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Abstract Tumor metastasis is responsible for chemotherapeutic failure and cancer-related death. More-

over, circulating tumor cell (CTC) clusters play a pivotal role in tumor metastasis. Herein, we develop

cancer-specific calcium nanoregulators to suppress the generation and circulation of CTC clusters by can-

cer membrane-coated digoxin (DIG) and doxorubicin (DOX) co-encapsulated PLGA nanoparticles

(CPDDs). CPDDs could precisely target the homologous primary tumor cells and CTC clusters in blood

and lymphatic circulation. Intriguingly, CPDDs induce the accumulation of intracellular Ca2þ by inhibit-

ing Naþ/Kþ-ATPase, which help restrain cellecell junctions to disaggregate CTC clusters. Meanwhile,

CPDDs suppress the epithelialemesenchymal transition (EMT) process, resulting in inhibiting tumor

cells escape from the primary site. Moreover, the combination of DOX and DIG at a mass ratio of 5:1

synergistically induces the apoptosis of tumor cells. In vitro and in vivo results demonstrate that CPDDs

not only effectively inhibit the generation and circulation of CTC clusters, but also precisely target and

eliminate primary tumors. Our findings present a novel approach for anti-metastasis combinational

chemotherapy.
LSM, confocal laser scanning microscopy; CTC, circulating tumor cell; DAPI, 4ʹ,6-diamidino-2-phenylindole;

,3,3-tetramethylindotricarbocyaineiodide; DLS, dynamic light scattering; DOX, doxorubicin; EMT, epi-

matoxylin and eosin; MMP-9, matrix metalloproteinase-9; MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-

lectron microscopy.
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1. Introduction 2. Material and methods
Tumor metastasis occupies more than 90% of cancer-related
mortality1. Metastasis is a complex process in which tumor cells
can detach from the primary tumor by the
epithelialemesenchymal transition (EMT), then enter into the
blood or lymphatic vessels as circulating tumor cells (CTCs) and
spread into distant organs2,3. Chemotherapy is currently one of the
main clinical treatment strategies for cancer. However, the latest
research showed that the traditional chemotherapy could change
the microenvironment of tumors and normal organs, and even
promote tumor metastasis to a certain extent4e6. Moreover, CTCs
are found in the blood and lymph as single CTCs and CTC
clusters, and the metastatic capability of CTC clusters is 23e50
times higher than single CTCs7e9. Therefore, how to suppress the
generation and circulation of CTC clusters is the key point for
cancer anti-metastasis chemotherapy.

Digoxin (DIG) is an FDA-approved Naþ/Kþ-ATPase inhibitor
for the treatment of heart failure. DIG could suppress cellecell
junctions to disaggregate CTC clusters effectively10 and cause
the mitochondrial-mediated tumor apoptosis11,12 by inhibiting
Naþ/Kþ-ATPase to elevate the intracellular Ca2þ concentration.
Moreover, digoxin could also suppress the EMT process, further
inhibiting the migration and invasion of breast cancer13,14. Thus,
chemotherapy in combination with digoxin is expected to be more
effective in the treatment of tumor anti-metastasis.

Our previous studies showed cell membrane coating nano-
technology could be effectively used to inhibit cancer metastasis
by targeting CTCs and circulating tumor-derived exosomes15,16.
Especially after coating with cancer membrane, nanoparticles had
homologous targeting and immune escapement functions17e19.
Compared with ligandereceptor targeting methods, homologous
targeting could reduce the individual differences caused by tumor
heterogeneity to a certain extent20. Therefore, cancer membrane-
coated biomimetic nanoplatforms could bypass the biological
barrier, paving the way for an effective delivery system for pre-
cisely targeting primary tumor cells and CTC clusters.

In this study, cancer membrane-coated PLGA nanoparticles
encapsulating digoxin (DIG) and doxorubicin (DOX) (CPDDs),
namely cancer-specific calcium nanoregulators, were developed
to effectively enhance anti-metastasis combinational chemo-
therapy. Remarkably, CPDDs had good homologous targeting
capability, especially precisely targeting and disassembling CTC
clusters in the blood and lymphatic circulation. CPDDs could
cause mitochondrial-mediated apoptosis and disaggregate CTC
clusters to inhibit tumor metastasis by up-regulating the intra-
cellular Ca2þ concentration. Simultaneously, CPDDs further
inhibited the formation of CTC clusters in the primary tumor
by suppressing the EMT process. In summary, CPDDs inhibited
tumor metastasis by suppressing CTC clusters generation and
circulation, providing a novel strategy for anti-metastasis com-
bination chemotherapy.
2.1. Materials

Digoxin, doxorubin, 1,1-dioctadecyl-3,3,3,3-tetramethylin
dotricarbocyaineiodide (DiR), Fluo-4 AM, 3-(4,5-dimeth
ylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) and 4ʹ,6-
diamidino-2-phenylindole dihydrochloride (DAPI) were pur-
chased from Dalian Meilun Biotech Co., Ltd. (Dalian, China).
Mitochondrial Membrane Potential Assay Kit and Hoechst 33342
from Beijing Solarbio Science & Technology Co., Ltd. (Beijing,
China). Cell culture reagents were bought from Gibco. All other
agents and solvents were of analytical standard grade.
2.2. Preparation of CPDDs, CPDos, CPDis and PDDs

Poly (lactic-co-glycolic acid) (PLGA) nanoparticles co-
encapsulating DIG and DOX (PDDs) were prepared by an emul-
sion solvent evaporation method. Briefly, 30 mg PLGA, 0.5 mg
DIG and 1 mg DOX were added to 2 mL mixture (dichloro-
methane: methanol Z 4:1, v/v). Then, the solvent was added into
4 mL 1% PVA solution, sonicated at 400 W for 5 min in an ice
bath, and stirred overnight. The particle suspensions were centri-
fuged at 13,000�g for 30 min.

The 4T1 cancer membrane (CM) was obtained using Mem-
brane Protein Extraction Kit. The mixture of PDDs and CM was
extruded through a 200 nm polycarbonate membrane for at least 5
cycles. The same preparation method was also applied in CPDos
or CPDis.
2.3. Characterization of CPDDs, CPDos, CPDis and PDDs

The particle size, zeta potential and morphology of nanoparticles
were measured using dynamic light scattering (DLS) examination
(Malvern, Nano ZS, UK) and transmission electron microscopy
(TEM, Hitachi, HT7700, Japan), respectively. The drug encapsu-
lation efficiency was measured by HPLC (Waters, C18 column,
5 mm, 4.6 mm � 250 mm, USA) using methanol and pH 3.5
ammonium phosphate buffer as the elute.
2.4. In vitro drug release

The DOX and DIG release from PDDs and CPDDs were measured
by dialysis method at 37 �C in PBS with 30% ethanol. In brief, the
dialysis tubes (MWCO Z 3.5 kDa) containing 1 mL PDDs or
CPDDs were immersed into 30 mL PBS and shaken at 100 rpm.
1 mL medium was taken out and replaced with 1 mL fresh me-
dium at the pre-determined time point. Then, drug concentration
was determined using HPLC analysis.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2.5. Cell culture and animals

Mouse macrophage RAW264.7 cells and 4T1 mouse breast car-
cinoma cells were cultured with RPMI 1640 medium supple-
mented with streptomycin (100 mg/mL), penicillin (100 units/mL)
and 10% FBS. Mouse fibroblast 3T3 cells were maintained in
DME/F12 as described above. All cells were incubated in a hu-
midified atmosphere of 5% CO2 at 37

�C.
All experimental procedures were executed according to the

protocols approved by Shenyang Pharmaceutical University Ani-
mal Care and Use Committee, Shenyang, China.

2.6. Western blotting for membrane proteins in CM, CPDos,
CPDis, CPDDs

Proteins were quantified using the BCA Protein Assay Kit
(Dingguo, China), and then the same amount of protein samples
were added to SDS-PAGE to separate proteins, followed by
Coomassie blue staining. The proteins were transferred to PVDF
membrane (Bio-Rad, USA), blocked with 5% skim milk for 1 h
and incubated with the primary antibodies and followed by the
secondary antibodies for 1 h at room temperature before imaging
with ECL Western Blotting Substrate (Solarbio, China).

2.7. Cytotoxicity assays

The MTT method was used to determine the cytotoxicity of
PDDs, CPDos, CPDis and CPDDs against 4T1 cells. A 96-well
plate was seeded 2000 cells per well for 12 h, and serial dilutions
of different formulations were added. After 48 h, 20 mL MTT
solution (5 mg/mL in distilled water) was added at 37 �C for 4 h.
Afterwards, the medium was discarded and replaced with 150 mL
DMSO. The absorbance was measured at 570 nm.

2.8. In vitro targeting and macrophages phagocytosis

4T1, 3T3, and RAW264.7 cells (5 � 104 cells) were seeded in a
12-well plate for 12 h. PDDs and CPDDs (DOX 5 mg/mL, DIG
1 mg/mL) were then added to the cells for 4 h. Subsequently, the
culture medium was discarded, and the cells were washed, fixed,
and stained with Hoechst 33342 for 10 min. DOX fluorescence
signals were collected by a confocal laser scanning microscope
(CLSM, Nikon C2, Japan) and quantified by FACSCalibur flow
cytometry.

2.9. Cell migration and invasion assays

Transwell assays were utilized to assess the inhibition of CPDDs
on the migration and invasion activities. For the migration assays,
100 mL FBS-free RPMI 1640 media (2 � 105 4T1 cells) were
added to the top chambers of inserts. For the invasion assays, the
upper chambers of inserts were pre-coated with 20 mL Matrigel
matrix (BD, USA), and added 100 mL of 2 � 105 4T1 cells in
FBS-free media. Then, the RPMI-1640 medium containing 10%
FBS was added to the lower chamber. The cells were treated with
CPDDs, CPDos, CPDis, PDDs and DD (DOX 1 mg/mL, DIG
0.2 mg/mL) for 24 h. The migrated or invaded cells through the
Transwells were stained with violet crystal and counted to
calculate the inhibitory rate. The cells without any treatment
served as the control.
2.10. Mechanism study of metastasis

Ca2þ changes were detected via Fluo-4 AM. 4T1 cells were
treated with CPDos, CPDis or CPDDs. The cells were stained with
Fluo-4 AM and MitoRed probe. Ca2þ changes were visualized by
using CLSM (Japan).

Cell clusters size changes were detected after CPDDs incu-
bation. 4 mL 4T1 cells (1 � 105 cells/mL) suspension was seeded
into the flask, then placed on a shaking table concentrator (37 �C,
60 rpm)21. After 2 h, CPDos, CPDis, CPDDs were added for 4 h,
then the cells were washed and fixed. Finally, randomly selected
five fields to be imaged by a microscope at 20 � magnification,
and the mean CTC cluster size in each field was counted.

Western blot analysis was employed to study the changes of N-
cadherin, vimentin and matrix metalloproteinase-9 (MMP9) in
4T1 cells treated with CPDos, CPDis and CPDDs. Subsequently,
the changes in the concentration of N-cadherin, vimentin and
MMP9 in the above cell lysates were analyzed.

2.11. Mechanism study of cell apoptosis

Western blot analysis was employed to study the changes of
caspase-3, cytochrome c and BCL-2. The changes of cleaved
caspase-3, cytochrome c and BCL-2 in the cell lysates were
analyzed.

Mitochondrial membrane potential changes were detected by
JC-1 kit. The 4T1 cells were seeded in a 12-well plate and
cultured for 12 h. The cells were treated with CPDos, CPDis and
CPDDs. After incubation, cells were stained for 30 min. Mito-
chondrial membrane potential changes were observed using
CLSM.

2.12. Studies on 4T1 orthotopic breast tumor models

The 4T1 orthotopic breast tumor model was used to evaluate the
biological distribution of CPDDs. 50 mL PBS containing 4T1 cells
(1 � 106 cells) were injected into the left side of the fourth fat pad
of female BALB/c mice. When the tumor reached approximately
200 mm3, 100 mL DiR-loaded PDDs and CPDDs (DiR 1 mg/kg)
were intravenously injected. NIRF images in vivo were acquired
by the IVIS system at 0.5, 2, 6, 12, and 24 h after injection. After
12 h injection, major organs and tumors were collected for
analysis.

50 mL PBS containing 4T1 cells (1� 106 cells) were inoculated
to the left of the fourth fat pad of female BALB/c mice. After 10
days, the average tumor volume reached about 75 mm3. Mice were
randomly divided into six groups: control (saline), CPDDs, CPDos,
CPDis, PDDs and DD. These preparations were intravenously
administered every other day (DOX 2 mg/kg, DIG 0.4 mg/kg)
for a total of four injections. Tumor volume and weight were
measured daily. At the end of 15 treatment days, all mice were
sacrificed. Blood was then collected for measurement of liver and
kidney function markers and the whole lungs were stained by
Bouin’s. Major organs and tumors were isolated, weighed and
sectioned for hematoxylin and eosin (H&E) staining and TUNEL
immunofluorescence staining.

2.13. Studies on lymphatic metastasis model

The foot soles of 4T1 tumor-bearing model were used to evaluate
the ability of CPDDs to track CTC clusters from the lymphatic
circulation. As mentioned in the previous report, 20 mL PBS



Figure 1 Schematic illustration of cancer-specific calcium nanoregulator for enhancing anti-metastasis combinational chemotherapy by tar-

geting the homologous tumor cells, restraining the EMT, dissociating and depleting CTC clusters. CTC, circulating tumor cell; CPDDs, cancer

membrane-coated digoxin and doxorubicin co-encapsulated PLGA nanoparticles; DIG, digoxin; DOX, doxorubicin; EMT,

epithelialemesenchymal transition.
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containing 4T1 cells (1 � 106 cells) were injected into the left
hind foot soles of female BALB/c mice22. When the tumor
reached about 200 mm3, 50 mL DiR-loaded PDDs and CPDDs
(DiR 1 mg/kg) were intratumorally injected. NIRF images in vivo
were acquired by the IVIS system at 20 min, 1, 2, 6 and 12 h after
injection.

The foot soles of 4T1 tumor-bearing models were used to
evaluate the lymphatic anti-metastasis effects of CPDDs in vivo.
20 mL PBS containing 4T1 cells (1 � 106 cells) were inoculated to
the left hind foot soles of female BALB/c mice. After 10 days, the
average tumor reached approximately 75 mm3. Mice were
randomly divided into six groups: saline, CPDDs, CPDos, CPDis,
PDDs and DD. These preparations were intratumorally adminis-
tered every other day (DOX 2 mg/kg, DIG 0.4 mg/kg) for a total
of four injections. Weight was measured daily. After 14 treatment
days, all mice were killed. The whole lungs were stained and the
lymph node volume was measured. Liver and lung were isolated
and sectioned for H&E staining.

2.14. Studies on CTC clusters metastasis model

Luc-4T1 cell clusters were intravenously injected into the BALB/c
mice, which were randomly divided into two groups. 100 mL DiR-
loaded PDDs and CPDDs were intravenously injected, respec-
tively. Ex vivo images of main organs at 12 h were acquired by the
IVIS system. Additionally, lung metastasis luminescent signals
were monitored by luminescent signals.

4T1 cell clusters (2 � 105 cells) were intravenously injected
into the BALB/c mice (18e22 g), and randomly divided into six
groups. At 2 h and Days 2, 4, 6 after the inoculation, saline,
CPDDs, CPDos, CPDis, PDDs and DD (DOX 2 mg/kg, DIG
0.4 mg/kg) were respectively injected to these animals. On Day
14, mice were sacrificed and lungs were stained with Bouin’s.
Liver and lung of different groups were isolated and sectioned for
H&E staining.

2.15. Statistical analysis

The mean � SD were calculated for all data. Significant differ-
ences were analyzed by Student’s t-test (*P < 0.05, **P < 0.01,
***P < 0.001 and ****P < 0.0001).

3. Results and discussion

3.1. Design, preparation and characterization of CPDDs

PLGA nanoparticles co-encapsulating DIG and DOX were pre-
pared by an emulsion solvent evaporation method, named as
PDDs16. Then, CM derived from 4T1 breast cancer cell mem-
branes was obtained, and co-extruded with PDDs to obtain
CPDDs (Fig. 1). Besides, CM-coated PLGA nanoparticles
encapsulating DOX- or DIG-single were also prepared as the
control, named as CPDos and CPDis respectively. We firstly
investigated the anti-metastatic capacity of CPDDs with different
DOX/DIG ratios using CTC clusters metastasis model. It was
found that the DOX/DIG ratio of 5:1 exhibited the best anti-
metastatic effect, and this ratio was used for subsequent studies
(Supporting Information Fig. S1). PDDs and CPDDs had regular
spherical shapes (Fig. 2A). Compared with PDDs, the zeta po-
tential of CPDDs decreased from �4 to �18 mV, and the average
particle size increased by about 40 nm (Fig. 2B). These results
indicated the PDDs were successfully coated with CM. The



Figure 2 Characteristics of cancer-biomimetic nanoparticles. (A) TEM images of PDDs, CPDos, CPDis and CPDDs. Scale bar Z 200 nm. (B)

Hydrodynamic diameter and zeta potential of PDDs, CPDos, CPDis and CPDDs. (C) SDS-PAGE protein analysis of CM, CPDos, CPDis and

CPDDs. (D) Western blotting of CM, CPDos, CPDis and CPDDs. Pan-cadherin was used as a control. (E) Drug release of DIG and DOX from

PDDs and CPDDs. (F) Intracellular uptake of CPDDs in 4T1, 3T3 and RAW264.7 cells. Scale bar: 20 mm. (G) DOX fluorescence intensity

measured by flow cytometry. (H) In vitro cytotoxicity against 4T1 cells with different concentrations. Data are presented as mean � SD (n Z 3);

*P < 0.05, **P < 0.01, ns, not significant.
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encapsulation efficiencies of DOX and DIG in CPDDs were
84.9% and 31.6%, respectively.

According to previous reports, SDS-PAGE and Western blotting
assay were performed to verify the expression of CPDDs membrane
proteins17,23. SDS-PAGEresults showedgoodpreservation of theCM
proteins in the protein profile of CPDDs in Fig. 2C. Five unique
membrane proteins including CD44, CD326, CD47, TF-antigen and
E-cadherin, were confirmed, because they all play vital roles during
the tumor metastasis process. TF-antigen and E-cadherin are related
to the adhesion abilities in the process of colonization of metastasis,
and also affect the homologous interactions among tumor cells24,25.
CD44 and CD326 play key roles in the adhesion of CTC clusters to
metastasis26,27. CD47 is related to tumor invasion and decreased
uptake by macrophages28. As shown in Fig. 2D, they were all well-
preserved on the cancer-biomimetic nanoparticles, indicating that
CPDDs could precisely target homologous tumor cells and escape
macrophage phagocytosis.

Fig. 2E showed that drug release from PDDs was slightly
delayed by coating with CM. Less than 40% and 45% of DOX and
DIG were released from CPDDs, while over 45% and 50% of
DOX and DIG were released from PDDs within 24 h, respectively.
This may be due to the outer membrane acting as a diffusion
barrier to prevent drug release.
3.2. Cellular uptake and cytotoxicity

To verify the homologous targeting capabilities of CPDDs, the
intracellular uptake of CPDDs was studied in 4T1 and 3T3 cells.
As depicted in Fig. 2F, the intensity of PDDs in 4T1 cells was
notably lower than CPDDs, indicating the coating of homolo-
gous cytomembranes could improve the cellular uptake effi-
ciency. Moreover, the fluorescence intensity of CPDDs in 4T1
cells was 2.6-fold higher than that in 3T3 cells in Fig. 2G,
implying that the cancer-biomimetic nanoparticles had the se-
lective affinity for homologous cancer cells as observed in other
reports29e31. Furthermore, we investigated the escaping ability
of CPDDs and PDDs from macrophage phagocytosis. The
fluorescence signal of PDDs in RAW264.7 was 1.8-fold higher
than that of CPDDs (Fig. 2G), indicating that CPDDs could
effectively inhibit macrophage phagocytosis. Subsequently, the
cytotoxicity of different groups was evaluated by MTT assay.
The IC50 value of CPDDs was 0.74 mg/mL (DOX dose) and the
combination index (CI) was 0.69 in 48 h, suggesting that CPDDs
had good synergistic effect (Fig. 2H). Besides, the IC50 value of
CPDDs was 8-fold lower than that of PDDs, resulting from the
higher intracellular uptake of CPDDs in 4T1 cells than that of
PDDs.



Figure 3 Inhibition of CPDDs on the 4T1 cells migration and invasion. (A) Photographs of migrating or invading cells across the Transwell

membrane. Migrating or invading cells were represented in the captured images as violet regions. Scale bar Z 50 mm. (B) The percentage of

migrating cells compared to the control. (C) The percentage of invading cells compared to the control. Data are presented as mean � SD (nZ 3);

**P < 0.01, ***P < 0.001.

Figure 4 Mechanism study of metastasis and cell apoptosis. (A) Intracellular Ca2þ changes after treatment with CPDos, CPDis and CPDDs in

4T1 cells. Scale bar: 5 mm. (B) The mean CTC clusters size with different groups (n Z 5). 4T1 cell clusters that were 40 mm filtered (orange) or

untreated (blue) are depicted as controls. (C) Western blot assays of N-cardherin, vimentin and MMP9. Actin was used as a control. (D) Western

blot of BCL-2, cleaved caspase-3, and cytochrome c. Actin was used as a control. (E) Changes in mitochondria membrane potential of 4T1 cells

by JC-1 staining. Scale bar Z 50 mm.

Cancer-specific calcium nanoregulator for enhanced anti-metastasis combinational chemotherapy 3267
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3.3. Inhibition of CPDDs on the migration and invasion
activities

The inhibition of DD (free DOX and DIG solution), PDDs, CPDis,
CPDos and CPDDs on 4T1 cells migration and invasion were
determined by Transwell assays. Cell migration and invasion are
two basic steps in the process of cancer metastasis32,33. Migrating
or invading cells were represented in the captured images as violet
regions. Migrating or invading cells were widely detected in the
control group, suggesting that 4T1 cells had high metastatic ac-
tivity. Similarly, CPDos showed a limited inhibitory effect, while
CPDDs inhibited the migration and invasion to the maximum
extent (Fig. 3A). In comparison with the control, the migrating
cells of the CPDDs were reduced by 98.2% (Fig. 3B), while the
invading cells across the Matrigel-coated membrane were signif-
icantly reduced by 97.9% (Fig. 3C). Therefore, CPDDs could
Figure 5 In vivo anti-tumor and anti-metastasis effects of CPDDs on 4

imaging at 0.5, 2, 6, 12 and 24 h after injection with PDDs and CPDDs. Bla

and (C) Fluorescent intensities analysis of normal tissues and tumors after

(F) Quantitative analysis of pulmonary metastatic nodules. (G) Photograp

slices after treatment. Black circles show metastatic sites. Black arrows

staining of tumor tissues. Scale bar Z 50 mm. Data are presented as mea
remarkably suppress the migration and invasion activity, indi-
cating great potential for anti-metastasis efficacy.

3.4. Mechanism study of metastasis and cell apoptosis

To clarify the anti-metastasis mechanism, the expression of crucial
molecules related to tumor metastasis and the effects of CPDDs on
Ca2þ levels were investigated. Previous studies had clearly
demonstrated the ability of Naþ/Kþ-ATPase inhibitor to disag-
gregate CTC clusters by regulating Ca2þ concentration10. As
depicted in Fig. 4A and B, CPDis and CPDDs significantly
increased the intracellular Ca2þ to disaggregate tumor cell clus-
ters. From a high-magnification Bio-TEM image (Supporting In-
formation Fig. S2), CPDDs could restrain cellecell junctions.
Meanwhile, DIG also could inhibit the EMT by down-regulating
N-cadherin, vimentin and matrix metalloproteinase-9 (MMP9),
T1 orthotopic breast tumor-bearing models. (A) In vivo fluorescence

ck circles demonstrate tumor tissues. (B) In vitro fluorescence imaging

12 h injection. (D) Tumor-growth profiles. (E) Body weight changes.

hs of Bouin’s staining for lungs and H&E staining for lung and liver

demonstrate metastatic nodules. Scale bar Z 200 mm. (H) TUNEL

n � SD (n Z 5); **P < 0.01, ****P < 0.0001.



Figure 6 In vivo anti-metastasis treatment on lymphatic and CTC clusters metastasis model. (A) In vivo fluorescence imaging at 20 min, 1, 2, 6

and 12 h after intratumoral injection with PDDs and CPDDs. (B) Volume of lymph node. (C) Quantitative analysis of pulmonary metastatic

nodules on CTC clusters metastasis model. (D) Photos of Bouin’s staining for lungs and H&E staining for lung and liver slices after treatment on

CTC clusters metastasis model. Black circles show the metastatic sites. Black arrows demonstrate metastatic nodules. Scale bar Z 200 mm. Data

are presented as mean � SD (n Z 5); *P < 0.05, ***P < 0.001.
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thereby suppressing cancer migration and invasion34e36.
Compared with the control, CPDis and CPDDs suppressed EMT
by down-regulating N-cadherin, vimentin and MMP9 (Fig. 4C),
further confirming that DIG had a good anti-metastasis effect.
Therefore, CPDDs could inhibit tumor metastasis both from the
generation and circulation of CTC clusters.

Besides, it showed that a large amount of Ca2þ flowed into
mitochondria (Fig. 4A). Therefore, we further investigated the
effect of CPDDs on the mitochondrial Ca2þ homeostasis-related
apoptosis. Mitochondrial membrane potential changes were
measured by JC-1 kit. The cells exhibited almost red fluorescence
in the control, indicating a relatively high mitochondrial mem-
brane potential. As depicted in Fig. 4E, more green fluorescence
was shown in the CPDDs, indicating that CPDDs could induce the
unbalance of mitochondrial Ca2þ homeostasis. Subsequently, the
effects of CPDDs on BCL-2, caspase-3 and cytochrome c were
explored by Western blotting. The inhibition of BCL-2 induced
cytochrome c release from the mitochondria in the process of
triggering cell apoptosis by caspase-3 activation37. Caspase-3 was
obviously activated, BCL-2 was down-regulated and the expres-
sion of cytochrome c increased in CPDDs group, suggesting the
initiation of mitochondria-mediated apoptosis pathway (Fig. 4D).
3.5. Studies on 4T1 orthotopic breast tumor-bearing models

To investigate whether the CPDDs could specifically target tumor,
DiR-loaded PDDs and CPDDs were injected into 4T1 orthotopic
breast tumor-bearing mice via tail vein, respectively. Lung
metastasis was confirmed by Bouin’s staining (Supporting Infor-
mation Fig. S3). The fluorescence signals of CPDDs in lung and
tumor tissue were 2.0- and 1.9-fold higher than PDDs, respec-
tively (Fig. 5B and C). The tumor fluorescence intensity was
increased until 12 h after injection (Fig. 5A). Meanwhile, the
ex vivo bioluminescent images confirmed the successful modeling
of lung metastasis (Supporting Information Fig. S7A) and the
ex vivo fluorescent images demonstrated that CPDDs have
significantly higher lung metastasis-targeting effect than PDDs at
12 h after administration in CTC clusters metastasis model
(Fig. S7B). It revealed that CPDDs had excellent active targeting
ability to lung metastasis and tumor.

The anti-tumor and anti-metastasis effects were further eval-
uated in 4T1 orthotopic breast tumor-bearing mice. The tumor
volume increased significantly from the initial w75ew970 mm3

in the control group. Compared with the control, CPDDs signifi-
cantly mitigated rapid tumor growth, while both CPDos and
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CPDis showed partial inhibitory effects (Fig. 5D). Moreover, the
severest tumor apoptosis in TUNEL staining tumor sections was
observed in CPDDs group (Fig. 5H), indicating the CPDDs
exhibited the highest anti-tumor growth efficacy. Meanwhile, all
groups had no significant systemic toxicity in terms of H&E
staining sections, body weight, liver and kidney function (Fig. 5E,
Supporting Information Figs. S4 and S5).

To verify the anti-metastasis effect of CPDDs, H&E staining
sections and Bouin’s staining of the entire lung tissue were
examined. In comparison with the control, the number of meta-
static nodules in the CPDos was slightly reduced, but significantly
decreased in the CPDis, indicating that DIG played a key role in
anti-metastasis. Surprisingly, treatment with CPDDs further
inhibited metastasis, with only 14.7% of the number of metastatic
nodules in the control (Fig. 5F and G). Altogether, CPDDs could
effectively suppress the growth and metastasis of 4T1 primary
tumor.

3.6. Studies on the lymphatic and CTC clusters metastasis
models

We finally examined whether the CPDDs could target CTC
clusters in the lymphatic and CTC clusters metastasis models. The
foot soles of 4T1 tumor-bearing models were used to evaluate the
ability of CPDDs to track CTC clusters from the lymphatic cir-
culation, with PDDs as a negative control. Compared with PDDs
after injection, CPDDs moved to adjacent sentinel lymph node 1 h
later, and spread to the next level of subiliac lymph node 2 h later
(Fig. 6A), revealing that CPDDs could penetrate deeper into the
lymph nodes to track CTC clusters. Furthermore, the sentinel
lymph node volume of the control group (saline) was larger than
that of the CPDDs group. CPDDs group also showed much
smaller lymph node volume than CPDos and CPDis (Fig. 6B).
Simultaneously, as shown in H&E staining and Bouin’s staining of
liver and lung sections, there were no significant metastasis in the
liver and lung of mice after treatment with CPDDs (Supporting
Information Fig. S6), implying CPDDs could penetrate into distal
lymph nodes, disaggregate and eliminate CTC clusters in the
lymphatic circulation. Then, we evaluated the capability of
CPDDs to target CTC clusters in blood circulation by CTC
clusters metastasis model. Many CTC clusters metastasized to
different organs, especially the lungs38. A large number of meta-
static nodules were observed in the control group. The relative
metastatic nodules of the CPDos, CPDis and CPDDs groups were
61.5%, 18.7% and 2.5% of the control group, respectively
(Fig. 6C and D). The results showed that CPDDs have great po-
tential to inhibit CTC clusters in the blood and lymphatic
circulation.
4. Conclusions

In this study, we successfully developed cancer-specific calcium
nanoregulators for anti-metastasis treatment via modulation of
cellecell interactions. CPDDs had homologous targeting effect,
and specifically recognized orthotopic tumor and CTC clusters in
the blood and lymphatic circulation. Simultaneously, CPDDs
could accumulate intracellular Ca2þ, effectively disaggregating
CTC clusters and inducing mitochondrial-mediated apoptosis
pathway, and inhibit the EMT phenomenon, all of which resulted
in suppression of the generation and circulation of CTC clusters.
Thus, CPDDs showed a significant anti-tumor and anti-metastasis
efficacy, not only in the orthotopic tumor models, but also in the
lymphatic and CTC clusters metastasis models. Our findings
provide novel insights into anti-metastasis combinational
chemotherapy.
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