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ABSTRACT: Metastasis is the main cause of death in people with cancer. Early diagnosis and targeted therapy for metastasis is 

crucial for the survival of the cancer patients. However, metastasis is hard to trace for its small size, dispersed distribution and un-

vascularized anatomy. Here we report a biomimetic persistent luminescent nanoplatform for non-invasive high-sensitive diagnosis 

and 808 nm laser controlled photodynamics assisted chemotherapy of metastasis. The nanoplatform is composed of a photosensitiz-

er functionalized persistent luminescent nanoparticle core, a doxorubicin loaded hollow silica interlayer and a cancer cell membrane 

shell for effective metastasis theranostic. The cancer cell membrane shell prevents drug leakage and endows the nanoplatform with 

targeting ability to metastasis. The re-activatable persistent luminescence of persistent luminescent nanoparticles not only enables 

long term in vivo metastasis tracking, but also provides internal light source for singlet oxygen generation to kill cancer cells and 

further break the membrane shell for drug release. This work provides a promising strategy to develop persistent luminescence im-

aging guided theranostic nanoplatforms for early metastasis. 

Metastases are the products of tumor development that in-

volves dissemination of cancer cells to anatomically distant 

organ sites and subsequent adaptation to foreign tissue micro-

environments.
1
 Despite advanced and mature surgical resec-

tions can cure well confined primary tumors, metastasis is still 

hard-to-treat for its systemic nature.
2
 As over 90% of cancer 

patients died from metastases rather than primary tumors, spe-

cific diagnosis and targeted therapy for metastasis is of urgent 

need.
1-3

 Although a few excellent works on metastases therapy 

have been reported,
4-8

 integrated precise diagnosis and control-

lable therapy for metastases has not been realized yet. 

Optical imaging offers great advantages in disease diagnosis 

due to its high sensitivity, non-invasion and cost-effective 

nature.
9-11

 However, traditional optical imaging probes are not 

suitable for metastasis imaging because the true signals of 

metastasis are scattered and weak, and easily masked by the 

autofluorescence background under real-time excitation due to 

their tiny size and distant desperation.
2,3

 Persistent luminescent 

nanoparticles (PLNPs) are unique optical materials with long-

lasting luminescence after stopping excitation. Such unique 

luminescent nature permits optical detection without external 

illumination to avoid tissue autofluorescence from in situ exci-

tation.
12-16

 Besides, PLNPs with NIR emission have additional 

advantages of deep penetration and persistent luminescent 

renewability by NIR light for bioimaging, long-term in vivo 

tracing and internal light induced photodynamic therapy,
17-21

 

being ideal materials to build theranostic nanoplatforms for 

metastases. 

Nanoparticles based theranostic platforms have been widely 

used in primary tumor therapy based on vascularization de-

pendent enhanced permeability and retention (EPR) effect.
22

 

However, the unvascularized metastasis largely inhibits the 

ERP induced passive targeting effects of the nanoparticles.
2
 

Furthermore, conventional active targeting ligands such as 

antibodies, peptides and aptamers
23

 give limited specificity 

and binding affinity to metastases.
6
 Consequently, new target-

ing protocols for metastases are of urgent need. Nowadays, 

biomimetic membrane based delivery systems have attracted 

much attention due to their excellent bio-stability and little 

drug-leak in physiological conditions.
5, 6, 24-27

 The homotypic 

attachment effect of cancer cells provides inspirations to build 

biomimetic membrane based systems with cancer cell mem-

brane for metastases targeting.
4, 5, 28 

Herein, we report a biomimetic persistent luminescent na-

noplatform for autofluorescence-free tracking and 808 nm 

laser controlled chemophotodynamic therapy of metastasis. 

The nanoplatform consists of a silicon phthalocyanine (Si-Pc) 

functionalized PLNPs core (SPLNPs), a doxorubicin (DOX) 

loaded hollow silica interlayer (hSiO2) and a cancer cell mem-

brane (CCM) shell. The hSiO2 endows the nanoplatform with 

Page 1 of 9

ACS Paragon Plus Environment

Analytical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



2 

 

high drug loading capacity. The CCM shell not only inhibits 

premature drug leakage during blood circulation, but also 

gives prominent targeting ability for metastases. The renewa-

ble NIR afterglow of PLNPs enables long term autofluores-

cence-free metastases tracking and provides internal light 

source for singlet oxygen (
1
O2) generation from Si-Pc. The 

persistent luminescence-induced 
1
O2 can not only accelerate 

the endosomal escape of the nanoplatform for intracellular 

drug release,
29

 but also damage cancer cells to give synergistic 

photodynamics controlled chemophototherapy for metastases. 

This integrated nanoplatform provides guidance for precise 

controllable metastasis theranostics. 

EXPERIMENTAL SECTION 

Preparation of DSPLNPs@hSiO2@CCM. PLNPs 

(Zn1.25Ga1.5Ge0.25O4:0.5%Cr
3+

,2.5%Yb
3+

, 0.25%Er
3+

) were 

synthesized according to our previous work.
18

 For further 

modifications, the acquired PLNPs were hydroxylated with 

NaOH aqueous solution (5 mM) under ultrasonic treatment for 

3 h. To modify PLNPs with silicon Si-Pc, the synthesized 

PLNPs was firstly functionalized with γ-

aminopropyltriethoxysilane (APTES) via a condensation reac-

tion of APTES with the surface hydroxyl groups of the 

PLNPs. Then, the photosensitizer Si-Pc was covalently linked 

to the surface of PLNPs-NH2 via a reaction between the NH2 

groups on the surface of the PLNPs and Cl atoms in the Si-Pc 

molecules.
19

 20 mg hydroxylated PLNPs was dispersed in 

DMF (8 mL) under sonication, to which APTES (80 µL) was 

added under stirring at 80 °C for 24 h. The resulting particles 

were collected by centrifugation, and washed with DMF and 

ethanol absolute sequentially to remove the unreacted APTES. 

The NH2-PLNPs were dried under vacuum overnight. Thus, 

NH2-PLNPs were obtained. To conjugate Si-Pc to NH2-

PLNPs, 200 µg mL
-1

 of Si-Pc (5 mL) was mixed with NH2-

PLNPs by sonication. Subsequently, the mixture was gently 

stirred at room temperature in the dark for 30 h. Finally, the 

resulting complex were centrifuged and washed with ethanol 

to remove the excess Si-Pc to acquire Si-Pc conjugated PLNPs 

(SPLNPs). 

Hollow silica coated SPLNPs (SPLNPs@hSiO2) were syn-

thesized with micro-emulsion method.
30

 2 mg of synthesized 

SPLNPs was dispersed in 2.1 mL H2O. The SPLNPs aqueous 

dispersion, 29.65 g of cyclohexane, 10 g of Triton X-100 and 

8 mL of hexanol were mixed at room temperature. Then, 

TEOS was added to the mixture. Two hours later, 500 µL of 

aqueous ammonia (28~30 wt %) was introduced to initiate the 

hydrolysis of tetraethylorthosilicate (TEOS). After 6 h, 200 µL 

of ethanolic solution of APTS was added and stirred continu-

ously for 24 h. The reaction temperature was kept at 20 
o
C. 

After the reaction, ethanol was added to destabilize the micro-

emulsion system. The synthesized nanoparticles were isolated 

via centrifugation and washed with ethanol. At last, the prod-

uct was soaked in water for 7 days to form the hollow spheres 

in SPLNPs@hSiO2. The acquired complex was lyophilized to 

get dry SPLNPs@hSiO2 

To load SPLNPs@hSiO2 with DOX, 20 mg prepared 

SPLNPs@hSiO2 was dispersed in 25 mL DOX aqueous solu-

tion (0.08 mg mL
-1

) for 24 h under magnetic stirring at room 

temperature. The final mixture was centrifuged and washed 

with PBS to remove the residual free DOX to acquire DOX 

loaded SPLNPs@hSiO2 (DSPLNPs@hSiO2). The supernatants 

were collected for UV-vis spectrophotometer to determine the 

loading and encapsulation efficiency of DOX. 

The 4T1 cell membrane vesicles (CCM) were prepared ac-

cording to a published method.
4
 The 4T1 cells were harvested 

and treated with the Tris buffer (pH = 7.4) at 4 °C for 1 h, 

homogenized and centrifuged at 500 × g for 10 min to remove 

the intracellular contents. Then, the supernatants were centri-

fuged at 10,000 × g for 10 min and 100,000 × g for 1 h to get 

the cell pellets. The received pellets were washed with PBS, 

sonicated for 5 s using an ultrasonicator and extruded through 

400 nm polycarbonate membranes for 4 times to obtain CCM. 

To coat SPLNPs@hSiO2 with CCM, the mixture of pre-

pared SPLNPs@hSiO2 and CCM were extruded through a 200 

nm polycarbonate membranes for 4 cycles to give 

SPLNPs@hSiO2@CCM. Similarly, to coat DSPLNPs@hSiO2 

with CCM, the mixture of prepared DSPLNPs@hSiO2 and 

CCM were extruded through a 200 nm polycarbonate mem-

branes for 4 cycles to obtain DSPLNPs@hSiO2@CCM. To 

prepare UV light pre-irradiated DSPLNPs@hSiO2@CCM, the 

prepared DSPLNPs@hSiO2 was irradiated with 254 nm UV 

lamp for 10 min. The pre-excited DSPLNPs@hSiO2 was then 

mixed with prepared CCM at 15 min post the cease of UV 

irradiation. The mixture of prepared DSPLNPs@hSiO2 and 

CCM were extruded through a 200 nm polycarbonate mem-

branes for 4 cycles to give UV light pre-irradiated 

DSPLNPs@hSiO2@CCM. The UV light pre-irradiated 

SPLNPs@hSiO2@CCM was synthesized in the same way. 

Cell Culture and Animals. 4T1 cells were obtained from 

cell bank of Shanghai, Chinese Academy of Sciences. 4T1 

cells were cultured and then expanded in a 10 cm
2
 plate in the 

RPMI 1640 medium (Gibico, USA) supplemented with 10% 

fetal bovine serum and 100 U mL
−1

 of penicillin–

streptomycin, 2.5 g L
-1

 glucose and 0.11 g L
-1

 sodium pyruvate 

at 37 °C in 5% CO2. 

Female Balb/c nude mice (4 week old, 18–22 g) were pur-

chased from HFK Bioscience Co. (Beijing, China). The ortho-

topic 4T1 tumor model was established by subcutaneous injec-

tion of 4T1 cells into the mammary fat pad of female Balb/c 

mice. 4T1 cells were collected by trypsinization, washed and 

resuspended in PBS (5 × 10
5
 cells in PBS). The cells were 

injected stereotactically to the second mammary fat pad on the 

left side of the mice. The mice were anesthetized with intra-

peritoneally administered pentobarbital in all animal proce-

dures. All experiments for animals were performed under the 

instructions of the Tianjin Committee of Use and Care of La-

boratory Animals.  

In Vivo Background Free Metastasis Tracing. In vivo 

bioimaging and distribution of DSPLNPs@hSiO2, 

DSPLNPs@hSiO2@LP and DSPLNPs@hSiO2@CCM were 

determined in the orthotopic breast tumor model. The 

orthotopic 4T1 tumor model was established by subcutaneous 

injection of 6 × 10
5
 4T1 cells into the second mammary fat pat 

of female Balb/c mice. After two weeks, the nude mice were 

randomly separated to three groups (3 mice in each group) and 

injected intravenously with 0.04 mg g
-1

 of UV light pre-

irradiated DSPLNPs@hSiO2@CCM, DSPLNPs@hSiO2@LP 

or UV light pre-irradiated DSPLNPs@hSiO2 (To prepare UV 

light pre-irradiated nanomaterials, the DSPLNPs@hSiO2 was 

irradiated with 254 nm UV lamp for 10 min and separated into 

three groups. One group was coated with CCM at 15 min post 
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the cease of UV irradiation to give UV light pre-irradiated 

DSPLNPs@hSiO2@CCM, one group was coated with lipsome 

at 15 min post the cease of UV irradiation to give UV light 

pre-irradiated DSPLNPs@hSiO2@LP while the other group 

without any modifications was UV light pre-irradiated 

DSPLNPs@hSiO2. The interval between the cease of UV 

irradiation and the intravenous injection was 20 min in all the 

tested groups). The mice were laid on their backs for in vivo 

bioluminescence signal acquisition. All luminescence images 

were taken on IVIS imaging system 1, 4, 8 and 24 h post 

injection. The mice were excited with the LED light (650 ± 10 

nm 2000 lm) for 2 min to re-activate the persistent 

luminescence of DSPLNPs@hSiO2@CCM at 8 h post 

injection. The bioluminescence acquisition time was set to 90 

s, without any excitation and emission filters and excitation 

source.  

To further investigate the ex vivo biodistribution of 

nanoparticles, the nude mice were randomly separated to three 

groups and injected intravenously (i.v.) with 0.04 mg g
-1

 of 

UV light pre-irradiated DSPLNPs@hSiO2@CCM, 

DSPLNPs@hSiO2@LP or UV light pre-irradiated 

DSPLNPs@hSiO2. The mice were sacrificed at 1, 4, 8 and 24 

h post injection for organ collection. The main organs (i.e. 

heart, liver, spleen, lung, kidney and tumor) were collected for 

luminescence imaging. After the imaging, the collected organs 

were digested in aqua regia for one week. The resulting 

solution was filtered and diluted. The content of PLNPs in the 

above solution was determined by ICP-MS for monitoring the 

biodistribution of the nanoplatforms. 

 

Scheme 1. Synthesis and application of 

DSPLNPs@hSiO2@CCM. (a) Schematic representation of the 

design strategy and synthesis route. (b) In vivo background-free 

metastases imaging and 808 nm laser induced chemophotothera-

py. 

RESULTS AND DISCUSSION 

Preparation and Characterization of 

DSPLNPs@hSiO2@CCM. The design and preparation of the 

biomimetic nanoplatform for non-invasive diagnosis and tar-

geted therapy of metastasis is illustrated in Scheme 1a. Ultra-

bright monodispersed triple-doped zinc gallogermanate 

PLNPs (ZGGO:Cr
3+

,Yb
3+

,Er
3+

) was prepared as the core of the 

nanoplatform based on our previous work due to its super-long 

and re-activatable (by red LED light or 808 nm laser) NIR 

persistent luminescence.
18

 The photosensitizer Si-Pc was then 

functionalized on to the PLNPs to endow the nanoplatform 

with photodynamic therapeutic ability.
19

 Hollow silica shell 

(hSiO2) was coated on the Si-Pc functionalized PLNPs 

(SPLNPs) via micro-emulsion method
30

 for high dose drug 

loading
31

 and CCM supporting. The prepared hollow silica 

coated SPLNPs (SPLNPs@hSiO2) was loaded with DOX 

(DSPLNPs@hSiO2) to get tumor killing activity.
4
 Finally, to 

inhibit premature drug leakage during blood circulation, im-

prove the biocompatibility, prolong the blood-circulation time 

and achieve the active metastatic tumor-targeting ability, the 

DSPLNPs@hSiO2 was encapsulated with the CCM extracted 

from highly metastatic 4T1 mammary cells via extruding
6
 to 

get DSPLNPs@hSiO2@CCM. 

 

Figure 1. Characterization of SPLNPs@hSiO2@CCM. (a) TEM 

images: (I) SPLNPs@hSiO2 (scale bare 100 nm); (II,V) 

SPLNPs@hSiO2@CCM (scale bar 50 and 20 nm respectively); 

(III) CCM (scale bar 50 nm); (IV) lattice structure of PLNPs 

(scale bar 5 nm). (b) Hydrodynamic diameters of PLNPs, 

SPLNPs, SPLNPS@hSiO2, CCM and SPLNPs@hSiO2@CCM 

measured by TEM. (c) Zeta potentials of PLNPs, SPLNPs, 

SPLNPS@hSiO2, CCM and SPLNPs@hSiO2@CCM. (d) XRD 

patterns of PLNPs and PLNPs@SiO2. (e) Photoluminescence 

spectra of PLNPs, SPLNPs, SPLNPs@SiO2 and 

SPLNPs@hSiO2@CCM (λex, 254 nm). (f) Persistent lumines-

cence decay curves of PLNPs, SPLNPs, SPLNPs@SiO2 and 

SPLNPs@hSiO2@CCM (0.15 g each), monitored at 695 nm after 

5 min 254 nm UV lamp irradiation. Data are given as mean ± s.d. 

(n = 5). 

The prepared nanoplatform was characterized by transmis-

sion electron microscopy (TEM), Fourier transform infrared 

(FT-IR), Zeta potential analysis, dynamic light scattering, X-

ray powder diffraction (XRD), N2 adsorption and desorption 

test and fluorescence spectroscopy. The PLNPs core has the 

lattice space of 0.269 nm and the hydrodynamic diameter of 

41.3 ± 5.6 nm before surface modification (Figure 1aIV and 

1b). Functionalization with Si-Pc made the hydrodynamic 

diameter and the zeta-potential increase from 47.9 ± 3.6 nm to 

81.3 ± 5.2 nm and from – 25.5 ± 2.0 mV to 18.1 ± 2.6 mV, 

respectively (Figure 1b and 1c). The appearance of the charac-

teristic band for –N=C– at ~1631 nm
-1

 in the FT-IR spectra of 

SPLNPs confirms the successful conjugation of Si-Pc and 

PLNPs (Figure S1).
19

 Coating of hSiO2 on SPLNPs made the 

hydrodynamic diameter increase from 81.3 ± 5.2 nm to 146.5 

± 11.3 nm (Figure 1b), but the Zeta potential decrease from 

18.1 ± 2.6 to 7.6 ± 1.3 mV due to the residual amino group on 
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the surface of the hSiO2 shell (Figure 1c).
32

  The new broad 

peak in the XRD pattern (Figure 1d), the TEM image (Figure 

1aI), and the N2 adsorption and desorption curve (Figure S2) 

of SPLNPs@hSiO2 defined the hollow structure of coated 

hSiO2.
30

 SPLNPs@hSiO2@CCM possessed a monodispersed 

core–shell structure (Figure 1aII) with the hydrodynamic di-

ameter of 176.4 ± 18.7 nm (Table S1, Supporting Information) 

and Zeta potential of -13.7 ± 1.7 mV after CCM encapsulation. 

The encapsulated CCM shell has a thickness of ca. 10 nm 

(Figure 1aIII) and tuned the Zeta-potential from positive (7.6 ± 

1.3 mV) to negative (-13.7 ± 1.7 mV) due to the negative 

charged CCM (-15.52 ± 3.18 mV) (Figure 1c). The minimal 

size increase of SPLNPs@hSiO2@CCM throughout 24 h in 

diverse solutions indicates good colloidal stability of prepared 

persistent luminescent nanoplatform (Figure S3). 

The PLNPs core has a NIR emission peak at 695 nm and 

super-long-lasting afterglow (more than 450 h) after 254 nm 

UV light excitation (Figure 1e; Figure S4). Importantly, the 

photoluminescence and persistent NIR luminescence of the 

PLNPs can be excited and re-activated with red LED and 808 

nm laser irradiation via a photon-assisted excitation process 

(Figure S6-S9),
18,19, 33

 making it suitable for long-term auto-

fluorescence free in vivo metastases imaging and 808 nm laser 

renewable persistent luminescence sensitized photodynamics 

assisted therapy. In a photon-assisted excitation process, the 

luminescence system was located in an intermediate state 

(above ground state, derived from thermal vibration) under 

thermal conditions (room temperature or higher). This inter-

mediate state decreases the needed excitation energy of the 

second-step incident photons to excite the system to the excit-

ed states, which was confirmed by the 808 nm activated pho-

toluminescence (Figure S9). The photoluminescence excita-

tion, emission, afterglow intensity and renewable persistent 

luminescence of SPLNPs, SPLNPs@hSiO2 and 

SPLNPs@hSiO2@CCM do not change obviously in compari-

son with those of PLNPs (Figure 1e, 1f and Figure S5, S8). 

Persistent Generation of
 1
O2 without Continuous Exter-

nal Light Irradiation. The 
1
O2 generation ability of 

SPLNPs@hSiO2@CCM was evaluated by fluorescence 

quenching method with 1,4-diphenyl-2,3-benzofuran 

(DPBF).
19, 34

 The UV pre-excited SPLNPs@hSiO2@CCM had 

neglect effect on the fluorescence of DPBF in the first 15 min 

as the attenuated persistent luminescence of PLNPs was not 

strong enough to excite the conjugated Si-Pc to generate ade-

quate 
1
O2 without in situ excitation. However, significant fluo-

rescence quenching of DPBF occurred only in the presence of 

SPLNPs@hSiO2@CCM along with 200 s irradiation with 808 

nm laser (3.0 W cm
-2

) owing to the re-activated photolumines-

cence and persistent luminescence of the PLNPs (Figure S10), 

confirming 808 nm laser irradiation for 200 s enables the re-

generation of 
1
O2 for photodynamic therapy without continu-

ous in situ activation. 

Persistent Luminescence Induced-Photodynamics As-

sisted Drug Release. The persistent 
1
O2 generation capability 

of SPLNPs@hSiO2@CCM also enables photodynamics as-

sisted drug release for chemotherapy. The DOX loading and 

encapsulation efficiency of DSPLNPs@hSiO2@CCM were 

7.3 ± 0.4 % and 92.6 ± 0.5 %, respectively. The in vitro DOX 

release behavior was evaluated in 1640 medium (Figure S11). 

The DOX release dropped from 47.6 ± 5.5 % 

(DSPLNPs@hSiO2) to 17.5 ± 2.9 % 

(DSPLNPs@hSiO2@CCM) in the first 8 h as the CCM acted 

as a diffusion barrier for drug diffusion. This inhibition of 

drug release by the CCM shell significantly avoids drug leak-

age during blood circulation. 808 nm laser irradiation (3.0 W 

cm
-2

) for 200 s significantly accelerated the DOX release from 

DSPLNPs@hSiO2@CCM to 46.1 ± 4.6 % as the generated 
1
O2 upon 808 nm laser irradiation remarkably disrupt the CCM 

layer of DSPLNPs@hSiO2@CCM for DOX diffusion,
29

 mak-

ing it possible for photodynamics controlled drug release for 

chemotherapy. 

Cellular Internalization and In Vitro 808 nm Laser Con-

trolled Photochemotoxity. The stability of the CCM covered 

SPLNPs@hSiO2@CCM was confirmed firstly by studying the 

cellular uptake of DiO labeled SPLNPs@hSiO2@CCM (the 

CCM was stained with green light emitting DiO). After co-

incubation with 4T1 cell, both of the SPLNPs@hSiO2 (red) 

and CCM (green) existed around the cell nucleus and the fluo-

rescent signals overlapped well with each other, indicating the 

CCM covered SPLNPs@hSiO2@CCM is stable even upon 

cellular endocytosis (Figure S12).  

 

Figure 2. Cellular uptake assay. (a) Cellular internalization of the 

nanoparticles in 4T1 cells after 4 h incubation (scale bar 20 µm). 

(b) Intracellular fluorescence intensity of DOX. Data are given as 

the mean ± s.d. (n = 4) 

Cellular internalization of DSPLNPs@hSiO2@CCM was 

evaluated on 4T1 cells to verify its targeting ability to the can-

cer cells (Figure 2a). DSPLNPs@hSiO2@CCM showed much 

brighter fluorescence of DOX in cytoplasm than 

DSPLNPs@hSiO2, indicating the CCM shell remarkably ac-

celerated the cellular uptake of DSPLNPs@hSiO2@CCM as 

the retained cell membrane proteins on CCM remained the 

homotypic targeting ability of 4T1 cells.
28

 After irradiation 

with 808 nm laser (3.0W cm
-2

) for 200 s, 

DSPLNPs@hSiO2@CCM gave a significant increase in the 
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fluorescence of DOX as the generated 
1
O2 upon 808 nm laser 

irradiation remarkably disrupt the CCM layer of 

DSPLNPs@hSiO2@CCM to speed up the diffusion of DOX 

and also accelerated the cellular uptake of the nanoparticle due 

to the increase of the cell membrane penetrability.
29

  

The in vitro targeting effect of DSPLNPs@hSiO2@CCM 

was quantified by flow cytometry assay (Figure 2b). The fluo-

rescence intensity of DOX increased with time in all cases 

studied. DSPLNPs@hSiO2@CCM gave stronger fluorescence 

intensity of DOX than DSPLNPs@hSiO2 due to the CCM 

shell accelerated cellular internalization of 

DSPLNPs@hSiO2@CCM to 4T1 cells. Additional 808 nm 

laser irradiation led to about 1.4, 1.7 and 1.8-fold increase of 

the fluorescence intensity of DOX in 

DSPLNPs@hSiO2@CCM after incubation with 4T1 cells for 

1, 2 and 4 h, respectively. DSPLNPs@hSiO2@CCM with 808 

nm laser irradiation exhibited the highest intracellular fluores-

cence intensity of DOX. 

 

Figure 3. In vitro cytotoxicity assay. (a) In vitro cytotoxicity of 

CCM, SPLNPs@hSiO2 and SPLNPs@hSiO2@CCM. (b) In vitro 

dark cytotoxicity of DOX, DSPLNPs@hSiO2 and 

DSPLNPs@hSiO2@CCM. (c) Cytotoxicity of DOX, 

DSPLNPs@hSiO2 and DSPLNPs@hSiO2@CCM after irradiated 

with 808 nm laser for 200s. Data were obtained after 48 h incuba-

tion with 4T1 cells and given as the mean ± s.d. (n = 5). 

The photodynamics controlled cytotoxicity of 

DSPLNPs@hSiO2@CCM was evaluated on 4T1 cells. CCM, 

SPLNPs@hSiO2 and SPLNPs@hSiO2@CCM up to 50 µg mL
-

1
 showed neglected cytotoxicity, indicating the good biocom-

patibility of the carriers (Figure 3a and Figure S13). The 

DSPLNPs@hSiO2@CCM gave stronger cytotoxicity (IC50 2.1 

µg mL
-1

) against 4T1 cells than DSPLNPs@hSiO2 (IC50 3.3 µg 

mL
-1

) and DOX (IC50 3.8 µg mL
-1

) (Figure 3b) due to CCM 

layer accelerated cellular uptake of 

DSPLNPs@hSiO2@CCM.
4, 6

 Irradiation with 808 nm laser 

(3.0 W cm
-2

) for 200 s did not affect the cytotoxicity of the 

free DOX, but increased the cytotoxicity of DSPLNPs@hSiO2 

by 3.3 times (IC50 3.3 to 1.0 µg mL
-1

), and 

DSPLNPs@hSiO2@CCM by 7.9 times (IC50 2.1 to 0.3 µg mL
-

1
) compared to no irradiation groups (Figure 3b and 3c). The 

enhancement of the cytotoxicity of DSPLNPs@hSiO2 upon 

laser irradiation resulted from the phototoxiciy of Si-Pc. 

DSPLNPs@hSiO2@CCM with 808 nm laser irradiation pos-

sessed the best anti-proliferative effects in the materials stud-

ied, as the CCM layer enhanced the uptake of 

DSPLNPs@hSiO2@CCM to 4T1 cancer cells and can be de-

stroyed by the 808 nm laser induced 
1
O2 for enhanced drug 

release after entering the targeted cells, thus achieving syner-

gistic efficacy of photodynamics controlled chemotherapy and 

photodynamic therapy against 4T1 cancer cells. 

In Vivo Background-Free Metastases Tracing. We then 

studied the targeting efficacy of DSPLNPs@hSiO2@CCM to 

metastases in vivo. To this end, 4T1 cells were implanted in 

the left mammary fat pad of nude mice. In vivo targeted imag-

ing for metastases with DSPLNPs@hSiO2@CCM was con-

ducted two weeks after tumor implantation (Figure 4 and Fig-

ure S17), as the highly aggressive 4T1 cells disseminated out 

of the primary tumor and colonized in the lung. The discrete 

tumor clusters rather than consecutive tumor tissues in the 

lung indicate the formation of pulmonary metastases rather 

than the local invasions of the left primary tumors (Figure 

S18). The UV lamp pre-irradiated DSPLNPs@hSiO2@CCM 

was intravenously injected to 4T1 tumor bearing nude mice 

(0.04 mg g
-1

). In vivo persistent luminescence images of the 

mouse show noticeable luminescence signals of 

DSPLNPs@hSiO2@CCM on liver and primary tumor 1 h post 

injection due to the recognition of the reticuloendothelial sys-

tem, the EPR effect of primary tumor and the active targeting 

effect of DSPLNPs@hSiO2@CCM (Figure 4a and Figure 

S17). The autofluorescence background of mouse body was 

effectively eliminated during detection due to the absence of 

in situ excitation.
17

 Although the intensity of persistent lumi-

nescence signals of DSPLNPs@hSiO2@CCM on liver and 

primary tumor decreased with time without in situ excitation, 

new signals on metastases at lung was observed at 4 h post 

injection, indicating the metastatic targeting ability of 

DSPLNPs@hSiO2@CCM (Figure 4a and Figure S17). 

To further demonstrate the targeting ability of 

DSPLNPs@hSiO2@CCM to the metastases, long-term back-

ground-free real-time imaging was conducted by taking ad-

vantage of the renewable ability of the PLNPs with red LED 

light irradiation.
18

 2-min red LED light reactivation of 

DSPLNPs@hSiO2@CCM was carried out at 8 h post injection 

in vivo (Figure 4a, 4b and Figure S17). The intensity of the 

luminescence signal was significantly enhanced after reactiva-

tion. The signal intensity increased with time at metastases 

(lung site) (Figure 4a and Figure S17). However, the head to 

head comparison test with DSPLNPs@hSiO2 and lipsome 

covered nanoplatform DSPLNPs@hSiO2@LP only revealed 

luminescence signals on liver and primary tumor under the 

same detection conditions, indicating the intravenously inject-

ed DSPLNPs@hSiO2 and DSPLNPs@hSiO2@LP only had 

targeting ability for primary tumors (Figure 4a and Figure 

S17). 

The advantage of DSPLNPs@hSiO2@CCM for autofluo-

rescence-free tracking of metastasis over traditional fluores-

cence probes was proved by the parallel experiment  with NIR 

dye (710 nm emission) loaded nanoparticle 

BODIPY@hSiO2@CCM (Figure S14). Despite the dye loaded 

particle possessed higher fluorescence intensity over 

DSPLNPs@hSiO2@CCM 24 h post intravenous injection, 

DSPLNPs@hSiO2@CCM gave much higher SNR (53) than 

BODIPY@hSiO2@CCM (2.7). Compared with the manifest 

persistent luminescence signals of DSPLNPs@hSiO2@CCM 

in solid and metastatic tumor site (Figure 4a and Figure S17), 

the fluorescence signals for metastasis of the dye-loaded 

nanoparticles are covered by the overwhelming 

autofluorescence background (Figure S14), confirming the 

advantage of DSPLNPs@hSiO2@CCM for high SNR 

metastasis tracking. Furthermore, the blank control with 

DSPLNPs@hSiO2@CCM and DSPLNPs@hSiO2 injected 

healthy mice revealed luminescence signals only on liver after 

long time circulation due to the reticuloendothelial uptake,
17

 

indicating the signals in the lung of the tumor bearing mouse 
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derive from the metastasis tracking effect of the nanoparticles 

rather than the nanoparticle aggregation. 

 

Figure 4. DSPLNPs@hSiO2@CCM for in vivo autofluorescence -

free metastatic 4T1 tumor imaging. (a) In vivo luminescence im-

ages of 4T1 tumor-bearing nude mice taken at different time 

points post i.v. injection of DSPLNPs@hSiO2, 

DSPLNPs@hSiO2@LP and DSPLNPs@hSiO2@CCM (Blue 

circles locate the primary tumor site and green circles locate the 

metastatic tumor site). (b) In vivo luminescence images of normal 

nude mice taken at different time points post intravenous injection 

of DSPLNPs@hSiO2 and DSPLNPs@hSiO2@CCM. (c) Concen-

tration of PLNPs in the main organs of the 4T1-breast-tumor-

bearing mice at 1, 4, 8 and 24 h post intravenous injection of 

DSPLNPs@hSiO2, DSPLNPs@hSiO2@LP and 

DSPLNPs@hSiO2@CCM. All the nanomaterials were UV pre-

excited before intravenous injection. To prepare UV light pre-

irradiated nanomaterials, the DSPLNPs@hSiO2 was irradiated 

with 254 nm UV lamp for 10 min and separated into three groups. 

One group was coated with CCM at 15 min post the cease of UV 

irradiation to give UV light pre-irradiated 

DSPLNPs@hSiO2@CCM, one group was coated with lipsome at 

15 min post the cease of UV irradiation to give UV light pre-

irradiated DSPLNPs@hSiO2@LP while the other group without 

any modifications was UV light pre-irradiated DSPLNPs@hSiO2. 

The interval between the cease of UV irradiation and the intrave-

nous injection was 20 min in all the tested groups. Data are given 

as the mean ± s.d. (n = 5). 

The ex vivo imaging of collected organs (24 h post intrave-

nous injection) (Figure S15) reveal that only 

DSPLNPs@hSiO2@CCM gave noticeable luminescence sig-

nal in both solid and metastases in the lung site. To further 

investigate the targeted accumulation of the CCM-coated na-

noparticle in metastasis, the lungs collected in biodistribution 

assay were sectioned and observed on inverted fluorescence 

microscope (Figure S16). Strong red luminescence signals of 

PLNPs core were found at metastatic node in 

DSPLNPs@hSiO2@CCM group, while only weak lumines-

cence signals existed at the lung site in DSPLNPs@hSiO2 and 

DSPLNPs@hSiO2@LP group, indicating the specific accumu-

lation of CCM-coated nanoparticle in the metastasis due to the 

increased interaction and uptake on metastatic cancer cells. 

These results confirm that the CCM layer significantly accel-

erated the targeting ability of DSPLNPs@hSiO2@CCM for 

lung metastasis compared to naked and lipsome covered mate-

rials (DSPLNPs@hSiO2 and DSPLNPs@hSiO2@LP).  

The contents of DSPLNPs@hSiO2, DSPLNPs@hSiO2@LP 

and DSPLNPs@hSiO2@CCM in the main organs of the 4T1-

tumor-bearing mice were measured at 1, 4, 8 and 24 h post 

intravenous injection to assess their biodistribution (Figure 

4c). Both of the three nanoplatforms distributed in the tested 

organs 1 h post injection, and mainly accumulated in liver and 

spleen in the first 4 h. The DSPLNPs@hSiO2@CCM concen-

tration in primary tumor was 2.1 and 1.2-fold higher than that 

of DSPLNPs@hSiO2 and DSPLNPs@hSiO2@LP at 8 h post 

injection. This superiority always existed until 24 h post injec-

tion. Furthermore, the accumulation of 

DSPLNPs@hSiO2@CCM was remarkably superior to that of 

DSPLNPs@hSiO2 in the lung (1.1, 1.8, 3.1 and 2.5-fold higher 

at 1, 4, 8 and 24 h post injection, respectively) and 

DSPLNPs@hSiO2@LP in the lung (1.0, 1.5, 2.7 and 2.1-fold 

higher at 1, 4, 8 and 24 h post injection, respectively). The 

quantitative measurements indicate that 

DSPLNPs@hSiO2@CCM accumulate in primary tumors and 

the metastases of lung with higher effectiveness than 

DSPLNPs@hSiO2, in good agreement with the in vivo lumi-

nescence imaging measurements (Figure 4a, Figure S15 and 

Figure S17). 

In Vivo 808 nm Laser Controlled Chemophotodynamic 

Therapy for Metastases. The anti-metastases efficiency of 

DSPLNPs@hSiO2@CCM was evaluated by counting the pul-

monary metastatic nodules on the lungs of the 4T1 tumor-

bearing mice (Figure 5a and 5d). H&E image shows lesions 

appeared in the lung 4 days post tumor implantation, indicat-

ing the formation of metastasis before therapy (Figure S19). 

The saline, SPLNPs@hSiO2 and SPLNPs@hSiO2@CCM 

group had the largest number of lung metastatic nodules (ca. 

48 ± 7.1, 47 ± 3.7 and 45 ± 5.6 respectively). In contrast, the 

metastatic nodules in free DOX and DSPLNPs@hSiO2@CCM 

group dropped to ca. 30 ± 4.0 and 16 ± 1.8 due to the lethality 

of the loaded DOX. DSPLNPs@hSiO2@CCM gave better 

anti-metastasis effect (metastatic nodule 16 ± 1.8) than DOX 

(metastatic nodule 30 ± 4.0) due to CCM layer accelerated 

cellular uptake of DSPLNPs@hSiO2@CCM (Figure 3b). 808 

nm laser irradiation gave the best anti-metastasis effect of 

DSPLNPs@hSiO2@CCM (metastatic nodule 2.0 ± 1.6) (Fig-

ure 5a and 5d), due to the active targeting effect of CCM layer, 

the phototoxicity of Si-Pc and the synergistic effect of the 
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accelerated DOX release from DSPLNPs@hSiO2@CCM by 

laser induced 
1
O2.  

 

Figure 5. In vivo anti primary and metastases tumor effects of the 

DSPLNPs@hSiO2@CCM in 4T1 tumor-bearing nude mice. (a) i, 

Collected lungs from the mice treated with saline, DOX, 

SPLNPs@hSiO2, SPLNPs@hSiO2@CCM, 

SPLNPs@hSiO2@CCM with 808 nm laser irradiation, 

DSPLNPs@hSiO2@CCM, and DSPLNPs@hSiO2@CCM with 

808 nm laser irradiation. ii, H&E staining of the lung tissues in 

Figure 5a(i) (scale bar 100 µm).  The collected lungs were im-

mersed in formalin for 7 days for specimen fixation before photo-

graphing and H&E staining. The raised white bumps on the lungs 

represent the sites of metastases. (b) Representative photographs 

of 4T1-tumor-bearing mice after treatment with i, saline, ii, DOX 

and iii, DSPLNPs@hSiO2@CCM with 808 nm laser irradiation. 

The black arrows point to the injected tumor sites. (c) Tumor-

growth profiles (the black arrow indicates the treatment point) and 

(D) quantitative analysis of pulmonary metastatic nodules for 

each group. All the nanoparticles of SPLNPs@hSiO2, 

SPLNPs@hSiO2@CCM and DSPLNPs@hSiO2@CCM were UV 

light pre-excited before intravenous injection. For the 808 nm 

laser irradiation group, the metastases parts of the mouse were 

irradiated with 808 nm laser (3.0 W cm-2) for 200 s after 4 h blood 

circulation of the nanoparticles intravenously injected to the 

mouse under the guidance of bioimaging. Data are shown as mean 

± s.d. (n = 5). Statistical significance: *p < 0.05, **p < 0.005. 

We also tested the ability of DSPLNPs@hSiO2@CCM for 

anti-primary tumor in the orthotopic mammary tumor metasta-

sis model (Figure 5b and 5c). The mice treated with saline, 

SPLNPs@hSiO2 and SPLNPs@hSiO2@CCM gave a rapid 

tumor growth as these drug-free materials did not have anti-

tumor effect. The growth of the primary tumors slowed down 

obviously in the DOX and DSPLNPs@hSiO2@CCM group 

and was completely inhibited in DSPLNPs@hSiO2@CCM 

with 808 nm laser irradiation group (with a tumor inhibition 

rate of 99% compared with the saline injected group), indicat-

ing chemophototherapy is a promising emerging modality for 

treating solid tumors.
35

 The negligibly weight change of the 

mice indicated low systemic toxicity of the nanoplatform 

(Figure S20). Furthermore, the histopathological measure-

ments were also conducted on normal mice to evaluate the 

biosafety of the nanoparticles (Figure S21). Only the DOX 

group had weak inflammation in the heart and liver. The 

DSPLNPs@hSiO2@CCM did not cause pathological changes 

in organs whether with NIR irradiation or not, indicating good 

biocompatibility of DSPLNPs@hSiO2@CCM. 

CONCLUSIONS 

In conclusion, we have developed a new multiple functional 

persistent luminescent nanoplatform for precise metastasis 

theranostic. The nanoplatform is composed of a photosensitiz-

er functionalized persistent luminescent nanoparticle core, a 

DOX loaded hollow silica interlayer and a cancer cell mem-

brane shell for effective metastases theranostics. We have 

introduced cancer cell membrane shell to the nanoplatform to 

avoid drug leakage and endow the nanoplatform with targeting 

ability for metastases. The autofluorescence-free metastases 

tracing have been realized by taking advantage of the NIR 

light reactivatable character of PLNPs. The 808 nm laser re-

newable NIR persistent luminescence of PLNPs provides an 

internal light source for 
1
O2 generation from PLNPs conjugat-

ed Si-Pc. The generated 
1
O2 not only damage cancer cells, but 

also accelerate the endosomal escape of the nanoplatform for 

intracellular drug release to give synergistic photodynamics 

controlled chemophototherapy for metastases. We overcame 

the auto-fluorescence and realized precise controllable metas-

tasis theranostics under optical imaging guidance with an inte-

grated persistent luminescent nanoplatform. This accurate 

diagnose and controllable synergetic therapy for metastasis 

has not been realized before. This work provides a promising 

strategy to design precise and controllable drug delivery sys-

tems for metastases theranostics. 
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