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Real-time monitoring of the effectiveness of tumor-targeted drugs is crucial for assessing their impact. To address
this need, we developed a beacon drug delivery system, MDB, which incorporates tumor targeting, anti-tumor
effects, and near-infrared fluorescence emission for on-site visualization of tumor therapy. In non-cancerous
cells, MDB remains inactive as a prodrug but is selectively activated within tumor cells when the borate ester
group reacts with HpO» in the tumor microenvironment (TME), releasing the beacon drug MDBRe. MDBRe can
down-regulate the expression of the protein heme oxygenase 1 (HO-1), ultimately disrupting the mitochondrial
energy supply system and leading to tumor cell death. It also emits near-infrared fluorescence for drug tracking
under structured illumination microscopy (SIM). Both in vitro and in vivo experiments confirm the effective
delivery of MDBRe by MDB to HyO»-enriched tumor tissues, resulting in a potent anti-tumor effect, visualization
of drug distribution in tumors, and monitoring of therapy progress. In conclusion, our approach presents a novel
method for targeted drug delivery to tumors and enables real-time visual monitoring of the treatment process.

1. Introduction

Cancer remains a significant global health challenge, causing mil-
lions of deaths annually. A crucial therapeutic strategy involves devel-
oping drugs that can precisely target key subcellular organelles or
essential proteins that regulate tumor growth and metastasis [1-3].
Targeted drugs achieve this precision by binding highly specifically to
molecular targets on tumor cells, thereby inhibiting key signaling
pathways necessary for tumor growth and survival. For instance, heme
oxygenase-1 (HO-1) is an enzyme known for its anti-inflammatory,
antioxidant, and anti-apoptotic properties [4-7]. Targeted inhibition
of HO-1 has been shown to suppress the survival and metastasis of tumor
cells [8-10], but current inhibitors lack the ability to distinguish be-
tween tumor and normal tissues [11-13]. To address this limitation, a
common strategy involves delivering drugs that specifically target the
tumor microenvironment (TME) [14-16]. Hydrogen peroxide (H20>) is
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a prevalent reactive oxygen species (ROS) molecule in the TME and can
be utilized as a molecular target to facilitate the precise release of drugs
within the tumor region, thereby minimizing damage to normal tissues
[17,18]. Current efforts in developing targeted drugs focus primarily on
small molecule compounds with molecular weights of 500 Da [19,20].
However, for safety considerations, these drugs must bind specifically to
their designated targets with minimal off-target effects. Thus, evaluating
drug accumulation at the target site and its specific binding to the target
are critical aspects of drug assessment.

In-situ drug visual monitoring technology provides a straightforward
and efficient method for detecting drug-target binding, especially with
the improved spatial resolution of up to 100 nm achieved through super-
resolution microscopy imaging techniques like structured illumination
microscopy (SIM) [21,22]. This advancement paves the way for inves-
tigating drug distribution and metabolism at the subcellular level
[23,24]. However, the introduction of fluorophore modifications can
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potentially alter the binding affinity of drugs to their targets, leading to
potential misunderstandings regarding the actual behavior of the drug
within cells [25,26]. Furthermore, relying on fluorescence-based signal
readouts may produce “false positives” with fluorophore-like drug
molecules [27], causing them to be erroneously excluded from large-
scale drug screening endeavors. Consequently, the direct visualization
of drugs within cells remains a lingering challenge in current
technologies.

To address this issue, we propose a novel visual beacon drug delivery
strategy that combines tumor microenvironment (TME) responsiveness,
therapeutic drug release, and visualized therapy within a single mole-
cule. In this molecular design, 2-(3-(4-hydroxystyryl)-5,5-dimethylcy-
clohex-2-enylidene) malononitrile (MDBRe) serves as a beacon drug
with visual therapeutic capabilities. The boronate ester group acts as a
TME-sensitive site responsive to HyO,, also functioning as a fluorescent
protection group for MDBRe, which suppresses its fluorescence emis-
sion. Experimental findings revealed that the prodrug MDB remains
stable in normal tissue cells, exhibiting no therapeutic nor fluorescence
activity. When situated in tumor cells with elevated levels of H,O5, MDB
rapidly releases the active beacon drug MDBRe. Notably, MDBRe was
observed to interact with HO-1 under SIM, a pivotal factor in tumor cell
proliferation and survival [28-30]. It effectively disrupted the mito-
chondrial energy supply system of tumor cells by reducing HO-1 levels,
inducing mitochondrial dysfunction, and consequently impeding tumor
growth.

2. Experimental section
2.1. General materials and instrument

General methods were used unless otherwise stated; Chemical ma-
terials and solvents in this work were of analytical grades and used
without further purification (The purity of chemicals was over 95 %, and
the purity of solvents was over 99.9 %). All solutions of various reactive
oxygen species (ROS) and reactive nitrogen species (RNS) were prepared
using double distilled water. Dulbecco’s modified Eagle’s medium
(DMEM) phenol-free medium, and fetal bovine serum (FBS) were pur-
chased from VivaCell, Shanghai, China. Biological reagents and protein
samples were purchased from Servicebio, Wuhan, China. Confocal glass-
bottom culture dishes were purchased from SAINING Biotechnology.
High-resolution mass Spectrometries (HRMS) of the compounds were
measured by electrospray ionization (ESI) equipped with Agilent
1290LC-6540. Absorption spectra were recorded using a UV-3600 plus
spectrometer (Shimadzu). Fluorescence spectra were characterized on
an F-7100 fluorescence spectrophotometer (Hita-chi). The pH mea-
surements were carried out with a pH acidometer (PHS-3C). The super-
resolution imaging of mitochondria was taken using OMX 3D-SIM mi-
croscope (Delta Vision, Inc., Issaquah, WA, USA). The intravital fluo-
rescence images of mice were acquired by the IVIS Lumina Series III
from PerkinElmer. The images of mitochondrial morphology were
captured by transmission electron microscopy (Hita-chi TEM system).
The fluorescence images of Tunel and immunofluorescence were ac-
quired through a confocal fluorescence microscope (Olympus FLUO-
VIEW FV3000). Protein bands are obtained by Azure Biosystems, Inc
(Model ¢400).

2.2. Molecular docking simulation

The flat structure of the MDBRe was drawn and converted to the 3D
structure by ChemBio3D Ultra 14.0 software. The 3D structure of HO-1
(PDB Code: 1IRM) was downloaded from RCSB Protein Data Bank
(https://www.rcsb.org). Protein HO-1 was processed by Maestro of
Schrodinger 2018, and the protein processing operation used default
parameters. The search grid of the HO-1 site was identified as center x:
4.618, center_y: —20.196, and center_z: 3.001 with dimensions size_x:
13.6, size_y: 14.9, and size_z:18.0. The XP (extra precision) mode
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docking was processed through Glide of Schrodinger, and the default
parameters were used if it was not mentioned. The docking results were
exported to PDB format, and the 3D analysis of the combined mode was
chosen and performed using PyMol 2.4.1 software (https://www.pymol.
org). The 2D interaction mode is visualized by Maestro.

2.3. Synthesis and characterization

Mitochondrial-targeted prodrug (MDB) in Scheme S1 was synthe-
sized according to the following method. A 0.406 mmol (117.7 mg)
amount of MDBRe, 0.452 mmol (134.1 mg) of 4—(Bromomethyl) ben-
zeneboronic acid pinacol ester, 0.92 mmol (127.1 mg) of K2CO3 were
dissolved in dried CNCH3s. The mixture was stirred for 4 h at 60 °C, and
then the solvent was removed under vacuum. The resultant was further
purified by silica gel column chromatography (DCM/PE = 20:3, V/V) to
give MDB, a yellow solid, 140.3 mg with a yield: 68.3 %. 'H NMR (500
MHz, DMSO-dg) 6 7.71-7.59 (m, 4H), 7.44 (d, J = 7.6 Hz, 2H), 7.24 (d, J
= 3.1 Hz, 2H), 7.08-6.97 (m, 2H), 6.81 (s, 1H), 5.18 (s, 2H), 2.58 (s, 2H),
2.51 (s, 2H), 1.27 (s, 12H), 0.99 (s, 6H). 13C NMR (126 MHz, DMSO) &
170.35, 159.55, 156.41, 140.18, 137.57, 134.58, 129.61, 128.95,
127.43, 126.85, 121.89, 115.34, 113.21, 83.69, 75.38, 69.12, 42.33,
38.20, 31.68, 30.27, 27.44, 24.67. HRMS: m/z [M+Nal]" caled for
529.2741, found 529.2653. The synthesis steps and characterization
results of other intermediates are in the supporting information
(Figs. S1-S7).

2.4. MST measurements

The stock solution concentration of MDBRe is 1 mM. Protein HO-1
solution with a concentration of 11 uM was stored at —20 °C. This
stock solution was used for the preparation of a 16-step serial dilution in
PBST buffer. The series of protein HO-1 concentrations are 2.75 pM,
0.688 uM, 0.172 pM, 0.0859 uM, 0.0215 pM, and 0.00269 uM. Then 10
uL of 1 mM MDBRe was added to all 16 vials and samples were mixed by
pipetting up and down. Reactions were incubated for 30 min at room
temperature away from light and then loaded into Capillaries. The
binding of MDBRe to HO-1 is characterized by Kd.

2.5. Spectrometric studies

Prodrug MDB was dissolved in dimethyl sulfoxide (DMSO) to get a
stock solution. The measured solutions were diluted with PBS/DMSO =
1/1, V/V, 10 mM, pH = 7.4, to a final concentration of 10 uM. Various
reactive oxygen species (ROS) and reactive nitrogen species (RNS)
including Hy0,, *OH, NO3, C10~, NO3, 10,, ONOO ™, NO, t-BuOO~ were
prepared according to the literature methods [31]. The final concen-
tration of ROS and RNS is 100 pM.

2.6. Cytotoxicity assay

To determine the biocompatibility of MDB against different cell
types, HeLa, AT3, H9¢c2, and L929 cells were seeded in the 96-well plate
with 8 x 10° cells per well and incubated for 12 h in DMEM. The cells
were washed with PBS once and then incubated in fresh DMEM con-
taining various amounts of MDB (0, 10, 20, 30 pM) for 24 h respectively.
Then, 10 pL CCK-8 was added to each well and incubated at 37 °C under
5% CO; for 2 h. The absorption wavelength was measured by an enzyme
labeling apparatus (Synergy HT) at 450 nm. The cell viability (%) was
calculated according to the following equation: Cell viability (%) =
(mean of absorbance value of the treatment group) / (mean of absor-
bance value of the control group).

2.7. Cell culture and treatment

Various types of cells were cultured in DMEM supplemented with 10
% FBS, 1 % penicillin, and 1 % streptomycin in a 5 % CO2 humidified
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incubator at 37 °C. The cells were incubated with MDB/MDBRe (10 pM)
at 37 °C for 60 min in fresh DMEM, further co-incubated with PK Mito-
Tracker Deep Red (PKMTDR) at 37 °C for 30 min, washed three times
with PBS buffer, finally, cells were cultured in phenol-free medium and
observed.

2.8. OMX 3D-SIM super-resolution microscope imaging

Various types of cells were cultured on 35 mm glass-bottom culture
dishes and observed under an OMX 3D-SIM super-resolution microscope
(Delta Vision, Inc., Issaquah, WA, USA) equipped with a 60x/1.42 nu-
merical aperture oil-immersion objective lens and solid-state lasers.
MDBRe was excited at 561 nm and emitted at 660-670 nm. Captured
SIM images were analyzed by the software of ImageJ equipped with a
fluorescence intensity measurement tool.

2.9. Animal experiment

The animal experiment protocol had been approved by the Institu-
tional Animal Care and Use Committee: Twenty BALB/c nude Crli fe-
male mice (about 4-week-old) were purchased from the Vital River
Laboratory Animal Technology Co., Ltd., Beijing, China. The tumor
xenografts were induced by subcutaneously inoculating HeLa cells (1 x
10%/100 pL) into the right flank region. Tumor size and weight were
measured at the endpoint of the experiment, and tumor volume was
calculated by the following formula: V = ab®/2 (a and b represent the
long and short diameters, respectively). Finally, the tumor size and
weight were compared by using statistical analysis.

2.10. Blood compatibility test

The blood compatibility of MDBRe was evaluated by hemolysis. A
total of 2 mL of fresh mice blood was obtained through the eyes. Sub-
sequently, the obtained blood was centrifuged (1500 x g, 5 min) and
washed 3 times with PBS. Then, 500 pL concentration of 10 % red blood
cells was exposed to 500 pL of Triton X-100, PBS, 10, 20, 30, 40, and 50
pM MDBRe. After incubation at 37 °C for 60 min, centrifugation (2500
x g, 5 min) was performed again. Finally, the OD value of the super-
natant at 540 nm was measured by the microplate reader. The positive
control was 0.1 % Triton X-100 and the negative control was PBS. The
formula for calculating the hemolysis ratio is as follows:

OD(Sample) — OD(PBS)
OD(Triton) — OD(PBS)

Hemolysisratio(%) = x 100%

2.11. Apoptosis detection

Tumor tissue was sliced and the in situ apoptosis of the tumors was
evaluated by using a terminal-deoxynucleotidyl transferase-mediated
dUTP-biotin nick end labeling (TUNEL) staining. Three groups were set
up in the apoptosis experiment, namely positive, control, and experi-
mental groups (MDB-treated). Tissue sections were finally mounted with
neutral balsam (Shanghai Macklin Biochemical Co., Ltd). Apoptosis
imaging was observed under a confocal fluorescence microscope
(Olympus FLUOVIEW FV3000).

2.12. Flow cytometry analysis

In order to study the apoptosis of the cells treaded by MDB, HeLa
cells were stained with Annexin-EGFP/PI. Firstly, HeLa cells were
seeded in DMEM supplemented with 10 % FBS at 37 °C for 24 h. Then
the medium culture was replaced with fresh medium containing 0, 10,
20, and 30 pM of MDB. After being treated with MDB for 24h, the cells
were digested by trypsin without EDTA and washed three times with
precooled PBS, and cells were resuspended in Binding Buffer and incu-
bated with Annexinv-EGFP/PI. Finally, a total of 10,000 cells per sample
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were collected with an Cytometer (FongCyte™).
2.13. Proteomic analysis

In the experimental group, HeLa cells were incubated with MDB (10
pM) for 1 h in DMEM supplemented with 10 % FBS and washed with
fresh DMEM five times. The control group did not do any treatment.
Cells from the experimental group and the control group were collected
separately by using a spatula. Samples were sonicated three times on ice
using a high-intensity ultrasonic processor (Scientz) in lysis buffer (8 M
urea, 1 % protease inhibitor cocktail). The remaining debris was
removed by centrifugation at 12,000 g at 4 °C for 10 min. Finally, the
supernatant was collected and the protein concentration was deter-
mined with a BCA kit according to the manufacturer’s instructions. The
separated peptides were analyzed in Q Exactive ™ HF-X (ThermoFisher
Scientific) with a nano-electrospray ion source. Mass spectral data were
retrieved using Maxquant (v1.6.15.0). Retrieval parameter settings: the
database is Homo_sapiens_9606_SP_20210721.fasta (20387 sequences).
Trypsin/P was specified as a cleavage enzyme allowing up to 2 missing
cleavages. The mass tolerance for precursor ions was set as 20 ppm in the
first search and 5 ppm in the main search, and the mass tolerance for
fragment ions was set as 0.02 Da. Carbamidomethyl on Cys was specified
as a fixed modification, and acetylation on protein N-terminal and
oxidation on Met were specified as variable modifications. FDR was
adjusted to <1 %. Gene Ontology (GO) annotation proteome was
derived from the UniProt-GOA database (http://www.ebi.ac.uk/GOA/).
The GO with a corrected p-value < 0.05 is considered significant. Pro-
teomic Analysis was provided by Jingjie PTM BioLab (Hangzhou). Co.
Inc.

2.14. Western-blot assay

We had prepared whole tissue lysate for Western blotting. Broken
tissue homogenate was lysed using a radioimmune precipitation assay
(RIPA) buffer for 30 min on ice. After treatment, the lysates were
centrifuged at 15,000 rpm at 4 °C and the supernatant was collected. The
protein concentration of each sample was tested using a BCA protein
assay reagent kit. Equal protein masses (50 pg) of whole tissue lysate
were resolved on SDS-polyacrylamide gel electrophoresis and trans-
ferred to PVDF membranes in an ice bath. The primary antibody was
incubated at 4 °C for 12 h, and the secondary antibody was incubated at
room temperature for 2 h. GAPDH and 8-tubulin were used as controls.
COX-2 antibody (Catalog# ET1610-23) was purchased from HUABIO.

2.15. Data analysis

The data were processed using GraphPad Prism and Origin 2018. The
quantitative data analysis was presented as mean =+ standard error of the
mean (SEM). Sample sizes in all graphs are indicated in the corre-
sponding figure legends. The P values < 0.05 were considered statisti-
cally significant (*P < 0.05, **P < 0.01, ***P < 0.001).

3. Results and discussion
3.1. Beacon drug delivery system design and initial characterization

To develop a visualization beacon drug delivery system, dicyanoi-
sophorone was chosen as the fluorophore due to its excellent spectro-
scopic properties and stable absorption characteristics. Subsequently, p-
hydroxybenzene was conjugated to dicyanoisopherone to create the
beacon drug MDBRe (Fig. 1a). The p-hydroxybenzene moiety served as a
module for binding to HO-1 [32], its inclusion not only increased the
affinity of the beacon drug for HO-1 but also enhanced its visualization
ability by extending the conjugate system. To ensure precise delivery of
the beacon drug MDBRe to the tumor site, borate ester groups were
added to the MDBRe structure (Fig. S1). These groups are activated by
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the high concentrations of HoOy within the TME (ranging from 100 x
10"°Mto 1 x 1073 M) [33], allowing selective release of MDBRe at the
tumor site, thereby exerting its therapeutic effect while minimizing
damage to normal tissues. Additionally, the presence of borate ester
groups renders the prodrug MDB devoid of biological activity and
fluorescence. The fluorescence signal becomes detectable only upon the
release of MDBRe in response to HyO. This transition from “fluores-
cence off” to “fluorescence on” serves as a crucial indicator for beacon
drug delivery and the treatment of tumor sites (Fig. 1b and c).

To confirm the responsiveness of MDB to H2O3, H205 (100 pM) was
introduced into the MDB solution in PBS buffer (10 mM, pH = 7.4).
Upon Hy0, addition, a new absorption peak at 561 nm emerged in the
UV-vis spectrum (Fig. S8) alongside a significant increase in fluores-
cence emission at 667 nm (Aex = 561 nm) (Fig. 2c¢). The fluorescence
intensity exhibited a gradual rise with the incremental addition of HyO4
(0-90 uM) (Fig. 2c), displaying a strong linear relationship (R? =
0.9894) (Fig. S9). The detection limit of H,O, by MDB was determined
to be 392 nM using the formula LOD = 3¢/k (o is the standard deviation
of the blank, k is the slope of fluorescence intensity and H,O5 concen-
tration) [34]. To validate the selectivity of MDB for HO», fluorescence
spectra were examined in the presence of other ROS and reactive ni-
trogen species (RNS) [35,36]. It was found that none of the bioactive
species, except HoO», elicited the enhanced fluorescence signal of MDB
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(Fig. S10), indicating that H,O, was the sole physiological species
capable of efficiently activating MDB.

Furthermore, we assessed the impact of incubation time and pH on
MDB activation. The findings indicated that the fluorescence intensity of
MDB reached its peak at 210 min and maintained stability thereafter
(Fig. S11). Additionally, MDB exhibited optimal activation properties at
physiological pH (pH = 7.4) (Fig. S12). Thus, MDB demonstrated the
ability to be selectively activated by H,O5 under physiological condi-
tions, suggesting its potential for future applications in live cell imaging.
To further confirm the formation of MDBRe as the activation product,
we compared the fluorescence spectra of MDB in the presence of HoO»
with that of MDBRe, showing a significant overlap between them
(Fig. S13). High-resolution mass spectrometry data further supported
the generation of MDBRe (Fig. S14), indicating that MDB can be acti-
vated in the presence of elevated H,O; levels in the TME, releasing the
active drug MDBRe.

Subsequently, we investigated the binding mode of MDBRe with HO-
1 through molecular docking techniques. The X-ray crystal structure of
HO-1 (PDB code 1IRM) was utilized as a reference model for studying
the protein structure. Our findings indicated that the hydroxyl group of
MDBRe forms a hydrogen bond with the ASP-140 residue of HO-1 in a
favorable binding orientation (Fig. 1b). ASP-140 residues are crucial for
the catalytic activity and normal biological function of HO-1 [32],
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suggesting that MDBRe binding to HO-1 could impact its activity. To
determine the affinity between MDBRe and HO-1 accurately, we
examined their interaction using MicroScale Thermophoresis (MST).
Through titrating solutions of HO-1 at various concentrations with a
constant 1 mM concentration of MDBRe, as depicted in Fig. S15, we
calculated a dissociation coefficient of Kd = 236.7 nM, indicating a
strong binding affinity between MDBRe and HO-1. This experiment
illustrated that MDBRe could bind to HO-1, potentially influencing the
function and activity of HO-1 within cells. Additionally, we observed a
n-n interaction between the benzene ring of the MDBRe molecule and
the heme substrate (Fig. 1b, right diagram), suggesting that MDBRe may
inhibit HO-1 function by forming a stable complex.

3.2. Prodrug MDB release beacon drug MDBRe in HeLa cells

Next, the potential of MDB as a beacon drug delivery system in live
cells was further investigated. Initially, the cytotoxicity of MDB in HeLa
cells was assessed using the CCK-8 assay. Results depicted in Fig. S16
indicated that at a concentration of 5 pM, MDB had negligible cytotoxic
effects on HeLa cells over 24 h; however, at 10 pM, cell survival rates
began to decrease. To enable cellular studies without compromising
drug efficacy or cell viability, 10 pM was selected as the optimal con-
centration of MDB for super-resolution imaging in live cells. Employing
SIM, we observed that prodrug MDB displayed excellent mitochondrial
targeting ability and was subsequently activated by intracellular HyO4 to
release the drug MDBRe (Fig. 2a and b; green in the picture). Interest-
ingly, while MDBRe was co-stained with the mitochondrial probe, it did
not exhibit mitochondrial localization ability (Fig. 2d and e), indicating
the remarkable targeting properties of boronate. SIM imaging results
revealed the initial accumulation of the prodrug MDB on the mito-
chondria (labeled with PKMTDR and represented by red fluorescence)
upon cell entry, followed by activation by mitochondrial HyO, resulting
in the release of the beacon drug MDBRe (Fig. 2a and b; displayed as
green fluorescence). Notably, direct incubation of cells with MDBRe
showed no localization to the mitochondria (Fig. 2d and e), suggesting
that the borate ester group within the prodrug MDB directed its mito-
chondrial localization, enabling a response to mitochondrial HyO, and
facilitating the release of the beacon drug MDBRe. It is notable that
incubation with MDBRe or MDB induced changes in the morphology of
mitochondria in the cells, resulting in a short rod or circular shape
(Fig. 2a and d). This observation led us to consider the possibility of
mitochondrial damage caused by the drug. To investigate further, we
compared the effects of MDB treatment with mitochondrial damage
induced by 1% NaN3 [37]. In cells treated with NaNs3, the mitochondrial
morphology shifted from a normal filamentous form (Fig. S17) to a short
rod-like or nearly circular shape (Fig. 2f and g). The similarity in
mitochondrial morphology alterations between the MDB-treated and
NaNs-treated groups indicates substantial mitochondrial damage. Sub-
sequently, we employed the classical method — L/W to quantitatively
assess mitochondrial morphology in these groups: a ratio of 1.0 < L/W
< 1.5 for round shapes, 1.5 < L/W < 2.0 for intermediate shapes, 2.0 <
L/W < 5.0 for tubular shapes, and L/W > 5.0 for hyperfused appear-
ances (Fig. 2h). Analysis of the results revealed comparable levels of
mitochondrial damage between those subjected to MDB and NaNgs
treatment (Fig. 2i). In conclusion, this study illustrates the ability of
MDB to target the mitochondria of tumor cells and, upon response to
H»0,, release the beacon drug MDBRe, consequently leading to mito-
chondrial structural damage.

3.3. The beacon drug MDBRe results in mitochondrial damage, leading to
the apoptosis of tumor cells

We further investigated the specific mechanism of mitochondrial
damage caused by MDB. Cells treated with MDB were co-labelled with
heme oxygenase-1 (HO-1) and a mitochondrial fluorescence probe, then
observed using SIM. Results demonstrated that MDB released MDBRe
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(green fluorescence) at the mitochondria, which diffused and co-
localized with HO-1 (blue fluorescence), leading to significant mito-
chondrial damage (Fig. 3a and b). To confirm that mitochondrial dam-
age was due to MDBRe and not the prodrug MDB, cells were pre-treated
with acetovanillone to reduce the overproduction of ROS [38]. This led
to a visible normal mitochondrial morphology and a reduction in
damaged mitochondria (Fig. 3e and f), in contrast to the notable mito-
chondrial damage observed in cells treated with MDBRe (Fig. 3c and d).
To prevent the release of MDBRe, cells were treated with oxyresveratrol,
known for its antioxidant and free-radical scavenging properties [39].
Subsequent treatment with the prodrug MDB revealed mitochondrial
structures displaying fibrous and rod-shaped characteristics, suggesting
minimal mitochondrial damage in the imaging results (Fig. 3g and h). At
the same time, the mitochondrial membrane potential of the HeLa cells
was measured by JC-1. The results showed that JC-1 probe exhibited
stronger red fluorescence after incubation with Oxyresveratrol for 12 h,
while it showed enhanced green fluorescence after direct incubation
with MDBRe (Figs. 518 and S19), which is consistent with the degree of
mitochondrial damage revealed in SIM imaging. Taken together, The
prodrug MDB itself showed no effect on mitochondria; however,
increased intracellular HyO5 levels triggered its conversion into MDBRe,
leading to mitochondrial damage and an elevation in intracellular ROS
levels. Subsequent incubation with MDB led to a significant increase in
ROS levels over 30 min (Fig. S20, Fig. 3i and j), reinforcing the activa-
tion of the prodrug MDB, thus establishing a synergistic effect enhancing
the efficacy of the beacon drugs. Flow cytometry was used to assess the
impact of MDB on HeLa cell apoptosis post 24-hour exposure to 0, 10,
20, and 30 pM MDB concentrations. The results demonstrated a gradual
increase in the apoptosis rate of HeLa cells with higher MDB concen-
trations, showing rates of 0.05 %, 11.98 %, 25.70 %, and 39.62 %,
respectively (Fig. 3k, Fig. S21). These findings underline the potent anti-
tumor effect of the beacon drug. Additionally, apoptotic analysis using
confocal fluorescence microscopy further supported the tumor cell
apoptosis induced by MDB incubation (Fig. S22).

We conducted a further investigation to determine the impact of
MDB on normal cells where ROS production is tightly controlled [40].
Three normal cell lines, AT3, H9c2, and 1929 were analyzed using SIM
and cell viability studies. SIM imaging revealed only minimal fluores-
cence of MDB in the cells, with the mitochondrial maintaining their
normal fiber or rod-like structures. This observation indicated that MDB
did not have a toxic effect on normal cells (Figs. S23a, S24a, S25a).
Consistently, cell viability results corroborated these findings
(Figs. S23b, S24b, S25b). These studies demonstrated that a high
expression of HyO, was necessary for the activation of prodrug MDB. In
the absence of excess HyO3, MDB did not induce cellular damage. In
summary, the prodrug MDB is selectively activated within tumor cells to
release the beacon drug MDBRe, thereby triggering tumor cell apoptosis.
Importantly, this effect is not observed in normal cells.

3.4. The anti-tumor activity of the prodrug MDB in mouse models

Encouraged by the promising in vitro results, we established a tumor-
bearing Nude mouse model to assess the anti-tumor efficacy of MDB in
vivo. Twenty tumor-bearing mice were randomly assigned to four groups
(n = 5), receiving varying doses of MDB injected into the tumor sites
every 2 days (Fig. 4a). We monitored tumor growth by measuring
changes in tumor volume and weight over time. Interestingly, mice
treated with a 30 pM dosage exhibited the slowest tumor growth, the
smallest tumor volume, and the greatest tumor inhibition rate compared
to the PBS controls (Fig. 4b-d, Fig. S26). In contrast, the body weight of
the mice exhibited minimal fluctuations (Fig. S27). However, mice
receiving a 10 pM dosage showed larger tumor volume and weight than
the control group, contrary to the in vitro findings. This disparity may be
attributed to the hormetic of the anti-tumor drug, where drugs exhibit a
stimulating effect on biological systems at low doses and an inhibitory
effect at high doses [41,42]. To confirm the stimulatory effect of MDB,
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Fig.4. In vivo anti-tumor effects in HeLa-cell-derived tumor xenograft model. a Schematic illustration of MDB for anticancer therapy for HeLa primary tumors. The
drug concentration was 0, 10, 20, and 30 pM, respectively. b ¢ The tumor volume and weights of tumor-bearing mice were measured after 18-days of treatment. The
tumor xenograft volume was calculated using the following formula: V = ab?/2 (a: the long diameter and b: the short diameter). Datas as shown as mean - SEM (n =
5). *p < 0.05, **p < 0.01, ***p < 0.001. d Photograph of tumors after excision from each group. e Hematoxylin and eosin (H&E) staining images of tumors in
different groups. f TEM ultrathin sectioning images of mitochondrial morphology in different groups. g The in situ slice imaging of DAPI (kex = 340 nm) and MDBRe
(Aex = 561 nm) staining of the tumors when treated with different concentrations of MDB. Zoom-in images of regions of interest are presented in white rectangles. h
Quantitative analysis of MDBRe fluorescence intensity in tumor sections after the tumors were treated with different concentrations of MDB. i The in situ slice SIM
imaging of HO-1 (Aex = 405 nm) and MDBRe (Aex = 561 nm) staining of the tumors when treated with different concentrations of MDB. Zoom-in images of regions of

interest are presented in white rectangles.

we used low doses of MDB to incubate HeLa cells. The results showed
that MDB at low concentrations can promote cell proliferation
(Fig. S28). Ex vivo tumor imaging revealed significantly enhanced
fluorescent signals (Inset, Fig. S29), and in vivo imaging of mice revealed
distinct fluorescence signals of drug molecule MDBRe at the tumor site,
with weaker fluorescence signals surrounding the tumor (Fig. S29). This
observation could be linked to localized inflammation around the
tumor, which is also associated with high levels of ROS expression
[43,44]. In addition, ex vivo imaging of major organs showed intensified
fluorescent signals specifically at the tumor site, which is attributed to
the activation of MDB by H,0, in TME and releasing MDBRe, while the
liver and kidneys had weaker signals, possibly due to partial MDBRe
being metabolized to the liver and kidneys (Fig. S30). Analysis of
hematoxylin-eosin (H&E)-stained images of tumor sections showed
tumor cells exhibited round in morphology and pyknotic nuclei after
treatment with MDB compared to the control group (Fig. 4e). Addi-
tionally, ultrathin sections of tumor after drug treatment were observed
by transmission electron microscope (TEM) imaging, which showed
mitochondrial morphology changed to nearly round shape in MDB-
treated cells, comparing to the filamentous arrangement in an irreg-
ular manner of the untreated group (Fig. 4f). Evaluation of in situ
apoptosis within the tumor tissue using TUNEL staining revealed an
increase in green fluorescence indicative of apoptosis with rising MDB
concentration, suggesting drug-dependent apoptosis in the treated tu-
mors (Figs. S31-33). The activation of the beacon drug MDBRe, trig-
gered by elevated levels of HyO, within the TME, was confirmed through
in situ slice imaging displaying red fluorescence signals in the tumors
(Fig. 4g and h). 3D imaging of tumor in situ also demonstrated that
MDBRe has excellent capability for tumor imaging (Fig. S34). The re-
sults from SIM imaging of in situ tumor sections demonstrated a sub-
stantial colocalization of MDBRe with HO-1(Fig. 4i), reinforcing the
localization and activation of the prodrug within the tumor area and its
role in inducing mitochondrial damage and tumor cell apoptosis in vivo.

Finally, the main organs (heart, liver, spleen, lung, and kidney) of the
MDB-treated mice were collected at 18-day time points post-injection to
evaluate the possible side effects. The histological analysis toward the
main organs exhibited normal pathologic morphology with negligible
damage (Fig. S35). The hemolysis and routine blood test revealed that
MDBRe had excellent biocompatibility (Figs. S36 and S37).

3.5. Alterations in cellular proteomic expression induced by MDB
treatment

Oxidative stress and mitochondrial damage are widely acknowl-
edged to result in the excessive production of ROS, which is a primary
cause of tissue injury associated with inflammation [45,46]. Various
well-known inflammatory proteins, such as COX-2, have been associated
with oxidative stress and ROS generation [47,48]. To investigate the
impact of this, HeLa cells were treated with different concentrations of
MDB, following which western blotting experiments were conducted.
The finding revealed increased COX-2 expression levels, indicating that
mitochondrial damage could induce oxidative stress and inflammatory
responses (Fig. 5a—c). To delve deeper into MDB’s mechanism of action,
proteomic profiling experiments were carried out to quantify and assess
protein levels in HeLa cells pre and post MDB treatment. A total of 6013
quantifiable proteins were identified (Fig. S38), and a T-test was

performed to evaluate the significance of protein levels pre and post-
treatment. A default P-value of < 0.05 was set, with a fold change
threshold of 1.2 for upregulation, and 1/1.2 for down-regulation. Re-
sults showed a significant difference in protein levels, in samples treated
with 10 pM of MDB compared to the PBS control group, with 66 proteins
up-regulated and 60 down-regulated (Fig. 5d and e). Notably, amongst
the proteins showing significant alterations, 11.9 % were mitochondria,
27.78 % were nucleus, and 19.84 % cytoplasm (Fig. 5f). A key obser-
vation was the downregulation of HO-1 in peroxisomes, typically
upregulated in response to elevated ROS [49-51] but reversed by
MDBRe, indicating that MDBRe has a direct inhibitory effect on HO-1
(Fig. 5g and h). This aligns with immunofluorescence findings demon-
strating reduced HO-1 expression in tumor tissues, suggesting that MDB
could impact cancer cell viability by inducing HO-1 downregulation,
mitochondrial damage, and apoptotic effects (Fig. 5j, i, Fig. S39). To
explore additional processes involved, Gene Ontology (GO) classifica-
tion and Kyoto Encyclopedia of Genes Genomes (KEGG) annotation
were employed to further dissect the functions of the impacted proteins.
The results showed that MDB significantly influenced neutrophil ag-
gregation, extracellular matrix assembly, and chemokine production
(Fig. 5k). Consequently, MDB could lead to tissue damage and provoke
an anti-inflammatory response. Furthermore, there was a substantial
alteration in the regulation of the apoptotic process and programmed
cell death, facilitating the metabolic death of cancer cells. Additionally,
several signaling pathways linked to cancer were up-regulated, such as
those related to inflammatory bowel disease and cytokine-cytokine re-
ceptor interaction (Fig. 51). These pathways were further stimulated
following MDB treatment, consequently heightening the probability of
cell death. In summary, proteomic analysis demonstrated that MDB
treatment induced proteomic alterations consistent with its known ef-
fects on apoptosis, tumor signaling, and mitochondrial damage.

4. Conclusion

Here, we proposed a strategy for the development of a beacon drug
delivery system. This system enables the TME-targeted release of the
designed beacon drug MDBRe from prodrug MDB. The prodrug MDB
contains a boronate ester group that facilitates its accumulation in
mitochondria and responsiveness to the high levels of HyO5 present in
tumor cells, leading to the release of the visualizable beacon drug
MDBRe. Importantly, MDBRe is minimally released in normal cells due
to their low H09 expression, thereby displaying no cytotoxic effects.
Super-resolution imaging confirmed the release of MDBRe following
MDB incubation in tumor cells, resulting in mitochondrial damage
through HO-1 inhibition, leading to increased ROS levels and apoptotic
induction. The proteomic analysis also indicated that MDBRe induced
mitochondrial dysfunction by influencing HO-1 expression. This beacon
drug delivery system enables us to accurately deliver beacon drugs to
tumor sites, visualizing the activation process in vivo and elucidating
how beacon drugs effectively inhibit tumor growth while minimizing
normal tissue side effects. Ultimately, this system presents a promising
strategy for the development of more effective anti-tumor drugs.
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