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KEY WORDS Abstract Small molecule drugs play a pivotal role in the arsenal of anticancer pharmacological agents.
Nonetheless, their small size poses a challenge when directly visualizing their localization, distribution,
mechanism of action (MOA), and target engagement at the subcellular level in real time. We propose a
Sub-cellular: strategy for developing triple-functioning drug beacons that seamlessly integrate therapeutically relevant
Sl il bioactivity, precise subcellular localization, and direct visualization capabilities within a single molecular
Energy supply; entity. As a proof of concept, we have meticulously designed and constructed a boronic acid fluorescence
Anti-tumor drug beacon using coumarin—hemicyanine (CHB). Our CHB design includes three pivotal features: a
boronic acid moiety that binds both adenosine triphosphate (ATP) and adenosine diphosphate (ADP), thus
depleting their levels and disrupting the energy supply within mitochondria; a positively charged compo-
nent that targets the drug beacon to mitochondria; and a sizeable conjugated luminophore that emits fluo-
rescence, facilitating the application of structured illumination microscopy (SIM). Our study indicates the
exceptional responsiveness of our proof-of-concept drug beacon to ADP and ATP, its efficacy in inhibit-
ing tumor growth, and its ability to facilitate the tracking of ADP and ATP distribution around the mito-
chondrial cristae. Furthermore, our investigation reveals that the micro-dynamics of CHB induce
mitochondrial dysfunction by causing damage to the mitochondrial cristae and mitochondrial DNA. Alto-
gether, our findings highlight the potential of SIM in conjunction with visual drug design as a potent tool
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for monitoring the in situ MOA of small molecule anticancer compounds. This approach represents a
crucial advancement in addressing a current challenge within the field of small molecule drug discovery

and validation.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute
of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cancer drug discovery and development represent monumental
and resource-intensive endeavors' *. However, given the pro-
jected increase in the global cancer burden over the next decade,
the urgency for new cancer drugs remains paramount. While
recent years have witnessed a dramatic surge in biologics devel-
opment, such as antibody- and cell-based therapies for cancer,
small molecule drugs, characterized by molecular weights typi-
cally below 900 Da, continue to constitute a significant class of
anticancer therapeutics® /. Within this context, the development
of targeted drugs that exert their effects by engaging a single target
has received immense interest within the scientific community.
Consequently, a pivotal step in the targeted drug development
process involves the direct validation of an on-target mechanism
of action (MOA)*®. Despite the several methods available to
investigate the MOA of small molecule drugs, achieving direct in-
cell and in vivo visualization remains a formidable challenge.

In recent years, fluorescence imaging has emerged as a viable
strategy for tracking intracellular drug activity, visualizing drug
dynamics, elucidating off-target activity, assessing MOA, and
aiding in disease diagnosis’ '®. Furthermore, fluorescence label-
ing can be seamlessly integrated with super-resolution micro-
scopic techniques to provide insights at the nanometer
scale'>'® 2 For instance, super-resolution fluorescence imaging
has revealed novel transport pathways of platinum complexes
(Pt,L) within organelles'®, time-dependent distribution patterns of
dextran within mitochondria and lysosomes'?, and the ability of a
natural product, magnofiorine, to target C1O~ within mitochon-
dria''. Nonetheless, a significant drawback in these efforts is that
traditional strategies for drug visualization often necessitate the
use of fluorescent protein sensors, which present challenges in
terms of intracellular delivery, or drug-fluorophore conjugates,
which may unpredictably affect drug efficacy, off-target activity,
and MOA?®. Furthermore, directly fluorescing drug-like mole-
cules tend to be disfavored in drug development due to their
propensity to generate false positive signals in large screening
campaigns reliant on fluorescent signal read-outs' >, Alto-
gether, there is a need for improved strategies for the direct
visualization of targeted therapeutics to enhance our capacity to
assess drug effects in real time.

In response to these challenges, we have introduced a novel
molecular concept known as the drug beacon. Drug beacons are
small molecule drug-like compounds designed to include three
key components: (1) a pharmacophore critical for bioactivity; (2) a
sizeable conjugated luminophore that emits fluorescence, enabling
the application of advanced microscopy and imaging techniques,
such as structured illumination microscopy (SIM)*° 3'; and (3) a
subcellular localization anchor that acts as a homing device,
directing the drug beacon to a specific organelle. In our proof-of-
concept study, we developed a drug beacon designed to disrupt

mitochondrial energy metabolism, a well-validated target for
anticancer drugs®>**. In particular, we designed a drug beacon that
employs a boronic acid-based pharmacophore to scavenge both
ATP and ADP, a coumarin- and hemocyanin-based luminophore,
and a positively charged group to facilitate mitochondrial locali-
zation. We validated that this coumarin—hemocyanin-based
boronic acid fluorescence drug beacon (CHB) compound exhibits
high-affinity binding to both ATP and ADP, both in vitro and
in vivo, and that this binding is pivotal for its potent anticancer
activity. Moreover, owing to its fluorescence properties, CHB
allowed us to visualize the distribution and function of this drug
beacon within mitochondria, resulting in the discovery that ATP
and ADP depletion results in damage to mitochondrial membrane
potential (MMP) and mitochondrial cristae, subsequently trig-
gering mitochondrial dysfunction (Scheme 1). Therefore, along
with confirming the feasibility of the drug beacon concept for
tracking drug micro-dynamics, we provide evidence that targeting
the structural integrity of mitochondrial cristae may represent a
novel avenue for cancer drug discovery and development.

2. Materials and methods

2.1.  Proof-of-concept design and initial validation of a drug
beacon targeting mitochondrial energy metabolism

All materials were procured from commercial sources. CTP and
GTP were acquired from MedChemExpress (Monmouth Junction,
NJ, USA). Culture bottles and 15-, 50-mL plastic conical centri-
fuge tubes were obtained from Guangzhou Jet Bio-Filtration Co.,
Ltd. NMR spectra were recorded using a Bruker Advance
600 MHz spectrometer (Germany), with shifts referenced relative
to the internal solvent signals. ESI-MS spectra were recorded on a
Thermo Finnigan LCQ DECa XP spectrometer (USA), with the
quoted m/z values representing the significant peaks in the isotopic
distribution.

2.2.  Synthesis and characterization of CHB

Compound Hc (0.15 g, 1 mmol) and 4-(bromomethyl) phenyl-
boronic acid (0.42 g, 2 mmol) were dissolved in acetonitrile
(20 mL) and then refluxed overnight. The mixture was purified by
gel chromatography with the eluent as MeOH/DCM (1:8) eluent
after the removal of the solvent in vacuo, and a pale-yellow solid
was obtained after drying (0.12 g, 0.5 mmol, 50.0%). Subse-
quently, a mixture of the previous product (0.11 g, 0.37 mmol) and
7-(diethylaMino)-2-oxo-2H-chroMene-3-carbaldehyde (0.09 g,
0.37 mmol) was refluxed for 6 h in ethanol (10 mL) (Supporting
Information Scheme S1). The crude compound was obtained after
the removal of the solvent in vacuo and then purified by gel
chromatography with the eluent as MeOH/DCM (1:6). Dark blue
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Scheme 1  The chemical structure of drug beacon CHB and the schematic representation of the anti-tumor effect of CHB blocking mito-

chondrial energy metabolism. The boronic acid group bonded to the hydroxyl group of ATP/ADP to form a CHB-ATP/ADP complex, which
depleted the ATP/ADP pool, resulting in the disorders of mitochondrial H" homeostasis, mitochondrial depolarization, and damage to the
mitochondrial cristae, ultimately, resulting in mitochondrial dysfunction.

solid (CHB) was obtained after drying (0.104 g, 0.20 mmol,
58.0%). '"H NMR (600 MHz, DMSO-dq, 6, ppm) (Supporting
Information Fig. S5): 6 8.89 (s, 1 H), 8.38 (d, / = 15.6 Hz, 1 H),
8.10 (s, 2 H), 797 (d, J = 15.6 Hz, 1 H), 7.89 (dd, J = 54,
3.1Hz,1H),7.82(t,J = 7.4 Hz, 3 H), 7.57 (dd, J = 10.0, 6.2 Hz,
3H),7.34(d,J = 7.9 Hz, 2 H), 6.96—6.89 (m, 1 H), 6.69 (s, 1 H),
5.78 (s, 2 H), 3.57 (d, J = 7.0 Hz, 4 H), 1.84 (s, 6 H), 1.18 (t,
J = 7.0 Hz, 6 H). >C NMR (151 MHz, DMSO-dg, Supporting
Information Fig. S6): 6 181.98, 172.47, 159.70, 158.29, 154.81,
151.60, 151.23, 143.56, 141.66, 135.63, 135.36, 133.14, 129.59,
129.04, 126.46, 123.56, 115.09, 112.69, 112.02, 110.22, 109.85,

97.08, 52.01, 49.66, 45.43, 26.90, 21.54, and 12.98. HRMS
(positive mode, m/z (Supporting Information Fig. S7): Calcd.
521.2606, Found 521.1707 for [M]™.

2.3.  Cell culture and staining

Cells were cultured in complete Dulbecco’s modified Eagle me-
dium (DMEM) (VivaCell, Shanghai, China) supplemented with
10% fetal  bovine serum (FBS; VivaCell) and

penicillin—streptomycin (100 units/mL) in a 5% CO, humidified
incubator at 37 °C. The CHB stock solution (5.0 x 107> mol/L)



Super-resolution imaging for subcellular drug dynamics

1867

was prepared in dimethyl sulfoxide (DMSO) and diluted with the
working concentration of DMEM. The solution of the required
concentration was added to cells for incubation in a 5% CO,
humidified incubator at 37 °C.

2.4.  Cytotoxicity assay

The cytotoxicity assay of CHB was determined using the Cell
Counting Kit-8 (CCK-8) Assay (Suzhou, China). HeLa cells were
seeded with complete DMEM in 96-well microplates, reaching a
cell density of 6000 cells/well, and then cultured in an atmosphere
containing 5% CO, for 24 h at 37 °C. The culture medium was
replaced with 100 pL. of CHB at different concentrations (0.0, 0.1,
0.5, 1.0, 3.0, 5.0, 10.0, 15.0, 20.0, and 25.0 pmol/L) in a complete
medium and incubated for 24 h at 37 °C. Subsequently, cells were
incubated with 10 pL. of CCK-8 solution for 2 h at 37 °C, and the
absorption wavelength was measured using an enzyme labeling
apparatus (Synergy HT) at 450 nm.

2.5.  OMX 3D-SIM imaging and analysis

Cells were seeded on a 35-mm glass-bottom microwell dish and
cultured in complete DMEM supplemented with 10% FBS. After
24 h of incubation, cells were stained with CHB for various du-
rations, washed with phosphate-buffered saline (PBS) (VivaCell)
five times, and free DMEM three times. Finally, the cells were
cultured in DMEM and imaged using an OMX 3D-SIM micro-
scope (Delta Vision, Inc.) with a 60 x /1.42 numerical aperture
oil-immersion objective lens and solid-state lasers. Images were
acquired at 512 x 512 resolution using z-stacks with a step size of
0.125 pwm, and CHB was excited at 561 nm and emitted at
655—705 nm.

2.6.  Flow cytometry analysis

HeLa cells were seeded in 6-well plates at a density of
1.0 x 10° cells/well in complete DMEM at 37 °C for 24 h. The
culture medium was then replaced with 1 mL of fresh medium
containing CHB at concentrations of 0.0, 0.1, 0.5, 1.0, 5.0, 10.0,
and 20.0 pmol/L. After a 1-h treatment with CHB, the cells were
washed with PBS twice, digested with trypsin, rewashed with
precooled PBS twice, and resuspended in 500 pL of PBS. The
samples were then analyzed using flow cytometry (CytoFLEX).

2.7.  Cell transfection

For cell transfection, 2500 ng of DNa was combined with 8 pL of
Turbofect transfection solution in 250 pL of free DMEM to
create the transfection mixtures. After incubating the mixtures at
room temperature for 20 min, cells in 35-mm dishes were
replaced with 750 pL of complete DMEM, and the mixtures
were added to the cells. After 3 h of transfection, the transfection
medium was replaced with 1 mL of complete DMEM containing
penicillin—streptomycin solution. Cells were incubated at 37 °C
and stained with CHB (0.5 pmol/L, 1 h) for a colocalization
assay.

2.8.  Colocalization assay
To observe the localization of CHB in living cells, imaging was

conducted using the OMX 3D-SIM microscope. Cells were
cultured in 35-mm glass-bottom culture dishes at 37 °C for 24 h.

Subsequently, cells were stained with CHB at different concen-
trations (0.5 and 1.0 pmol/L) for varying durations (1 and 3 h).
The cells were washed twice with PBS and incubated with Mito-
tracker Green (100 nmol/L, A,, = 488 nm) for 0.5 h to label
mitochondria. Finally, the cells were rewashed and imaged using
SIM.

2.9.  Invitro endocytic pathways

HeLa cells were divided into four groups: those pretreated with
chlorpromazine (CPZ, 20.0 umol/L, 1 h, an inhibitor of endocy-
tosis), those incubated at a lower temperature (4 °C, 1 h, an energy
inhibitor), and the control group (37 °C, 1 h). After washing the
cells with PBS twice, they were stained with CHB (0.5 pmol/L)
for 1 h at 37 °C. Subsequently, the cells were washed with PBS
five times and completed DMEM thrice before visualization under
the OMX 3D-SIM microscope with 561-nm excitation.

2.10. Seahorse XF test

HeLa cells were seeded at a density of 1.0 x 10* cells/well in
DMEM supplemented with 10% FBS in XFe96 cell culture plates
(Agilent Technologies, USA). After 24 h of incubation, DMEM
was replaced with XF DMEM containing 1.0 mmol/L sodium
pyruvate, 10.0 mmol/L glucose, and 2.0 mmol/L L-glutamine at
pH 7.4. All cells were treated with 1.0 pmol/L oligomycin A,
1.0 pmol/L FCCP, and 500.0 nmol/L rotenone/antimycin A. The
oxygen consumption rates (OCRs) of the cells were assessed using
the XF Cell Mito Stress Test Kit (Agilent Technologies, USA),
and the Seahorse XF96 analyzer (Agilent Technologies, USA) was
used for OCR measurement.

2.11.  Tumor model establishment

All animal study procedures were executed according to the
protocols approved by Shandong First Medical University Animal
Care and Use Committee. Female BALB/c nude Crli mice (4
weeks old) were housed under standard conditions. HeLa cells
were suspended in a 50-mL centrifugal tube and subcutaneously
injected in a volume of 200 pL into the left rear thigh of the mice
at a density of 4.0 x 107 cells/mL. Drug treatment commenced
when the tumor volumes reached approximately 150 mm?. Tumor
volume was calculated according to Eq. (1):

Volume (V) = Width x Length x Height x 7/6 (D)

2.12.  In vivo antitumor therapy

When the tumor volume reached 150 mm?®, the tumor-bearing
mice were randomly divided into five groups (n = 5) and injec-
ted in situ with Control, oligomycin A (5.0 pumol/L), CHB
(5.0 pmol/L, 1:999, DMSO: PBS), CHB (15.0 umol/L, 3:997,
DMSO: PBS), and CHB (25.0 pmol/L, 5:995, DMSO: PBS) ac-
cording to a previously published animal experiment scheme' and
our cell viability results. After 1 day, the mice in all five groups
received another intratumoral injection with the same drug. Tumor
volume and body weights were recorded over the 14-day treat-
ment period. Hematoxylin and eosin staining of the tumor tissues
and normal tissues (heart, liver, spleen, lung, and kidney) from
each group were also conducted.
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2.13.  Preparation of CHB/oligomycin A-loaded folate-targeted
liposomes

Folate receptor o (FRa) is an appealing target for anticancer drug
delivery”. Liposomes were prepared using the film hydration
method with the following lipid composition: egg yolk lecithin,
cholesterol, DSPE-Mpeg 2000, and FA-PEG-DSPE in a ratio
of 50:50:1:1.5. Subsequently, 400 pL. of CHB/oligomycin A
(0.5 mg/mL) was added. The solvent was then evaporated using a
rotary evaporator, forming a dried thin film at the bottom of the
flask. The lipid film was rehydrated with 1 mL of phosphate-
buffered saline (pH 7.4) and subjected to sonication for 10 min.
The hydrated lipid film was transferred to a hydrated dialysis bag
and placed in a magnetic stirrer for mixing. The drug-loaded li-
posomes and non-excluded drugs were separated from each other
by preequilibrating in a PBS solution (pH 7.4).

2.14.  Statistical analyses

Statistical analysis was performed using Prism 8 (GraphPad).
Normality and lognormality tests were conducted to assess the

distribution of data. In cases of normal distribution, statistical
comparisons were performed using a Student’s r-test. For non-
normally distributed data, statistical comparisons were made
using a Mann—Whitney test. Significance levels were set at n.s.
(no significant difference), *P < 0.05, #*P < 0.01, ***P < 0.001,
and ****P < 0.0001. Data are presented as mean + SEM, and the
analyses were based on data obtained from three replicates. The
corresponding figure legends indicate the statistical significance
and sample sizes in all graphs.

3. Results and discussion

3.1.  Proof-of-concept design and initial validation of a drug
beacon that blocks mitochondrial energy metabolism

In pursuing a robust proof-of-concept drug beacon, our design
prioritized the integration of a high-performance fluorophore
capable of producing a bright and stable signal for drug beacon
detection. Additionally, we sought to incorporate a pharmaco-
phore with high bioactivity within the drug beacon molecule and a
homing functionality for effective delivery to a specific organelle.
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For our initial design, we opted for a coumarin- and hemocyanin-
based luminophore (CH) (Scheme 1), given its excellent fluores-
cence properties under SIM conditions, as supported by previous
studies conducted by us*® and others’****>. We coupled the CH
luminophore with phenylboronate to create the resulting CHB
drug beacon. This design featured boronic acid as the pharma-
cophore, anticipated to bind to the ortho hydroxyl groups of ATP
and ADP (Scheme 1), based on previous research findings®®’.
Our drug beacon design also incorporated a phenyl ring as a
linker, which contributed to a more extensive conjugated system
aimed at enhancing fluorescence properties. Finally, the CHB
molecule included a positive charge as a mitochondria-targeting
feature (Scheme 1)*°. The synthesis of the CHB drug beacon
molecule and its structural confirmation are described in the
Methods section (Supporting Information Figs. S1—S7).

To characterize CHB, we examined its fluorescence properties in
a DMSO-PBS solution (2:998, v/v, pH = 7.4). To align with the
laser parameters of our SIM device (Supporting Information
Table S1), we assessed the fluorescence spectrum of CHB at excita-
tion wavelengths of A, = 405, 488, 561, and 640 nm, revealing
strong fluorescence emission from CHB (A.x = 561 nm) (Supporting
Information Fig. S8). To determine whether CHB binds to ATP and
ADP and how this interaction influences its fluorescence properties,
we conducted titration studies to monitor changes in the fluorescence
intensity of CHB at 673.8 nm upon the addition of ATP or ADP
(Fig. 1A and B; Supporting Information Fig. S9). The fluorescence
intensity at 673.8 nm increased progressively with rising concentra-
tions of ATP (0.0—10.0 mmol/L) or ADP (0.0—0.5 mmol/L). We
calculated the limit of detection (LOD) of CHB for ATP/ADP as
218.7 and 14.0 umol/L, respectively, according to Eq. (2):

LOD=3¢/k (2)

where ¢ represents the standard deviation of the blank, and k
signifies the slope between the fluorescence intensity and ATP/
ADP concentration. This indicates that CHB is sufficiently sen-
sitive to bind mitochondrial ATP and ADP. Furthermore, we
calculated the binding affinities as shown in Egs. (3) and (4):

A— 4,

K = (dpmAo) [ATP/ADP] 3)

Ka ><Kb:1 (4)

where a and Ag indicate the ultraviolet absorptions of CHB at
673.8 nm with and without ATP/ADP (1.0 mmol/L), respectively.
Anax represents the ultraviolet absorption of CHB in excess ATP/
ADP at 673.8 nm, whereas [ATP/ADP] is the concentration of the
ATP or ADP added at Ay. Based on the above formula, the as-
sociation constant K,-ATP was 2.14 x 10* mol/L and K,-ADP was
2.08 x 10" mol/L.

To evaluate the selectivity of CHB for ATP/ADP, we investi-
gated CHB’s response to various molecular species commonly
found in biological systems, including biological diols, NMPs,
NDPs, and NTPs. Our observations revealed that the fluorescence
intensity of CHB significantly changed in the presence of ATP and
ADP; however, it remained unaffected by other analytes (Fig. 1C
and Supporting Information Fig. S10). We also demonstrated that

the binding of CHB to ATP and ADP remained unaltered even in
the presence of high concentrations of carbohydrates or proteins
such as bovine serum albumin and human serum albumin (Sup-
porting Information Figs. S11 and S12). It is known that the pH
value may affect the binding of CHB with ATP and ADP; thus, we
investigated the stability of CHB in various pH solutions (Sup-
porting Information Fig. S13). Our findings indicated that after the
addition of ATP or ADP, the fluorescence intensity of CHB
(Aem = 673.8 nm) remained consistently high in buffers with pH
values ranging from 3.0 to 9.0, suggesting that the drug beacon
should maintain stable performance under most physiological pH
conditions.

We also explored the possibility of CHB directly binding to
ATP synthase and inhibiting ATP production. To investigate this,
we conducted molecular docking studies involving CHB, ATP,
ADP, as well as CHB-ATP and CHB-ADP complexes, with ATP
synthase (1BMFE.pdb) as the target. Our results indicated that only
ATP and ADP formed stable complexes with ATP synthase, as
indicated by the calculated binding energies (Fig. 1D—I). This
suggests that CHB is unlikely to exert its effects through mech-
anisms other than binding to and sequestering ATP and ADP.

Altogether, these results suggest that CHB is well-suited for
the dual-binding of ATP and ADP under physiological conditions,
offering characteristics such as high fluorescence signal intensity,
high selectivity, and remarkable stability.

3.2.  Tracking the distribution and consumption of ADP and ATP
with CHB at the subcellular level

Given our intention for CHB to function as a visualization drug,
we evaluated its capacity to visualize its MOA at the intended
targets within mitochondria. Initially, we established that CHB
entered cells primarily through energy-dependent endocytosis
(Supporting Information Figs. S14 and S15) and determined the
appropriate tracking concentration to be 0.5 umol/L. CHB based
on cytotoxicity assessments (Supporting Information Fig. S16).
Next, we employed confocal microscopy and SIM to characterize
the subcellular location of CHB in live cells. Conventional
confocal microscopy struggled to visualize organelles stained with
CHB (Supporting Information Fig. S17). In contrast, SIM suc-
cessfully revealed the fiber-like morphology of mitochondria
stained with CHB (Fig. 3A and B, red color), thus confirming the
targeting of CHB within mitochondria, as intended. To further
verify mitochondrial localization, HeLa cells were co-stained with
a mitochondrial membrane tracker (Mito Tracker Green [MTG],
100.0 nmol/L, 30 min)"? and CHB (0.5 pmol/L, 1 h). The results
showed red fiber-shaped structures within the green-labeled
mitochondria, with a high Pearson’s correlation coefficient
(PCC) of 0.89 (Fig. 2C and Supporting Information S18).
Within mitochondria, ATP production primarily occurs in the
cristae. Further analysis of CHB distribution within mitochondria
revealed that the drug beacon co-localized with the cristae
(Fig. 2D). To confirm CHB’s binding to ADP and ATP, HeLa cells
were co-stained with CHB (0.5 pmol/L, 1 h) and a commercial
dye for mitochondrial ATP, pCMV-Mito-AT1.03 (mito-ATP)
(Fig. 2E and F and Supporting Information S19), as well as a

in the oligomycin A-treated group. (F) The cristae length changes of the tumor tissues in all groups. Data is expressed as the mean + SEM
(n = 10 mitochondria). (G) The cristae number changes of the mitochondria in the tumor tissues. Data is expressed as the mean &= SEM (n = 6
mitochondria). (H) Schematic diagram illustrating CHB binding of ATP and ADP to damage the mitochondria. CHB channel: A, = 561 nm,
Aem = 655—705 nm; MTG channel: A, = 488 nm, 4., = 500—550 nm.
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control dye for cellular matrix-localized ATP, pCMV-AT1.03
(cellular matrix-ATP) (Supporting Information Fig. S20). The
results demonstrated that CHB co-localized with mito-ATP, with a
PCC value of up to 0.86 (Fig. 3G), whereas minimal overlap was
observed between CHB and cellular matrix-ATP (Fig. S20). These
findings further confirmed that CHB binds ATP in mitochondria
while simultaneously facilitating ATP visualization using SIM.
To affirm that CHB also binds mitochondrial ADP, we
inhibited ATP synthesis using various oxidative phosphorylation
(OXPHOS) inhibitors (OXPHOS is an enzyme that synthesizing
ATP from ADP)*. HeLa cells were pretreated with OXPHOS
inhibitors (Supporting Information Fig. S21). Despite a signifi-
cant reduction in the mitochondrial ATP production, we observed
no significant change in the fluorescence intensity of CHB la-
beling (Fig. 2H). These results suggested that CHB also binds
mitochondrial ADP, aligning with our design of CHB as a dual-
binding drug beacon. Moreover, we assessed whether CHB
inhibited ATP production using the Mito Stress Test Kit and found
that basal respiration and ATP production decreased when cells
were exposed to CHB at 0.5 umol/L for 1 h (Fig. 2I). Furthermore,
it was confirmed that CHB binds mitochondrial ADP and, in
conjunction with its ability to bind and decrease ATP levels,
disrupts the mitochondrial respiratory chain and energy meta-
bolism. Additionally, CHB enabled clear visualization of mito-
chondrial ATP and ADP distribution and levels, allowing us to
demonstrate, for the first time, that mitochondrial cristae are
surrounded by ATP and ADP in living cells (Fig. 2J).

3.3. Visualizing CHB-induced mitochondrial morphology
damage

Exploiting the intrinsic fluorescence of CHB and its compatibility
with SIM imaging, we visualized the effects of the drug beacon on
mitochondrial morphology to gain a more granular understanding
of its MOA. HeLa cells were treated with CHB (0.5 and
1.0 umol/L) for 1 and 3 h and co-stained with an MMP-
independent probe, MitoTracker® Green™, before SIM imag-
ing. The results revealed that as the CHB concentration and
treatment time increased, green filamentous mitochondria transi-
tioned into rod- and round-shaped structures (Fig. 3A and B and
Supporting Information Fig. S22). Quantitative analysis of mito-
chondrial morphology further showed an increase in round mito-
chondria (Fig. S22), with a significant difference observed
between treated and untreated HeLa cells (Fig. 3B). Normal MMP
is crucial for maintaining a functional mitochondrial energy
source and normal physiological functions***°. To demonstrate
that CHB disrupted the mitochondrial function of HeLa cells, we
examined changes in MMP with and without treatment. As the
CHB concentration and exposure time increased, the green fluo-
rescence intensity became stronger, indicating the depolarization
of MMP and impaired mitochondrial function (Fig. 3C). This
aligns with the proposed MOA of CHB, where it depletes ATP and
ADP around mitochondrial cristae, triggering morphological
damage. Similar results were observed in HepG2 cells (Supporting
Information Fig. S23). Moreover, under mild CHB treatment,
CHB-labeled ADP/ATP localized to the cristae, as revealed by the
high overlap of fluorescence curves (Fig. 3D). However, with
continued depletion of ATP/ADP by CHB, mitochondrial
morphology was damaged, as indicated by the low overlap of
fluorescence curves (Fig. 3D), accompanied by mitochondrial
(green) fission and the release of ATP (red color) from damaged
mitochondria.  Finally, transmission electron microscopy

confirmed the underlying mechanism of drug-induced mitochon-
drial morphological damage in tumor tissues from mice subjected
to different treatments (Fig. 3E). We observed damage and
reduced mitochondrial cristae in the CHB-treated groups
(Fig. 3E—G). These findings suggest that CHB interacts with the
ADP/ATP pool around mitochondrial cristae, sequestering these
molecules and profoundly perturbing mitochondrial energetics.
This leads to the observed damage to mitochondrial morphology
and mitochondrial destruction.

To further confirm that the interactions between CHB and ATP/
ADP are critical for mitochondrial damage, we synthesized CHE,
a CHB analog lacking the essential boronic acid moiety required
for ATP/ADP binding (see Supporting Information Scheme S2,
Figs. S24—S28 for the synthesis route and CHE characterization).
We demonstrated that CHE exhibited negligible cytotoxicity to
HeLa cells (Supporting Information Fig. S29) and caused no
mitochondrial damage (Supporting Information Fig. S30). These
studies support our conclusion that the damage to mitochondrial
morphology was caused by the direct, boronic acid-mediated
binding of CHB to ATP/ADP.

3.4.  Mitochondrial dysfunction triggered by CHB-induced ATP/
ADP pool depletion results in cell death

Under pathological conditions, damage to the mitochondrial res-
piratory chain leads to an increase in reactive oxygen species
(ROS), which directly contributes to the damage of mitochondrial
cristae, ultimately resulting in mitochondrial destruction, cellular
damage, and cell death*'™*, Herein, we confirmed that
MitoTracker® Red FM (MTR™, Invitrogen) labels mitochondria
in an MMP-dependent manner, allowing it to remain associated
with mitochondria when MMP collapses (Supporting Information
Fig. S31). To investigate whether CHB-induced depletion of ATP
and ADP levels triggers changes in mitochondrial morphology by
affecting ROS levels, we stained cells with MTR™ and then
exposed them to CHB (0.5 umol/L, 1 h and 1.0 pmol/L, 3 h)
before labeling with the commercial ROS probe DCFH-Da for
0.5 h, and compared this to untreated cells to detect ROS levels
(Fig. 4A). We found that the ROS levels in CHB (0.5 pmol/L,
1 h)-treated cells were similar to those in untreated cells. However,
treatment with higher CHB concentrations and longer durations
(1.0 pmol/L, 3 h) resulted in a significant increase in ROS levels
(Fig. 4B). Therefore, the observed increase in ROS likely directly
contributes to the destruction of mitochondrial cristae and,
consequently, the mitochondria themselves.

Previous studies have shown that elevated levels of mito-
chondrial ROS can also damage to mitochondrial DNA (mtDNA)
damage™’. We observed that mtDNA co-localized with CHB
(0.5 pmol/L, 1 h, in the absence of mitochondrial damage;
Fig. 4C). However, upon induction of mitochondrial damage
(1.0 pmol/L CHB, 3 h), we noted an increase in the size of
mtDNA (Fig. 5C and Supporting Information Fig. S32; mtDNA
stained with PicoGreen, and mitochondria stained with MTR™).
This change in size likely indicates the occurrence of a recently
described phenomenon known as mtDNA gel-like phase transi-
tion*>*°. At this stage, mtDNA and CHB localization no longer
overlapped, aligning with CHB-mediated destruction of cristae
structure, which initiates mitochondrial morphological damage
and the release of mtDNA (Fig. 4D and E). These experiments
further support the proposed MOA of CHB, which involves
mitochondrial ADP and ATP depletion, leading to the inhibition of
mitochondrial respiration, increased ROS levels, morphological
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damage starting with mitochondrial depolarization and cristae
structure destruction, and eventual release of mtDNA.

3.5.  Characterization of the biological activity of CHB

Given that CHB strongly binds both ATP and ADP, it was pre-
dicted that this molecule would exhibit potent bioactivity, partic-
ularly in the context of cancer cells that are highly sensitive to the
inhibition of mitochondrial energy metabolism. Accordingly, the
antitumor effects of CHB were evaluated and compared to oli-
gomycin A'°, a commercially available ATP inhibitor, in nude
mice transplanted with HeLa cells. When the tumor volume
reached approximately 150 mm?, different formulations were
injected into the tumors in sifru” selected based on toxicity studies
conducted in HeLa cells (Fig. 5SA and Supporting Information
Fig. S16). Following the completion of the treatment process,
oligomycin demonstrated some inhibitory effect on tumor growth
compared to the untreated group, consistent with previous re-
ports'”. The inhibitory effects of CHB were significantly more
potent (Fig. 5B and C). Tumor volume decreased in the CHB-
treated groups (Fig. 5D). In contrast, body weight remained un-
changed (Fig. 5E). Moreover, the distribution of CHB in the tumor
tissues in situ was recorded, and CHB was found to be concen-
trated within the tumor tissues (Supporting Information Fig. S33).
These results confirmed that the antitumor effect of CHB was
significantly higher than that of oligomycin A under the same
conditions, supporting the superior ability of dual-binding com-
pounds in tumor growth inhibition.

Furthermore, the histological analysis of tumor tissues from
animals treated with intratumoral injection revealed noticeable
changes in the morphology and structure of tumor cells compared
to the control group (Fig. 5F). No significant changes were
observed in other tissues under these conditions (Supporting In-
formation Figs. S34 and S35). Similar results were obtained with
intravenous injection (Supporting Information Figs. S36—S38).
Collectively, these data demonstrate that CHB exhibits strong
tumor-suppressive effects without affecting healthy tissues in a
short time frame.

4. Conclusions

In this study, we developed a strategy for enhancing the moni-
toring of subcellular drug dynamics through in sifu super-
resolution imaging visualization. Our proof-of-concept drug bea-
con molecule, CHB, was designed to integrate a dual-binding
pharmacophore (boronic acid) that can bind both ADP and ATP,
with mitochondrial targeting and fluorescent features. CHB was
demonstrated to be a robust imaging agent with a strong fluores-
cence signal. Additionally, it was shown that CHB binds both ATP
and ADP levels within mitochondria. CHB allowed for the direct
visualization of its distribution and effects in live cells, enabling
the identification of mitochondrial cristae. Mechanistically, CHB
was found to interact with mitochondrial ATP and ADP, leading to
ATP consumption, damage to the mitochondrial respiratory chain
and cristae, ROS production, and disruption of normal mito-
chondrial morphology. This cascade of events prevented sufficient
ATP production to support normal cellular activities and functions
(Supporting Information Movie S1).

Supporting video related to this article can be found at https://
doi.org/10.1016/j.apsb.2023.11.022

Additionally, this work introduced the concept of drug beacon
design, where the luminophore and pharmacophore are integrated
into a single molecule. This approach offers advantages over
previous tools for drug visualization that use modified drug mol-
ecules, which can introduce uncertainty regarding their MOA and
off-target effects. The fluorescent signal of CHB could trace the
entire process of drug action in mitochondria, from localization to
changes in mitochondrial morphology. It also provided insights
into the cellular uptake and subcellular localization of the drug
beacon. Overall, this study paves the way for developing addi-
tional drug beacons for in sifu monitoring of drug MOA and
micro-dynamics. This approach has the potential to accelerate the
drug validation process, minimize off-target toxicity, and reveal
additional targets for anticancer drug development.
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