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Targeted combinational therapy inducing
mitochondrial dysfunction†
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We report on a mitochondria-specific combinational theranostic

agent, 1. This system contains a chlorambucil prodrug and an

aggregation induced emission dye. In addition, compound 1 bears

both an intracellular thiol-triggered moiety and a mitochondria

targeting unit (triphenylphosphonium). Glutathione (GSH) is the

most abundant thiol and its concentrations are significantly higher

in a great number of cancer cell lines, compared to normal cells.

The GSH-induced prodrug 1 upon activation releases chlorambucil

and exhibits mitochondria targeted aggregation induced emission

(AIE) fluorescence, resulting in cell apoptosis via the caspase pathway

due to mitochondrial dysfunction.

Despite significant advances over the last few decades, cancer is
still one of the leading causes of mortality worldwide and is
projected to remain so over the next few decades, as the population
in the developed world ages.1 Cancer chemotherapy has become a
method of choice in the treatment of cancers, especially in support
of surgery. It has found application both as pre-surgical treatment to
reduce the invasiveness of the procedure and as adjuvant treatment
to reduce the risk of cancer reoccurrence post tumor resection.

Conventional anticancer drugs are commonly associated
with a number of drawbacks, including lack of specificity, causing
well known side effects due to significant toxicity in the skin,
hair follicles, gastrointestinal lining cells, liver and kidneys.
Furthermore, other limitations are the relatively low tumor
accumulation and innate or induced drug resistance. Often,
suboptimal doses of these potent drugs need to be administered
to lower side effects to acceptable levels.

Chlorambucil is a nitrogen mustard drug, currently employed
in clinical practice, particularly in the case of chronic lymphocytic

leukemia (CLL).2 Chlorambucil confers its toxicity through the
crosslinking of DNA, with a preferred reaction at the N-7 of
guanidine moieties, causing inter- and intra-strand linking,3,4

resulting in halted DNA replication and double strand breaks.
However, the off-target delivery of this type of nitrogen mustard
results in mutagenic effects in healthy cells,5 greatly increasing
the risk of secondary malignancies.6

Mitochondria, the primary source of energy in the form of
ATP in healthy oxygenated cells, are currently under intense
investigation as highly sensitive targets for anticancer drug
design because these organelles are associated with an increased
membrane potential in cancer cells. This altered membrane
potential has been utilized to target drugs to these mitochondria
as large lipophilic cations, such as the triphenylphosphonium
moiety, accumulate in these subcellular organelles with concen-
tration enhancements of several hundredfold reported for
lipophilic cation appended molecules.7–11 As the lower mito-
chondrial membrane potential of non-malignant cells results in
a significantly lower uptake of these cations, as compared to
malignant cells, covalently bonded drugs conjugated with lipophilic
cations represent a convenient approach to enhance the tumor
specific toxicity of these drugs.7–11

A key advantage of theranostic drug delivery systems is the
possibility of visualizing the intracellular localization of drugs,12

a key parameter in gaining a more thorough understanding of
the mechanisms underlying the induction of toxicity. Rather
than attaching a fluorophore with no auxiliary biological function,
the combination of a drug and a fluorophore in a single molecule
represents an unmistakable advantage in the atom-efficiency of
theranostic molecular drug delivery systems.

Aggregation induced emission (AIE) fluorophores, a class
of fluorescent molecules with intrinsic fluorescence only in a
self-assembled state, unlike most fluorophores,13–15 are a clear
example of efficient multiple purpose molecular components,
since the mitochondrial delivery of these dyes in the aggregated
state has been demonstrated to result in severe mitochondrial
dysfunction, loss of membrane integrity and, ultimately, cell
death.16–18
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In the present work, we describe the development of a new
combinational prodrug, 1, which contains the DNA cross-linking
agent chlorambucil and a mitochondria targeted aggregation
induced emission fluorophore. The malignancy-dependent potency
of the drug conjugate was further improved by including a
glutathione (GSH)-cleavable linker, with demonstrated preferential
drug activation in cancerous cells, exhibiting increased intra-
cellular concentrations of GSH versus non-malignant cells.19–21

As an anti-oxidant agent, GSH plays an important role under
normal physiological conditions by scavenging the reactive
oxygen species (ROS), which generates mitochondrial damage
and cell death.22 However, elevated GSH in cancer cells imparts
growth advantages and chemotherapeutic resistances to the
early and late stage of cancer.22

The synthesis of theranostic drug delivery system 1 is
described in Scheme 1. The o-phenol-decorated tetraphenyl
derivative 5 was synthesized by a McMurry coupling of the
corresponding diarylketone, followed by a Suzuki reaction with
2-hydroxyphenylboronic acid, as described before.18 The scaffold
was subsequently decorated with a propargyl group following a
Williamson ether synthesis with propargyl bromide, yielding
intermediate 4. A condensation reaction with 2,2-dithioethanol
in the presence of phosgene was followed by an EDC (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride) coupling with
chlorambucil, resulting in intermediate 2. Finally, the targeting
group was added using a copper catalyzed ‘‘click’’ reaction with an

azide decorated triphenylphosphonium moiety (7) resulting in the
final target compound (1).

All new compounds (1–4 and 7) were characterized by 1H
and 13C nuclear magnetic resonance (NMR) spectroscopy and
electrospray ionization mass spectrometry (ESI-MS) and the
results can be found in the ESI† (Fig. S1–S13).

The photophysical properties, stability of prodrug 1 as well
as the reactivity in the presence of glutathione were investigated
and the results are summarized in Fig. 1. The drug conjugate
shows a maximum in absorbance around 320 nm in the UV/Vis
spectrum in MeOH (Fig. 1a), whereas no fluorescence is detected
under these conditions (Fig. 1b). With increasing amounts of
water, the fluorescence is clearly increased, demonstrating a
fluorescence spectrum centred around 490 nm. The increasing
fluorescence in the case of increasing amounts of water clearly
points to the aggregation induced emission effect as a mechanism
to this observation, in accordance with previous results.18

Upon addition of an excess of glutathione, the HPLC chromato-
gram (Fig. 1c) clearly indicates the nearly complete activation of
the drug after 60 minutes, with the disappearance of the peak
with a retention time of 16 minutes. The addition of GSH results
in the release of chlorambucil (retention time 14.7 minutes) as
well as compound 10 (Fig. S14, ESI†), exhibiting a retention time
of 18.5 minutes. The identity of the peaks was confirmed by
ESI-MS (Fig. S14, ESI†).

Importantly, compound 1 did show a clear stability in the
absence of added thiols, with no signs of decomposition of the
probe in solution after 6 hours (Fig. 1d).

Probe 1 was added to two cell lines with different GSH levels;
whereas normal NHDF cells exhibit a low intracellular GSH
content, the cancerous PC3 cell line is characterized by a high

Scheme 1 Synthetic pathway towards 1.

Fig. 1 Physicochemical properties of 1. (a) Absorption of 1 (20 mM) in pH
7.4 PBS solution at room temperature. (b) The dependence of water
content (in methanol) on the AIE emission of 1 (lex = 360 nm, slit = 3/3,
T = 24 1C). (c) HPLC chromatograms in the presence of GSH and (d) in the
absence of GSH at 37 1C for 6 h. Gradient: 70% B to 100% B for 17 min, then
100% B, 10 min; A: water, B: ACN.
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intracellular concentration of this tripeptide.23 The intracellular
concentration of GSH is mirrored by the fluorescence observed
for 1-loaded cells, clearly demonstrating significantly enhanced
fluorescence in the PC3 cells (Fig. S15, ESI†).

To assess the cytotoxic effect of compound 1, two human
cancer cell lines (HCT116; colon cancer, HeLa; cervical cancer)
were treated with increasing doses of compound 1, and the
effects on cellular growth and viability were determined by cell
counting and MTT assays. Compound 1 treatment led to a dose-
associated reduction of cell numbers and showed a more drastic
effect, compared to chlorambucil in all tested dose ranges
(Fig. 2a and b). Consistently, MTT assays revealed that compound
1 causes a profound decrease in cell viability and evokes a much
higher cytotoxic effect than chlorambucil (Fig. 2c and d).
Intermediate 2, not bearing the triphenylphosphonium targeting
group, was used as a reference and showed only a slight reduction
in viability in both cancer cells. Thus these results indicate that
compound 1 has a more potent cytotoxic effect than chlorambucil
and this effect depends on the mitochondria-targeting moiety.

The cytotoxicity of 1, alongside several control compounds
at a concentration of 20 mM, was determined in NHDF (low
GSH) and PC3 (high GSH) cells (Fig. S16, ESI†). Compound 1 is
the only molecule that exhibits pathology associated differential
toxicity. Precursor 2 and chlorambucil fail to exhibit any significant
toxicity at this concentration, whereas compound 11 (ESI†), lacking
the GSH trigger, proved to be universally toxic, in line with previous
toxicity data on this molecule.18

Subsequently, the GSH-associated cytotoxicity of probe 1 was
investigated. N-acetyl-L-cysteine (NAC) was used as a GSH
inducer in HeLa cells. The cytotoxic effect of compound 1 was
markedly increased by pre-incubation with NAC, while NAC

itself (in the absence of probe 1) rather enhances cell viability
(Fig. 3a). Next, we compared its effect on the viability of normal
cells (NHDFs; normal human dermal fibroblasts) in the absence
and presence of NAC. As shown in Fig. 3b, compound 1 was
significantly less potent in the normal cells, as compared to the
cancerous HeLa cells; however, the addition of NAC resulted in
a marked increase in toxicity. These results followed expectations as
non-cancerous cells are known to exhibit far smaller intracellular
GSH concentrations than many cancerous cells,19–21 whereas
the supplementation of NAC removed the differential GSH
concentrations, thus significantly increasing the NHDF cell’s
sensitivity to drug conjugate 1.

The GSH dependency on the toxicity was further studied
using small interfering (si) RNA-mediated knockdown of glutathione
synthetase (GSS), a key enzyme involved in GSH biosynthesis.19 The
knockdown of the GSS expression was verified by RT-PCR analysis of
the GSS mRNA level (Fig. 3c inset). In accordance with the previous
results, the cytotoxic effect of compound 1 was attenuated in HeLa
cells by GSS depletion (Fig. 3c).

A final experiment to validate the proposed GSH-dependent
cytotoxicity was performed using two human prostate cell lines
(PC3 and LNCaP), exhibiting relatively high and low intracellular
GSH levels, respectively.23 As anticipated, a much stronger effect
was observed in PC3 versus LNCaP cells (Fig. 3d). Together, these
results clearly demonstrate that compound 1 exerts its cytotoxic
effect in a GSH-dependent manner.

Mitochondrial dysfunction and DNA damage triggers apoptotic
cell death to eliminate the abnormally damaged cells. Firstly, the

Fig. 2 Effect of compound 1 on the growth and viability of human cancer
cells. (a and b) Comparison of the growth inhibition effect of compound 1
and chlorambucil in HCT116 (colon) and HeLa (cervix) cancer cells. Cells
were counted after 24 h of treatment. (c and d) Comparison of compounds
1 and 2, and chlorambucil on cell viability. MTT assays were performed after
24 h of treatment (20 mM).

Fig. 3 The GSH-dependency of compound 1’s effect on cell viability.
(a and b) Enhancement of the cytotoxic effect of 1 in NAC-treated cells.
NAC-untreated (Mock) or treated (1 mM) NHDF (normal) and HeLa (cancer)
cells were incubated with compound 1 (20 mM) for 24 h. The cell viability
was determined by an MTT assay. (c) The attenuation of compound 1’s
cytotoxic effect in GSS-depleted cancer cells. HeLa cells transfected with
si-Control or si-GSS were incubated with compound 1 (20 mM, 24 h). Inset:
GSS content of siRNA treated cells. (d) Comparison of the cytotoxic effect
of probe 1 in high and low GSH level cells. Two human prostate cancer
cells expressing different levels of GSH (PC3, high GSH; LNCaP, low GSH)
were treated with 10 or 20 mM of compound 1 for 24 h.
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mitochondrial localization of the AIE dyes was confirmed using
confocal microscopy, demonstrating significant overlap with a
MitoTracker dye (Fig. S17, ESI†). Secondly, to investigate whether
compound 1 induces apoptosis, we performed flow cytometric
analyses of annexin V expression and the apoptotic sub-G1
fraction. As shown in Fig. 4a and b, both annexin V-positive
cell numbers and sub-G1 fractions were substantially increased
by compound 1 treatment, while no detectable changes were
observed in compound 2 treated cells. Consistently, an immunoblot
assay showed that probe 1 treatment strongly induces PARP
cleavage, a surrogate marker for apoptosis induction, while
compound 2 shows no detectable effect (Fig. 4c). Therefore,
these results support that the cytotoxic effect of compound 1
stems from its apoptosis-inducing activity.

As both mitochondrial alkylative DNA damage24 and mito-
chondrial membrane disruption by AIE dyes16 are known to
result in increased ROS production, we hypothesize that the
increased mitochondrial ROS production, in concert with the
decreased GSH translocation into the mitochondrial matrix
upon membrane damage,25 results in the release of cytochrome
c into the cytosol, initiating apoptosis via the intrinsic pathway.

In summary, we hereby report the new combinational therapeutic
drug 1, which induces apoptotic cell death in a highly GSH-
dependent manner. Considering the observed differential GSH

expression levels in cancerous cells, this effort to develop new
drugs activated by intracellular GSH should give significant
selectivity, with clear advantages for cancer chemotherapy. Our
present study demonstrates that prodrug bearing theranostic 1
induces a cytotoxic effect selectively on naturally high GSH-
expressing cancer cells by inducing mitochondrial dysfunction,
DNA damage and subsequent apoptosis.
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Fig. 4 Induction of tumour cell apoptosis by compound 1. (a) Annexin V
assay showing the apoptosis-inducing effect of compound 1. HeLa cells
were incubated with 20 mM of conjugate 1 for 24 h and Annexin V/PI
double stained cells were analyzed by flow cytometry. (b) Flow cytometric
analysis of the apoptotic sub-G1 fraction. HeLa cells were incubated with
compound 1 or 2 (20 mM) for 24 h, and the percentage of the sub-G1
fraction was measured using flow cytometry. (c) Immunoblot assay of
cleaved PARP. To confirm the apoptosis-inducing effect of 1, lysates of
HeLa cells treated with 1 or 2 (20 mM, 24 h) were subjected to an
immunoblot assay using a cleaved PARP-specific antibody.
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