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ABSTRACT: In vivo monitoring of the biodistribution and activation of
prodrugs is urgently required. Near infrared (NIR) fluorescence-active
fluorophores with excellent photostability are preferable for tracking drug
release in vivo. Herein, we describe a NIR prodrug DCM-S-CPT and its
polyethylene glycol—polylactic acid (PEG-PLA) loaded nanoparticles as a
potent cancer therapy. We have conjugated a dicyanomethylene-4H-pyran
derivative as the NIR fluorophore with camptothecin (CPT) as the
anticancer drug using a disulfide linker. In vitro experiments verify that the
high intracellular glutathione (GSH) concentrations in tumor cells cause
cleavage of the disulfide linker, resulting in concomitantly the active drug
CPT release and significant NIR fluorescence turn-on with large Stokes
shift (200 nm). The NIR fluorescence of DCM-S-CPT at 665 nm with
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fast response to GSH can act as a direct off—on signal reporter for the GSH-activatable prodrug. Particularly, DCM-S-CPT
possesses much better photostability than ICG, which is highly desirable for in situ fluorescence-tracking of cancer chemotherapy.
DCM-S-CPT has been successfully utilized for in vivo and in situ tracking of drug release and cancer therapeutic efficacy in living
animals by NIR fluorescence. DCM-S-CPT exhibits excellent tumor-activatable performance when intravenously injected into
tumor-bearing nude mice, as well as specific cancer therapy with few side effects. DCM-S-CPT loaded in PEG-PLA nanoparticles
shows even higher antitumor activity than free CPT, and is also retained longer in the plasma. The tumor-targeting ability and
the specific drug release in tumors make DCM-S-CPT as a promising prodrug, providing significant advances toward deeper
understanding and exploration of theranostic drug-delivery systems.

B INTRODUCTION

Chemotherapy as a dominant treatment modality against
cancer is hindered by its severe side-effects to normal cells
and tissues because of its nonselectivity and high toxicity.'”
Developing controllable drug delivery systems (DDS),”"'?
which can be triggered by the unique tumor microenvironment,
is one of the most promising strategies to enhance the
selectivity and thus significantly improve the therapeutic
efficacy of anticancer drugs."”~"” Given that cancer cells have
much higher intracellular glutathione (GSH) concentration
0723 3 variety of GSH-activatable
prodrugs with disulfide bond linkage have been constructed

than normal cells and tissues,

with promising therapeutic eﬂicacy.24_27 However, in situ
tracking of the biodistribution and release for the activated drug
specifically in tumors is still urgently required, but remains
challenging.”®*' Indeed, developing a method for the in situ
tracking of prodrugs after in vivo uptake, particularly in a
noninvasive manner, is of critical importance.
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Theranostic prodrugs equipped with fluorophores as optical
reporters have become attractive to monitor the drug delivery
and release process since their fluorescence signals can be
activated concomitantly with drug release.”***"** It would be
desirable to utilize near-infrared (NIR) fluorophores as the
signaling subunit in prodrugs because NIR photons can deeply
penetrate the skin and underlying tissue with minimal damage
to the biological samples with low background interfer-
ence.®™* To date, most of the fluorophores used for
theranostic prodrugs, such as coumarin,>® 1,8-naphthali-
mide,>"*? and xanthene,* suffer from short wavelength
emission. Therefore, the in vivo drug release performance
could only be predicted indirectly via in vitro experiments. Even
with the utilization of cyanine dye>® as the optical NIR reporter
in a prodrug, there is still a lack of tracking of the drug release in
vivo and in situ, which is most probably ascribed to the poor
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photostability of cyanines.**~*® Undoubtedly, photostability of
the NIR fluorophores is another key design element for
constructing theranostic prodrugs for the real-time monitoring
of drug delivery and therapeutic efficacy in vivo.

Novel NIR-active fluorophores with excellent photostability
and photophysical properties are preferable for tracking drug
release in vivo. As donor—m—acceptor (D—z—A) structured
chromophore, dicyanomethylene-4H-pyran (DCM) derivatives
have attracted considerable attention owing to their attractive
features such as controllable emission wavelength in the NIR
region via tuning electron donor ability, large Stokes shift from
the ultrafast intramolecular charge transfer (ICT), and high
photostability.>” > Actually, a myriad of approaches have been
devoted to develop DCM-based nonlinear optic materials,*
fluorescent sensors,*"%> logic gates,63’_65 and photovoltaic
sensitizers.5*%” Surprisingly, DCM derivatives are rarely
employed in drug delivery systems. Herein we describe a
novel NIR DCM-based theranostic prodrug platform for cancer
treatment in vivo with high photostability. The prodrug, DCM-
S-CPT (Scheme 1), is composed of camptothecin (CPT), an

Scheme 1. Chemical Structures of Activatable Prodrug
DCM-S-CPT, Nonactivatable Control DCM-C-CPT and
Commercially Available ICG
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inhibitor of topoisomerase I as the activatable anticancer
drug,ég’69 and the DCM moiety as the NIR fluorescence
reporter. The two units are linked by a disulfide linker (“S—S”)
that could be cleaved by biologically abundant reducing thiols
such as GSH.”®~7® We focused our investigations on the in situ
tracking as well as in vivo antitumor activities of DCM-S-CPT
and corresponding polyethylene glycol—polylactic acid (PEG-
PLA) nanoparticles.””~”® This developed NIR theranostic
prodrug platform bestows several striking characteristics: (i)
significant turn-on of NIR fluorescence along with GSH-
induced release of active CPT; (ii) significantly better
photostability than commercially available cyanine dye ICG
(19-fold enhancement in the half-life of fluorescence) which is
convenient for in situ tracking; (iii) extremely high inhibition
rates of tumor growth (IRT) with lower side-effects. To the
best of our knowledge, DCM-S-CPT is the first NIR DCM-
based prodrug which can be implemented for in situ and in vivo
tracking of antitumor chemotherapy in living animal models.
DCM-S-CPT can be applied as a prodrug upon GSH-induced

3580

disulfide bond cleavage in a drug-delivery system, along with
high selectivity over other biological interferences, including
metal jons. Its long NIR wavelength and high photostability
make significant advances toward deeper understanding and
exploring theranostic drug-delivery systems. Most importantly,
the tumor-targeting ability and the specific drug release in
tumors make DCM-S-CPT a promising prodrug with high
efficacy and reduced side-effects.

B RESULTS AND DISCUSSION

Design and Synthesis. The synthetic route for prodrug
DCM-S-CPT is depicted in Scheme SI in the Supporting
Information (SI). The key intermediate compound 2-(2-
methyl-4H-chromen-4-ylidene) malononitrile (DCM) was
synthesized according to the establsihed procedures.®>®!
DCM-NH, was prepared by the reaction of DCM with
PhN;* in toluene, during which the azide unit is spontaneously
reduced to amino group. Then, DCM-NH, was reacted with
triphosgene in the presence of N,N’-diisopropylethylamine
(DIEA), and followed by treatment with 2,2’-dithiodiethanol to
generate DCM-S in toluene. Finally, the target prodrug DCM-
S-CPT was obtained from the reaction of chloroformate of
CPT and DCM-S at room temperature.”> Meanwhile, as a
control system, an uncleavable linker (“C—C”) was employed
in DCM-C-CPT (Scheme 1). The prodrugs were further
loaded into a biodegradable PEG-PLA micelle in order to
improve their solubility in water and achieve enhanced
permeability and retention (EPR).**”*” The PEG-PLA micelles
loaded with either DCM-S-CPT or DCM-C-CPT (PEG-PLA/
DCM-S-CPT or PEG-PLA/DCM-C-CPT) had an average size
of 44 nm with PDI (polydispersion index) of 0.429, and 79 nm
with PDI of 0.288, respectively (Figure SI in SI).

GSH-Activatable Properties. Owing to its D—z—A
structure, DCM-S-CPT exhibits a typical ICT broad absorption
band at 455 nm with fairly weak emission at 665 nm in
DMSO/PBS buffer solution (50/50, v/v, pH = 7.4, 10 mM)
(Figure 1). On the other hand, DCM-NH, has a strong NIR
fluorescence at 665 nm in the same condition with the
absorption band at 492 nm (Figure S2A in SI). The distinct
difference between DCM-NH, and DCM-S-CPT in the
spectroscopic properties can be attributed to the masking of
the electron-withdrawing amide bond in DCM-S-CPT, along
with disruption of the electron donating ability of the nitrogen
atom. Notably, there is no sign of the blue fluorescence from
CPT in this prodrug upon excitation at 365 nm (Figure S4 in
SI).*® Considering the substantial overlaps of donor (CPT)
emission and acceptor (DCM moiety) absorption bands in
DCM-S-CPT, the quenched fluorescence of CPT moiety could
be ascribed to the intramolecular fluorescence resonance energy
transfer (FRET, Figure S3 in SI).¥%° This is also indicative of
the successful conjugation of DCM and CPT moieties.

To test our system containing an activatable disulfide linker,
the spectral properties of prodrug DCM-S-CPT upon reaction
with GSH were investigated. As expected, the prodrug DCM-S-
CPT produced both colorimetric and fluorescence spectral
changes upon addition of GSH in DMSO/PBS solution (50/
50, v/v, pH = 7.4, 10 mM). Upon the treatment with 2.5 mM
GSH, the absorption band shifted to 492 nm with a 37 nm red-
shift, accompanied by a color change from pale yellow to pink
(Figure 1A). More importantly, this activated a significant NIR
fluorescence at 665 nm, which was enhanced by about 10-fold
upon excitation at the isosbestic point of 465 nm, and exhibited
a linear increase with GSH concentration (0—200 uM, Figure
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Figure 1. Absorption and emission changes of (A, C) activatable prodrug DCM-S-CPT (10 M) and (B, D) control DCM-C-CPT (10 uM) in the
presence of GSH (2.5 mM, 250 equiv) in DMSO/PBS solution (50/50, v/v, pH = 7.4, 10 mM). Inset (A) and (B): Color changes observed from
solution of DCM-S-CPT and DCM-C-CPT upon addition of GSH. Inset (C): fluorescence intensity at 665 nm (Iss nm) of DCM-S-CPT as a
function of GSH. Each point was recorded after exposure to GSH for 1 h at 37 °C, 4., = 465 nm. Note: Here the isosbestic point of 465 nm is
chosen as the excitation wavelength for the sake of keeping the same light absorbance to exactly compare the turn-on fluorescence before and after

the GSH-induced cleavage of the disulfide bond.

1C). Conversely, the control DCM-C-CPT with alkane bonds
(“C—C”) as linker displays almost no change of photophysical
properties upon treatment with GSH (Figure 1B and D). The
distinctly different spectroscopic response of DCM-S-CPT and
DCM-C-CPT to GSH also indicates that the optical response
of DCM-S-CPT as well as the release of CPT is derived from
the cleavage of the disulfide linker by biological thiols such as
GSH. Meanwhile, after the treatment of DCM-S-CPT with
GSH, the fluorescence centered at 436 nm originating from the
CPT moiety is also recovered (Figure S4 in SI), clearly
indicating that cleavage of the disulfide bond in DCM-S-CPT
interrupts the intramolecular FRET process.

Subsequently, the spectra of free DCM-NH, were compared
with DCM-S-CPT after the treatment with GSH (Figure S2 in
SI). The identical positions and shapes indicate that DCM-NH,
is the product and NIR fluorescence emitter produced when
GSH was added to the DCM-S-CPT system (Scheme 2).
Moreover, the anticipated release of CPT as active cancer drug
was also proven by ESI-MS analyses. Upon interaction of 20
equiv of GSH with DCM-S-CPT, peaks of 349.1 (correspond-
ing to [CPT + H]") and 312.1 (corresponding to [DCM-NH,
+ H]*) were observed simultaneously in the high resolution MS
spectrum (HRMS, Figure SS in SI), clearly indicating that the
active CPT can be released from the prodrug DCM-S-CPT
upon exposure to GSH, with concomitant generation of the
NIR reporter DCM-NH, by a two-step reaction (cleavage of
disulfide bond and then an intramolecular cyclization, Scheme
2).”" Notably, for DCM-S-CPT, the fluorescence of DCM-NH,
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Scheme 2. Proposed CPT Release Mechanism of the
Activatable Prodrug by Treatment of GSH
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falls into the NIR region (650—900 nm), particularly preferable
for in vivo bioimaging because of the deep penetration ability
and low background autofluorescence. Furthermore, the
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significant Stokes shift of 200 nm, resulting from the
intramolecular charge transfer from amino (donor) to DCM
unit (acceptor), is desirable for high quality optical imaging
because it enhances the signal fidelity.”>”>*

To evaluate the possible application of DCM-S-CPT in real
biological systems, the performance of DCM-S-CPT with other
biologically relevant analytes such as amino acids and abundant
metal ions was investigated (Figure 2A). Upon exposure to 1,4-
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Figure 2. (A) Fluorescence response of DCM-S-CPT (10 M) upon
addition of 2.5 mM GSH, DTT, Cys, Hcy, K*, Ca**, Na*, Mg*, and
other amino acids including Ala, Arg, Asn, Asp, Gln, Glu, Gly, His, Ile,
Leu, Phe, Pro, Ser, Thr, Tro, Tyr, Val (2.5 mM). (B) Fluorescence
intensity at 665 nm of DCM-S-CPT (10 uM) as a function of pH
value in the absence and presence of GSH (2.5 mM) in DMSO/PBS
solution (50/50, v/v, pH = 7.4, 10 mM). Each point was recorded
after exposure to GSH for 1 h at 37 °C, 4., = 465 nm.

dithiothreitol (DTT), cysteine (Cys), and homocysteine (Hcy),
similar spectroscopic response of DCM-S-CPT as with GSH
could be observed due to their thiol-containing structures. On
the other hand, no appreciable fluorescence enhancement could
be induced by treatment with other nonthiol amino acids and
metal jons, confirming the specific cleavage of the disulfide
bond elicited by thiol-containing species (Figure 2A). Actually,
the potential interference of DTT, Cys, and Hcy can be
neglected due to their relatively low concentration in contrast
to that with high physiological concentration of GSH in
cytoplasm (1—15 mM).>*%" The pH effect on the GSH-
induced fluorescence changes of DCM-S-CPT at 665 nm was
also investigated. As shown in Figure 2B, DCM-S-CPT remains
stable and nonfluorescent within a pH range of 3.5-9, and
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possesses aforementioned activatable fluorescence response to
GSH upon changing the pH from 6 and 9. Accordingly, DCM-
S-CPT can be applied as a prodrug upon GSH-induced
disulfide bond cleavage in drug-delivery systems, together with
high selectivity over various other potential biological
interference, including metal ions.

Response Rate and Photostability. Time-course experi-
ments of DCM-S-CPT and DCM-C-CPT with GSH were
conducted. As illustrated in Figure 3A, the fluorescence
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Figure 3. (A) Time dependence of fluorescence intensity at 665 nm
for DCM-S-CPT and DCM-C-CPT (10 M) in DMSO/PBS solution
(1:1, v/v, pH = 7.4, 10 mM) in the presence (black and red) and
absence (blue and green) of GSH (2.5 mM). 4., = 465 nm. Data was
recorded every 0.5 s. (B) CPT released from DCM-S-CPT as a
function of time in the presence and absence of GSH (2.5 mM). CPT
in RP (reverse phase)-HPLC chromatograms was detected by UV
absorption using 365 nm as the monitored wavelength.

intensity of DCM-S-CPT at 665 nm gradually increases to a
plateau within 1200 s (20 min) in the presence of GSH. The
released amount of CPT was found to correlate well with the
observed increase in fluorescence intensity at 665 nm by HPLC
(Figure 3B and Figure S6 in SI), while in the absence of GSH,
neither CPT release nor the fluorescence enhancement at 665
nm was observed. As a control, the constant fluorescence
intensity of DCM-C-CPT in the presence of GSH proves the
crucial role of the disulfide bond. Here the fluorescence of
DCM-S-CPT at 665 nm with its fast response to GSH can act
as a direct off—on signal reporter for CPT release.

As mentioned above, the photostability of NIR fluorophores
in DDS is a crucial element for practical application in
bioimaging in vivo.’® The time-dependent fluorescence
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measurements were conducted for the photostability of GSH-
treated DCM-S-CPT upon continuous illumination (Hama-
matsu, LC8 Lightningcure, 300 W) in DMSO/PBS (50:50, v/
v), and compared with cyanine dye ICG (the FDA-approved
NIR contrast agent). After exposure for about 100 s, the
fluorescence of ICG decreased sharply to approximate 5% of
the initial value (monitored at 812 nm, Figure 4), indicative of

1.2 —=—|CG with GSH
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Figure 4. Time-dependent fluorescence intensity of ICG (10 uM in
DMSO/PBS = 1:1, treated with 2.5 mM GSH, monitored at 812 nm,
and excited at 780 nm), DCM-S-CPT (10 #uM in DMSO/PBS = 1:1,
treated with 2.5 mM GSH for 1 h at 37 °C, monitored at 665 nm and
excited at 465 nm), DCM-NH, (10 uM in DMSO/PBS = 1:1, treated
with 2.5 mM GSH, monitored at 665 nm and excited at 465 nm), and
DCM-S-CPT (10 M in DMSO/PBS = 1:1, monitored at 665 nm and
excited at 465 nm) under illumination.

the almost complete decomposition of the scaffold of ICG,
while for DCM-S-CPT in the presence of GSH, more than 80%
of the original fluorescence at 665 nm survived (Figure 4).
Obviously, DCM-S-CPT on treatment with GSH as well as
production of DCM-NH, exhibited much better photostability
than ICG. As calculated from the time-course fluorescence
measurements, the fluorescence half-life of DCM-S-CPT
(~470 s) is 19-fold longer than that of ICG (~25 s). The
high photostability of DCM-S-CPT indicates that it can be used
as an excellent contrast agent for in vivo bioimaging.
Cytotoxicity Evaluation and Living Cell Imaging.
Given that DCM-S-CPT can be activated to release CPT, we
investigated its performance in cell lines in vitro. The
cytotoxicity of free CPT, DCM-C-CPT, and DCM-S-CPT
including their PEG-PLA nanoparticles against a large panel of
human tumor cell lines was evaluated using typical MTT assays
(Figure S and Figure S7 in SI). Compared with the parent drug
CPT, DCM-S-CPT showed similar cytotoxicity with significant
in vitro antitumor activity against cell lines including BCap-37,
HepG,, MCF-7, HeLa, KB, and KB, The ICy, (concentration
inhibiting cell growth to S0% of control) values of DCM-S-
CPT in the above cell lines were 11.1, 14.4, 21.4, 22.5, 4.5, and
2.1 uM, respectively, being slightly higher than that of CPT and
around 2-fold lower than that of DCM-C-CPT. Obviously,
DCM-S-CPT could release CPT sufficiently by the cleavage of
the disulfide linkage upon the uptake by cancer cells, whereas
DCM-C-CPT was totally unable to release CPT in cancer cells,
resulting in lower cytotoxicity. This perfectly coincides with the
spectroscopic results. Furthermore, the parent drug CPT
showed obvious cytotoxicity toward noncancerous cells
MDCK, whereas DCM-S-CPT, DCM-C-CPT, and their
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Figure S. Cytotoxicity of DCM-S-CPT, DCM-C-CPT, CPT, PEG-
PLA/DCM-S-CPT, PEG-PLA/DCM-C-CPT, and DCM-S on BCap-
37 cancer cells (A) and MDCK cells (B).

PEG-PLA nanoparticles showed much lower cytotoxicity at
the same drug concentration. Undoubtedly, DCM-S-CPT
released active CPT in cancer cells rather than normal cells
because of the much higher concentration of intracellular GSH
in cancer cells (Figure SB).>*°° Moreover, the PEG-PLA
nanoparticles of DCM-S-CPT and DCM-C-CPT showed the
same cytotoxicity against cancer cells as the relevant prodrugs,
indicative of the ignorable influence of the nanoparticle matrix
on the cytotoxicity of the DCM-S-CPT (Figure S).

The cellular uptake and intracellular localization of DCM-S-
CPT and DCM-C-CPT were observed by confocal laser
scanning microscopy. The fluorescence from DCM-NH, (red)
was observed in the cytoplasm after 3 h of incubation at 37 °C,
indicating that DCM-S-CPT was quickly taken up by cancer
cells and decomposed into DCM-NH, and CPT by the
intracellular GSH (Figure 6A-D). By adding an extra 2.5 mM
GSH in order to accelerate the test, a further enhancement of
fluorescence (Figure 6E-H) was observed due to further
breakage of the disulfide linkage. In contrast, the fluorescence
of DCM-NH, was hardly observed in the cells cultured with
DCM-C-CPT even with an extra 2.5 mM GSH due to the
stable alkane linkage between CPT and the DCM moieties
(Figure S8 in SI). As demonstrated, the activatable prodrug
DCM-S-CPT with fluorescence switch can be used to monitor
the drug release process in cancer cells.

Flow cytometry studies were used to further verify the
properties of DCM-S-CPT and DCM-C-CPT in the BCap-37
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Figure 6. Confocal laser scanning microscopy images of MCE-7 cells cultured with DCM-S-CPT with (E—H) or without (A—D) extra GSH for 3 h.
Nucleus was stained with DAPIL Images were taken from the DAPI channel (B and F), DCM-NH, channel (C and G), bright field (A and E), and

the overlapped image (D and H).
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Figure 7. Flow cytometry analysis of cellular uptake of DCM-S-CPT (A and B) and DCM-C—CPT (C and D) at different time intervals from 3 to

48 h in BCap-37 cells with and without extra 2.5 mM GSH.

cell line. The uptake ratios of DCM-S-CPT increased from
5.61% to 69.42% after 3 to 48 h incubation (Figure 7). For the
test with an additional 2.5 mM GSH, the uptake ratios
dramatically increased to 9.48% and 91.5% after 3 and 48 h
incubation. By contrast, the cellular uptake ratio of DCM-C-
CPT increased from 2.44% to 43.81% after 3 to 48 h
incubation, which is much lower than that of DCM-S-CPT.
Unlike DCM-S-CPT, the cellular uptake ratios were 3.78% to
36.52% even upon the addition of an extra 2.5 mM GSH
(Figure 7). The enhancement in uptake ratio indicates that, for
the activatable prodrug DCM-S-CPT, the incorporated
disulfide bond plays a critical role in the intracellular cleavage
by the interaction with GSH.

The promising results in living cell imaging inspired us to
further explore the feasibility of DCM-S-CPT as an in vivo NIR
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fluorescence-tracked drug delivery system. The in vivo drug
delivery performance and biodistribution of DCM-S-CPT and
DCM-C-CPT were investigated with tumor-bearing mice,
intravenously injected with DCM-S-CPT and reference objects
using an in vivo imaging system. Merely 9 min after the
intravenous injection of DCM-S-CPT (0.08 mg/kg), the NIR
fluorescence was already clearly observable whereas with DCM-
C-CPT the fluorescence was much lower (Figure 8), indicative
of the rapid distribution of DCM-S-CPT wvia the blood
circulation and the rapid cleavage of the disulfide bond in
vivo. Intriguingly, after the distribution process, DCM-S-CPT
had the strongest fluorescence, as well as the largest amount of
released CPT, in the tumor, with much weaker fluorescence in
liver, stomach, kidney, and lung, indicating prominent tumor-
targeting ability. Probably, the unanticipated targeted drug

dx.doi.org/10.1021/ja412380j | J. Am. Chem. Soc. 2014, 136, 3579—3588



Journal of the American Chemical Society

A 0.15h 1h 2h

DCM-C-CPT

bloed Ilung tumpr stomach

heart

spleen

D DCM-S-CPT

blood Ilung tumor stomach

spleen heart k

3500 4375 5250

6125

|

TObO 2000 2500 3000 3500 4000
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The color bars correspond to the detected fluorescence intensity.

release along with fluorescence enhancement could be ascribed
to the particularly high GSH concentration in cancer cells
(Figure 8). The tumor-specificity ability and the specific drug
release in tumor make DCM-S-CPT a promising prodrug to
achieve high efficacy and reduced side-effects.
Pharmacokinetic Study with PEG-PLA Loaded Pro-
drug (PEG-PLA/DCM-S-CPT). To get a deeper insight into
the anticancer activity and improve the water solubility, the
prodrugs were loaded into biodegradable PEG-PLA micelle.
The blood clearance kinetics of the resultant PEG-PLA/DCM-
S-CPT in comparison with CPT was determined by measuring
the blood drug concentration after single intravenous
administration of them at a dose equivalent to S mg/kg CPT
(Figure S9 in SI). While CPT was cleared very quickly, the
clearance of the prodrug loaded in PEG-PLA micelle was much
slower. There was still 10.7% of the injected dose in blood with
the PEG-PLA/DCM-S-CPT 24 h after treatment, whereas CPT
was barely detected in the blood at the same time point.
Notably, during the entire blood clearance process of 24 h, the
blood drug concentration in the case of PEG-PLA/DCM-S-
CPT was always larger than free CPT. These data clearly
demonstrate that the encapsulation of DCM-S-CPT using
PEG-PLA micelle results in a slower blood clearance, which
favors passive accumulation in the tumor via EPR effect.**
Subsequently, to investigate the in vivo biodistribution and
drug release of the encapsulated prodrugs, nude mice were
intravenously injected with PEG-PLA/DCM-S-CPT and PEG-
PLA/DCM-C-CPT at a dose of 5 mg/kg. Not surprisingly, NIR
fluorescence representing the release of active CPT was
retained in the tumor even 24 h after the injection (Figure
S10 in SI). The long retention of PEG-PLA/DCM-S-CPT in
the tumor, which is probably attributed to the EPR effect,
makes this system very promising for tumor labeling and tumor
chemotherapy. Furthermore, the confocal image of a tumor
slice (10 um thick) sectioned from the mouse treated with
PEG-PLA/DCM-S-CPT clearly exhibited strong and homoge-
neously distributed NIR fluorescence, whereas that from the
mouse treated with PEG-PLA/DCM-C-CPT showed weak and
uneven fluorescence (Figure S11 in SI), which is consistent
with the findings from the in vivo imaging studies. This further
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proves that PEG-PLA/DCM-S-CPT could penetrate deeply
into the tumor and release DCM-S-CPT after the endocytosis
of nanoparticles into cancer cells followed by cleavage of the
disulfide bond to release DCM-NH, and CPT.

Antitumor Activity. The in vivo antitumor activities were
compared using BCap-37 tumor xenograft model. Mice bearing
the tumors were intravenously treated with PBS, CPT, PEG-
PLA/DCM-S-CPT, and PEG-PLA/DCM-C-CPT at a CPT-
equivalent dose of S mg/kg (Figure 9). Obviously, the
treatments of CPT or PEG-PLA/DCM-S-CPT led to
significant inhibition of BCap-37 tumor growth compared to
the control group (PBS, Figure 9A). The inhibition rates of
tumor growth (IRT) of CPT, PEG-PLA/DCM-S-CPT, and
PEG-PLA/DCM-C-CPT on BCap-37 tumors were 88.9%,
96.4%, and 16.3%, respectively (Figure 9C). Remarkably, PEG-
PLA/DCM-S-CPT induced even higher IRTSs than free CPT,
and certainly than PEG-PLA/DCM-C-CPT (p < 0.01).
Meanwhile, the tumor images were consistent with the IRT
data (Figure 9D). Otherwise, the body weights of all the mice
gradually increased except the CPT-treated group throughout
the experiments (Figure 9B), indicating that the PEG-PLA
loaded nanoparticles-treated groups did not cause severe
systematic side effects, whereas CPT could lead to toxicity in
mice.

Finally, the removed BCap-37 xenograft tumors were fixed
and prepared for histological analysis. In the control group
(PBS treated), the tumor tissue sections were composed of
tightly packed tumor cells interspersed with various amounts of
stroma, while apoptotic tumor cells were rarely observed
(Figure 9E). After the treatment with PEG-PLA/DCM-S-CPT
and CPT, the histological features of tumors exhibited
significant differences from the control group. For example, a
large amount of tumor cells became much larger after treatment
with PEG-PLA/DCM-S-CPT, and the tumor cellularity, as
evaluated by average tumor cell numbers of each microscopic
field, reduced significantly when compared with the control
group. In addition, many tumor cells exhibited vacuolization
and typical apoptotic characteristics; that is, they were
composed of membrane-bound and small nuclear fragments
surrounded by a rim of cytoplasm. The tumors treated with

dx.doi.org/10.1021/ja412380j | J. Am. Chem. Soc. 2014, 136, 3579—3588



Journal of the American Chemical Society

A Iy E 25
— PBS
F2000{ - CPT 2 "
£ PEG-PLAIDCM-S-CPT 3 W‘-:t
<im0 | — PEGPLADCM-C.CPTY £l W
5 g :
%mn - §.m ——PBS
H @ - CPT
s
- s PEG-PLAIDCM-S-CPT
3 — PEG-PLAIDCM-C-CPT
15
2
=10
=]
[7]
H
g 0.5
2 IRT=88.9% IRT=96.4%

0.0

CPT PEG-PLA/ PEG-PLA/

DCM-S-CPT DCM-C-CPT
PEG-PLA/DCM-C-CPT

Figure 9. Antitumor activities of PBS, CPT, PEG-PLA/DCM-S-CPT,
and PEG-PLA/DCM-C-CPT iv. administered at a CPT-equivalent
dose of S mg/kg every 3 days, as indicated by the arrows, against
BCap-37 xenograft tumors (n = 4, data expressed as average + SE, * or
** means P < 0.05 or 0.01, respectively). The results are summarized
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rates of tumor growth (IRT) (*, p < 0.05; and **, p < 0.01) (C), the
image of tumors (D), and representative histological features of BCap-
37 tumors from the treated mice (scale bar = 50 ym) (E).

PEG-PLA/DCM-S-CPT and CPT also had significantly lower
tumor cellularity and more apoptotic cells than that treated
with PEG-PLA/DCM-C-CPT (Figure 9D), which was
consistent with the higher IRT induced by PEG-PLA/DCM-
S-CPT and CPT than PEG-PLA/DCM-C-CPT.

B CONCLUSIONS

In summary, we have developed a novel activatable NIR
theranostic prodrug platform based on the DCM chromophore
for in vivo and in situ monitoring of cancer chemotherapy in
living animals, wherein both the fluorescence and cytotoxicity
of the drug (CPT) are quenched by the covalent disulfide
linker. The prodrug DCM-S-CPT and its PEG-PLA loaded
nanoparticles become NIR turn-on fluorescent and cytotoxic
upon the specific GSH-induced cleavage of the disulfide bond.
Flow cytometric analysis confirms that DCM-S-CPT is
endocytosed into the cells to release the active CPT as well
as the NIR fluorescence. The most striking feature of NIR
prodrug DCM-S-CPT is its excellent specific tumor-activatable
performance in tumor-bearing nude mice. The prodrug-
encapsulated nanoparticles of PEG-PLA/DCM-S-CPT also
display significantly enhanced in vivo antitumor activity with
lower side effects in comparison with free CPT. Impressively,
the excellent NIR fluorescence and photostability of the DCM
chromophore with large Stokes shift make it possible to
implement in vivo and in situ tracking drug release and cancer
therapeutic efficacy in living animals, being capable of deeply
penetrating skin and overlaying tissue with low background
interference. Thus, our work illustrates a promising NIR DCM-
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based prodrug platform for specific tumor-activatable drug
delivery systems. The feature of DCM-S-CPT for in situ and in
vivo tracking of drug release and cancer therapeutic efficacy in
living cells and animals provides a significant advance toward
deeper understanding and exploration of theranostic drug-
delivery systems.
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