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Abstract: Tumor microenvironment plays important roles in tumor development and metastasis. Features of the
tumor microenvironment that are significantly different from normal tissues include acidity, hypoxia, overexpressed
proteases and so on. Therefore, these features can serve as not only biomarkers for tumor diagnosis but also the-
raputic targets for tumor treatment. Imaging modalities such as optical, positron emission tomography (PET) and
magnetic resonance imaging (MRI) have been intensively applied to investigate tumor microenvironment. Various
imaging probes targeting pH, hypoxia and proteases in tumor microenvironment were thus well developed. In this
review, we will focus on recent examples on fluorescent probes for optical imaging of tumor microenvironment.
Construction of these fluorescent probes were based on characteristic feature of pH, hypoxia and proteases in tu-
mor microenvironment. Strategies for development of these fluorescent probes and applications of these probes in

optical imaging of tumor cells or tissues will be discussed in this review paper.
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Introduction

Tumor microenvironment acts as “soil” in the
formation, growth and metastasis of tumors
[1]. The difference between tumor microenvi-
ronment and normal tissue microenvironment
is also critical for the development of tumor
diagnosis and chemotherapy targeting tumor
tissues [2]. Imaging of tumor microenvironment
is an emerging area with the development of
new imaging techniques as well as molecularly
specific probes. For example, novel cryo-imag-
ing of the glioma tumor microenvironment has
been used to reveal migration and dispersal
pathways in vivid three-dimensional detail [3].
The optical frequency domain imaging enables
three-dimensional microscopy of the tumor
microenvironment in vivo [4]. Noninvasive
assessment of tumor microenvironment was
realized using dynamic contrast-enhanced
magnetic resonance imaging (DCE-MRI) and
positron emission tomography imaging (PET) in
neck nodal metastases [5]. Using multiphoton
microscopy, it is also possible to do in vivo real-
time imaging of chemotherapy response on the
liver metastatic tumor microenvironment [6]. A
multi-modal optical diagnostic approach for in

vivo imaging of tumor vascular network and
blood microcirculation has been developed
recently utilizing a combined use of fluores-
cence intravital microscopy (FIM), dynamic light
scattering (DLS) and spectrally enhanced
microscopy (SEM) modalities [7].

The construction of probes targeting tumor
microenvironment which allows non-invasive
imaging of tumor microenvironment is an impor-
tant research field in molecular imaging. A wide
variety of nanoparticle platforms are being
developed for the construction of molecular
imaging probes targeting tumor microenviron-
ment. Metabolically directed nanoparticles
such as the pH-titratable superparamagnetic
iron oxide were found to have improved
nanoparticle accumulation in acidic tumor [8].
Magnetic nanoparticle clusters encapsulated
inside a liposome, under the influence of an
external magnet, can target tumor microenvi-
ronment and give high contrast magnetic reso-
nance imaging (MRI) [9]. Receptor-ligand inter-
actions are frequently used for nanoprobes to
target tumor microenvironment [10-12]. In addi-
tion to probes for MRI and PET imaging, fluores-
cent probes with response to the special fea-
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Figure 1. A. Mechanism for activation of pH sensitive Cy dyes. B. Structure of cRGD linked pH activatable Cy dye
and its application in optical imaging of orthotopic 4T1//uc tumor, arrows indicated the tumor region. Adapted from

reference [15].

tures of tumor microenvironment represent the
“smart” probe in the optical imaging of tumor
microenvironment [13]. We will focus on recent
progress on the construction of “smart” fluo-
rescent probes for optical imaging of tumor
microenvironment in this review paper.

Fluorescent probes with sensitive response to
pH, hypoxia and proteases overexpressed in
tumor microenvironment could find applica-
tions in optical imaging of tumor microenviron-
ment. We will summarize the principle and
strategies used for the construction of fluores-
cent probes which can respond to these impor-
tant features of tumor microenvironment.
Applications of these “smart” fluorescent
probes in optical imaging of tumor will also be
reviewed with an emphasis on latest examples
reported in the past three years. Multimodality
imaging with fluorescence as one modality will
also be covered in this review paper. Ratiometric
probes whose excitation or emission spectra
could shift with pH change, hypoxia or tumor
microenvironment related proteases have the
potential to quantify the imaging target. They
will also be introduced in this review.

Fluorescent Imaging of acidic tumor microen-
vironment

The change of pH in tumor microenvironment
compared to normal tissue has been well rec-
ognized and the slightly acidic pH in tumor

microenvironment has become an important
issue in the design of anti-tumor therapy [13].
The pH of the tumor extracellular space is in the
range of pH 6.2-6.9, which is lower than that of
normal tissues (pH 7.4). Therefore fluorescent
probes which could be activated specifically in
this pH range are useful for optical imaging of
the acidic tumor microenvironment. Small
molecular probe and nanoprobe have both
been constructed to fluoresce in the acidic
tumor microenvironment but not in normal
tissues.

Fluorescent pH probes based on small mol-
ecules

Activatable fluorescent probes which have suf-
ficient specificity and sensitivity in tumor tissue
could minimize the background signal from
nontarget tissues in optical imaging. Therefore
great efforts have been devoted to the synthe-
sis of organic dye modified small molecules
whose fluorescence could be turned on by pro-
tonation within the narrow pH range corre-
sponding to tumor microenvironment. The dye
molecule in the activatable pH fluorescence
probes with practical use in optical imaging
includes boron-dipyrromethene (BODIPY) and
the near-infrared (NIR) fluorescent dye cyanine

(Cy).

Based on the photon-induced electron transfer
(PeT) theory, amino groups such as those in
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Figure 2. A. Design of pH-activatable micellar nanoprobes. B. Different amine groups linked to the micelle
backbone to make the nanoprobes activatable at different pH upon protonation of the amine group. C. Fluorescent
images of cells treated of pH-activatable nanoprobe with (top panel) or without (bottom panel) the inhibition
of lysosomal acidification. Nanoprobe activation was indicated by the red fluorescence signals. Adapted from

reference [30].

N,N-dialkylated anilines have highest occupied
molecular orbital energy levels which is suffi-
cient to cause PeT toward the BODIPY fluoro-
phore and make it non-fluorescent. Upon pro-
tonation of the amino group to interrupt the
PeT, the emission of BODIPY restores to give
bright fluorescent signal over 500 nm. Urano et
al. developed a series of acidic pH-sensitive
fluorescence probes based on the integration
of different N,N-dialkylated aniline functionality
with 2,6-dicarboxyethyl-1,3,5,7-tetramethyl-
BODIPY [14]. These compounds were reported
to be almost nonfluorescent in the nonproton-
ated form due to PeT from the aniline moiety to
the fluorophore, but become highly fluorescent

in the protonated form with fluorescent quan-
tum yield around 0.55-0.60. Thus an increase
greater than 300-fold in fluorescent emission
was achieved upon turn-on of the fluorescent
probes under specific pH.

NIR pH-activatable probe has been developed
using pH-sensitive Cy dye (Figure 1A) [15]. Cy
dye is a series of NIR fluorescent dyes with high
extinction coefficients. When Cy dye molecules
were modified with amines or other N-containing
moieties such as terpyridine (Tpy), they became
pH-sensitive Cy dye because PeT between Cy
and the N-containing group could be interrupt-
ed upon protonation of the N atoms. For exam-
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ple, Tpy-Cy in which Cy was linked with Tpy by
an aminomethylphenyl group has been report-
ed to respond linearly and rapidly to minor pH
fluctuations within the range of 6.7-7.9 due to
fast PeT process [16]. The aminocyanine bear-
ing a diamine moiety were reported to have a
46- to 83-nm red shift of the absorption maxi-
mum under acidic conditions, thus were used
as ratiometric pH probes [17]. Tumor selective
NIR pH-activatable probe was developed by
conjugating pH-sensitive Cy dye to a cyclic argi-
nine-glycine-aspartic acid (cCRGD) peptide tar-
geting o B, (Figure 1B) [15].

Small molecules based activatable fluorescent
pH probes may be widely applied in imaging of
tumor microenvironment due to the flexibility of
small molecules. With the modification of dif-
ferent targeting groups, these probes could
specifically image various interest tumors.
However, only few dyes could be protonated to
produce ‘turn-on’ fluorescent signals and these
dyes could only response to a specific narrow
pH range, which will limit applications of these
probes in tumor imaging. Development of other
small molecule based fluorescent pH probes is
thus of great importance.

pH nanoprobes for optical imaging

Construction of nanoprobes for imaging of
tumor microenvironment is of great interest
currently [8, 15, 18, 19]. Various nanoparticles
have been developed for optical imaging or
multi-modality imaging [20]. Fluorescent
nanorods and nanospheres have also been
used for real-time in vivo probing of nanoparti-
cle shape-dependent tumor penetration [21].
Compared to small molecular probes, fluores-
cence nanoprobes have advantages such as
tunable circulation lifetime, up-regulated accu-
mulation in tumor and enhanced sensitivity by
labeling multiple imaging reporters on a single
nanoparticle. The mechanisms of pH respon-
sive fluorescence of the nanoprobes include
fluorescent resonance energy transfer (FRET)
effect or self-aggregation associated energy
transfer effect (SAET) which can be referred to
recent review [22].

Quantum dots (QD) have been used as FRET
donor in pH nanoprobes. A charge-transfer cou-
pled pH probe has been developed using
QD-dopamine-peptide bioconjugates [23]. The
response of the QD conjugates to pH was based

on the change of intrinsic redox properties of
the coated dopamine which upon oxidation at
basic pH could turn into a quencher of QD.
Ratiometric pH probes based on FRET pairs
with QD as donor have also been developed.
Organic dyes which have response to pH
change such as fluorescein isothiocyanate
(FITC) and the pH dye SNARF have been coated
to QD surface to get QD-based ratiometric pH
probes [24, 25]. Fluorescent diblock copolymer
with pH response has also been coated on QD
surface to get color distinctive, ratiometric pH
probe [26]. QD coated with pH-sensitive fluo-
rescent proteins has been reported recently,
which showed dramatically improved sensitivity
and photostability compared to the widely used
fluorescent dyes for pH imaging [27]. FRET
between the quantum dot and multiple fluores-
cent proteins were found to be able to modu-
late the emission ratio from fluorescent pro-
teins and quantum dots and a change more
than 12 fold could be achieved between pH 6
and 8. Most of these QD-based pH probes have
just been tested in live cells and their applica-
tions for in vivo imaging are yet to be explored.
One example using dextran based pH-sensitive
NIR nanoprobe has been demonstrated on the
in vivo differential-absorption dual-wavelength
photoacoustic imaging of tumors [28].

Construction of the other type of pH nanoprobe
based on self-quenching dye or SAET is emerg-
ing after the FRET-type pH probes. The carbo-
cyanine derivative IR783 was linked to the dex-
tran-based nanoparticle via an acid-sensitive
hydrozone bond which could be cleaved under
the acidic tumor microenvironment [29]. The
self-quenching between the spatially neighbor-
ing IR783 fluorophores could be diminished
upon the cleavage of the dye molecule off the
nanoparticle and give high tumor-to-normal tis-
sue (T/N) signal ratio and a prolonged time-win-
dow for tumor visualization in vivo. Gao et al.
reported a set of tunable, pH-activatable micel-
lar nanoparticles based on the supramolecular
self-assembly of ionizable block copolymer
micelles as a SAET type pH nanoprobe (Figure
2A) [30]. Using amine groups with different pKa
in the polymer backbone as shown in Figure
2B, a series of SAET probes could be obtained
which can be activated at different pH because
only the protonated ammonium groups could
lead to micelle dissociation into unimers with a
dramatic increase in fluorescence emission.
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Figure 3. A. Structure of the dual-labeled carbon nanodot as ratiometric pH nanoprobe. B. Fluorescent images of
Hela cells at pH 6.0, 6.5, 6.8, 7.2, 7.5 and 8.0, respectively. Adapted from reference [32].

Specific activation of nanoprobes in acidic
tumor cells was observed (Figure 2C).
Multicolored, pH tunable fluorescent nanoplat-
form has been developed using the same prin-
ciple through the use of commonly available
pH-insensitive dyes [31]. The fluorescence
wavelengths can be fine-tuned from green to
NIR emission range (500-820 nm) on the nano-
platform and their fluorescence ON/OFF activa-
tion can be achieved within 0.25 pH units.

Other than quantum dots and polymeric
nanoparticles, newly emerging nanomaterial
has also been used to construct pH nano-
probes. Ma et al. reported a carbon nanodots

(CDs) based ratiometric pH probe which could
measure the intracellular pH in the whole cell
quantitatively [32]. As shown in Figure 3A, the
amino-coated CDs were coated with different
molar ratios of pH-sensitive FITC to pH insensi-
tive rhodamine B isothiocyanate (RBITC). The
dual-labeled CDs allowed facile adjustment of
pH response range and showed good biocom-
patibility and intracellular dispersibility (Figure
3B). It could be a promising pH nanoprobe for
ratiometric imaging of tumor microenvironment
in vivo.

Conjugation with nanoparticles could improve
the biocompatibility and delivery efficiency of
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Figure 4. A. Chemical structure of ratiometric probe C343-Pro4-BTP. B. Luminescent images of Hela cells
incubated under aerobic and hypoxic conditions. Adapted from reference [39].

small fluorescent probes and adjust the emis-
sions of these fluorescent probes to interest
range. Therefore, development of pH nano-
probes greatly broadens the applications of pH
sensitive small molecule dye in optical imaging
of tumor microenvironment. The specificity may
be realized by attaching targeting groups onto
the surface of nanoprobes. While, these nano-
probes also could only response to a specific
narrow pH range. And the big size of the probes
will cause unexpected high uptake of liver and
kidney when performing in vivo imaging, which
is also a common problem of nanoparticles.
Development of more biocompatible nanocarri-
ers and other pH nanoprobes may help to solve
these problems.

Fluorescent imaging of tumor hypoxia

Hypoxia refers to the situation where tumor tis-
sues lack of oxygen as a result of the rapid
tumor growth. The imbalance between the sup-
ply and consumption of oxygen leads to signifi-
cantly lower oxygen concentration in tumor
region than in normal tissues, making hypoxia a
characteristic feature of locally advanced
tumors [33]. It has also been suggested that
hypoxia could promote tumor invasion and
metastasis and resistance of tumor cells to
therapy as well [33, 34]. Therefore, fluorescent
imaging of hypoxia in tumor microenvironment
is of great significance. Both oxygen-sensitive
fluorescent probes and bioreductive fluores-
cent probes have been constructed to image
tumor hypoxia in vitro and in vivo.

Oxygen-sensitive fluorescent probes

Since oxygen is a powerful quencher for phos-
phors [35], phosphorescent probes including
metalloporphyrin complexes and ruthenium
and iridium complexes were developed for
imaging of hypoxia. Lack of oxygen in tumor
regions can significantly increase the bright-
ness of these probes, making them good candi-
dates for imaging purpose.

Phosphor oxyphor G2, a palladium porphyrin
complex, was used to evaluate the oxygen dis-
tribution in murine tumor tissues [36]. Three
tumor types with different oxygen levels were
examined, showing characteristic and consis-
tent oxygen profiles. These results demonstrat-
ed that phosphorescence quenching is capable
of providing real-time determination of oxygen
concentrations within tumors. A red light-emit-
ting iridium complex, BTP, was reported by
Tobita et al. as a hypoxia-sensing probe [37,
38]. This probe exhibited hypoxia-dependent
light emission in cultured cell lines and in vivo
imaging results also revealed that BTP had the
ability to image hypoxia in tumors.

To quantify oxygen levels in cells and tissues,
ratiometric imaging with the help of reference
dye can be used. A small molecule oxygen sen-
sor which consisted of coumarin 343 as an
oxygen-insensitive fluorophore and iridium
complex BTP as an oxygen-sensitive phosphore
was further developed by Tobita et al. and
applied to monitor oxygen levels in tumor cells
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Figure 5. A. Chemical structure of 2-nitroimidazoles modified NIR dye Cye. B. In vivo optical imaging of

subcutaneous tumors. Adapted from reference [44].

(Figure 4) [39]. An oxygen-sensitive palladium
meso-tetraphenylporphyrin and an inert refer-
ence dye were loaded onto polystyrene
nanoparticles for ratiometric imaging of tumor
hypoxia [40]. The ratio fluorescence of this
nanoparticle-based probe also exhibited dose
dependence on the oxygen concentrations.
With the targeting group, monoclonal antibody
Herceptin, on the surface of nanoparticles, tar-
geted in vitro and in vivo imaging were realized.
These results showed good correlation between
ratiometric response and oxygen levels.
Another ratiometirc probe for hypoxia imaging,
which is just a single-component, was devel-
oped by Fraser et al. [41]. This probe utilized a
dual-emissive boron biomaterial with weak flu-
orescence as reference and strong phospho-
rescence as ‘turn-on’ signal. The signal ratio of
this simple probe was found well consistent
with oxygen concentrations in vitro and in vivo.

Fluorescent probes discussed above exhibited
oxygen dependent signals, which made them
quite suitable to image hypoxia with high speci-
ficity. Especially when phosphorescence was
combined with fluorescence, quantitative infor-
mation about oxygen within tumor regions
could be obtained. However, toxicity of these
heavy metal based probes is a major concern
when applying them in the future. Strategies to
avoid the toxicity of these fluorescent probes or
discovery of other potential fluorescent probes
will promote the development of oxygen-sensi-
tive fluorescent probes for imaging of tumor
hypoxia.

Bioreductive fluorescent probes
Hypoxic environment within tumors could cause

bioreductive reactions of small molecules such
as 2-nitroimidazole and indolequinone. This
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feature has also been well used to construct
fluorescent probes for hypoxia imaging.
2-Nitroimidazole, also known as hypoxia mark-
er, could be selectively reduced and bound in
hypoxic tissues. Therefore, it has been
employed in various probes as targeting moiety
for imaging of hypoxia in tumors [42]. Novel flu-
orescent markers containing naphthalimides
and two 2-nitroimidazole chains were devel-
oped by Zhang et al. for imaging of hypoxic cells
[43]. NIR fluorescent dye Cy was linked with two
2-nitroimidazoles as a fluorescent probe for in
vitro and in vivo imaging of tumor hypoxia
(Figure 5A) [44]. In vitro imaging showed higher
levels of fluorescence in hypoxic cells than in
normoxic cells after treatment with this probe.
And in vivo and ex vivo fluorescence imaging
also revealed specific accumulation of this
probe in tumors, suggesting it is a promising in
vivo optical imaging probe for tumor hypoxia
(Figure 5B).

Except using bioreductive products to target
tumors, bioreductive reactions have also been
used to construct ‘turn-on’ fluorescent imaging
probes for hypoxia. As substituents of indole-
quinone derivatives could be removed by reduc-
tion under hypoxic conditions, Nishimoto et al.
developed a new class of fluorescent probes
for investigating hypoxia [45]. Nagano et al.
developed hypoxia-sensitive NIR fluorescent
probes QCys based on the findings that azo
functional group could be cleaved under hypox-
ic conditions [46]. QCys consisted of NIR dyes
Cy and quencher BHQ which were linked togeth-
er by azo functional groups. Potential applica-
tions of these probes for in vivo real-time fluo-
rescence imaging were also evaluated, showing
good imaging quality. These ‘turn-on’ fluores-
cent probes represent a novel type of probes
for optical imaging of tumor microenvironment.

Besides, ratiometric fluorescent probes based
on bioreductive reactions have also been devel-
oped. A new prodrug derivative containing a
p-nitrobenzyl moiety which is a hypoxia-selec-
tive leaving group activated by nitro reduction
and a selective ratiometric fluorescent sensor
(RHP) was synthesized by Xiao et al. [47]. Cell
imaging results showed good ability of this
probe to distinguish aerobic and hypoxic tumor
cells. A dual-response fluorescent probe, UTX-
12, was designed by Hori et al., which consist-
ed of a p-nitro benzyl moiety and SNARF [48].
UTX-12 could image not only tumor hypoxia but

also tumor acidic environment. Clear differenc-
es in fluorescence between hypoxic and aero-
bic conditions in tumor cells were observed
with UTX-12 as probe.

Fluorescent probes utilizing bioreductive fea-
ture of tumor microenvironment allowed effi-
cient imaging of tumor hypoxia. However, insta-
bility of these probes in vivo may lead to high
non-specific background signal. Efficient tumor
imaging can be realized with further develop-
ment of these bioreductive fluorescent probes.

Fluorescent imaging of proteases in tumor
microenvironment

Development of tumor is often associated with
overexpression of proteases in tumor microen-
vironment in comparison with that in normal
tissues [49]. Recent evidence has suggested
that proteases such as matrix metalloprotein-
ases (MMPs), cathepsins and fibroblast activa-
tion protein alpha (FAPx) could promote tumor
growth, invasion and metastasis [50-52].
Therefore, these proteases could act as not
only biomarkers for diagnosis but also potential
targets for therapy [53-55]. Imaging of prote-
ases in tumor microenvironment is thus of
great research interest. The abilities of prote-
ases to covalently bind with target molecules or
cleave specific substrates have been widely
used to construct fluorescent probes for imag-
ing purpose.

Activity-based fluorescent probes

As some proteases are capable of covalently
modifying enzyme targets in an activity depen-
dent manner, covalent reaction between prote-
ases and reactive functional groups that are
linked with fluorescent tags was then used to
develop a type of activity-based fluorescent
probes. The covalent binding between fluor-
phore and target proteases allows direct imag-
ing of interest protease from others.

Cathepsins, which belong to the lysosomal cys-
teine protease family, have been shown to play
important roles in various cancers [56]. A num-
ber of activity-based fluorescent probes have
been developed toward cathepsins. Epoxide
reactive electrophiles were conjugated with
fluorphore Cy5 to image cathepsin X [57]. With
these probes, cathepsin X was labeled and
visualized in complex lysates, intact cells and
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Figure 6. A. Chemical structure of activity-based fluorescent probe LP-1. B. In vivo optical imaging of active

legumain using LP-1. Adapted from reference [61].

living mice. As the unknown function of cathep-
sin X, these probes represent a type of valuable
research tools. A highly reactive group of
cathepsin, acyloxymethyl ketone (AMOK), was
used to generate another type of activity-based
fluorescent probes for cathepsins. NIR dye Cy5
and quencher dye QSY21 were linked together
through AMOK linker. Reaction between AMOK
and cathepsin dissociates the fluorphore and
quencher, producing fluorescent labeling of
cathepsin. Quenched activity-based fluores-
cent probes which are constructed by peptide
backbones were developed by Bogyo et al. to
image cysteine cathepsin in vivo [58]. Cathepsin
activity was directly monitored by these probes.
Later, an optimized nonpeptidic probe was fur-
ther developed to investigate cathepsin S [59].
This probe provided high tumor-specific fluores-
cence signals in vivo by targeting tumor-associ-
ated macrophages.

Besides cathepsins, some other proteases
have also been labeled by activity-based fluo-
rescent probes. Integral membrane seine

hydrolase KIAA1363, which is highly expressed
in aggressive human cancer cell lines and pri-
mary tumors, was successfully labeled by its
inhibitor linked fluorphore BODIPY [60]. This
covalent labeling allowed determination of the
localization and half-life for KIAA1363 in can-
cer cells. Legumain, which is also a lysosomal
cysteine protease, was also fluorescently
labeled by activity-based probe LP-1 (Figure
6A) [61]. This probe employed aza-peptidyl Asn
epoxide that is highly selective inhibitor as tar-
geting group and NIR fluorphore as labeling tag.
Imaging results by using this probe showed
specific labeling of legumain in various normal
tissues as well as in solid tumors when applied
in vivo (Figure 6B).

Activity-based fluorescent probes discussed
above had the ability to form permanent cova-
lent bonds with target proteases, allowing
direct imaging of these proteases. These
labeled proteases could be further subject to
biochemical analysis, enabling discovery of
more detailed information about target prote-
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from reference [69].

ases. While, these probes usually lack of cell
permeability and rapid diffusion, which limits
their use. And most of these activity-based fluo-
rescent probes usually generate a background
fluorescence signal regardless of whether they
were bound to target proteases or not. Further
development to improve the efficiency of these
probes is needed.

Activatable fluorescent probes

Unique catalytic activities of proteases that can
cleave specific substrate enable design of
smart fluorescent probes that can be turned on
upon meeting with the enzyme target. These
activatable fluorescent probes hold great
potential for imaging of proteases due to the
enhanced tumor to background signal ratio.
Various proteases such as MMPs, caspase and
thrombin have been successfully imaged by
using activatable fluorescent porbes [62].

Favorite peptide substrates of MMPs were
used to construct a series of activatable fluo-
rescent probes for imaging of MMPs. NIR dye
IRDye 800CW was linked with quencher BHQ-3
through MMPs substrate [63]. Expected cleav-
age fragments were demonstrated in in vitro
assay and extensive metabolism of this probe
was also found in vivo. To increase the stability
of these activatable fluorescent probes,
poly(ethylene) glycol groups were attached to
the end of these probes, which use NIR dye
Cyb.5 as the fluorphore and BHQ-3 as the
quencher [64]. These activatable probes
allowed real- and long- time imaging of MMPs in
vivo. With RGD group in the activatable fluores-

10

cent probes, improved in vivo imaging of MMP
with minimized nonspecific accumulation in
irrelevant tissues has also been realized [65].
High cell permeability of activatable fluores-
cent probes for MMPs was realized using
BODIPY as the fluorphore [66]. Comparing to
using sulfoCy5 as fluorphore, probe BODIPY-
MMP exhibited an increment of fluorescence
inside cells and longer visualization of MMP
activity in vivo due to better cell permeability of
BODIPY. Other than using dyes as quencher,
nanoparticles also could serve as quenchers to
generate activatable fluorescent probes for
MMPs. By using Fe, 0, nanoparticles [67] and
flower-like Au-Fe, O, nanoparticles [68] to
quench the fluorescence of NIR dye Cy5.5, in
vivo multimodality imaging of MMP-2 has also
been realized.

Recently, Li et al. reported the first activatable
fluorescent probe for in vivo imaging of FAPq,
which is overexpressed in various cancers. This
probe ANP_ . (Figure 7A) consisted of a NIR dye
Cyb.5 and a quencher QSY21, which were
linked by the peptide substrate (KGPGPNQC)
specific for FAPa [69]. In vitro assay demon-
strated high specificity and sensitivity of ANP_
to FAP«. In vivo imaging also showed high accu-
mulation of ANP__ in U87MG tumor models
with FAPa expression, while no signals were
observed in C6 tumor models without FAPx
expression (Figure 7B).

Except using FRET pair between dye and
quencher, another type of activatable fluores-
cent probes which utilize two fluorphores for
ratiometric imaging of proteases have also

Am J Nucl Med Mol Imaging 2013;3(1):1-15



Tumor microenvironment imaging

been developed. FRET pair of coumarin343
and TAMRA were linked together by peptide
sequence (QPMAVVQSVP) specific for neutro-
phil elastase (NE) [70]. Enzyme cleavage of
these probes showed good response toward
NE and cell imaging also exhibited good corre-
lation between fluorescence ratio and NE
expression. NIR dyes Cy5 and Cy7 were con-
nected by peptide sequence LFSRPP, which is
specific substrate of thrombin [71]. With the
fluorescence ratio signal between Cy5 and Cy7,
rapid in vivo readout of thrombin activation was
provided, demonstrating great potential of rati-
ometric probes in protease imaging.

Activatable fluorescent probes using specific
substrate of interest enzyme could enhance
the tumor-to-background signal and allow non-
invasive monitoring of enzyme activity. However,
the existed large number and diversity of prote-
ases hinders the development of highly specific
substrates. These designed substrates usually
suffer from unexpected cleavage by other
enzymes. Also, there are various enzymes pres-
ent in serum, causing extremely instability of
these activatable fluorescent probes when
applied in vivo. Development of activatable flu-
orescent probes with high specificity and stabil-
ity is thus required.

Conclusion and perspective

Acidity, hypoxia and overexpressed proteases,
significant features of tumor microenviron-
ment, play important roles in tumor develop-
ment and metastasis. Optical imaging of these
features has attracted many scientists’ atten-
tion and various fluorescent probes targeting
these features have been developed and wide-
ly applied in biomedical research. Imaging
results from these fluorescent probes have pro-
vided useful information about tumor microen-
vironment, which is helpful for early diagnosis
and theranostics of tumors. For example, an
optical nanoprobe consisting of Cy5.5 labeled
MMP-2 substrate and gold nanoparticles was
reported by Ahn et al. for use in protease inhibi-
tor drug screening and early diagnosis of can-
cer in vivo [72]. Apoptosis in mice treated with
drugs was successfully monitored with cas-
pase-specific activity-based fluorescent probes
[73]. Except for features in tumor microenviro-
ment mentioned in this review paper, others
such as caspase, epidermal growth factor
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receptor (EGFR) and integrin « 3, are also
potential targets for tumor imaging. Another
promising imaging target in tumor microenviro-
ment is microRNA, which is a type of short non-
conding RNAs and capable of silencing genes.
Recent evidence has suggested that microR-
NAs are closely related with cancer develop-
ment [74] and could function as biomarkers
and therapeutic targets of cancers [75-77].
Optical imaging of microRNAs is thus of great
potential and under current research interest
[78, 79].

Optical imaging is limited by the depth of pene-
tration in tissue and lack of quantitative infor-
mation. Integration with other imaging modali-
ties such as PET and MRI will help to solve this
problem. For example, more detailed informa-
tion about MMPs has been obtained by com-
bining PET imaging and MRI with fluorescence
imaging [67, 80, 81]. Caspase-3 activity [82]
and EGFR status [83] were determined by cou-
pling MRI with fluorescence imaging.
Fluorescence imaging has also been combined
with PET and MRI for multimodality imaging of
integrin o B, [84]. Efficient and specific delivery
of imaging agents to interest tissues is also
critical for imaging of tumor microenvironment.
To address this issue, nanocarriers may be
used [85]. With the development of multimo-
dality or multifunctional imaging probes target-
ing different features in tumor microenviron-
ment, more comprehensive information will be
collected for biomedical research.
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