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Introduction

Intracellular reactions are essential for producing bioactive
molecules that regulate cellular functions."” Intracellular reac-
tions are genetically regulated and selectively catalyzed by
enzymes, which convert specific reactants into distinct products
for unique biological purposes.® For example, oxidation reac-
tions such as in the citric acid cycle occur in the mitochondria,
and the polymerization process of alpha-beta tubulin takes
place in microtubules.* Thus, synthetic control of intracellular
reactions has attracted much attention, as it may regulate
subsequent cellular functions. Recently, extensive efforts have
been made to design controlled chemical reactions in living
cells; in particular, bio-orthogonal reactions that do not react
with various cellular functional groups have been utilized for
artificial chemical reactions. For example, Rao et al. developed
an intracellular cyclization reaction for luciferin to form a nano-
aggregation in tumor cells.>” However, although synthetic
intracellular reactions have been reported, the complex intra-
cellular environment requires higher bio-orthogonality to
improve specificity.®

Bio-orthogonal reactions, including click chemistry, Stau-
dinger ligation, and trans-cyclooctene/tetrazine cycloaddition,
are chemical reactions that occur without interference from
biological materials in living systems.® Among these, carbonyl
ligation reactions are of significant interest for their selectivity
and unobstructed reactive groups that can react regardless of
the presence of other functional groups.®*® These reactions have
been used to pull down specific proteins, or to selectively
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aggregation induced emission. In situ carbonyl ligation inside mitochondria drives the molecules to form

leads to depolarization of the mitochondrial

membrane, generation of ROS, and subsequently mitochondrial dysfunction. This intra-mitochondrial
carbonyl ligation shows great potential for anticancer treatment in various cancer cell lines.

modify functional proteins. The in vitro applicability of carbonyl
ligation was also shown in labeling the surface of living cells.****
As such unique reactions do not exist in the living cell, they may
be controllable in the intracellular environment, and may be
utilized to develop an artificial chemical system to control
cellular fate.”*" Nevertheless, designing efficient bio-
orthogonal reactions that can respond to driving processes in
a dynamic intracellular environment, is still a challenge. It is
also important that these reactions occur at a particular
subcellular location to control specific cellular functions, as
various signaling pathways are controlled by spatial separation
of proteins inside the cell.'®'” Thus, it is necessary to develop
location-specific  intracellular  reactions for efficient
applicability.

Mitochondria are important organelles that play a pivotal
role in performing cellular functions such as ATP production,
metabolic regulation, and programmed cell death. Specifically,
targeting the mitochondria offers a promising strategy to acti-
vate cell death pathways.'*** Furthermore, the mitochondrial
membranes of cancer cells are more negatively charged than
those of normal cells; thus bioactive molecules may be accu-
mulated in the mitochondria of cancer cells by conjugation with
lipophilic cations such as triphenylphosphonium (TPP).**
Recently, we reported that building blocks accumulate in the
mitochondria following conjugation with the TPP moiety,
leading to desirable conditions for synthetic chemical reactions
inside mitochondria.?** TPP-siloxane accumulated inside the
mitochondria, and subsequent condensation reactions were
confirmed. This reaction exacerbates dysfunction of mito-
chondria, suggesting that such synthetic reactions can be
applicable for anticancer treatment. Based on these results, we
hypothesized that targeting mitochondria would represent
a novel strategy for promoting efficient bio-orthogonal reactions
to regulate cellular function (Scheme 1).
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Scheme 1 Schematic illustration showing mitochondria targeting
carbonyl ligation for formation of nanoparticle with AIE property.

Herein, we report a mitochondria-targeting carbonyl ligation
system using a TPP-conjugated aldehyde. The accumulation of
this reagent inside the mitochondria, in such a confined space,
increases the concentration of this building block, which
promotes conditions for effective carbonyl ligation. This reac-
tion results in the formation of hydrazone, which contributes to
the self-assembly of a nanostructure with aggregation-induced
emission (AIE) properties via intramolecular hydrogen
bonding. In addition, owing to the targeting ability of TPP, these
reactions preferentially occurred in cancer cells rather than
normal cells. The nanoparticles drive mitochondrial dysfunc-
tion, which leads to activation of apoptosis in these cancer cells.
These results indicate that a mitochondria-targeting bio-
orthogonal reaction represents a potential strategy to intro-
duce an artificial intracellular chemical system that can regulate
cellular functions.

Results and discussion

Carbonyl ligation using hydrazine

TPP-hydrazine (TPP-Hyd) and aldehyde-Br (Ald-Br) were
synthesized from 2,4-dihydroxybenzaldehyde and purified by
high-performance liquid chromatography (HPLC). To validate
the effects of this bio-orthogonal reaction, a TPP-methoxy (TPP-
Met) with a methoxy group instead of a hydrazine group was
also synthesized as a control molecule. The hydrazine group of
TPP-Hyd and the aldehyde group of Ald-Br react with each other
to form TPP-AIE, which demonstrated increased intermolecular
hydrogen bonding. In addition, TPP-AIE has a stronger fluo-
rescence signature compared to TPP-Hyd or Ald-Br, due to the
aggregation-induced emission properties caused by hindrance
of molecular rotation.'®?* The carbonyl ligation of TPP-Hyd with
Ald-Br in a test tube was first confirmed by HPLC. On incuba-
tion of TPP-Hyd with Ald-Br for 24 h in pH 8.0 PBS (a solution
mimicking the mitochondrial environment), the intensity of
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TPP-Hyd (T [retention time] = 3.2 min) and Ald-Br (T = 15.3
min) were decreased, and a new peak corresponding to TPP-AIE
(Tr = 14.7 min) emerged, suggesting that carbonyl ligation can
occur efficiently (Fig. 1a). In contrast, there was no appearance
of a new peak in the reaction mixture of TPP-Met and Ald-Br
(Fig. S11). The reaction was further confirmed by fluorescence
spectra at 365 nm excitation; TPP-Ald and Ald-Br did not show
any fluorescence emission, but TPP-AIE, which possesses AIE
properties through intermolecular hydrogen bonding, emitted
green fluorescence (Fig. S2t).2° Aggregation was further
confirmed by Dynamic Light Scattering (DLS) with the mixture
of 1 mM TPP-Hyd and Ald-Br in pH 8.0 PBS. DLS analysis after
24 h showed that only TPP-AIE formed nano-aggregates, with an
average size of 610 nm (Fig. 1b). This was further confirmed by
transmission electron microscopy (TEM). Nanoparticles were
observed in the reaction solution after 24 h incubation (Fig. 1c).
These results indicate that the reaction of TPP-Hyd with Ald-Br
can occur efficiently, and induces the formation of nano-
aggregates that emit green fluorescence.

We observed that the AIE behavior following carbonyl liga-
tion was dependent on the concentration of the reactants (TPP-
Hyd and Ald-Br), measured by monitoring fluorescence emis-
sion with different concentrations (0.1, 0.2, 0.4, 0.5, 1.0, 2.0
mM) of TPP-Hyd and Ald-Br after 24 h stirring in pH 8.0 PBS.
The 0.3 mM mixture emitted bright fluorescence with 365 nm
excitation, while fluorescence was not observed in more dilute
concentrations (0.1, 0.2 mM) (Fig. 1d and e). This suggested that
a critical concentration of reactants was required to induce
effective carbonyl ligation. To estimate the critical concentra-
tion in the mitochondria mimic solution (pH 8.0 PBS), we
analyzed the relationship between the fluorescence and
concentration more precisely. We estimated that ~0.41 mM of
TPP-Hyd and Ald-Br were required to induce aggregation in
mitochondria mimic solution (Fig. 1f). These results indicated
that concentrations of TPP-Hyd and Ald-Br greater than
0.41 mM were required to induce AIE by carbonyl ligation in the
mitochondrial environment. Furthermore, time-dependent
carbonyl ligation was observed in the mixture of 0.5 mM TPP-
Hyd and Ald-Br. The fluorescence of TPP-AIE was not
observed at initial state, but a bright fluorescence was observed
within 3 h (Fig. S31). It suggested that reaction time more than
at least 3 h was also required to form TPP-AIE by carbonyl
ligation.

Intra-mitochondrial carbonyl ligation and mitochondrial
dysfunction

Triphenylphosphonium (TPP) can drive the accumulation of
molecules inside the mitochondria, allowing a critical concen-
tration of bio-orthogonal reactants to accumulate to form nano-
aggregates with AIE properties.”” To investigate the intra-
mitochondrial synthetic reaction, we observed fluorescence of
TPP-AIE in HeLa cells co-treated with TPP-Hyd and Ald-Br for
3 h. Co-incubation of 20 pM TPP-Hyd and Ald-Br with HeLa cells
did not initially show any fluorescence, and weak green fluo-
rescence was observed after incubation for 1 h (Fig. 2a). The
intensity of green fluorescence was enhanced with increasing

This journal is © The Royal Society of Chemistry 2020
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Fig. 1

(a) HPLC trace showing the carbonyl ligation reaction with 1 mM TPP-Hyd and Ald-Br in pH 8.0 PBS. The intensity of the molecules was

determined after stirring in mitochondrial mimic solution for 24 h. (b) DLS analysis of TPP-Hyd, Ald-Br, and the mixture of TPP-Hyd and Ald-Br
after stirring in pH 8.0 PBS for 24 h. (c) TEM image of TPP-AIE. The mixture of 1 mM TPP-Hyd and Ald-Br was stirred in pH 8.0 PBS for 24 h without
further purification. (d) Concentration-dependent fluorescence spectra for the mixture of TPP-Hyd and Ald-Br (0.1, 0.2, 0.3, 0.5, 1.0, and 2.0
mM). (e) Optical image of the mixture for showing appearance of fluorescence with 365 nm irradiation. (f) Quantification of intensity of images in
(e) and estimation of the inflection point at which concentrations of TPP-Hyd and Ald-Br induced aggregate formation.

incubation time, and after 3 h incubation, fluorescence inten-
sity was about 2.5 times higher than after 1 h (Fig. 2a and c).

treatment (Fig. S47). To analyze the effect of carbonyl ligation,
the control molecule TPP-Met was co-incubated with Ald-Br in

Green fluorescence co-localized with red fluorescence of Mito-
tracker, a mitochondrial marker, as confirmed by Pearson's
correlation coefficient (0.927) (Fig. 2b). In contrast, green fluo-

HeLa cells for 3 h. As shown in Fig. S5, the green fluorescence
could not be detected, suggesting that carbonyl ligation can
selectively occur inside the mitochondria of cancer cells. The

rescence was not observed in HEK293 cells even after 3 h intra-mitochondrial carbonyl ligation was evaluated to estimate
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Fig.2 (a) Confocal laser scanning microscopy (CLSM) images of Hela cells co-treated with 20 uM TPP-Hyd and Ald-Br for 3 h. The fluorescence
of TPP-AIE was observed at 520 nm following 488 nm excitation. (b) Colocalization value between Mitotracker and TPP-AIE. (c) Quantification
TPP-AIE in isolated mitochondria from Hela cells co-incubated with TPP-Hyd and Ald-Br for 1 or 3 h. The intensity was monitored at 520 nm
following 488 nm excitation in isolated mitochondria solution. (d) Confocal microscopy images showing mitochondrial membrane depolar-
ization using TMRM in Hela cells co-incubated with 20 uM TPP-Hyd and Ald-Br for 4 h. (e) CLSM images showing generation of ROS in Hela cells
co-treated with 20 uM TPP-Hyd and Ald-Br for 4 h. Scale bar for all images = 30 pm.
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the amount of TPP-AIE inside mitochondria. TPP-Hyd and Ald-
Br were incubated with HeLa cells and HEK293 cells, and the
fluorescence at 525 nm was monitored in mitochondria-isolated
solution. The executed calculation showed that 7 mM and
12 mM TPP-AIE were formed in the cancerous mitochondria
when 10 pM and 20 uM TPP-Hyd and Ald-Br were incubated,
respectively. Furthermore, the formation level of TPP-AIE in the
normal cells was 3 times less than the mitochondria in cancer
cells (Fig. S67).

We expected that intra-mitochondrial carbonyl ligation
would exacerbate mitochondrial dysfunction in cancer cells. To
address this hypothesis, depolarization of mitochondrial
membranes was investigated by using tetramethylrhodamine
methyl ester (TMRM), which shows the disappearance of red
fluorescence in response to depolarization of the membrane.?®
Red fluorescence was analyzed in both HeLa cells and HEK293
cells co-treated with 20 uM TPP-Hyd and Ald-Br; red fluores-
cence faded in HeLa cells, while HEK293 cells still emitted red
fluorescence after 4 h. In contrast, the red fluorescence
remained in the HeLa cells after co-treatment with TPP-Met and
Ald-Br (Fig. 2d). This suggested that carbonyl ligation can
selectively induce depolarization of mitochondrial membranes
in cancer cells.

Mitochondrial damage can contribute to the generation of
reactive oxygen species (ROS), which leads to oxidative stress
and cell death. The generation of ROS was monitored using
Mito-SOX, which emits red fluorescence in response to elevated
ROS levels surrounding mitochondria. Red fluorescence was
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Table 1 ICsg against each cell lines
Tissue sources Cell lines 1Cso (1M)
Mouse squamous cell SCc7 25.2
carcinoma
Human breast cancer MDA-MB-468 22.3
Human cervix cancer HeLa 15.2
Human breast cancer SKBR3 25.2
Human breast cancer MCF7 21.1
Noncancerous fibroblast HEK293T 52.7
Noncancerous fibroblast NIH-3T3 56.2

observed in HeLa cells treated with 20 uM TPP-Hyd and Ald-Br
for 4 h, while red fluorescence was not observed in HeLa cells
co-treated with TPP-Met and Ald-Br (Fig. 2e and S77). These data
revealed that intra-mitochondrial carbonyl ligation can induce
oxidative stress and the generation of ROS.

Intra-mitochondrial carbonyl ligation induces cellular
apoptosis

As intra-mitochondrial carbonyl ligation selectively induces
mitochondrial dysfunction in cancer cells, and mitochondria
are associated with cellular death, we hypothesized that intra-
mitochondrial carbonyl ligation could induce cellular death
specifically in cancer cells. To investigate cellular damage, we
first analyzed intracellular ATP levels, an important energy
source for maintaining cellular function. This analysis showed
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Fig. 3

(a) ATP levels in Hela cells after treatment for 12 h. Cellular viability of (b) Hela cells and (c) HEK293 cells treated with different

concentrations of TPP-Hyd and Ald-Br. (d) FACS analysis showing annexin V-FITC/Pl in cell death. (e) Fluorescence intensity showing activation
of caspases-3/7 in Hela cells co-incubated with 20 uM TPP-Hyd and Ald-Br for 12 h. The activity of caspases-3/7 were monitored by using
a fluorescent detection reagent at 530 nm. The signal intensity from TPP-AIE was subtracted from caspase-3/7 detection reagent signal intensity.
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that HeLa cells co-treated with TPP-Hyd and Ald-Br exhibited
low levels of ATP. Depletion of ATP induces protein denatur-
ation and the destruction of cellular structures, leading to
cancer cell death.” To investigate anticancer effects, we
analyzed cellular viability of cancer cells and normal cells for
48 h. The cytotoxicity was not observed in both cancer cells and
normal cells when they were co-incubated with TPP-Hyd and
Ald-Br for 12 h (Fig. S8%). However, co-incubation with TPP-Hyd
and Ald-Br for more than 24 h showed toxicity in cancer cells
with a half-inhibitory concentration (ICs,) of 15.2 pM, while
toxicity was reduced in normal cells (Fig. 3b and c). In contrast,
no toxicity was observed in either HeLa cells or HEK293 cells
when incubated with only TPP-Hyd or Ald-Br individually. These
results indicate that intra-mitochondrial carbonyl ligation can
selectively lead to cellular death in cancer cells. To investigate
the mechanism of cell death, we used fluorescence-activated
cell sorting (FACS) to investigate fluorescence of annexin V-
FITC/PI staining in HeLa cells treated with 20 uM TPP-Hyd
and Ald-Br for 12 h. 63.8% of cells lapsed into late-phase
apoptosis after co-treatment with TPP-Hyd and Ald-Br
compared to untreated cells (Fig. 3d). To verify this mecha-
nism of cell death, we also measured activation of caspases-3/7,
which are crucial elements of the apoptotic process, in HeLa
cells after 12 h treatment. The activity of caspases-3/7 was
analyzed using a detection kit, which emitted green fluores-
cence in response to caspases-3/7 activation, and calculated
signals from TPP-AIE. Caspases-3/7 were significantly activated
only in cells co-treated with TPP-Hyd and Ald-Br (Fig. 3e). These
results indicate that intra-mitochondrial carbonyl ligation
reactions can activate caspase-3/7-dependent apoptosis in
cancer cells.

Since mitochondria play an essential role in cellular activity,
dysfunction of the mitochondria can lead to apoptosis of cancer
cells. The intra-mitochondrial carbonyl ligation induces mito-
chondrial dysfunction, which is expected to lead to anticancer
effects. To investigate this, we analyzed cytotoxicity of intra-
mitochondrial carbonyl ligation in various cancer cell lines
(SKBR3, MCF7, MDA-MB-468, SCC7) and normal cell lines
(NIH3T3, HEK293). This synthetic reaction exhibited toxicity
toward cancer cell lines with an ICs, of 15-25 pM (Table 1 and
Fig. S10t), while it demonstrated lower toxicity toward normal
cell lines with an ICs, of ~55 pM. Overall, the data indicate that
intra-mitochondrial carbonyl ligation can specifically induce
cellular death of cancer cells. Thus, these results suggested that
intra-mitochondrial carbonyl ligation can have potential appli-
cation as a therapeutic agent.

Conclusions

In conclusion, we developed an intra-mitochondrial carbonyl
ligation reaction that could induce mitochondrial dysfunction
to regulate apoptosis of cancer cells. TPP-AIE is generated by
bio-orthogonal reactions in which TPP-Hyd reacts with Ald-Br,
forming nanoparticles with properties of aggregation-induced
fluorescence. As AIE was dependent on the concentration of
the reactants, mitochondrial accumulation would promote
effective conditions for formation of nano-aggregates. The

This journal is © The Royal Society of Chemistry 2020
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formed nano-aggregates induce depolarization of mitochon-
drial membranes and promote oxidative stress, leading to
mitochondrial dysfunction. As mitochondria are the primary
organelles in cellular energy production, mitochondrial
dysfunction induces apoptosis in cancer cells. The anticancer
effect was evident in various cancer cell lines. Thus, this novel
approach is expected to have potential therapeutic applications
as an agent for anticancer treatment.
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