
to quantify integrin-GFP, effector-mRFP association and
mayplaya role indrugdevelopment.Wide-fieldFRET-FLIM
revealed intracellular interactions between the transforming
oncogene RhoC and RhoGDIγ, a GDP dissociation inhibitor,
utilizing enhanced cyan fluorescent protein (donor) and
yellow fluorescent protein (acceptor) as a FRET pair, a
scenario in which FRET intensity imaging did not produce
a clear result.153 Beyond FRET imaging, the lifetime can be
influenced by the pH,154,155 viscosity,156 and oxygen con-
tent.157

Small-animal and clinical fluorescence lifetime imaging
systems lag behind FLIM in development, but are increas-
ingly becoming more widespread. To image through greater
than 1-2 mm of tissue requires an accurate photon migration
model, which the community only recently appears to be
settling upon.158,159 Much work is being done to bring the
advantages of FLIM to larger biological systems.159–161

6.2. Photoacoustic/Acoustic-Optical Imaging
Photoacoustic (synonymous with optoacoustic) imaging

for biological applications first appeared in the 1970s,162 but
only recently have photoacoustic fluorescent probes been
explored as imaging agents.163,164 In photoacoustic imaging
a pulsatile excitation laser is applied to a tissue, the
differential absorbance of which results in thermal expansion
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and the propagation of pressure waves, characteristic of each
absorbing analyte, to an ultrasonic detector. Several centi-
meters of tissue can be stimulated at a particular absorption
peak and resolved, as acoustic waves demonstrate 2-3 orders
of magnitude less scattering in tissue than light.165 The limited
numbers of fluorescent probes designed for photoacoustic
imaging have been in the NIR range, not only to increase
penetration the depth, but also to avoid endogenous chro-
mophores with high absorbances (most notably hemoglobin).
Recently, photoacoustic techniques were able to distinguish
HER2+ and HER2- cell lines in vitro utilizing Herceptin-
AlexaFluor750 conjugates. This study furthermore demon-
strated increasing photoacoustic signal with increasing
conjugation ratios, despite decreasing fluorescence at the
higher ratios due to quenching.166 AlexaFlour750, ICG,163

Cy5.5,167 inorganic dyes (gold nanoparticles168 and nano-
shells169), and fluorescent proteins170 have been imaged
successfully with photoacoustic techniques.
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