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Controlled and efficient activation is the crucial aspect of designing an effective prodrug. Herein we
demonstrate a proof of concept for a light activatable prodrug with desired organelle specificity.
Mertansine, a benzoansamacrolide, is an efficient microtubule-targeting compound that binds at or near
the vinblastine-binding site in the mitochondrial region to induce mitotic arrest and cell death through
apoptosis. Despite its efficacy even in the nanomolar level, this has failed in stage 2 of human clinical
trials owing to the lack of drug specificity and the deleterious systemic toxicity. To get around this
problem, a recent trend is to develop an antibody-conjugatable maytansinoid with improved tumor/
organelle-specificity and lesser systematic toxicity. Endogenous CO is recognized as a regulator of
cellular function and for its obligatory role in cell apoptosis. CO blocks the proliferation of cancer cells
and effector T cells, and the primary target is reported to be the mitochondria. We report herein a new
mitochondria-specific prodrug conjugate (Pro-DC) that undergoes a photocleavage reaction on
irradiation with a 400 nm source (1.0 mW cm™) to induce a simultaneous release of the therapeutic
components mertansine and CO along with a BODIPY derivative (BODIPY(PPHs),) as a luminescent
marker in the mitochondrial matrix. The efficacy of the process is demonstrated using MCF-7 cells and
could effectively be visualized by probing the intracellular luminescence of BODIPY(PPHz),. This provides
a proof-of-concept for designing a prodrug for image-guided combination therapy for mainstream
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Introduction

One of the major emphases of the current therapy and clinical
medicine is improving the drug efficacy through the develop-
ment of an appropriate prodrug that helps in optimizing the
absorption, distribution, metabolism, excretion, and unwanted
toxicity of the parent drugs.”® A prodrug refers to
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a pharmacologically inactive compound that yields the active
drug in the presence of an exogenous or endogenous stimulus
in the form of a chemical or metabolic process.*” An anticancer
prodrug should ideally be transported to the specific organelle
of the neoplastic cells and undergo stimuli-responsive activa-
tion to yield a cytotoxic drug.*® Light-activatable and organelle-
specific anticancer prodrugs are comprised of an anticancer
drug that is linked to an organelle-directing reagent through
a light-responsive, self-immolative linker for controlled drug
release in the presence of light as the stimulus.’®** Such pro-
drugs are expected to improve the therapeutic index by
a specific release of the payload at the cancer cells—more
specifically at the desired organelle to improve the local
concentration of the chemotherapeutic around the cells/tumors
for minimizing the damage to surrounding healthy tissues.**?
Designing such a prodrug has primarily relied on antibody-
drug conjugates with the obvious preference for binding of the
prodrug to cell-surface receptors that overexpress at the targeted
tumors.”®™** Available knowledge-base about the intricate
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synthetic methodologies as well as the organelle specificity of
certain reagents could help researchers in designing an
appropriate prodrug for organelle-specific release of the drug in
its active form. For image-guided therapy, it is also important to
design a prodrug that simultaneously liberates a luminescent
marker in its luminescence ON state along with the active
drug.**"” Such a prodrug design would enable one to achieve
improved drug efficacy along with the option for visualization of
intracellular processes and target-specific drug delivery.'**®
Mertansine, a benzoansamacrolide, is known to be a highly
potent microtubulin inhibitor and binds at or near the
vinblastine-binding site to induce mitotic arrest in cells and
prevents the formation of mature microtubules.”® The efficacy
of this drug was thoroughly examined in preclinical and clinical
settings.”* Data generated through several phase I and phase II
clinical trials with patients having diverse types of cancers
revealed a substantially high systematic toxicity in humans to
gainsay any desired therapeutic benefits at tolerable doses.
However, the potent cytotoxicity of mertansine can be utilized
in a targeted delivery approach for the selective destruction of
neoplastic cells, and all efforts in developing an efficient pro-
drug using mertansine are limited to the designing of an anti-
body-drug conjugate.”” Microtubules are an integral part of
mitochondria and the release of mertansine at mitochondria
offers an attractive choice for treating hyperproliferative
diseases.”*** Carbon monoxide (CO) is increasingly being
recognized as an immunoprotective and homeostatic molecule
and mitochondria have been proposed to be a major site of

 Mertansine
i in inactive form

{_Functionality for :PhaP’
mitochondrial targét

I[ ° JJ
Br BODIPYBr, g Br

View Article Online

Edge Article

action for carbon monoxide.”>*® Thus, designing a mitochon-
dria-specific prodrug that leads to the simultaneous release of
mertansine and CO, apart from achieving improved pharma-
cokinetic parameters, offers an effective therapeutic
strategy.””*' Arguably, mitochondria-targeted drug delivery also
helps in combating drug resistance.**** Following a similar
notion, we are reporting herein a prodrug (Pro-DC), a drug-
small molecule conjugate having mertansine covalently linked
to a luminophore (BODIPY(PPh;),) through a light-cleavable
spacer for achieving the stimulus-responsive release of the
drug mertansine in its active form.

Literature reports suggest that the appropriate choice of the
phenacyl functionality as the sulthydryl protecting group allows
wavelength-controlled photolysis of the thioester linkage (-S-
(CO)-0O-B, B is a benzyl derivative) to yield the corresponding
sulthydryl derivative with subsequent loss of the gas transmitter
CO moiety.**** This methodology was adopted for designing the
desired prodrug for the present study. Such an example of
a light-induced organelle-specific release of a potent drug from
a physiologically more benign prodrug is scarce in the
contemporary literature.

The prodrug Pro-DC is composed of two moieties that are
linked covalently by a light-cleavable thioester linkage (Scheme
1). The first component is a BODIPY based fluorescent probe
that shows a strong luminescence in the NIR region (Agms =
660 nm; Agms = 0.51) and is linked with a tubulin disrupting
cancer growth blocker maytansinoid through a thioester
linkage. Additionally, the presence of the lipophilic
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Scheme 1 The molecular structures of mertansine, BODIPYBr,, DCBr,, Pro-DC and BODIPY(PPhs), and intermediates that were used for the
synthesis of the theranostic prodrug Pro-DC. Cleavage of the S—C bond in the thioester functionality on irradiation with 400 nm light is also
indicated. (a) Chloromethyl methyl ether, DIPEA; (b) (i) 4-hydroxy benzaldehyde, piperidine, AcOH and (ii) 1,4-dibromobutane, K,COs; (c) 4 N HCl
in 1,4-dioxane (d) 4-nitrophenyl chloroformate, DIPA; (e) mertansine; (f) PPhs.
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Scheme 2 Proposed photo-induced activation mechanism of Pro-DC.

triphenylphosphonium salt functionality in Pro-DC could
account for its preferential localization in mitochondria. On
irradiation of the Pro-DC with visible light, the sulfaneyl linkage
was ruptured and resulted in the release of the luminescent
moiety BODIPY(PPh;), for bio-imaging and free maytansinoid
in its active form for chemotherapy. Localization of Pro-DC in
mitochondria and the light-induced release of mertansine and
CO in this organelle of MCF-7 cells are attributed to its
enhanced chemotherapy efficiency compared to free mertan-
sine (Scheme 2).

Results and discussion

The detailed synthetic methodology for Pro-DC, BODIPYBr,,
BODIPY(PPh;), and other intermediates, along with their
various analytical and spectroscopic characterization data are
discussed in the Experimental section (ESIt). Spectroscopic and
analytical data ensured the desired purity of the prodrug (Pro-
DC) and all isolated intermediates, including BODIPY(PPh;),.
BODIPY conjugate, Pro-DC was found to be soluble in water,
and accordingly, the absorption spectrum of Pro-DC was
recorded in an aqueous HEPES buffer solution (pH = 7.4).

An intense absorption band with a maximum at 640 nm (¢ =
30 000 L mol~" ecm™") was observed, and this was attributed to
an S)-S; electronic transition associated with the BODIPY
moiety (Fig. S1t). Pro-DC showed a weak luminescence band
with a maximum at ~660 nm (1°®° ™™ = 0.003, BODIPY was used
as the standard) upon excitation at 640 nm. Presumably, an
extended conjugation at the a-position of each of the two
pyrrole rings favored a facile intra-molecular charge-transfer
(ICT) process and the observed bathochromic shift for the
respective absorption and emission band. A facile ICT process
would account for a narrow HOMO-LUMO energy gap and its
poor emission quantum yield.**** Apart from mertansine,
BODIPY(PPh;),, the other crucial product of the photolysis
process, was also synthesized. Electronic spectral data recorded
for BODIPY(PPh;), revealed an absorption maximum at 638 nm
(So-S; transition) and a luminescence maximum at 655 nm (1%
M = 0.21 for Agy of 638 nm). Presumably, the absence of the

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

PhsP

Fluorophore ON state; Agy: 640 nm
AEms: 655 nm [@%%% "™ = 0.021]

inhibitory influence of mertansine as the luminescence
quencher in BODIPY(PPh;), accounts for its switch ON lumi-
nescence response, as compared to Pro-DC. Thus, lumines-
cence spectral data tend to support the in situ generation of
mertansine and BODIPY(PPh;), under physiological conditions
on irradiation with a 400 nm light source. To verify this prop-
osition, prodrug Pro-DC was irradiated with a 400 nm LED
source (continuous source, blue LED; 1.0 mW cm ?). The
luminescence spectral profile for 1 uM of Pro-DC solution under
physiological conditions (10 mM aq. HEPES buffer, pH 7.4) was
recorded as a function of time (Fig. 1). A steady increase in
luminescence intensity at ~660 nm was observed. The lumi-
nescence spectral profile was recorded for about 60 min until no
appreciable spectral change was observed. A plot of F,/F, (F, is
the initial intensity and F, is the intensity at a specified time of
irradiation) at 660 nm as a function of time is shown in Fig. 1b.
A control experiment was performed in the dark while main-
taining all other experimental conditions unchanged. The
results of this control experiment are shown in Fig. 1b, which
confirms that there is no change in emission intensity at
660 nm. Importantly, the luminescence spectral profile of the
photolyzed solution matched closely with that of
BODIPY(PPh;),. This further corroborated our presumption
that irradiation with 400 nm LED light induced a photocleavage
at the thioester linkage (-S-/-(CO)-O-B) to yield mertansine
(the potent drug) and BODIPY(PPh;),—a luminophore with an
appreciable luminescence quantum yield. This also tends to
rationalize the switch ON luminescence response when prodrug
conjugate Pro-DC was subjected to the 400 nm irradiation.
Additionally, the release of the luminophore BODIPY(PPh;),
was not evident when Pro-DC was subjected to dark incubation
in the presence of various reducing biothiols (cystine, homo-
cystine, glutathione and NaSH, ESI Fig. S21). These control
experiments confirmed that the prodrug conjugate Pro-DC was
stable under physiological conditions, as well as towards
various biothiols that are common in human physiology. These
results confirmed that the release of the luminophore
BODIPY(PPh;), could only be achieved through photoactivation
of the sulfaneyl linkage.

Chem. Sci,, 2021, 12, 2667-2673 | 2669
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Fig. 1 (a) Emission spectra of Pro-DC (1 puM) in ag. HEPES buffer
solution (10 mM, pH 7.4) upon irradiation with a blue LED lamp (A, =
400 nm, 1.0 mW cm~2) at 25 °C. Irradiation times: 0, 1, 4, 6, 10, 20, 30,
40, 50, 60 and 70 minutes, respectively. The emission (Agm, = 660 Nnm
with Agx = 640 nm). (b) Relative change in emission intensity (F/Fq) at
Aem 600 nm as a function of time for Pro-DC on irradiation with
a 400 nm LED and in the dark: the red coloured trace represents
changes on irradiation with 400 nm light and the blue colored trace
represents the situation when Pro-Dc was kept in the dark.

To ensure that light-induced cleavage at the sulfaneyl
linkage resulted in a subsequent release of the potent drug
mertansine along with the luminophore BODIPY(PPhy),,
detailed HPLC analysis was performed using solutions of pure
mertansine, pure Pro-DC, BODIPY(PPh;),, the photo-irradiated
solution and the control experiment (performed in the dark
under identical conditions). Different components that were
separated using semi-preparative HPLC experiments were sub-
jected to ESI-MS analysis. Details about the experimental
conditions for the HPLC and ESI-MS (positive ion mode) anal-
ysis are provided in the ESL{ The HPLC profile of pure mer-
tansine, Pro-DC and BODIPY(PPh;), revealed a retention time of
1.98 min (fmereansine)y 3-47 Min (tpronc) and 7.37 min (tgopr-
py(pPh3)2) Min, respectively. Then, Pro-DC solution was subjected
to HPLC after irradiation with a 400 nm LED for 30 min and two
new peaks with a retention time of 1.98 min and 7.37 min were
observed with a concomitant decrease in the signal for Pro-DC
having a tpyo-pc Of 3.47 min. The signal with the retention time
of 1.98 min matched with that of pure mertansine recorded
earlier and was found to increase when the reaction mixture was
spiked with pure mertansine, while that for 7.37 min matched
with that of BODIPY(PPh;), (Fig. S31). The three components
(having a retention time of 1.98, 3.47 and 7.37 min) isolated
from the photolyzed solution of Pro-DC using semipreparative
HPLC were subjected to ESI-MS spectral analysis. The mass
spectral profile (ESI-MS, positive ion mode) for the component
(tret = 1.98 min) of the photolyzed solution showed a signal at
m/z of 739.10 with the anticipated isotope distribution for
mertansine (Fig. S47). This helped us in confirming the pres-
ence of free mertansine in the photo-irradiated solution under
physiological conditions. The component having a retention
time of 3.47 showed a single peak at m/z 1945.69 (M + H') with
the anticipated isotope distribution for Pro-DC. Thus, the
component having a retention time of 3.47 in the HPLC profile
was unambiguously assigned to unreacted Pro-DC. The chro-
matogram and mass spectral analyses remained unchanged
(single peak with a retention time (£33 ) of 3.47 min) when the
reaction mixture of the control experiment performed in the
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dark was subjected to HPLC and mass spectral studies,
respectively. This confirmed that Pro-DC remained unchanged
in experiments that were performed in the absence of 400 nm
light irradiation. These results established our proposition that
the in situ formation of the potent drug mertansine and
BODIPY(PPh;), took place on irradiation of Pro-DC with
a 400 nm LED light source. This also confirmed the proposed
mechanistic pathway for the photo-induced reaction. The signal
for mertansine having a retention time of 1.98 min was rela-
tively weak and was attributed to the interference from the
strong absorbance of Pro-DC.

As discussed earlier, CO is being recognized as an endoge-
nous signaling molecule that has potent physiological and
therapeutic significance. Literature reports also reveal that
mitochondria have been proposed to be a major site of action
for CO.***° Thus, targeting mitochondria would allow for CO
release at the site of action. Given its high diffusivity, CO should
be able to subsequently traverse out of the mitochondria into
the cytosol to modulate additional functional effects. The pho-
toresponsive CO release from Pro-Dc was confirmed by per-
forming the phosphomolybdic acid-PdCl, test (Fig. 2 and the
ESIT).** Under blue light irradiation, CO gas evolves from Pro-
DC and gets converted into CO, in the presence of the catalyst
PdCl, with simultaneous reduction of the yellow phosphomo-
lybdic acid to a blue-green colored mixed-valence hetero-
polymolybdate complex (Mo"-Mo").

After ensuring the efficiency of the photo-triggered degra-
dation of the sulfaneyl linkage and in situ release of mertansine
along with an NIR-active fluorescent marker, we examined the
internalization of Pro-DC (1 puM) in live MCF-7 cells (adenocar-
cinoma, human breast cancer cells) using confocal laser scan-
ning microscopic (CLSM) studies following excitation with
a 650 nm laser source. To examine the efficacy of the photo-
induced intracellular release of the potent drug, MCF-7 cells
were preincubated with Pro-DC for 60 min followed by irradia-
tion with a 400 nm LED source (Fig. 3).

The enhanced intracellular luminescence as a function of
time on irradiation with 400 nm LED confirmed the release of
BODIPY(PPh;), along with the potent drug (mertansine) from
Pro-DC (Fig. 3). In contrast, MCF-7 cells of the control experi-
ments, incubated with Pro-DC (1 pM) in the dark for 60 min,
only exhibited a weak basal level of intracellular luminescence.
These results confirm the photo-triggered intracellular degra-
dation of the sulfaneyl linkage of the theranostic prodrug, Pro-

before irradiation
after irradiation

Strip before irradiation
Strip after irradiation

Fig. 2 Experiment for CO elimination. The yellow colour of the strip
changed to dark-blue color, indicating the evolution of CO gas from
the solution.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Time for irradiation (min)

Fig. 3 Cellular fluorescence images of prodrug Pro-DC-treated MCF-7 cells. The cells were incubated with Pro-DC (1 uM) for 2 h and then
irradiated with a blue LED for (a) O min, (b) 10 min, (c) 30 min and (d) 60 min. (e) Relative pixel intensity (n = 3) from the images. The pixel intensity
from the images. The pixel of (d) is defined as 1.0. Scale bar 10 um. Agxx = 650 NM; Apmon Window of 530-710 nm.

DC with subsequent release of mertansine and the NIR-active
luminophore BODIPY(PPh;), to enable visualization and real-
time monitoring of the intracellular chemical process.

Importantly, widefield microscopic images of MCF-7 cells
revealed that the prodrug (Pro-DC) and the drug (mertansine) are
specifically localized in the mitochondria of the MCF-7 cells and
this further rationalized our design aspect of having phospho-
nium ions as an integral part of the prodrug Pro-DC. This was
further ensured with colocalization studies using a commercially
available mitochondria-specific reagent MitoTracker Deep Red.
Co-treated cells showed a punctuated intracellular emission
from BODIPY(PPh;),, which correlated strongly with the emis-
sion from MitoTracker Deep Red (Pearson's coefficient of 0.94;
Fig. 4d). Similar colocalization experiments with a commercial
lysosome targeting probe (LysoTracker Deep Red) and nuclear
counterstain (DAPI) confirmed specific mitochondria localiza-
tion of the prodrug (Pro-DC) and the subsequent in situ release of
the drug mertansine in the mitochondria of the MCF-7 cells
(Fig. S5, S6 and S97).

Thus, the unique design of the prodrug enabled us to
demonstrate a proof-of-concept for developing an efficient
prodrug that allows real-time monitoring of the release of the
potent drug at the mitochondria of the live MCF-7 cells.
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Fig. 4 Colocalization studies of intracellular localization of Pro-DC
using MitoTracker probes: widefield microscopy images of intracel-
lular emission of Pro-DC (panel a) with intensity along the traced line
shown underneath. Emission from MitoTracker Deep Red (panel b) and
intensity along the same line shown below. The co-localisation of the
intensity is shown in panel (c). Panel (c) shows the overlap of the green
and red fluorescence, indicating mitochondria localization of Pro-DC.
Panel (d) shows the Pearson co-efficient = 0.94. Scale bar 10 pm.

© 2021 The Author(s). Published by the Royal Society of Chemistry

The cytotoxicity of Pro-DC was quantified by MTT assay using
live MCF-7 cells. Concentration-dependent cytotoxicity was
observed under blue light irradiation (3.2 mW c¢cm™>, 60 min),
whereas cells incubated with Pro-DC in the dark revealed
minimal cellular toxicity (Fig. 5a) over the entire concentration
range. A low ICs, value of (0.9 + 0.1) nM was evaluated for Pro-
DC under photo-irradiation. In comparison, the evaluated ICs,
value for pure mertansine was evaluated to be (4.2 £+ 0.3) nM
(Fig. 5a). This signifies enhanced cellular toxicity of the prodrug
Pro-DC under photo-irradiation, as compared to pure mertan-
sine, as well as that for Pro-DC in the dark. Higher efficacy could
be attributed to the mitochondria-specific release of the drug.
This was further substantiated from the evaluated ratio for the
ICs, values for Pro-DC and DCBr, under photo-irradiation; a 4.5
times higher ICs, value (IC5,""*P%/1C;5,°°®?) for Pro-DC
confirmed the role of phosphonium ion in improving the
mitochondrial localization, as well as the drug efficacy (Fig. 5b).

The cytotoxicity of BODIPY(PPh;), under identical experi-
mental conditions was found to be insignificant. The photo-
toxicity index of Pro-DC was evaluated at 276 (Fig. S7t). These
results confirmed that the mitochondria targeting phospho-
nium ion helped in specific localization of the prodrug (Pro-DC)
in mitochondria and the release of the drug mertansine on
photoirradiation with a 400 nm light source, as well as
improving its efficacy. A control MTT assay was also performed
by irradiating live MCF 7 cells in the absence of the prodrug
under otherwise identical experimental conditions commonly
used for irradiation studies, and no cellular toxicity was
observed (Fig. 5). Collectively, these results confirm that the
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Fig. 5 (a) Viability of MCF-7 cells upon treatment with different
concentrations of mertansine and Pro-DC under blue light irradiation
or in the dark. (b) Viability of MCF-7 cells upon treatment with different
concentrations of Pro-DC and DCBr;, under blue light irradiation.
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selective mitochondria delivery of mertansine is linked to better
drug efficacy.

Conclusions

In conclusion, conjugation of the anticancer drug mertansine
with an NIR-active luminophore (BODIPY(PPh;),) through
a light-cleavable sulfaneyl linkage helped us in developing
a prodrug (Pro-DC) for mitochondria-specific release of the
potent therapeutic agents (mertansine) and CO with simulta-
neous release of the luminophore BODIPY(PPhj), in its lumi-
nescence ON state. This luminescence ON response helped in
realizing the real-time monitoring of the organelle-specific drug
release. The presence of the phosphonium ions in Pro-DC helps
in achieving the desired permeability through the mitochon-
drial membrane that has a negative potential. The mitochon-
drial specificity of Pro-Dc helped in localization of mertansine
and CO at the mitochondria of the MCF-7 cells. Better indi-
vidual drug efficacies are reported for mertansine and CO, when
these therapeutic reagents are localized in the mitochondria.
Recent reports also reveal the positive role of CO in treating
neoplastic cells. The prodrug Pro-DC shows greatly enhanced
cytotoxicity compared to free maytansinoid due to its
mitochondria-targeting ability, which can be monitored by
cellular and in vivo NIR fluorescence imaging. To the best of our
knowledge, the observed phototoxicity was the highest (indi-
cated by the lowest IC5, value) ever reported for any maytansi-
noid. These together have contributed to the improved efficacy
of the molecular conjugate, Pro-DC as compared to free mer-
tansine. Thus, the experimental data helped us in establishing
the proof of concept for a photo-responsive NIR-active thera-
nostics application. This present work suggests a molecular
design strategy that integrates the key functions of targeting,
imaging, release, and treatment within a single agent, which
may play an important role in biomedicine.
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