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Biomimetic cytomembrane-coated ZIF-8-loaded DMDD
nanoparticle and sonodynamic co-therapy for cancer
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Background: Breast cancer (BC) is the most common type of cancer affecting females. It is also a leading
cause of cancer-related death in women worldwide.

Methods: Sonodynamic therapy (SDT) is an emerging therapeutic strategy for cancer treatment. SDT
ensures non-invasive penetration of deep tumors and results in activation of non-toxic sonosensitizers
administered in deep tumor sites to become cytotoxic. It has been reported that 2-dodecyl-6-
methoxycyclohexa-2,5-diene-1,4-dione (DMDD) has a significant anti-tumor effect against various cancer
types including BC. However, DMDD is hydrophobic. Therefore, a one-step encapsulation method was
used in the current study to construct zeolitic imidazole frameworks-8 (ZIF-8) loaded with DMDD and
sonosensitizer chlorin e6 (Ce6). ZIF-8 was further modified by coating it with a biomimetic cell membrane
to improve targeted delivery.

Results: [n vitro and in vivo results indicated that the nanomedicines had great biocompatibility
properties and targeting ability. The nanocomposite exhibited a higher release rate under an acidic tumor
microenvironment. The tumor killing effect of reactive oxygen species (ROS) generated from Ce6 and
inhibition of tumor growth was enhanced after ultrasound (US) treatment, which might be caused by the
increase in apoptosis rate.

Conclusions: These findings show that the combination of nanomedicine and SDT provides a potential
therapeutic method for BC.
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Introduction women worldwide (1,2). Although the incidence of BC
Breast cancer (BC) is the most common female malignant has reduced in recent years, the 5-year survival rate of BC

tumor and a leading cause of cancer-related death in patients diagnosed at advanced stages is approximately 26%
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(3,4). The main therapeutic approaches for BC include
surgery, chemotherapy, radiotherapy, hormonal therapy,
and molecular-targeted therapy (4). Although significant
advances in clinical treatments and diagnosis have been
achieved in the recent past, drug resistance and a high
recurrence rate lower the survival of BC patients (5).

Chinese medicine monomer components have been
widely studied for their anti-tumor effects. Oroxylin A is a
flavonoid isolated from Scutellariae radix, which was shown
to inhibit the proliferation and epithelial-mesenchymal
transition of BC cells (6). Procyanidin Al is a member of
the procyanidin family which exhibits anti-inflammatory
and antioxidant effects (7). Averrhoa carambola L. is
a Chinese herbal medicine from which 2-dodecyl-6-
methoxycyclohexa-2,5-diene-1,4-dione (DMDD) can be
extracted. Previous studies reported that DMDD exhibited
anti-tumor effects against BC in mice (8-11). In addition,
DMDD can block tumorigenesis through modulation of the
cell cycle in lung cancer (12). However, DMDD has poor
solubility in water, thus limiting its application as an anti-
tumor agent.

Sonodynamic therapy (SDT) is an emerging therapeutic
method for cancer treatment. Compared to photo-inspired
therapy and traditional monotherapy, SDT provides
many opportunities and benefits, including deeper tissue
penetration, high precision, less side effects, and good
patient compliance (13). SDT involves the combination of
ultrasound (US) and sonosensitizers. The relatively non-
toxic chemical agents (sonosensitizers) are administered to
cells, resulting in simultaneous or subsequent sensitivity
to US irradiation (14). Sensitization and US irradiation
do not have tumoricidal effects on their own. However,
low-intensity US activates non-toxic sonosensitizers
making them cytotoxic through the generation of reactive
oxygen species (ROS), thus killing cells (14-16). US can
penetrate deep tumors, thereby activating sonosensitizers
administered in deep tumor sites. This property provides
the possibility for effective therapy for deep solid tumors,
and has been widely explored in different cancers, such as
pancreatic and liver cancer (15,17,18).

The type of sonosensitizer determines the efficacy of
SDT, as the physicochemical properties can influence
the therapeutic effect, and the type determines the safety
of drug residues in the body (19,20). Chlorin e6 (Ce6)
is a porphyrin with low side effects. It is an organic
sonosensitizer that can accumulate in tumor sites and
is activated by light and US (21-23). However, Ce6 is a
hydrophobic compound and is cleared rapidly in long-term
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blood circulation, thus reducing its efficacy (24,25). In the
current study, DMDD and Ce6 were loaded onto a metal
framework, zeolitic imidazole frameworks-8 (ZIF-8), to
improve targeted delivery of the sonosensitizer and DMDD.
ZIF-8 is a representative metal-organic framework (MOF),
comprising of Zn** and 2-methylimidazolate ligands (26). It
is characterized by excellent chemical and thermal stability,
high surface area, and abundant micropores, making it
an excellent framework for the loading of drugs (27,28).
Notably, ZIF-8 is pH responsive, thus it degrades under
an acidic environment while exhibiting high stability under
neutral conditions. This indicates that ZIF-8 can be used to
deliver drugs and ensure targeted release in the acidic tumor
microenvironment (29-31). These properties improve the
local drug concentration at tumor sites and strengthen the
anti-tumor effect.

Therefore, a ZIF-8 framework was constructed for
loading sonosensitizers Ce6 and DMDD to achieve targeted
delivery and release of the compounds in the tumor site, and
the co-operation of SD'T and DMDD improved the anti-
tumor effects of nanoparticles (Figure I). We present the
following article in accordance with the ARRIVE reporting
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-22-3646/rc).

Methods
Characterization of nanoparticles

The surface potential and size of nanomedicines were
determined using ZS90 Zeta Sizer (Malvern, UK).
Morphological and structural characterization of ZDC@M
nanocomposites was performed using scanning electron
microscopy (SEM, SU8020, Japan) and transmission
electron microscopy (TEM, JEM-2100F, US). The
ultrasonic source was supplied by the WED-100 ultrasonic
treatment machine (Welld, China). A FACSVerse flow
cytometer (BD, USA) was used for the determination of
the cell apoptosis rate and rate of nanoparticle uptake.
Nanoparticle uptake and intracellular hypoxia were
observed under a laser confocal scanning microscope

(LCSM) (Leica, Germany).

DMDD extraction

The root of Averrhoa carambola L. was a classification
of Oxalidaceae plant. Dried roots were milled to obtain
a coarse powder. The processes to extract, isolate, and
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Figure 1 Schematic illustration of the synthesis process of the ZDC@M nanoparticles and pH-sensitive ultrasound triggered SD'T combined
with DMDD therapy. ZDC@M, ZIF-8@ DMDD/Ce6@ cytomembrane; ZIF-8, zeolitic imidazole frameworks-8; SDT, sonodynamic

therapy; DMDD, 2-dodecyl-6-methoxycyclohexa-2,5-diene-1,4-dione.

identify DMDD were conducted following methods
described previously (32,33). The purity of DMDD was
approximately 95%. After dissolving in dimethyl sulfoxide
(DMSO, Solarbio, China), DMDD (10 mM) was prepared

for use in subsequent experiments.

Synthesis of ZIF-8@ DMDD/Ce6 (ZDC)

We use one-pot method to construct drugs/ZIF-8 materials.
In the growth process of ZIF-8, the drug is loaded into ZIF-
8. A total of 0.3 g Zn(NO;),-6H,0O (Aladdin, China) and
0.17 g 1,2-dimethylimidazole (1,2-MIL, Aladdin, China)
were separately dissolved in 40 mL methanol. The 1,2-
MIL solution was added into the Zn(NO;),-6H,O solution.
After stirring for 2 min, DMDD and 1 mg of Ce6 (Frontier
Scientific, US) were separately added into the mixture and
stirred for another 5 min. The mixture was allowed to stand
for 4 h then washed sequentially with methanol and DMSO
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twice and centrifuged at 12,000 rpm for 10 min. The
sediment of ZDC was obtained and freeze dried.
According to the same procedures, ZIF-8@Ce6 (ZC) and

ZIF-8@DMDD (ZD) were synthesized. Finally, the loading
efficiency was calculated using the Eq. [1] in the Appendix 1.

Synthesis of ZIF-8@ DMDD/Ce6 @cytomembrane
(ZDCceM)

The cytomembrane of 4T1 cells was extracted by the
Mem-PER™ Plus Protein Extraction Kit (Thermo Fisher
Scientific, USA). Then, 2 mg/mL of ZDC (1 mL) was
mixed with 4 mg/mL of cytomembrane fragments of 411
cells (1 mL) and oscillated for 2 h at 4 °C. A liposome
extruder was used to repeatedly extrude the aforementioned
mixture. The mixture was then centrifuged for 10 min (4 °C,
12,000 g), the sediment was obtained, and this comprised
the ZDC@M.
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Gel electrophoresis

Gel electrophoresis was used to verify that the nanomedicine
was coated by cytomembrane. Different protein samples
with the same concentration were loaded onto 10% SDS-
PAGE (sodium dodecyl sulfate-polyacrylamide gels) for
separation. The gel was then stained with Coomassie Blue
(Beyotime, China) for 2 h and washed thoroughly with water
for 6 h. The gel was observed under a microscope using ECL
western blotting substrate and images were obtained.

Hemolysis assay

A hemolysis assay was conducted for the evaluation of the
blood compatibility of ZDC@M nanomedicine. Fresh blood
samples were acquired from nude mice. After washing thrice
with PBS (phosphate buffer solution), red blood cells (RBCs)
were collected. RBC solution (200 pL) was mixed with
800 pL PBS and different concentrations of nanomedicines
were added. PBS and pure water were defined as NC
(negative control) and PC (positive control), respectively.
Each group had 3 replicates. After being incubated at
37 °C for 4 h, these RBC solutions were then centrifuged
(3,500 rpm, 5 min) and the supernatants were collected.
The absorbance of the supernatant was read at 540 nm.
The hemolysis rate was calculated using the Eq. [2] in the
Appendix 1.

In vitro drug release

Drug release rates were determined using 2 different pHs to
explore the pH sensitivity of the nanomedicine. ZDC@M
(2 mg/mL) was dissolved in PBS solution at pH 5.5/7.4.
The solution was put on a shaker at 37 °C for 6 h. PBS
solution (500 pL) was obtained every hour and centrifuged
at 12,000 rpm for 10 min. The supernatant was collected
and its absorbance was acquired at 360 nm (DMDD) and
660 nm (Ce6). The new 500 pL. PBS was replenished. Each
group had 3 replicates. The Release rate was calculated
using the Eq. [3] in the Appendix 1.

In vitro production of ROS

To detect the rate of ROS production by ZDC@M in vitro,
1,3-diphenylisobenzofuran (DPBF) was used. Absorbance
values of the DPBF, DPBF + ZDC@M, and DPBF +
ZDC@M + US groups were determined at 410 nm at 1-min
intervals. The remaining DPBF rate was calculated using
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the Eq. [4] in the Appendix 1.

In vitro cellular uptake of nanomedicines

A total of 3x10°4T1 cells were seeded into a 6-well plate
and incubated overnight. Then, 20 pg/mL of ZDC@M
(8 pg/mL DMDD and 1.5 pg/mL Ce6) nanomedicine
solutions at pH 7.4/5.5 were used to incubate cells for 4 h.
After washing with PBS, treated cells were collected. Flow
cytometry (BD, USA) was performed to explore the cellular
uptake of nanomedicines by 411 cells.

The red fluorescence intensity of Ce6 inside 4T1 cells
was analyzed by a LCSM.

Effect of nanomedicines on cellular ROS levels

The production of cellular ROS by nanomedicines was
detected by DCFH-DA (2,7-dichlorodihydrofluorescein
diacetate). A total of 3x10° 4T1 cells were seeded into a
6-well plate, incubated overnight, and exposed to medium
containing ZC, ZD, ZDC, ZDC@M, and ZDC@M+US
(DMDD 8 pg/mL and Ce6 1.5 pg/mL). Cells were
subjected to US at 1.0 MHz and 1.5 W/cm’ for 3 min.
Medium with DCFH-DA (5 mM) was added to the plates
after 4 h and cultured for 30 min. Produced ROS were
observed under a fluorescence microscope.

In vitro cytotoxicity assay

Cell cytotoxicity of nanomedicines against 411 cells was
determined using the CCK-8 assay. The 411 cells were
seeded into a 96-well plate and incubated for 24 h. Then,
nanomedicines were added to each well and cultured for
24 h (n=5). After washing with PBS, medium (100 pL) with
CCK-8 (10 pL) was added to each well. Then, 1 h later,
the absorbance of each plate was read at 450 nm using a
microplate reader. The absorbance was used to calculate the
survival rate of 4T'1 cells.

Effect of nanomedicines on cell apoptosis

The apoptosis of 4T1 cells by nanomedicines was analyzed
by the Annexin V-FITC Apoptosis Detection Kit (Beyotime,
China). The 4T'1 cells 3x10°/well) were seeded into a 6-well
plate, incubated overnight, and exposed to the medium
containing ZC, ZD, ZDC, and ZDC@M (8 pg/mL. DMDD
and 1.5 pg/mL Ce6). US was applied at 1.0 MHz and
1.5 W/em’ for 3 min. Supernatants and cells were collected
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after 4 h. Then, 195 pL of binding buffer as well as 10 pL of
PI and 5 pL of Annexin V-FITC were added and cultured
for 20 min under dark conditions. Finally, the apoptotic rate
of cells was determined by flow cytometry.

Live/dead cell detection

The Calcein/PI Live/Dead Viability/Cytotoxicity Assay Kit
(Beyotime, China) was applied to stain live and dead cells.
The 4T1 cells 3x10°/well) were seeded into a 6-well plate
overnight and exposed to medium containing ZC, ZD,
ZDC, ZDC@M, and ZDC@M+US (DMDD 8 pg/mL and
Ce6 1.5 pg/mL). US was applied at 1.0 MHz and 1.5 W/em’
for 3 min. Detection buffer (1 mL) as well as Calcein-AM
(1 pL) and PI (1 pL) were added to the plates after 4 h.
After incubation for 30 min, the fluorescence of dead and
live cells was observed under a fluorescence microscope.

In vivo safety analysis

Four-week-old female nude mice were assigned to 3 groups
randomly (n=3). Two of the 3 groups were administered with
200 pL of ZDC@M (7 mg/kg Ce6 and 35 mg/kg DMDD)
3 times every 3 days via the tail vein. The last group was
administered with the same amount of PBS. On day 10 and
day 30, nude mice were sacrificed and blood samples were
collected. In addition, major organs (heart, liver, spleen, lung,
and kidney) were collected and stained with hematoxylin and
eosin (H&E) for histological and biochemical analysis.

In vivo anti-tumor effect of nanomedicines

Tumor-bearing nude mouse models were constructed to
explore the anti-tumor effect of ZDC@M+US on tumor
growth iz vive. The nude mice (5 weeks) were injected
subcutaneously on the right front leg with 1x10° 4T'1
cells. Mice were randomly divided into 6 groups (n=5)
when a tumor size of 80-100 mm’ was obtained. Mice
were injected with PBS, ZC, ZD, ZDC, and ZDC@M at
doses of 7 mg/kg Ce6 and 35 mg/kg DMDD through the
tail vein. The groups included the CON (PBS), ZC, ZD,
ZDC, ZDC@M, and ZDC@M+US groups. Different
nanomedicines were administered every 3 days for
9 days. US was performed at 1.0 MHz and 1.5 W/cm’ for
3 min after 6 h of administration. Body weight and tumor
volume were recorded every 2 days. Mice were sacrificed
on day 20, tumors were collected, and H&E staining and
immunohistochemistry (IHC) were performed. Tumor
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volume and the tumor inhibition rate (TTR) were calculated
as follows:

Tumor volume(cm3) = (Tumor lengthx Tumor width® ) /2 (1]

TIR(%) = (Veoy =)/ Veoy x100% 2]

Western blot assay

Total proteins were lysed and extracted using RIPA buffer
with PMSF from 4T1 cells. Subsequently, protein samples
were loaded onto SDS-PAGE gels for separation and
transferred onto polyvinylidene fluoride (PVDF) membranes.
After being incubated with blocking buffer at 37 °C for
30 min, the membranes were incubated overnight at 4 °C
with primary antibodies against p-actin (1:2000, Proteintech,
China), cleaved caspase-3 (1:1,000, CS'T; US), Bcl-2 (1:1,000,
Proteintech, China), and Bax (1:2,000, CST, US). After
washing thrice with TBST, the membranes were incubated
with the secondary antibody at 37 °C for 1 h. ECL Western
Blotting Substrate was applied to analyze immunoblots.

Statistical analysis

Data were subjected to descriptive statistics and single-
factor analysis of variance (ANOVA). All data were shown
as mean * standard deviation (SD). Student’s ¢-test was
used to analyze differences between 2 groups. P<0.05 was
considered statistically significant.

Animal

Four-week-old female nude mice were purchase from
Guangxi medical university laboratory animal center.
The animal experiments were approved by the Ethics
Committee of the First Affiliated Hospital of Guangxi
Medical University. (No. 202009018). The study followed
the national standard GB/T35892-2018 published by
the Ministry of Science and Technology of the People’s
Republic of China on the Guidance on the Handling of
Laboratory Animals and the Guide to Ethical Review
of Laboratory Animals-Animal Welfare. A protocol was
prepared before the study without registration.

Results
Characterization of nanomedicines

The morphology and structure of nanomedicines were

Ann Transl Med 2022;10(18):971 | https://dx.doi.org/10.21037/atm-22-3646



Page 6 of 15 Zhao et al. ZIF-8-loaded DMDD nanoparticle therapy for cancer

* W Ew *w C

4 :
e Ao NALLOIBIIEC . e

D 5o E 4o F 40
i ZIF-8 ZDC zbceM
40 179 nm
30 200 nm 30 240 nm
R X X
530 > =
= 3 20 - B 20 -
5 20 8 8
£ £ £
10 4 10 4 10 H
0 0 | 0 t
10000 100 10000 100 10000
Size, d.nm Size, d.nm Size, d.nm
G H 1.0 |
~—— Free-DMDD . 100
> 508 — Free-Ce6 i
E o —ZDC @ gy
s 206 &
c S o
@ ©
g £ 0.4 £ 60+
o 2 g —— DPBF + H,0
k] < 0.2 & 40 {—=—DPBF + ZDC@M
zZbceM 0.0 —— DPBF + ZDC@M + US
: T T T T T T T T T T T T T T 7T
300 400 500 600 700 800 01 2345678 910
Wavelength, nm Time, min
] K 100 L
100 4 =*=pH5.5 —+—=pH5.5
o 80 -
£ < ——pH 7.4 <60l —*pHT74
£ 80 g 60 g
o o & 4
% % 40 § 40
5 10 - 8 20 3 20 -
T . o =
5 a
04 04
0 - T T T T T T T T T T T T T T
H,O 100 200 300 PBS 0o 1 2 3 4 5 6 0o 1 2 3 4 5 6
Concentration of ZDC@\ ZDC@M, pg/mL Time, h Time, h

Figure 2 The morphology and structure of nanomedicines. TEM images of ZIF-8 (A), ZDC (B), and ZDC@M (C). Hydrated nanoparticle
size distribution of ZIF-8 (D), ZDC (E), and ZDC@M (F). Zeta potential of different nanoparticles (G). Ultraviolet-visible absorption
spectra of Ce6, DMDD, and ZDC (H). Reactive oxygen species (ROS) production by ZDC under different conditions (I). Hemolysis
rate at different concentrations of the nanoparticles (J). Ce6 (K) and DMDD (L) release curves of ZDC@M triggered by different pHs.
TEM, transmission electron microscopy; ZIF-8, zeolitic imidazole frameworks-8; ZDC@M, ZIF-8@ DMDD/Ce6@ cytomembrane; SDT,
sonodynamic therapy; DMDD, 2-dodecyl-6-methoxycyclohexa-2,5-diene-1,4-dione; ns, no significant; PBS, phosphate buffer solution.

analyzed by TEM and SEM. ZDC@M nanomedicines were were similar with ZIF-8 (Figure 24,2B). TEM analysis
synthesized by loading DMDD and Ce6 onto ZIF-8, and showed that ZDC@M nanomedicine was fully coated with
then coating with the cytomembrane of 411 cells. DMDD cytomembrane (Figure 2C). TEM and SEM images showed
and Ce6 were mainly loaded into the pores of the ZIF-8 that ZDC@M nanomedicine exhibited a spherical shape
frame, therefore, the structure and morphology of ZDC (Figure 2C and Figure S1) with a film of about 15-20 nm
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on the surface, indicating successful coating with 4T1 cell
membrane. The average diameters of ZIF-8, ZDC, and
ZDC@M were approximately 179 nm, 200 nm, and 240 nm,
respectively (Figure 2D-2F). Gel electrophoresis analysis
demonstrated that ZDC@M had a similar protein profile to
4T1 cytomembrane, suggesting that the cytomembrane was
successfully loaded (Figure S2).

The zeta potentials of ZIF-8, ZD, ZC, ZDC, and
ZDC@M were 19.9, 16.5, 15.4, 7.81, and -9.18 mV,
respectively (Figure 2G). Loading of the cytomembrane
which carries a net negative charge resulted in charge
reversal. The characteristic absorption spectrums of Ce6
(400 and 660 nm) and DMDD (362 nm) were observed
in the spectrum of ZDC@M (Figure 2H). These results
indicate the successful synthesis of nanocomposites.
Encapsulation efficiencies of Ce6 and DMDD were
71.64%+1.41% and 50.7%=1.58%, respectively. This
finding suggests that DMDD and Ce6 were effectively co-
loaded onto ZIF-8 to form a combination therapy.

The results showed that the amount of unreacted
DPBF in the ZDC@M+US group was significantly lower
than H,O group and ZDC@M group, indicating that US
irradiation generated high ROS levels from Ce6 (Figure 2I).

Blood compatibility of the ZDC@M nanocomposite was
assessed through the hemolysis assay. A hemolysis rate lower
than 10% is safe for intravenous injection (34). Even though
the concentration of ZDC@M was up to 300 pg/mL,
its hemolysis rate was less than 2% (Figure 27 and
Figure S3). This suggests that the ZDC@M nanocomposite
had good blood compatibility.

Drug-releasing rates of Ce6 and DMDD from ZDC@M
were explored at pH 5.5 and pH 7.4. Due to the
pH-responsive characteristic, approximately 62.9% of
loaded DMDD and 71.2% of loaded Ce6 were released
from ZDC@M after incubation at pH 5.5 for 6 h, which
were significantly higher compared with the release rate
at pH 7.4 (Figure 2K,2L). This finding indicates that
the nanomedicine was released more under an acidic
environment and can be used to achieve targeted therapy.

In vitvo cellular uptake and ROS generation

The distribution of Ce6 after uptake by 4T1 cells was
observed under an LCSM to explore the targeting ability
of ZDC@M. The results showed that the red fluorescence
intensity of Ce6 in 4T1 cells cultured at pH 5.5 was
stronger relative to that cultured at pH 7.4 (Figure 3). This
is attributed to the uptake of more nanomedicines by cells
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under an acidic environment. In addition, the intensity of
red fluorescence of Ce6 was higher in 4T'1 cells cultured
with ZDC@M compared with the intensity after culturing
with ZDC at the same pH (Figure 34,3C). This finding is
attributed to the coating of ZDC with 4T'1 cell membrane
which enhanced the identification of nanomedicines,
resulting in increased targeting ability of ZDC@M. Flow
cytometry results were consistent with LCSM findings
(Figure 3B,3D).

ROS levels after administration of nanomedicines were
determined by the DCFH-DA method using LCSM. The
CON, 2D, ZC, and ZDC groups showed low intensity of
green fluorescence (Figure 3E,3F). The ZDC@M group
exhibited relatively stronger intensity of green fluorescence,
implying that the nanomedicines treated without US
only produced low ROS levels. Cells incubated with
ZDC@M+US exhibited the highest fluorescence intensity,
indicating that US irradiation of Ce6 did result in the
production of high ROS levels.

In vitro therapeutic effects

Cytotoxicity of the nanomedicines on 4T1 cells was
analyzed to explore the therapeutic effects. The best loading
content of DMDD on ZDC@M was also determined. Cell
viability was inhibited below 50% when the loading level
was up to 8 mg, suggesting that the initial loading amount
of DMDD was 8 mg (Figure 4). The results showed that
ZIF-8 and ZIF-8 @ cytomembrane (Z@M) exhibited
negligible toxic effects towards 4T1 cells and the cell
viability levels were above 90%, with probe concentrations
up to 100 pg/mL (Figure 4B). Notably, US alone had very
little killing effect towards 4T'1 cells, and ZD, ZC, and
ZDC exhibited low cytotoxicity (Figure 4C). In addition,
the killing effect of nanomedicines was significantly
increased with the increase in concentration of ZDC@M
after US irradiation (Figure 4C). The cell survival rates in
the ZD, ZC, ZDC, and ZDC@M groups at concentrations
equivalent to 1.5 pg/mL Ce6 and 8 pg/mL DMDD were
lower relative to concentrations equivalent to 0.75 pg/mL
Ce6 and 4pg/mL DMDD. Cell viabilities of the ZDC
groups were lower compared with the cell viabilities in the
2D and ZC groups. This indicates that the combination
of the 2 drugs improved the killing effect compared with
the use of a single drug. Moreover, the survival rates of
4T1 cells with ZDC@M obtained after loading the cell
membrane were lower than the survival rates of the ZDC
groups. This can be attributed to increased targeting
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ability of the nanomedicine resulting in uptake of high
nanocomposite amounts by cells and an increase in the
killing effect on cancer cells (Figure 4C). Furthermore,
cell viability was significantly reduced to approximately
45% after treatment with US, which was similar to the cell
viability without US treatment. These results indicated a
good combined effect of SD'T and Chinese medicine.

Co-staining of Calcein-AM (green) and PI (red) and
flow cytometry analyses were conducted to explore the co-
therapeutic effect of nanomedicines. The CON, ZD, ZC,
ZDC, and ZDC@M groups exhibited a low intensity of red
fluorescence (Figure 4D,4F). The US irradiated ZDC@M
group presented a significantly higher intensity of red
fluorescence, indicating that the therapeutic effect of the
SDT and DMDD co-therapy group (ZDC@M+US) was
relatively higher compared with that of the group without
SDT (ZDC@M) (P<0.0001).

Flow cytometry results were consistent with the Calcein-
AM/PI co-staining results (Figure 4E,4G). Apoptotic cell
populations of the CON, ZC, ZD, ZDC, and ZDC@M
groups were 13.63%, 17.71%, 20.66%, 34.71%, and
40.61%, respectively. The US irradiated ZDC@M

© Annals of Translational Medicine. All rights reserved.

exhibited a significantly higher proportion of apoptotic cells
at 58.27% (P<0.0001). Live cells significantly decreased,
accompanied by an increased number of apoptotic
cells following SDT treatment, compared to the other
5 groups. These findings show that the nanomedicine
had an enhanced lethal effect through the combination of
DMDD and SDT on cancer cells.

In vivo biocompatibility of nanomedicines

The biocompatibility of nanoparticles was evaluated to
explore their safety in vivo. No significant differences were
observed in the counts of RBCs, white blood cells (WBCs),
hemoglobin (Hb), and platelets (PLI5) among the treatment
groups on day 10 and day 30 and the CON group,
suggesting that ZDC@M had no blood toxicity effects
in vivo (Figure 5A). In addition, no significant differences
were observed in the levels of aspartate aminotransferase
(AST), alanine aminotransferase (ALT), alkaline phosphatase
(ALP), and blood urea nitrogen (BUN) between the
treatment groups on day 10 or 30 and the CON group on
day 10 and 30, indicating that the nanomedicine had no

Ann Transl Med 2022;10(18):971 | https://dx.doi.org/10.21037/atm-22-3646
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hepatotoxicity and nephrotoxicity effects (Figure 5A4).

H&E staining of major organs from nude mice
administered with ZDC@M at 2 timepoints was performed
to further explore histological changes induced by ZDC@M.
The findings showed no obvious damage and pathological
changes in the heart, liver, spleen, lungs, and kidneys of
the 2 experimental groups compared with the CON group
(Figure 5B). This finding indicates that the nanomedicine
had no apparent biological toxicity in vive. The results
suggest that ZDC@M is a safe nanomedicine and can be
used for in vivo treatment.

In vivo anti-tumor efficacy

A nude mouse model bearing 4T1 cells was established to
explore the anti-tumor effect of the nanomedicines. The
results showed that the tumor sizes of the ZDC@M+US
group were smaller compared with the tumor sizes of the
other groups (Figure 64). Analysis showed no significant
body weight losses among the 6 treatment groups, indicating
that the nanomedicines had good biocompatibility

© Annals of Translational Medicine. All rights reserved.

(Figure 6B). ZDC@M treatment significantly inhibited
tumor growth relative to the level of inhibition in the other
4 groups. Notably, the ZDC@M+US group exhibited
significantly slower tumor growth compared with all
other groups, implying that tumor growth was inhibited.
These results were consistent with the results of the TIR
(Figure 6C,6D). This can be attributed to the release of
ROS from Ce6 irradiated by US, which further increased
the anti-tumor effect of ZDC@M. Therefore, the most
effective anti-tumor effect was achieved by the combination
of SDT and DMDD.

Moreover, H&E staining showed a significantly larger
necrotic tissue area in the ZDC@M+US group compared
with the other groups (Figure 6E), demonstrating the higher
efficacy obtained by the combination of SDT and DMDD.

The probable reasons for these observed effects could be
explained as follows. First, the sizes of the nanomedicines
were small (approximately 200 nm), making them easily
pass through the cell membranes. Moreover, the coating of
the nanoparticles with homologous tumor cytomembranes
enhanced the targeting ability of nanomedicines by

Ann Transl Med 2022;10(18):971 | https://dx.doi.org/10.21037/atm-22-3646
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improving recognition by cells, which increases uptake by
4T1 cells. In addition, ZIF-8 was characterized by good
loading capacity and pH-responsive release (35). The pH-
responsive release property increases drug release in the
tumor location and improves local drug concentration (36).
Furthermore, ROS released by Ce6 had a synergistic effect

© Annals of Translational Medicine. All rights reserved.

with Chinese medicine monomer components (DMDD),
thus increasing the anti-tumor efficacy.

Nanomedicine-SDT therapy induces apoptosis in 411 cells

Flow cytometry analysis illustrated that the nanomedicines

Ann Transl Med 2022;10(18):971 | https://dx.doi.org/10.21037/atm-22-3646
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induced cell apoptosis. Further analysis was performed to with ZDC@M compared with the expression levels in the
explore the expression of apoptosis-related proteins after CON group (Figure 74). Notably, obvious upregulation
treatment. of Bax and cleaved caspase-3 and downregulation of Bcl-

Bax and cleaved caspase-3 were significantly upregulated 2 were observed after subjecting cells to SD'T' compared

and Bcl-2 was significantly downregulated after treatment with the levels in the CON and ZDC@M groups
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(Figure 74,7B) (P<0.05). The ratio of Bax/Bcl-2 of
ZDC@M+US (2.80) increased compared with that in the
CON and ZDC@M groups (0.24 and 0.51, respectively)
(Figure 7C) (P<0.0001). Moreover, the expression of
cleaved caspase-3 in the ZDC@M+US group increased
significantly compared with the ratio in the CON and
ZDC@M groups (Figure 7B). These findings indicate that
combination therapy with SDT and DMDD significantly
downregulated Bcl-2 expression and upregulated Bax
and cleaved caspase-3 expression. Furthermore, the IHC
results illustrated that cleaved caspase-3 expression was
upregulated in the ZDC@M+US group compared with the
other 2 groups (Figure 7D).

Chemotherapy drugs, hypoxia, and DNA damage caused
by excess oxidative stress and ROS accumulation can cause
cell apoptosis (37,38). Increased ROS production can trigger
the mitochondria-caspase pathway of apoptosis (39). The
findings of the present study showed that Ce6 was activated
by US and released ROS. Bax, a pro-apoptotic protein,
is involved in regulating the release of cytochrome C.
In contrast, as an anti-apoptotic protein, Bel-2 inhibits
the release of cytochrome C. Therefore, the Bax/Bcl-2
ratio is an indicator of susceptibility of cells to apoptosis
(40,41). Damage of DNA can upregulate Bax expression
and downregulate Bcl-2 expression, thus increasing the
Bax/Bcl-2 ratio (39,42). This can be attributed to the
collapse of the inner layer of mitochondria, thereby causing
the release of cytochrome C and playing a significant
role in the activation of caspase-3 (43,44). Apoptosis
executioner caspase-3 is an effector of apoptosis (41,45).
It is an inactive dimer, but it can be activated by cleaving
caspase-3 zymogen, thus transforming to the activated
caspase-3 (cleaved caspase-3) (46). Cleaved caspase-3
causes DNA fragmentation by activating endonucleases,
damaging nuclear proteins and the cytoskeleton, and
forming apoptotic bodies, thus leading to cellular changes
corresponding to apoptosis (47,48). Hence, activation of
caspase-3 promotes the occurrence of apoptosis.

In our study, the Bax/Bcl-2 ratio and cleaved caspase-3
increased significantly, indicating the induction of 4T'1 cells
towards apoptosis. These results suggest that the co-therapy
of SDT and DMDD increased the apoptosis of 4T1 cells,
thus enhancing the apoptosis effect of the nanocomposites.

Discussion

Breast cancer is the most frequently diagnosed cancer
in women and ranks second among causes for cancer

© Annals of Translational Medicine. All rights reserved.
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related death in women (49). Breast cancer therapy
involves a multidisciplinary approach comprising surgery,
radiotherapy, neoadjuvant and adjuvant therapy (50).
Despite the remarkable improvements in the outcome
of these patients obtained in the last decade, we have to
find more novel therapies to reduce the adverse effects of
conventional therapy. DMDD has been reported to inhibit
a variety of cancer cell lines. Previous study has showed
DMDD can inhibit proliferation, migration, and invasion
and induces apoptosis and cell-cycle arrest of 4T'1 breast
cancer cells. DMDD can also inhibit the growth in mice (9).
Besides, SDT generates reactive oxygen species (ROS) by
ultrasonic excitation to kill cancer cells (13).

We take advantage of nanomedicine to encapsulate
DMDD and Ce6 into ZIF-8 framework. We also evaluate
the biocompatibility and iz vive safety of the nanomedicine.
Our experiment showed that Nanomedicine-SDT therapy
have great anti-cancer effect both in vive and in vitro.
Overall, Nanomedicine-SDT therapy is a potential strategy
for breast cancer

Conclusions

In summary, a pH-sensitive release ZIF-8 MOF was
successfully constructed in this study by loading DMDD
and Ce6, which can be used as a combination therapy of
SDT and Chinese medicine. The findings showed that
ZDC@M has good targeting ability and biocompatibility
properties. In addition, the combination of SDT and
Chinese medicine monomer components (DMDD)
enhanced the anti-cancer effect of ZDC@M by inducing
cell apoptosis. These results indicated that the combination
of DMDD with SDT has high potential for enhancing
the anti-tumor effect against BC. But there are still some
limitations to be considered for SDT. Firstly, the specific
mechanisms of SDT for cancer therapy are not clear and
some remain controversial. Secondary, novel sonosensitizers
with less phototoxic and high therapeutic efficacy have yet
to be explored.

In addition, the clinical translation of nanomedicine
products faces several challenges. First, biological barriers
reduce the permeability of nanomedicine. Second, the
clinical safety of nanomedicine is still controversial. We’d
like to explore more surface modification methods in
order to improve the biocompatibility and biosafety of
the nanomedicine. We expect to utilize the advances in
materials chemistry and nanotechnology for constructing
novel nanoplatforms with simplified components and
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constructions.
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Supplementary

Appendix 1 The equations

Total quality — Quality inthe supernatant

The loading efficiency (%) = x100% (1]
Total quality
Hemolysis rate(%) =Mx100% [2]
ODpc —ODy

Release rate(%) _ Quality of released DMDD / Ce6 «100% B3]

Total quality of DMDD / Ce6

The remaining DPBF rate (% ) ~100— Initial absorbance — Final absorbance «100% [4]

Initial absorbance

H20 100 200 300 PBS
Figure 1 The scanning electron microscopy (SEM) image of the Concenstraton of ZDC@M (ug/mL)
ZIF-8@ DMDD/Ce6@ cytomembrane (ZDC@M) nanomedicine.

Figure S3 Hemolysis Assay of the ZIF-8@ DMDD/Ce6@
cytomembrane (ZDC@M) at different concentrations.

Figure S2 Gel Electrophoresis of 4T1 cell cytomembrane, ZIF-
8 @ cytomembrane (Z@M) and the ZIF-8@ DMDD/Ce6@
cytomembrane (ZDC@M).
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