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Systemic side effects and high hydrophobicity are major disadvantages of paclitaxel (PTX), one of the most
popular anticancer drugs. Here, we present singlet oxygen (SO)-activatable and mitochondria-targeted PTX
prodrugs to overcome these problems and boost the cytotoxic effect of photodynamic therapy (PDT). Three PTX
prodrugs were prepared by conjugating PTX with various cationic groups. Hydrophobicity was determined in
LogD; 4 value. Mitochondrial localization was confirmed by fluorescence confocal microscopy and uptake of

mitochondria-specific fluorescence probe. Dark- and photo-toxicity were measured in AY-27 cells with MTT
assay. All three prodrugs showed better hydrophilicity than PTX and improved phototoxicity when combined
with protoporphyrin IX (PpIX) PDT. In conclusion, SO-activatable and higher hydrophilic PTX prodrugs were
successfully prepared. This approach could be used to improve the antitumor efficacy of PDT without the sys-

temic side effects of PTX.

Paclitaxel (PTX) is a widely used first-line treatment option for
various cancers, including breast cancer,"? ovarian cancer,®> and non-
small-cell lung cancer.® Adjuvant and neoadjuvant systemic che-
motherapy are typical uses of PTX.”'' The mechanism of PTX is to
stabilize microtubule assembly through interaction with tubulin. This
process results in the inhibition of cellular growth by blockage of cell
replication in the late G2 mitotic phase of the cell cycle.'*” Despite its
common use in cancer treatments, hydrophobicity and systemic side
effects remain major challenges.'®>> Hence, the quest for selective
delivery of PTX to cancer cells to minimize non-specific toxicity and the
hydrophobicity of PTX is of great interest.

Photodynamic therapy (PDT) is a FDA-approved treatment modality
for a number of cancers, including bladder, lung, and esophageal can-
cers.?**” The photodynamic effect is due to the formation of reactive
oxygen species under light illumination of photosensitizers.”®* However,
PDT still presents the challenge of recurrence due to cells surviving
after PDT,??>° partly due to the short half-life (~10-320ns) and lim-
ited diffusion distance (~10-55 nm) of singlet oxygen (SO) in cells.>1-32
The FDA approved HAL (hexyl-5-aminolevulinic acid) for fluorescent
diagnosis of non-muscle invasive bladder cancer (NMIBC) in 2010.%>%*
The selective accumulation of protoporphyrin IX (PpIX) in the mi-
tochondria of cancer cells via HAL has been well validated.*>*° The

conversion of HAL to PpIX in the mitochondria of cancer cells enhances
the selectivity of PpIX PDT, which can help to mitigate collateral da-
mage to surrounding normal cells. However, the potency of PpIX PDT
itself was not sufficient to eradicate NMIBC.>®

We recently demonstrated a novel intermolecular photo-unclick
chemistry in the mitochondria, using a mitochondria-specific photo-
sensitizer, PpIX, and SO-cleavable combretastatin A4 (CA4) prodrug.®”
CA4 and rhodamine (mitochondria targeting vector) were conjugated
with an SO-cleavable linker. HAL was incubated with cancer cells to
produce PpIX in the mitochondria.>*® Upon visible light illumination,
SO was generated by PpIX. The SO directly damaged the cancer cells
(PDT effect) and initiated the cleavage of the SO-cleavable linker,
subsequently causing the release of the active drug CA4.

Herein, our goals were to prepare visible light-activatable and mi-
tochondria-targeted prodrugs of PTX (Fig. 1) by conjugating PTX with
mitochondrial targeting vectors via an aminoacrylate linker (SO-clea-
vable linker), and to evaluate their mitochondriotropic properties and
in vitro phototoxic activity improving the effects of PpIX PDT.

We prepared Rh-1-PTX, CAT-1.-PTX, and TPP-.-PTX by conjugating
PTX to three mitochondriotropic lipophilic cations (MLCs), rhodamine
(Rh), 4-carboxy-1-methylpyridinium chloride (CAT), triphenylpho-
sphonium (TPP), respectively, via a SO-labile aminoacrylate linker (L)
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Fig. 1. Mitochondriotropic PTX prodrugs for a light-activatable combination of
PDT and site-specific chemotherapy. PTX prodrugs targeted to mitochondria for
more effective activation by SO generated in mitochondria.
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Scheme 1. Synthesis of Rh-1-PTX, TPP-1-PTX, and CAT-1-PTX; reagents and
conditions: (i) 2-propynoic acid, DCC, DMAP, anhydrous DCM, rt, 24 h, 74%;
(ii) tert-butyl 4-(hydroxymethyl)piperidine-1-carboxylate, DCC, DMAP, anhy-
drous DCM, 24 h, 78% (2) and 75% (3); (iii) TFA, anhydrous DCM, rt, 1 h; (iv)
1, N, N-diisopropylethylamine, DMF, rt, 1h, 87%; (v) 1, N, N-diisopropy-
lethylamine, THF, rt, 1h, 86%; (vi) 1,3-bromopropane, toluene, reflux, 18 h,
80%; (vii) tert-butyl 4-(hydroxymethyl)piperidine-1-carboxylate, anhydrous
K,CO3, anhydrous DMF, rt, 12 h, 76%; (viii) TFA, anhydrous DCM, rt, 1 h; (ix)
1, N, N-diisopropylethylamine, DMSO, 40 °C, 5 h, 35%.

(Scheme 1). All three prodrugs were readily prepared via simple, easy,
and high to moderate-yielding reactions, such as esterification, yne-
amine, nucleophilic substitution, and amidation. PTX, rhodamine, and
CAT were esterified using DCC and DMAP to give compounds 1, 2, and
3, respectively. Rh-1-PTX and CAT-.-PTX were synthesized via click
chemistry (yne-amine reaction) of compound 1 with compound 4 and 5
in 84% and 87% yield, respectively. Compound 6 was synthesized by
nucleophilic substitution of TPP and 3-bromopropan-1-ol. TPP-L.-PTX
was synthesized via a click reaction (yne-amine reaction) of compounds
8 and 1 in 35% yield. The relatively low yield of TPP-.-PTX may be due
differences in solubility of compounds 8 and 1.

We chose Rh and TPP groups because both are well-known mi-
tochondriotropic targeting vectors (delocalizing lipophilic ca-
tions).>*~** The CAT group was chosen due to its small molecular size
and its positive charge as a mitochondriotropic lipophilic cation
(Table 1).** LogD,.4 values were determined by the modified shake
flask method.** All three prodrugs were more hydrophilic than was PTX
itself: LogDy 4 = 3.6 (PTX) vs. 1.9-1.0 (prodrugs) (Table 1). CAT-.-PTX
had the highest hydrophilicity (logD; 4 = 1.0) and smallest molecular
weight (1176 g/mole) among the three prodrugs.
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Table 1
Molecular characters of PTX and mitochondriotropic prodrugs.
Number Name MW (g/mole) Charge LogD7.4
1 PTX 854 0 3.6
2 Rh-.-PTX 1482 1 1.9
3 CAT-1-PTX 1176 1 1.0
4 TPP-1-PTX 1404 1 1.3
2507 e
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Fig. 2. Dual staining with Rh-.-PTX and MDR, 0.5 pM each after incubation for
30 min. a) channel for Rh-L.-PTX (ext. 561 nm and em. 570-630 nm), b) channel
for MDR (ext. 633 and em. 650-700 nm), c¢) bright field, and d) overlap of a, b,
and c. e) Relative fluorescence intensity across the line for Rh-.-PTX and MDR
channels.

To confirm the mitochondrial localization, we used fluorescence
dual staining with mitochondrial membrane probe, MDR [MitoTracker
Deep Red] for Rh-1-PTX and PplIX. Since the other two prodrugs do not
emit fluorescence, we could not confirm their mitochondrial localiza-
tion. Taking advantage of the Rh fluorescence emission of Rh-L.-PTX
(em. max. = 590 nm), dual staining with MDR (em. max. = 665 nm)
was performed (Fig. 2) with AY-27 rat bladder carcinoma cells. Rh-1-
PTX showed typical mitochondrial localization pattern in the cells,
overlapping well with those of MDR (Fig.2d and e). Since PpIX is
generated via HAL, mitochondrial localization of PpIX in AY-27 cells
was examined. AY-27 cells were incubated with HAL for 2 h. The AY-27
cells were excited at 410 nm, and the fluorescence emission of PpIX
(em. max. = 630 nm) was observed (Fig. 3). The subcellular localiza-
tion of PpIX showed the typical mitochondrial pattern in cells and
overlapped well with those of MDR (Fig. 3d and e).

Fig. 3. Dual staining with PpIX (formed by 0.5 mM HAL) and 0.5 uM MDR after
incubation for 30 min. a) channel for PpIX (ext. 410 nm and em. 620-700 nm),
b) channel for MDR (ext. 633 and em. 650-700 nm), c) bright field, and d)
overlap of a, b, and c. e) Relative fluorescence intensity across the line for PpIX
and MDR channels.
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Fig 4. (a-d) Time-dependent fluorescence images with 1 uM Rh-L-PTX for 5, 30,
60, and 120min incubation, channel for Rh (ext. 540-580nm, em.
592-668 nm), (e) Cellular uptake of Rh-L.-PTX after 5, 15, 30, 60, and 120 min
incubation at 5uM.
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Fig. 5. Cytotoxic effect of PpIX PDT (HAL" + hv), HAL" + Rh-L.-PTX (or TPP-L-
PTX, or CAT-1-PTX) without illumination, and PpIX PDT + Rh-.-PTX (or TPP-L-
PTX or CAT-1-PTX) with illumination (531 nm at 10 mW/cm ™2 for 30 min);
“HAL at 0.5mM for 2h.

Time-dependent uptake of Rh-1.-PTX was determined using fluores-
cence microscopy (Fig. 4a—d) and a plate reader (Fig. 4e) after incuba-
tion for 5, 30, 60, and 120 min. Rh-.-PTX showed rapid uptake with
saturation at ~60min. At 120 min incubation with 5uM, ~0.68
fmole/cell was achieved, which should be sufficient to achieve a cy-
totoxic intracellular concentration of PTX (e.g., ICso = ~0.02 fmole/
cell)*® after > 90% activation of the prodrug by SO generated by PpIX
PDT.?” One of the potential applications of these prodrugs is for treating
NMIBCs to enhance the phototoxicity of PpIX PDT. The prodrug and
HAL could be instilled in a bladder and then illuminated with visible
light (e.g., 532 nm). In such an application, maximum instillation time
is limited to ~2h. A sufficient amount of prodrug should be taken up
by cancer cells in 2 h.

Cellular survival of three groups [(1) PpIX PDT (HAL
(0.5mM) + hv), (2) dark- (HAL + prodrug — hv), and (3) phototoxicity
(HAL + prodrug + hv) of a mixture of HAL (0.5mM) and a series of
concentrations (0.025-1.25 uM) of the three prodrugs] was determined
(hv = 531 nm diode laser, 10 mW/cm?, 30 min) (Fig. 5). PpIX PDT
killed about ~40% of the cells. Even at the highest concentration of
prodrugs (1.25 uM) with HAL, no significant cytotoxicity was observed
without illumination. In stark contrast, upon illumination, approxi-
mately 84%, 82%, and 80% of cells were killed with 0.25 uM Rh-1-PTX,
TPP-.-PTX, and CAT-1-PTX, respectively. The higher phototoxicity of
these groups compared with PpIX PDT (~40% cell kill) could be
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attributed to PTX released from the SO-activated prodrugs. PTX release
from animoacrylate linker (L)-tethered PTX prodrug (Pc-(1-PTX),) by
SO was demonstrated in our previous report.*® Without HAL, no sig-
nificant photo or dark toxicity was observed by the prodrugs (Figs.
S6-S8).

In conclusion, we designed mitochondriotropic and SO-activatable
prodrugs of PTX for combined chemo-photodynamic therapy via in-
termolecular activation. Three novel PTX prodrugs were synthesized
using a facile synthetic scheme with mild reaction conditions and high
yields. All prodrugs showed higher hydrophilicity than PTX itself. The
enhanced phototoxicity of PpIX PDT by the addition of these PTX
prodrugs might be due to the released PTX inside the cancer cells. This
is the first demonstration of mitochondriotropic and SO-activatable PTX
prodrugs via the intermolecular activation mechanism, potentiating
PpIX PDT. Combination of chemotherapy and phototherapy in various
forms is emerging for improved antitumor effect and lowered off-target
toxicity.””*9
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