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NIR Fluorogenic Dye as a Modular Platform for Prodrug
Assembly: Real-Time in vivo Monitoring of Drug Release
Orit Redy-Keisar,[a] Shiran Ferber,[b] Ronit Satchi-Fainaro,*[b] and Doron Shabat*[a]
tumor cells in vitro and in vivo. Drug release and in vitro cytotoxicity were correlated with the emitted fluorescence. The
prodrug activation was effectively imaged in real time in mice
bearing tumors. The modular design of the QCy7 fluorogenic
platform should allow the preparation of numerous other prodrugs with various triggering substrates and chemotherapeutic
agents. We anticipate that the development of real-time in
vivo monitoring tools such as that described herein will pave
the way for personalized therapy.

The ability to monitor drug release in vivo provides essential
pharmacological information. We developed a new modular
approach for the preparation of theranostic prodrugs with
a turn-ON near-infrared (NIR) fluorescence mode of action. The
prodrugs release their chemotherapeutic cargo and an active
cyanine fluorophore upon reaction with a specific analyte. The
prodrug platform is based on the fluorogenic dye QCy7; upon
removal of a triggering substrate, the dye fluoresces, and the
free drug is released. The evaluated camptothecin prodrug
was activated by endogenous hydrogen peroxide produced in

Introduction
With the recent remarkable advances in medicine, the need for
specific and personalized treatment has gained considerable
attention over the past few years.[1] The therapeutic approach
in which all patients who suffer from a particular disease receive similar treatment is now recognized as having many deficiencies. One way to address this issue is to develop tools that
have the ability to simultaneously diagnose and treat a medical
condition. The relatively new term theranostic is used to describe a single agent that can function for both therapy and diagnosis.[2] The use of such agents will provide information on
the biodistribution, pharmacokinetics, pharmacodynamics, selectivity, and mode of action of a given drug, thereby enabling
personalization of treatment.
Nearly four years ago, we developed a unique latent fluorogenic linker (based on coumarin building block) that has been
used for the assembly of prodrug systems.[3] The prodrug is designed to undergo specific activation by an analyte of interest;
activation releases the drug and turns on a fluorescence signal
through the formation of a coumarin derivative (Scheme 1).
This pioneering prodrug system was able to report its cytotoxic activity toward cancer cells in real time. A direct correlation
between the ability to inhibit cancer cell growth and emit fluo-

rescence was observed. The amount of drug released was determined by quantifying the emitted fluorescence. After our
report, a burst of studies on theranostic drug delivery systems
appeared in the literature,[4–19] including a recent one that used
our coumarin linker to assemble an activatable prodrug for the
treatment of metastatic tumors.[20]
The relatively short emission wavelength of the coumarin
linker enables monitoring of drug release and cytotoxic activity
in a cell-based assay. To monitor fluorescence in vivo, the
system should be designed based on a linker with emission in
the near-infrared (NIR) region.[21–23] The NIR region is optimal
for in vivo imaging applications, as live tissues have minimal
absorbance and emission at NIR wavelengths, and NIR photons
have the ability to penetrate through organic tissues. Two specific examples were recently reported in which a disulfidebased linkage was used as a triggering substrate for glutathione and a NIR dye as a fluorescent tracker.[9, 12]
We recently developed a novel class of turn-ON NIR cyaninebased probes.[24–27] The probes are based on quinone cyanine7 (QCy7), which is composed of a phenol donor conjugated to
two indolium acceptors. Deprotonation of the phenol causes
a distinct change in the p-electron system as a result of intramolecular charge transfer (ICT), leading to the generation of
a cyanine dye with strong NIR fluorescence (Scheme 2). Mechanistically, deprotonation of the phenol results in the formation
of a phenolate active donor II that is able to donate a pair of
p-electrons to either one of the conjugated indolium acceptors
(structures III and IV). This ICT generates a resonance species
with a p-electron pattern similar to that of a cyanine fluorochrome. QCy7 exhibits a relatively high quantum yield of 16 %
under aqueous conditions, good photostability, and large extinction coefficient.[25]
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Scheme 1. Monitoring drug release through the activation of a latent fluorogenic linker.

Scheme 2. Deprotonation of a QCy7 dye to produce a NIR fluorescent turn-ON response.

a substrate for hydrogen peroxide[30] (Scheme 4). CPT is a topoisomerase I inhibitor which serves as a highly potent anticancer agent that suffers from poor solubility (i.e., making it irritant) and severe side effects, such as low white and red
blood cell counts, diarrhea, nausea, and vomiting. Reactive
oxygen species (ROS), and among them hydrogen peroxide,
are overproduced by various cancer cells and can therefore be
used as analytes for selective prodrug activation. Reaction of
hydrogen peroxide with the phenylboronic ester will lead to
formation of phenolate 1 a. This phenolate can undergo 1,4-elimnation, which is followed by decarboxylation to release the
free CPT and quinone methide VII. Addition of a water molecule to intermediate VII will result in formation of the QCy7
dye that emits NIR fluorescence.
The synthesis of prodrug 1 was achieved as outlined in
Scheme 5. Trialdehyde 1 b was prepared by Duff formylation of
phenol. Two of the aldehyde groups of 1 b were selectively
protected using two equivalents of ethylene glycol to form diacetal 1 c. The phenol moiety of 1 c was alkylated with benzyl
iodide 1 d to generate ether 1 e. Next, the aldehyde group of
1 e was reduced with sodium borohydride to give benzyl alcohol 1 f. The acetal groups of 1 f were deprotected under mild
acidic conditions to generate dialdehyde 1 g. The benzyl alcohol group of 1 g was reacted with 4-nitrophenylcarbonate of
camptothecin (1 j) to generate carbonate 1 h, which was then
condensed with two equivalents of indolium 1 i to afford prodrug 1.

The dye, protected with specific substrates, was demonstrated to act as an efficient turn-ON probe for various analytes.[28]
Herein we describe a modular platform based on the QCy7
dye enabling the incorporation of a specific triggering substrate and a chemotherapeutic agent. Activation of the QCy7
probe both releases the drug and turns ON the NIR fluorescence. The prodrug enabled analysis of drug release in real
time in cells and in vivo through monitoring of emission of NIR
fluorescence.

Results and Discussion
To use the QCy7 dye as a latent fluorogenic linker for assembly
of a modular prodrug with a turn-ON mechanism, we designed
general prodrug platform V (Scheme 3). The prodrug is based
on a latent form of QCy7 as a central linker that is masked
with a triggering substrate. In addition, a drug molecule is attached to a benzylic side arm of the dye through a self-immolative linkage. Removal of the triggering substrate by a specific
analyte should generate phenolate intermediate VI, which will
undergo 1,4-elimination to release the drug molecule (after decarboxylation). Thereafter, the drug elimination forms orthoquinone methide VII, a reactive species that can be trapped by
a water molecule to generate a fluorescent form of QCy7.
To demonstrate the ability of QCy7 to serve as a turn-ON
tracker for monitoring prodrug activation, we chose to evaluate an individual prodrug with camptothecin[29] (CPT) as an example of a chemotherapeutic drug and phenylboronic ester as
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Scheme 3. Modular design of a turn-ON prodrug system based on QCy7 as a latent central linker.

Scheme 4. Turn-ON prodrug example based on QCy7 as a latent central linker, phenylboronic ester as a triggering substrate for hydrogen peroxide, and
camptothecin as the chemotherapeutic drug.

The fluorescence spectrum of prodrug 1 before and after incubation with hydrogen peroxide was measured. As expected,
prodrug 1 in the absence of hydrogen peroxide exhibits
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Scheme 5. Chemical synthesis of prodrug 1. Reagents and conditions: a) 1. HMTA/TFA, 2. HCl/H2O, 12 h, 120 8C, 52 %; b) ethylene glycol, PTSA, toluene, reflux,
Dean–Stark, 12 h 110 8C, 61 %; c) K2CO3, DMF, 12 h, 0 8C–RT, 70 %; d) NaBH4, MeOH, 1 h, 0 8C–RT, 52 %; e) Amberlyst, acetone, 1 h, RT, 86 %; f) DMAP, CH2Cl2,
12 h, RT, 78 %; g) NaOAc, Ac2O, 80 8C, 30 min, 80 8C, 95 %.

720 nm, similar to the known emission wavelength of QCy7
(Figure 1). Next, we measured the NIR fluorescent signal obtained upon incubation of prodrug 1 in the presence of hydrogen peroxide and compared it with the kinetic release profile

of CPT (measured by RP-HPLC). A gradual increase in the fluorescent signal was observed, and saturation was reached
within 90 min (Figure 2 A). A similar kinetic release profile of
CPT was observed (Figure 2 B). No increase in the NIR fluorescent signal and no CPT release were observed from prodrug
1 in the absence of hydrogen peroxide.
To determine whether prodrug 1 enables the monitoring of
drug release in real time, the correlation between drug release
and emitted fluorescence was evaluated. The results, shown in
Figure 3, demonstrate that upon activation of the prodrug
with hydrogen peroxide, the emitted fluorescent signal is linearly correlated with drug release. Such correlation provides
a convenient spectroscopic tool to monitor and quantify drug
release in real time.
In vitro and in vivo evaluations of prodrug 1
Prodrug 1 is designed to undergo activation by endogenously
produced hydrogen peroxide. We therefore evaluated its ability to inhibit tumor cell growth in comparison with a control
prodrug that cannot be activated by hydrogen peroxide. In
the control prodrug, the phenylboronic ester is replaced with

Figure 1. Fluorescence spectra for probe 1 [50 mm in 0.1 m PBS] with (black)
and without (grey) H2O2 (pH 7.4; lex = 605 nm, lem = 720 nm).
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Figure 2. A) NIR fluorescence (lex = 605 nm, lem = 720 nm) emitted upon incubation of probe 1 [50 mm] in the presence (&) or absence (^) of H2O2 (5 equiv) in
0.1 m PBS, pH 7.4. B) CPT released upon incubation of probe 1 [50 mm] in the presence (&) or absence (^) of H2O2 (5 equiv) in 0.1 m PBS, pH 7.4. Monitored by
RP-HPLC; gradient: 10–90 % CH3CN in 0.1 % TFA in water.

Because increased hydrogen peroxide production is a hallmark of glioblastoma multiforme (GBM) aggressiveness, and
CPT was shown to be highly active against GBM cells, it was
chosen as a model system. Human GBM U-87 MG cells were
treated with various concentrations of CPT, prodrug 1, or control prodrug 2, with or without pre-incubation (4 h) with hydrogen peroxide at a ratio of 1:2. To evaluate cytotoxicity, the
number of viable cells was quantified following 72 h of incubation using a Coulter counter. Cell viability plotted as a function
of compound concentration is presented in Figure 4, and the
calculated IC50 values are summarized in Table 1. Prodrug 1,

Table 1. IC50 values obtained from the cell viability assay.
Figure 3. Correlation between drug release and fluorescence emitted from
prodrug 1 upon incubation with H2O2.

a simple benzyl-masking group that does not react with hydrogen peroxide (control compound 2). The synthesis of control
prodrug 2 was carried out in a manner analogous to that used
for synthesis of prodrug 1 (Supporting Information).
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Compound

IC50 [nm][a]

CPT
Prodrug 1
Prodrug 1 + H2O2
Control prodrug 2
Control prodrug 2 + H2O2

20
250
40
2500
3000

[a] Values are from a single representative experiment out of three experiments, each performed in triplicate.
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IC50 value of 250 nm. Control
prodrug 2, designed to be unreactive with hydrogen peroxide,
exhibited
an
IC50
value
> 2500 nm regardless of pre-incubation with hydrogen peroxide.
To better understand the relationship between cytotoxicity
and emitted fluorescence of prodrug 1, we looked at the correlation between cell viability and
fluorescence generated upon incubation of various consternations of the prodrug with U-87
MG cells. At concentrations from
10 to 10 000 nm, the fluorescence emitted upon incubation
of prodrug 1 with the cells gave
significantly higher values than
control prodrug 2. These data inFigure 4. Viability of human GBM cells (U-87 MG) treated with free CPT, prodrug 1, or control compound 2 with
dicate that prodrug 1 is activator without pre-incubation with H2O2 (1:2) at the indicated concentrations for 72 h. The number of viable cells is
ed by endogenous hydrogen
presented as a percentage of non-treated control cells. Data are the mean  SD of three experiments, each perperoxide in the cells. Control
formed in triplicate.
prodrug 2 lacks the boronic
ester substrate and therefore
was not activated by hydrogen peroxide. These results are in
pre-incubated with hydrogen peroxide, displayed an IC50 value
agreement with the measured cell viability values. The fluoresof 20 nm, similar to that of free CPT. Endogenously produced
cence in samples of cells incubated with prodrug 1 was correhydrogen peroxide was able to activate prodrug 1, as even
lated with cell viability (Figure 5). This observation supports
without pre-incubation with hydrogen peroxide produced an

Figure 5. Viability of human GBM cells (U-87 MG) treated with free CPT, prodrug 1, or control prodrug 2 at the indicated concentrations versus fluorescence
signal emitted from the cells in the presence of prodrug 1 or control prodrug 2 (lex = 605 nm, lem = 720 nm). Data are the mean  SD of two experiments,
each performed in triplicate.
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Figure 6. SCID mice bearing U-87 MG tumors were injected intratumorally with a 10 mm solution (30 mL) of prodrug 1 (right mouse) or control prodrug 2 (left
mouse). Shown are images of the mice A) 1 min and B) 6 h after injection. C) Fluorescence intensity emitted from the mouse injected with prodrug 1 (^)
versus fluorescence emitted from the mouse injected with control prodrug 2 (&). Images were acquired using a CRI Maestro Imaging system (lex = 595 nm,
lem = 700 nm).

The use of our prodrug in GBM patients requires the prodrug to exhibit selective activation at the tumor site following
systemic administration. Therefore, we next evaluated the in
vivo activation following intravenous (i.v.) injection into tumorbearing mice. Mice bearing U-87 MG tumors were injected in
the tail vein with prodrug 1, and the emitted fluorescence was
monitored immediately following injection. At two minutes
post-injection, a strong fluorescence signal was observed in
the tumor. These results indicate the selective activation of
prodrug 1 and drug release at the tumor site (Figure 7 A). At
5 min after treatment, organs were resected and imaged. As
shown in Figure 7 B, fluorescence was detected in the tumor
and kidneys; the latter case is presumably indicative of renal
clearance. These results provide additional support for the selective activation of prodrug 1 at the tumor site.
Despite recent developments in the field of theranostic prodrugs, there has been no example of a general platform
(based on a NIR fluorescent dye) that can be used for modular

the notion that the emitted fluorescence indicates activation
and release of the cytotoxic drug.
Next, we evaluated prodrug 1 and the control prodrug 2 in
a relevant standard mouse tumor model. Each of the compounds was injected intratumorally to a mouse. As can be observed in Figure 6 A, at one minute post-injection, the tumor
injected with prodrug 1 (on the right) exhibited a strong fluorescence signal, whereas the tumor injected with control prodrug 2 (on the left) showed only minor fluorescence. Similar
images were obtained six hours post-injection (Figure 6 B). The
intensity of fluorescence emitted from the tumors was measured over a period of several hours. The data obtained are
presented in Figure 6 C. The fluorescence emitted as a result of
activation of prodrug 1 was significantly higher than that emitted from the control compound and remained stable during
the six hours of measurement. The fluorescence observed after
intratumoral injection of prodrug 1 clearly indicated its activation.
ChemMedChem 0000, 00, 0 – 0
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substrate to release the drug. The evaluated CPT prodrug was
activated by endogenous hydrogen peroxide produced in
tumor cells in vitro and in vivo. Drug release and in vitro cytotoxicity were correlated with the emitted NIR fluorescence. The
prodrug activation was effectively imaged in real time in mice,
and tumor-specific localization was observed after systemic injection. The modular design of the QCy7 fluorogenic platform
will allow the preparation of numerous other prodrugs carrying various chemotherapeutic agents. We anticipate that development of real-time in vivo monitoring tools for drug release will pave the way for personalized therapy.

Figure 7. SCID mice bearing U-87 MG tumors were injected i.v. with a 10 mm
solution (350 mL) of prodrug 1 via the tail vein. A) Representative image of
the mouse, 1 min post-injection. B) 5 min following injection, the mouse was
euthanized, the tumor and organs were resected (heart, lungs, liver, kidneys,
and spleen) and imaged. Images were acquired using a CRI Maestro Imaging
system (lex = 595 nm, lem = 700 nm).
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assembly of various prodrugs.[31] In this study, we demonstrated the use of a dye molecule as a scaffold for a turn-ON prodrug with NIR fluorescence mode of action. The dye molecule
includes a phenol functionality that can be masked with various analyte-responsive groups and a benzylic side handle that
can be used to attach a chemotherapeutic drug unit. Removal
of the prodrug masking group by an analyte of interest results
in release of the drug and a turn-ON NIR fluorescent signal
from the dye molecule. The drug release mechanism occurs
through a 1,4-quinone methide elimination reaction. This elimination has been widely used in the design of self-immolative
molecular systems[32–36] and could be employed in an analogous manner for other phenolic dyes.
We chose to demonstrate the activation of our theranostic
prodrug by hydrogen peroxide, as various types of cancer cells
overproduce ROS. Given the high level of oxidative stress in
tumors, hydrogen peroxide production in tumor cells[37] can be
significantly higher than in normal tissues. The phenylboronic
ester group has been used as an activatable hydrogen peroxide substrate for diagnostic probe and prodrug design and for
other stimuli-responsive systems. It is a chemically stable
group that is selectively removed by endogenously produced
hydrogen peroxide.
The QCy7 dye is a type of NIR fluorescent dye[24] that shows
promising characteristics for in vitro and in vivo imaging applications. In this study, QCy7 was used as fluorogenic prodrug
platform with a turn-ON mechanism. NIR fluorescent dyes typically suffer from low chemical and photostability, which has
made such dyes difficult to employ as in vivo imaging agents.
We observed that the QCy7-based probe, after activation, exhibited stable NIR fluorescence that remained unchanged for
more than six hours.

Keywords: cyanine · drug delivery · molecular probes ·
NIR fluorescence · prodrugs
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Drug release quantified: We have developed a new modular approach for
the preparation of theranostic prodrugs
with a turn-ON near-infrared (NIR) fluorescence mode of action. The prodrugs
release their chemotherapeutic cargo
and an active cyanine fluorophore upon
reaction with a specific analyte. The release of the drug can be monitored
through the produced NIR fluorescence.
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