
Development of Dual-Responsive Fluorescent Probe for Drug
Screening of Diabetes Cardiomyopathy
Ping-Zhao Liang,‡ Zhe Li,‡ Xing-Xing Zhang, Fei-Yu Yang, Su-Lai Liu,* Tian-Bing Ren, Lin Yuan,
and Xiao-Bing Zhang*

Cite This: Chem. Biomed. Imaging 2024, 2, 185−193 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: For specific drug research and development, a drug-screening strategy
(DSS) plays an indispensable role in the biomedical field. Unfortunately, traditional
strategies are complicated and insufficiently accurate due to the widely used single-target
screening method. Herein, a simple dual-target-based drug-screening strategy (dt-DSS) is
proposed to screen highly effective drugs by fluorescence imaging. As a proof of concept,
we utilized a dual-responsive fluorescence probe to screen drugs for diabetic
cardiomyopathy (DCM). We first developed and took advantage of a dual-response
probe HDB to detect reactive oxygen species (ROS) and mitophagy levels in cellular
starvation and high glucose models. Based on this, HDB was utilized to study the effects of
different drugs in the mitophagy process caused by the high-glucose cell model for DCM.
Combined with Western blotting assays, we found that Drp-1 inhibitors could
fundamentally reduce mitophagy caused by the high-glucose cells model. Compared
with commercial single-target antioxidant drugs, the drugs with simultaneous antioxidant
capacity and Drp-1 inhibition screened by dt-DSS, such as resveratrol and icariin, could
treat DCM better. Therefore, HDB as an effective tool could accurately and quickly screen high-potency drugs for DCM. We believe
that this work provides an attractive strategy to explore the pathogenesis of diabetic cardiomyopathy and precisely screen for highly
effective drugs.
KEYWORDS: Fluorescent probes, Drug screening, Diabetic cardiomyopathy, Cell imaging

Drug-screening classification plays an integral role in the
development of specific drugs. Currently, the drug-

screening methods are mainly traditional ultraviolet−visible
(UV−vis) spectrophotometry,1,2 liquid chromatography
(LC),3 and virtual screening.4 In addition, in recent years,
some novel drug-screening methods were developed rapidly,
including capillary electrophoresis (CE),5 electrochemical
biosensing, etc.6,7 However, current methods of drug-screening
classification have many limitations. First, most of them are still
in vitro screening models, which are severely disturbed by the
environment and could easily lead to false screening results.
Second, some of the drug-screening methods, such as LC and
UV−vis spectrophotometry, require a large number of test
samples, which are not convenient for large-scale drug-
screening. Third, the newly developed drug-screening
methods, including electrochemical biosensing and CE,
basically utilize a known single target as the screening
parameter. The drugs screened by such methods might not
be capable of treating diseases fundamentally, which may lead
to relapse in patients. By contrast, fluorescence-imaging-based
drug-screening strategies have attracted more attention in
clinical research due to their excellent biocompatibility.8−11 As
is well-known, organic-probe-based fluorescence imaging has
the advantages of real-time monitoring in vivo, rapid analysis,

and relatively simple operation,12−19 which could avoid the
problems of severe environmental interference and cumber-
some operation encountered in the current drug screening
process. Accordingly, in recent years, scientists have also
developed some organic-based fluorescence probes for screen-
ing specific drugs.20,21 Unfortunately, these probes still remain
a single-target-parameter-based drug-screening strategy. There-
fore, it is invaluable to explore novel and effective drug
screening strategies.
Diabetic cardiomyopathy (DCM) is a kind of diabetes-

caused cardiovascular complication, which would lead to
changes in myocardial structure and abnormal ventricular
diastolic function.22 Of note, such disease is one of the
important factors of death in diabetic patients.23 As reported,
diabetes would disrupt the redox balance in vivo, triggering
excessive oxidative stress which could lead to mitophagy.22

Such mitophagy would play an important driving role in the
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occurrence of DCM. Considering them, currently, DCM
commercial drugs are reactive oxygen species (ROS)
scavengers.24 Unfortunately, such single-target drugs would
make DCM recur when stopping the medication, which greatly
hinders further application. Besides, studies showed that
mitochondrial fission protein (Drp-1) is overexpressed in
cardiovascular diseases, which would also affect mitophagy.25,26

Predictably, such a protein Drp-1 is a potential therapeutic
target as well. However, in DCM, the detailed relationship
between Drp-1, ROS, and mitophagy remained unclear, which
limited DCM drug development. Accordingly, it is urgent to
figure out the relationship between Drp-1, ROS, and
mitophagy and to screen for highly effective drugs for curing
DCM.
Herein, we propose a simple dual-target-based drug-

screening strategy (dt-DSS) to screen highly effective drugs
by fluorescence imaging. As a proof of concept, we successfully
screen dual-effect drugs for DCM. First, we constructed the
dual-responsive fluorescence probe HDB for H2O2 and
mitophagy detection. Subsequently, using HDB, we found
that Drp-1 regulated mitophagy by enhancing oxidative stress,

that is, Drp-1 → ROS → mitophagy. Finally, based on HDB,
we achieved the rapid classification of DCM drugs. The
experimental results showed that resveratrol and epimedium,
which not only scavenged ROS but also inhibited Drp-1
overexpression, could better treat DCM, compared to
commercial single-effect antioxidant drugs. We believe that
the novel strategy will be a general strategy for rapidly
screening highly effective drugs rapidly.

■ EXPERIMENTAL SECTION

Materials and Instruments
For details, see the Supporting Information.

Synthesis of HDB
HD-OH was synthesized according to the reported steps in the
literature.27 Compound HD-OH, 2-(4-bromobenzyl)-4,4,5,5-tetra-
methyl-1,3,2-dioxaborolane, and K2CO3 were dissolved in anhydrous
acetonitrile and stirred at 70 °C for 4 h. The solvent was removed
under reduced pressure and eluted by silica gel chromatography with
dichloromethane/methanol (v/v, 30:1) to give dark blue solid HDB
(yield: 52%) 1H NMR (400 MHz, CD3OD) δ 8.73 (d, J = 13.7 Hz,
1H), 7.83 (s, 1H), 7.71(d, J = 6.0 Hz, 2H), 7.60 (t, J = 2.7 Hz, 3H),

Figure 1. (a) Schematic diagram of HDB for the visualization of high glucose-induced mitophagy in H9C2 (left) and HDB for precise drug
screening (right). (b) Structural changes of HDB. (c) Absorption spectra of HDB (5 μM) in the absence or presence of H2O2 (300 μM) in PBS
buffer solution (10 mM, pH = 7.4, PBS: EtOH = 8:2) shaken at 37 °C for 1 h. (d) Fluorescence spectra of HDB (5 μM) in PBS buffer solution (10
mM, pH = 7.4, PBS: EtOH = 8:2) upon addition of H2O2 (0−500 μM) shaken at 37 °C with 1h. λ ex = 640 nm. (e) Fluorescence emission spectra
of HD-OH (5 μM) in buffer solution (PBS, 10 mM, pH = 7.4, PBS: EtOH = 8:2) with different pH values from pH 3.0 to pH 8.0. λex = 560 nm.
Slit width: dex= dem= 10 nm.
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7.54 (m, 3H), 7.26 (m, 2H), 6.57 (d, J = 15.0 Hz, 1H), 5.41 (s, 2H),
3.91 (s, 3H), 2.72−2.80 (m, 4H), 1.95 (t, J = 6.2 Hz, 2H), 1.84 (s,
6H), 1.35−1.30 (s, 12H). 13C NMR (100 MHz, CD3OD) δ: 179.7,
162.1, 157.9, 147.2, 144.2, 142.7, 133.8, 132.2, 129.4, 128.8, 128.5,
128.1, 127.7, 126.9, 126.6, 125.9, 121.8, 119.7, 116.7, 115.2, 112.6,
106.3, 101.2, 70.1, 51.6, 51.4, 37.6, 35.8, 35.1, 34.6, 31.6, 28.9, 28.3,
27.4, 25.9, 25.5, 23.6, 22.9, 20.1, 14.6, 13.1.
Culture of Cells
HeLa and H9C2 cells were simultaneously digested with trypsin. Cells
were washed with 2 mL of Dulbecco’s modified Eagle’s medium
(DMEM) to obtain a cell suspension. Then, 100 μL of cell suspension
was aspirated and incubated individually in a culture dish. After 24 h
of growth in the incubator, HDB was added and incubated for 1 h
before confocal fluorescence imaging.

■ RESULTS AND DISCUSSION

Design and Synthesis of Dual-Responsive Probe HDB
Diabetic cardiomyopathy (DCM) causes excess oxidative
stress (produce excessive ROS), which might lead to the
occurrence of mitophagy. During mitophagy, mitochondria
(pH approximately 8.0)27 are separated into double-membrane
autophagic vesicles, and then fuse with lysosomes to form
autophagosomes (pH = 4.5−5.5).28 Therefore, in order to
achieve dual target detection (ROS and mitophagy), we
selected the HD-OH (pKa = 6.1, which is suitable to detect
mitophagy) and H2O2-responsive benzyl boronic acid ester
moiety to synthesize the dual-responsive probe (H2O2 and
pH), HDB. When HDB was activated by excess H2O2
produced during mitochondrial oxidative stress, fluorophore
HD-O‑ was released and showed a strong fluorescence at 725
nm. Subsequently, with the mitophagy occurring to result in a
decreased pH, the HD-O‑ would turn into HD-OH and the
emission would blue shift to 680 nm (Scheme S2, Figure 1a,b).
Therefore, probe HDB is expected to be an effective tool to
detect mitophagy caused by oxidative stress. The dual-
responsive probe HDB was easily obtained by a few simple
reactions with a high yield, as shown in Scheme S1. The
intermediate dye HD-OH was synthesized according to the
reported method.29,30 HD-OH was used as a raw material to
obtain HDB by substituting benzyl bromide borate with
anhydrous acetonitrile. The successful synthesis was carefully
characterized by MALDI-TOF, 1H NMR, 13CNMR, and HR-
MS (Figures S24, S26−28).
Spectroscopic Properties of HDB
We first tested the absorption properties of HDB. The
experimental results showed that HDB exhibited an
absorbance peak at about 600 nm and two shoulder peaks in
the range of 560−650 nm (Figure 1c). However, in the
presence of H2O2, the absorption peak at 700 nm significantly
increased, which indicated that HDB could be used for H2O2
detection. For further verification, the fluorescence emission
spectrum of the reaction was also tested. As shown in Figure
1d, HDB was nonfluorescent. With the addition of H2O2, a
new fluorescent emission band with a peak at 725 nm
appeared, which was attributable to the generation of HD-O‑.
Based on this, the detection limit of HDB response to H2O2
was obtained (0.9 μM, Figure S4). In general, the H2O2
concentration in normal cells is low (0.001−0.7 μM).31 In
contrast, during oxidative stress caused by external stimulation,
H2O2 concentrations would be substantially upregulated (>10
μM).32 The results showed that HDB has a sensitive detection
ability for H2O2. After that, we also characterized the HDB
response by MALDI-TOF. The mass spectrometry results

showed the HD-OH production after the addition of H2O2 to
the buffer solution of HDB (Figure S25). The fluorescent
kinetic curve of HDB is shown in Figure S5. In the presence of
50 μM H2O2, the fluorescence signal reached a plateau in
about 3600 s, while without the addition of H2O2, there was
almost no increase in the fluorescence signal of HDB at pH =
6.0 and 7.4 within 1 h. These results indicated that HDB could
be activated effectively by H2O2 and also had good stability
with respect to external pH changes. Such results indicated that
probe HDB could detect H2O2 in vitro.
As mentioned above, during mitophagy, the pH of

mitochondria decreases significantly. Therefore, it is necessary
to demonstrate that the pH change could be observed after
HDB reacted with H2O2. To verify it, we then tested HD-OH
fluorescence spectrum at different pH. As shown in Figure 1e,
companied with pH from basic (pH = 8.0) to acidic (pH =
3.0), the emission at 680 nm increased significantly but at 725
nm decreased, which resulted from the protonation of HD-O‑.
Based on it, the pKa of HD-OH was calculated to be 6.1,
which was appropriate for tracing mitophagy (Figure S1). After
that, the emission spectra of HD-OH at different concen-
trations in different pH buffer solutions (pH = 5.0, 6.0, 7.4)
were tested (Figure S3). The results indicated that HD-OH
has a good pH ratio response at lower concentrations (1 μM).
Further, the selective experiments were conducted by
fluorescence spectrum. HDB was tested with various
substances in PBS at 37 °C. As shown in Figure S2, H2O2
induced significant fluorescence enhancement, while other
substances caused negligible changes. These results indicated
that HDB had the ability for selective H2O2 detection.
Detection of Mitophagy

Prior to performing cellular experiments, the cytotoxicities of
HDB and HD-OH were assessed with MTT assays. As shown
in Figures S6 and S7, HDB and HD-OH exhibited low
cytotoxicity in living cells. Subsequently, to validate whether
HDB could detect mitophagy induced by oxidative stress, we
constructed a cell starvation model, which is widely recognized
as a mitophagy model induced by oxidative stress.33−38 After
the starvation model was established by culturing HeLa cells in
a serum-free medium, probe HDB was incubated for 1 h. As
shown in Figure S8, compared to the normal medium, the
fluorescent intensity (663−738 nm) was significantly enhanced
in the starvation model, which demonstrated that HDB could
detect oxidative stress in the starvation model. In subsequent
colocalization experiments (Figures S9, S10), we found that
HDB and HD-OH localized to the mitochondria (Pearson
correlation coefficient, 0.88, 0.89). To further validate, we
performed fluorescence imaging of HeLa cells incubated with
HDB at different time in the presence of H2O2. As shown in
Figure S14, HDB showed a high Pearson’s correlation
coefficient (>0.85) with Mito-Tracker Blue (5 μM) from 30
to 90 min. The colocalization results indicated HDB has
satisfactory mitochondria-anchoring ability and limited leakage
from the organelles containing mitochondria. Furthermore, to
confirm that HDB could detect mitophagy after reacting with
H2O2, we compared the changes in the fluorescence intensity
at different starvation time points. As shown in Figure S11,
accompanied by prolonged starvation time, the green channel
(584−676 nm) gradually increased, but the red channel (735−
750 nm) gradually diminished, indicating that the HD-O‑

accumulated in mitochondria was converted to HD-OH. Such
results demonstrated that HD-OH could detect mitophagy in
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the cell starvation model. For further verification, colocaliza-
tion cell experiments were then performed. The results showed
that HD-OH and Lyso-Green (lysosome localization reagent)
overlapped nicely, indicating that damaged mitochondria were
bound by autophagic vesicles to form autolysosomes (Figure
S12). Considering this, the fluorescence changes of HD-OH
(HD-O‑) accumulated in mitochondria could indeed reflect
the extent of mitophagy. Therefore, the above results indicated
that probe HDB could detect mitophagy induced by oxidative
stress.
Based on the above conclusions, we applied HDB to study

mitophagy in DCM. H9C2 cells have been used as a popular
cell to investigate DCM.39,40 Generally, the DCM cellular
model could be established by incubating H9C2 cells with high
glucose concentration (HG, 30 mM glucose) for 24 h.
Subsequently, to verify whether oxidative stress occurs in the
DCM, HDB was incubated with high-glucose-cultured H9C2
cells. As shown in Figure 2a, compared with the normal group

(NG, 5 mM glucose), fluorescence intensity (ROS signal:
663−738 nm) was significantly enhanced in the HG group,
which indicated that oxidative stress did occur in the cellular
model of DCM. Also, we found that the ratiometric
fluorescence signal (mitophagy signal: 584−676 nm/735−
750 nm) was obviously increased, illustrating that oxidative
stress resulted in mitophagy. To further verify that mitophagy
occurs in DCM, we performed Western blotting experiments
(Figure 2d). As well-known, LC3-II protein levels are closely
related to mitophagy.41,42 The results showed that the
expression level of the LC3-II protein significantly increased
in DCM, which indicated that mitophagy was significantly
enhanced. Besides, the colocalization experiment was per-

formed. As shown in Figure S13, HDB could overlap well with
Lyso-Green after responding with H2O2 (Pearson correlation
coefficient, 0.86), indicating the formation of autolysosomes.
Afterward, the fluorescence pictures at different time points
were used to demonstrate that HDB could be stabilized after
responding in the high glucose model (Figure S15).
Accordingly, based on the above experimental results, we
could conclude that mitophagy induced by oxidative stress did
occur in DCM.
Verification of Physiological Pathways

The drug screening was hampered since the relationship
between Drp-1, oxidative stress, and mitophagy was unclear.
Therefore, we explored this physiological pathway utilizing
Mdivi-1 (a commercially available Drp-1 inhibitor) and NAC10

(N-acetyl-L-cysteine, a reported ROS scavenger). For this
purpose, we set up four groups of parallel experiments: (1)
Normal group (NG): H9C2 cells were cultured with normal
glucose medium (5 mM) and then incubated with HDB for 1
h. (2) DCM group (HG): H9C2 cells were cultured with high
glucose medium (30 mM) and then incubated with HDB for 1
h. (3) HG+P+M group: H9C2 cells were cultured with high
glucose for 4 h and then incubated with both Mdivi-1 (M, 5
μM) and HDB probe (P) for 1 h. H9C2 cells were cultured
with high glucose medium and Mdivi-1 simultaneously for 4 h
and then HDB was added for 1 h. As shown in Figure 3b and c,
compared to the HG group, both the mitophagy signal (584−
676 nm/735−750 nm) and ROS signal (663−738 nm) were
attenuated in the HG+M+P group, which indicated that
mitophagy and oxidative stress were inhibited. In contrast,
mitophagy was inhibited in the HG+P+M group, but H2O2
production from oxidative stress was still present. This
suggested that the Drp-1 inhibitor could attenuate mitophagy
by inhibiting oxidative stress, which led to the discontinuation
of ROS production. However, ROS generated prior to the
inhibition of Drp-1 could not be scavenged. Meanwhile,
Western blotting experiments verified that Drp-1 levels were
indeed increased in H9C2 cardiomyocytes induced by high
glucose (Figure S15). These results demonstrated that Drp-1 is
an upstream effector of mitophagy and oxidative stress.
Subsequently, we used NAC to verify the relationship between
oxidative stress and mitophagy. To this end, four experimental
groups were established (Figure 4a): (1) Normal group (NG).
(2) DCM group (HG). (3) Wash-off group: high-glucose-
cultured H9C2 cells were incubated with NAC (100 μM) for 1
h, then washed off NAC and incubated with HDB (HG+NAC,
w). (4) No-wash group: high-glucose-cultured H9C2 cells
were incubated with NAC for 1 h and then incubated directly
with HDB without washing the NAC (HG+NAC, nw). As
shown in Figure 4, the ROS signal and mitophagy signal were
decreased after adding NAC. However, the ROS signal and
mitophagy signal were upregulated again after washing off
NAC. Thus, it is evident that mitophagy is also inhibited after
eliminating ROS, which suggested that oxidative stress was an
upstream effector of mitophagy. Based on these phenomena,
we demonstrated the physiological pathway “Drp-1 →
oxidative stress → mitophagy”.
Construction of Drug Screening System

According to the above validated physiological pathways, the
drugs for DCM can be divided into three types: (1)
Antioxidant drugs. (2) Drp-1 inhibitors. (3) Dual-effect
drugs (both antioxidants and Drp-1 inhibitors). Based on
this, a drug classification system was first constructed using

Figure 2. Fluorescence Imaging of H9C2 cells. H9C2 cells were
incubated with different glucose concentrations for 24 h and then
incubated with HDB (10 μM) for 1 h. NG: Normal glucose medium
(5 mM) incubation. HG: High glucose medium (30 mM) incubation.
(a) ROS signal, λem = 663−738 nm, λex = 561 nm. Scale bar: 20 μm.
(b) Mitophagy signal; green channel: 584−676 nm, red channel:
735−750 nm, λex = 561 nm. Scale bar: 20 μm. (c) Normalized
fluorescence intensity of the ratio channels in b, Fgreen and Fred: the
fluorescence intensity of green and red channels. Error bars, ±SEM. n
= 3. ****p < 0.0001. After incubation of H9C2 cells with different
glucose concentrations, total cell extracts were analyzed with Western
blotting. (d) ImageJ normalized quantitative analysis of the LC3-II/
GAPDH ratios from immunoblots. Inset: Western blot analysis of
LC3-II in NG and HG groups. Error bars, ±SEM. n = 3. ***p <
0.001. Bright field image of cell imaging: Figure S29.
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HDB to achieve accurate drug screening. First, in order to
investigate the effects of different drug types, three reported
drugs were selected: NAC (ROS scavenging), Mdivi-1 (Drp-1
inhibitor), and luteolin (Lut, dual-effect drug).43,44 Meanwhile,
as shown in Figure 4, after adding NAC, the mitophagy signal
and ROS signal were significantly reduced in the no-wash
group compared to the wash-off group, indicating that NAC
only temporarily cleared intracellular ROS and the cells
returned to the damaged state after stopping the drug.
Subsequently, in order to elucidate the pharmacodynamic
effects of Mdivi-1 and luteolin, we also set up four parallel
experiments for Mdivi-1 and luteolin: normal group (NG),
DCM group (HG), wash-off group (HG+drugs, w), and no-
wash group (HG+drugs, nw). As shown in Figure 5, with

Mdivi-1 addition, mitophagy was effectively inhibited back to
normal levels in the wash-off and no-wash groups. Moreover,
compared to the no-wash group, the ROS signal did not
increase after the drug. However, the ROS generated prior to
drug administration cannot be cleared. These phenomena
indicated that Drp-1 inhibitors could inhibit mitophagy by
disabling ROS production but could not remove the ROS
already produced. After the addition of luteolin, the mitophagy
signal and ROS signal were effectively reduced in the wash-off
and no-wash groups. The results showed such drugs could
inhibit mitophagy by inhibiting Drp-1, and also scavenge
excess ROS (Figure 6). In addition, the effect of the above
three drugs on Drp-1 was again demonstrated with Western
blotting assays. The results showed that Mdivi-1 and luteolin
could inhibit the expression of Drp-1, while NAC did not affect
the expression of Drp-1, consistent with the fluorescence
imaging phenomenon (Figure S16). With the above
conclusions, a spatial coordinate system was constructed to
classify the eight possible scenarios accordingly by three
variables: washing versus no washing after drug incubation,

Figure 3. Real-time fluorescence imaging of H9C2 with HDB (10
μM). (a) Experimental flow diagram. HG+P+M group: H9C2 cells
were cultured with high glucose for 4 h and then incubated with both
Mdivi-1 (M, 5 μM) and the HDB probe (P) for 1 h. HG+M+P
group: H9C2 cells were cultured with high glucose medium and
Mdivi-1 simultaneously for 4 h, and then HDB was added for 1 h. (b)
Mitophagy signal, green channel: λem = 584−676 nm, red channel: λem
= 735−750 nm, λex = 561 nm. Scale bar: 20 μm. (c) ROS signal. λem =
663−738 nm, λex = 561 nm. Scale bar: 20 μm. (d) Normalized
fluorescence intensity of the ratio channels in (b). (e) Normalized
average fluorescence intensity of (c). Error bars, ±SEM. n = 3. ***p <
0.001. Bright field image of cell imaging: Figure S28.

Figure 4. Real-time fluorescence imaging of H9C2 with HDB (10
μM). (a) Experimental flow diagram. HG+NAC (w): H9C2 cells
were incubated with NAC (100 μM) for 1 h, then washed off NAC
and incubated with HDB for another hour. HG+NAC (nw): H9C2
cells were incubated for 1 h with NAC (100 μM) and then incubated
for another 1 h with HDB without washing off the NAC. (b):
Mitophagy signal, green channel: λem = 584−676 nm, red channel: λem
= 735−750 nm, λex = 561 nm. Scale bar: 20 μm. (c) ROS signal. λem =
663−738 nm, λex = 561 nm. Scale bar: 20 μm. (d) Normalized
fluorescence intensity of the ratio channels in (b). (e) Normalized
average fluorescence intensity of (c). Error bars, ±SEM. n = 3. **p <
0.01 and ***p < 0.001. Bright field image of cell imaging: Figure S28.
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inhibition of the mitophagy signal or not, and reduced ROS
signal or not (Figure 6e). Accordingly, the possible phenomena
of the three-drug types were obtained. Antioxidant drugs: in
the no-wash group, mitophagy signal and ROS signal were
inhibited. In the wash-off group, both signals were upregulated.
Drp-1 inhibitors: the mitophagy signal was significantly
reduced while the ROS signal was largely unchanged in the
wash-off and no-wash groups compared with the HG group.
Dual-effect drugs: in the wash-off and no-wash group, both
mitophagy signal and ROS signal were significantly reduced
compared to the HG group.
Application of Screening System for Drug Screening
According to the above drug screening system, we could
quickly screen dual-effect drugs by simply observing the
confocal fluorescence imaging results. Subsequently, we
screened five drugs using the above method: Taxifolin
(TAX), Resveratrol (Res), Icariin (ICA), Curcumin (Cur),
and Rutin (Rut), which have been shown to be useful in the
treatment of cardiovascular disease..45−49 The changes of the
mitophagy signal and ROS signal in the no-wash and wash-off
groups were examined after the addition of HDB and drugs.
The effect of these drugs on Drp-1 activity was further verified
with Western blotting experiments (Figures S17−S21).
Subsequently, the classification of these drugs was determined

in the classification system: Taxifolin, Curcumin, and Rutin
were antioxidant drugs, while resveratrol and icariin were dual-
effect drugs that not only scavenged excess ROS but also
inhibited Drp-1 expression (Figure 6e). Thus, drug screening
can be performed quickly and conveniently through this
excellent screening strategy. Of note, compared with
commercial antioxidant drugs for DCM, dual-effect drugs
screened by the above strategy could better treat DCM.

Figure 5. Real-time fluorescence imaging of H9C2 with HDB (10
μM). HG + Mdivi-1 (w): H9C2 cells were incubated with Mdivi-1 (5
μM) for 1 h and then washed off Mdivi-1 and incubated with HDB
for another hour. HG+Mdivi-1 (nw): H9C2 cells were incubated for
1 h with Mdivi-1 (5 μM) and then incubated for another hour with
HDB without washing off the Mdivi-1. (a) Mitophagy signal, green
channel: λem = 584−676 nm, red channel: λem = 735−750 nm, λex =
561 nm. Scale bar: 20 μm. (b) ROS signal. λem = 663−738 nm, λex =
561 nm. Scale bar: 20 μm. (c) Normalized fluorescence intensity of
the ratio channels in (a). (d) Normalized average fluorescence
intensity of (b). Error bars, ±SEM. n = 3. **p < 0.01 and ***p <
0.001. Bright field image of cell imaging: Figure S28.

Figure 6. Real-time fluorescence imaging of H9C2 with HDB (10
μM). HG+Lut (w): H9C2 cells were incubated with Lut (50 μM) for
1 h, then washed off Lut, and incubated with HDB for another hour.
HG+Lut (nw): H9C2 cells were incubated for 1 h with Lut (50 μM)
and then incubated for another hour with HDB without washing off
the Lut. (a): Mitophagy signal, green channel: λem = 584−676 nm, red
channel: λem = 735−750 nm, λex = 561 nm. Scale bar: 20 μm. (b)
ROS signal. λem = 663−738 nm, λex = 561 nm. Scale bar: 20 μm. (c)
Normalized fluorescence intensity of the ratio channels in a. (d)
Normalized average fluorescence intensity of b. (e) Schematic
diagram of the spatial coordinate system for drug classification and
dt-DSS. With the screening system, different drugs were accurately
screened and classified according to fluorescent signals (ROS signals
and mitophagy signals). Error bars, ±SEM. n = 3. **p < 0.01. Bright
field image of cell imaging: Figure S28.
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■ CONCLUSION
In summary, we present a rapid, facile dual-target-based drug
screening strategy that enables efficient drug screening at the
cellular level through fluorescence imaging. As a proof of
concept, the drugs for the treatment of diabetic cardiomyop-
athy (DCM) were screened with a dual-response fluorescent
probe (HDB), which could detect mitophagy caused by
oxidative stress. We then demonstrated that oxidative stress
and mitophagy levels were abnormally elevated in a high-
glucose-induced diabetic cardiomyopathy model. Subse-
quently, experiments demonstrated that Drp-1 overexpression
enhanced oxidative stress and oxidative stress further enhanced
mitophagy, which implied that “Drp-1 → ROS → mitophagy”.
Based on this, three drug types were proposed for DCM
treatment: antioxidant drugs, Drp-1 inhibitors, and dual-effect
drugs. A variety of drugs were screened into these three
classifications with the HDB. The experimental results showed
that drugs with both antioxidant capacity and Drp-1 inhibitory
properties, such as resveratrol and icariin, could more
effectively treat DCM than single-target antioxidant drugs.
We are convinced that this novel dual-effect strategy will
become a universal strategy for the fast and easy screening of
efficient drugs.
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