
C A N C E R  

Lighting up metastasis process before formation of 
secondary tumor by phosphorescence imaging 
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Mingzhou Chen4, Yufeng Zhang2*, Qianqian Li1*, Zhen Li1,3* 

Metastasis is the leading cause of cancer-related deaths; until now, the detection of tumor metastasis is mainly 
located at the period that secondary tumors have been formed, which usually results in poor prognosis. Thus, 
fast and precise positioning of organs, where tumor metastases are likely to occur at its earliest stages, is essen-
tial for improving patient outcomes. Here, we demonstrated a phosphorescence imaging method by organic 
nanoparticles to detect early tumor metastasis progress with microenvironmental changes, putting the detec-
tion period ahead to the formation of secondary tumors. In the orthotopic and simulated hematological tumor 
metastasis models, the microenvironmental changes could be recognized by phosphorescence imaging at day 
3, after tumor implantation in liver or intravenous injection of cancer cells. It was far ahead those of other re-
ported imaging methods with at least 7 days later, providing a sensitive and convenient method to monitor 
tumor metastases at the early stage. 
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INTRODUCTION 
Cancer causes most deaths around the world, leading to estimated 
10 million deaths worldwide in 2020 (1), and statistics suggest that 
the overwhelming majority of cancer-associated deaths (about 90%) 
are caused by metastatic disease, rather than primary tumors (2). 
Basically, the progression of metastases includes invasion, intrava-
sation, circulation, and extravasation, eventually resulting in coloc-
alization from a primary tumor (3–6). However, recent discoveries 
revealed that tumor metastases induce the change of microenviron-
ment in distant organs, including vascular leakiness, the alteration 
of fibroblasts, and the recruitment of bone marrow–derived cells, 
which attracted circulating tumor cells (CTCs) and was conducive 
to the survival and growth before they reach these sites (7). 

In general, diverse metastasis from different organs, such as liver, 
breast, kidney, colon, pancreas, and prostate can spread to lungs for 
the specialized microenvironment (2, 8, 9). Therefore, the diagnoses 
of premetastatic microenvironmental changes in lungs are the 
urgent demands to lay the foundation for prognosis and treatment, 
improving the opportunities of recovery (6). Unfortunately, al-
though a great deal of research has been investigated to combat 
cancer metastasis, it is still a big challenge to achieve the diagnosis 
of metastatic process before the formation of secondary tumor as 
the early stage. 

Until now, various in vivo imaging detection methods as nonin-
vasive techniques have been developed to diagnose early metastases 
by recognition of the region of tumor lesions (10), such as fluores-
cence imaging (FLI) (11–13), photoacoustic imaging (14), magnetic 

resonance imaging (MRI) (15), positron emission tomography 
(PET) (16), and computed tomography (CT) (17). However, 
when the sizes of tumors are less than 1 cm, the commonly used 
PET and CT imaging techniques are clinically unreliable (18), 
while the relatively low sensitivity of MRI limited the detection 
process. For optical imaging techniques of FLI with rapid and sen-
sitive response, the existence of autofluorescence as background 
signals largely decreased signal-to-noise ratios. Bioluminescence 
imaging (19) or chemiluminescence imaging (20, 21) is usually in-
fluenced by reaction velocities and is heavily dependent on biodis-
tribution of a particular substrate or enzyme. In addition, for 
practical reasons, neither routine use of biopsies nor assessment 
of all potential sites of metastasis is feasible (18), because metastases 
have already occurred before detection of primary tumor in most 
cases. Thus, the exploration of more effective imaging approaches 
with general applicability and high signal-to-noise ratios is urgently 
needed to meet the rapid developing requirements of early metas-
tasis diagnoses. 

Recently, organic room temperature phosphorescence (RTP) 
materials have emerged as the new generation of afterglow 
imaging agents, demonstrating good biocompatibility and high 
signal-to-noise ratios for avoiding autofluorescence in the in vivo 
imaging (22–24). Moreover, ultraviolet (UV) excitation process 
can be separated by the preirradiation process for persistent RTP 
materials (25), or replaced by phone flashlight excitation in red 
RTP emission systems (26), to shield the possible biological 
damage. Accordingly, the primary tumors, including liver, lung, 
and subcutaneous tumor, can be monitored by high signal-to-back-
ground ratio (SBR) and time-resolved phosphorescence imaging 
(25, 27). 

Considering these advantages mentioned above, here, we pre-
pared phosphorescence nanoparticles (NPs) by phenothiazine de-
rivatives, which exhibited ultrahigh brightness with a quantum 
yield of 22.9%. Moreover, phosphorescence lifetime of NPs can 
achieve up to 49 ms in aqueous solution, much longer than those 
of common RTP NPs (table S1), resulting in the naked eyes–ob-
served afterglow in phosphate-buffered saline (PBS) solution 
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(Fig. 1A). Once these NPs were applied into bioimaging, the high 
SBR of 2278 ± 242 in subcutaneous imaging has been achieved by 
effective avoidance of autofluorescence (Fig. 1, B and C), which is 
the highest one among the reported organic phosphorescence NPs 
so far. The early metastatic stage before the formation of secondary 
tumor can be lighted up and recognized by phosphorescence 
imaging (Fig. 1, D and E). It is defined as premetastatic changes 
of the microenvironment, which was confirmed by elevated expres-
sions of transforming growth factor–β (TGF-β), tumor necrosis 
factor–α (TNF-α), and vascular endothelial growth factor (VEGF) 
by immunohistochemistry (IHC) (5, 28, 29), together with no 
obvious micrometastatic tumor in micro-CT and hematoxylin 
and eosin (H&E)–stained images, as well as slightly increased ex-
pression of the B cell lymphoma 2 (BCL-2) (30). Thus, the preme-
tastatic microenvironmental changes were detected by afterglow 
imaging, much sensitive than those of the current imaging technol-
ogies, demonstrating the superiority of organic persistent RTP ma-
terials in the diagnoses of early process of metastasis (fig. S1 and 
table S1). 

RESULTS 
Preparation of phosphorescence NPs and in vitro imaging 
The RTP NPs with modest hydrodynamic diameter (Fig. 2A and fig. 
S2) were prepared from phenothiazine derivatives and an amphi-
philic triblock copolymer of PEG-b-PPG-b-PEG (F127) by a top- 
down method (fig. S3) (31), which exhibited naked eyes–observed 
green afterglow with a lasting time of 0.16 s in aqueous solution 
(Fig. 1A). It is an uncommon phenomenon for RTP NPs because 
phosphorescence of most of organic materials is easily quenched 
by oxygen and water in the common sense (32, 33). In the host- 
guest system of phenothiazine derivatives, the strong intermolecular 
interactions between phenothiazine (guest) and corresponding 
dioxide (host) derivatives at the crystalline states can result in the 
formation of triplet exciplex with matched energy levels, contribut-
ing to persistent and bright RTP emission even under pure oxygen 
atmosphere (25). Moreover, fabrication of NPs with the top-down 
method as the preferred approach can retain the compact aggregat-
ed structure at crystalline state (fig. S4), resulting in strong resistance 
to oxygen even if the oxygen saturation is up to 80% (fig. S5). The 

Fig. 1. Detection of tumor metastasis processes using pure organic phosphorescence imaging. (A) Photograph of pure organic phosphorescence NPs with ultra-
bright and persistent afterglow. (B) The schematic diagram of phosphorescence imaging, which can shield the autofluorescence for long lifetime. (C) The high SBR of 
phosphorescence NPs in in vivo imaging of living mice. (D) Metastatic progress from liver to lung or simulated by intravenous (iv) injection of tumor cells and detection of 
metastatic progress in lung by organic phosphorescence imaging, H&E-stained images, and CT scan. (E) Detailed tumor metastatic progress in lung with the passage of 
time, and the microenvironmental remodeling of metastatic progress can be recognized by phosphorescence imaging, far ahead of other works at secondary 
tumor stage.  
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phosphorescence emission of NPs is mainly located at 495 nm 
(Fig. 2B), with the ultralong lifetime of 49 ms in aqueous solution 
(fig. S6), and the photoluminescence quantum yield (PLQY) 
achieved up to 22.9%. The persistent afterglow with high brightness 
results in the apparent phosphorescence images with an average ra-
diance of 1.02 ± 0.1 × 107 p s−1 cm−2 sr−1 ex vivo. Moreover, the 
phosphorescence signal could last for more than 1200 s after remov-
ing excitation (Fig. 2C). NPs showed a good linear relationship 
between concentration and phosphorescence intensity (fig. S7), 
even when the concentration is extremely low (<1 μg ml−1), bene-
ficial to the sensitive emission response during the incipient accu-
mulating process of NPs. The phosphorescence intensity of NPs 
enhanced with increased viscosity and rigidity by the addition of 
hyaluronic acid and gelatin, accompanying the slightly increased 
RTP lifetimes, which may facilitate the recognition of subtle 
changes in tissue stiffness (fig. S8). There is no substantial degrada-
tion of NPs over 8 cycles of repeated excitation, indicating good 

repeatability (fig. S9). Accordingly, no notable changes in phospho-
rescence intensity of NPs could be observed after eight cycles of ac-
tivation or 80 min of UV irradiation (fig. S10A), showing strong 
resistance to photobleaching. Furthermore, the phosphorescence 
intensity of NPs was almost kept unchanged during incubation in 
PBS at 4°C for 28 days (fig. S10B), demonstrating good stability for 
long-term monitoring and storage (34). 

Biocompatibility 
The cytotoxicity of NPs was evaluated by the cell counting kit-8 
(CCK-8) assay against H22, 4T1, and NIH/3T3 cells, demonstrating 
more than 90% cell viabilities even at the concentration as high as 
500 μg ml−1 (Fig. 2D and fig. S11) (35). For mice treated with NPs, 
H&E-stained images of the main organs, including the hearts, 
livers, spleens, lungs, and kidneys, demonstrated no histological 
lesions (fig. S12). Moreover, the body weights of mice were not af-
fected after the injection of NPs, indicating no obvious in vivo side 

Fig. 2. Characterization, preirradiated subcutaneous imaging, and lymph nodes imaging of phosphorescence NPs. (A) Sizes and distribution of phosphorescence 
NPs by dynamic light scattering. (B) Phosphorescence spectrum, PLQY, and phosphorescence lifetime of NPs. (C) Time-dependent phosphorescence decay of NPs re-
corded after turning off the light irradiation, acquired using an IVIS instrument in bioluminescent mode. Inset: Phosphorescence images of NPs (4 mg ml−1) with lasting 
times of 10 s, 1 min, and 5 min. (D) The viability of H22 cancer cells with the incorporation of NPs in different concentrations (n = 3; means ± SD). (E) Schematic diagram of 
preirradiated subcutaneous in vivo imaging of living mice. (F) Phosphorescence bioimaging of mice by subcutaneous injection of preirradiated NPs at lasting times of 30 
s, 3 min, and 7 min using an IVIS instrument in bioluminescent mode (n = 3). (G) SBR of subcutaneous imaging by pure organic RTP materials reported in literatures and 
our work. Detailed sample names can be found in table S2. (H) Schematic diagram of lymph node imaging by forepaw injection of RTP NPs. (I) Phosphorescence bio-
imaging of mice after removal of light irradiation at t = 10 s, t = 1 min, and t = 3 min using an IVIS instrument in bioluminescent mode (n = 3). (J and K) Time-dependent 
phosphorescence decay of preirradiated subcutaneous imaging (J) and lymph nodes imaging (K) (n = 3). a.u., arbitrary units.  
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toxicities (fig. S13) (36). All these experimental results demonstrate 
that NPs have high biosafety, which is particularly promising for 
further bioimaging. 

Subcutaneous and lymph node phosphorescence imaging 
Subsequently, the in vivo bioimaging experiments were conducted, 
and the emission signal was collected using an IVIS spectrum in-
strument in bioluminescence mode with open filter (37). Owing 
to the excellent RTP performance of NPs, the preirradiated subcu-
taneous imaging can be realized to avoid the possible UV damage 
(Fig. 2E). The phosphorescence signal from NPs could be observed 
underneath the mouse skin at 30 s (Fig. 2F), and the in vivo phos-
phorescence imaging could last for more than 1000 s after the 
ceasing of light excitation (Fig. 2J). The SBR of subcutaneous phos-
phorescence imaging could reach to 2278 ± 242 (fig. S14A). To the 
best of our knowledge, it was the highest one for organic RTP 
imaging and about sixfolds of the highest value reported in the lit-
eratures (Fig. 2G and table S2) (31). Furthermore, lymph node 
imaging was carried out by forepaw injection of NPs into hair- 
removed BALB/c mice (Fig 2H) (38). The sentinel lymph node 
could be shown clearly (Fig. 2I) with a high SBR of 123 ± 17 (fig. 
S14B), and the phosphorescence signal could last for more than 500 
s (Fig. 2K). Thus, ultrabright and persistent RTP NPs were proved as 
the excellent developing agent of optical imaging with high SBR and 
deep penetration. 

Phosphorescence imaging and metabolism in lung 
metastases model 
With the aim to preliminarily estimate the tumor-targeting ability 
of RTP NPs, the 4T1 lung metastases mouse model was established 
by intravenously injection of 4T1 cancer cells into BALB/c mice 
(Fig. 3A) (39). After 14 days, RTP NPs were intravenously injected; 
subsequently, phosphorescence imaging of major organs, including 
heart, liver, spleen, lung, and kidney, were carried out after 1.5, 3, 5, 
7, 12, and 24 hours postinjection (Fig. 3B). Among them, only lungs 
exhibited a bright phosphorescence emission, indicating the high 
selectivity of RTP NPs toward metastatic lungs (fig. S15). The opti-
mized interval time of 3 hours was proved by the maximum phos-
phorescence radiance with the highest SBR of 224 ± 53 (Fig. 3C), 
and the afterglow can last for 180 s. The superiority of phosphores-
cence imaging with high contrast and time resolution can be further 
confirmed by the corresponding FLI with low SBR (1 to 3; lung–to– 
normal liver) under the same conditions (Fig. 3D). Meanwhile, no 
obvious change can be found in H&E-stained images of major 
organs after injection of NPs (fig. S16), indicating good 
biocompatibility. 

Afterward, metabolic experiments of NPs in major organs of 
mice bearing 4T1 lung metastases were carried out (40). At 1 
hour postinjection, NPs mainly distributed in the reticuloendothe-
lial system, which was proved by the higher concentrations of NPs in 
liver, spleen, and lung with 143 ± 15, 78 ± 17, and 120 ± 18 μg g−1, 
respectively (fig. S17). Note that the concentration of NPs in livers 
was higher than that of lungs, but the phosphorescence intensity 
was much lower. Accordingly, NPs was incubated with different 
tissue homogenization and blood for 3 hours (fig. S18). Taking 
the phosphorescence emission of NPs in PBS solution as the refer-
ence (100%), the corresponding intensity can achieve 82 ± 6.3% in 
lung and 91 ± 8.3% in tumor; the high brightness is beneficial to 
phosphorescence imaging and subsequent detection in the lungs. 

For other organs, the intensity decreased to 60 ± 8.1% in liver, 66 
± 5.8% in spleen, 44 ± 6.5% in heart, 74 ± 3.1% in kidney, and 48 ± 
3.1% in blood for the possible quenching effect by iron ion (25). At 
72 hours postinjection, NPs were mostly metabolized with low con-
centrations in heart (17 ± 1.8 μg g−1), liver (14 ± 0.7 μg g−1), spleen 
(20 ± 4.9 μg g−1), lung (30 ± 1.1 μg g−1), and kidney (11 ± 1.3 μg 
g−1). At 72 hours postinjection, NPs were mostly metabolized with 
low concentrations in heart (17 ± 1.8 μg g−1), liver (14 ± 0.7 μg g−1), 
spleen (20 ± 4.9 μg g−1), lung (30 ± 1.1 μg g−1), and kidney (11 ± 1.3 
μg g−1). 

Recognition of premetastatic microenvironmental changes 
in lungs 
As discussed above, phosphorescence NPs exhibited strong specif-
icity toward metastatic lungs; combined with the advantages of neg-
ligible background interference by persistent afterglow, it was 
promising to be applied into early detection of metastasis in lung. 
Accordingly, the detection of metastatic progression by phospho-
rescence imaging was further conducted by tumor metastasis 
through blood flow, which is the major route of the spread of 
cancel cells (41, 42). In this experiment, 4T1 cancer cells were intra-
venously injected into BALB/c mice at day 0 to establish a simula-
tion of hematological metastasis model. Subsequently, 
phosphorescence imaging, micro-CT, and histopathological exam-
inations, including H&E and IHC, were conducted every 3 to 4 days 
for the evaluation of metastatic progression in the lungs under the 
same experiment conditions. The maximum phosphorescence radi-
ance (3.5 ± 0.8 × 105 p s−1 cm−2 sr−1) at day 3 exhibited the statisti-
cally significant change (P = 0.0070), which was 3.1-folds of that in 
the control group (healthy BALB/c mice) (fig. S19). At this point 
(day 3), micro-CT and H&E-stained images did not show obvious 
changes, indicating the early metastatic stage, before the formation 
of secondary tumor was captured by phosphorescence imaging sen-
sitively. In the following day 7 to day 14, phosphorescence imaging 
also showed good sensitivity for the maximum phosphorescence ra-
diance increasing from 3.8 ± 0.1 × 105 to 5.2 ± 0.1 × 105 p s−1 cm−2 

sr−1 and the calculated lung volume rising gradually from 435 ± 31 
to 517 ± 15 mm3. 

With the aim to determine the definite biological processes as 
detected by phosphorescence imaging during tumor metastasis, 
the incidental variations of microenvironments have been investi-
gated (43, 44). In general, these variations are conducive to the sur-
vival and outgrowth of tumor cells before their arrival at these sites 
(3). Primary tumor-secreted soluble molecules play critical roles in 
preparation of distant sites for de novo formation of premetastatic 
niches (PMNs), thereby promoting metastasis processes. Tumor- 
derived secreted factors, such as TNF-α and TGF-β, along with 
VEGF in the lung can help the development of PMNs (45). The in-
hibition of apoptosis can result in abnormal overexpression of pro-
survival Bcl-2 family members or abnormal reduction of 
proapoptotic Bcl-2 family proteins, which are frequently detected 
in diverse malignancies (46). Accordingly, the IHC technique was 
further used to investigate the expression of TGF-β, TNF-α, VEGF, 
and BCL-2 (30, 47–49), accompanying tumor metastases progress. 
Average optical density (AOD) was used for the semiquantitative 
analysis of the expression of Bcl-2, TGF-β, TNF-α, and VEGF. 
From day 0 to day 14, the AOD rose from 0.08 ± 0.005 to 0.25 ± 
0.01 for Bcl-2, from 0.17 ± 0.005 to 0.29 ± 0.01 for TGF-β, from 
0.1 ± 0.02 to 0.44 ± 0.01 for TNF-α, and from 0.15 ± 0.02 to 0.31  
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± 0.01 for VEGF (figs. S21 and S22). The largely increased expres-
sion of BCL-2, TGF-β, TNF-α, and VEGF indicated that the definite 
metastatic progression from blood flow with obvious microenviron-
mental changes, as detected by phosphorescence imaging, is the 
metastatic niches of lungs (18). It is far ahead of other reported 
imaging methods, providing an efficient approach to the early diag-
nosis of tumor metastasis. 

The possible tumor metastasis process from other organs to lung 
can also be sensitively monitored by phosphorescence imaging. Ac-
cordingly, H22 liver tumors were implanted into the liver of BALB/c 
mice at day 0 to establish tumor metastasis model from liver to lung. 
The degree of metastases in the lungs was detected by phosphores-
cence imaging, micro-CT, and histopathological examinations syn-
chronously every 3 to 4 days until day 27 (Fig. 4A). For 
phosphorescence imaging at 3 hours after intravenous injection of 
NPs (4 mg ml−1, 200 μl), the maximum phosphorescence radiances 

of lungs gradually rose from day 0 to day 27, meaning that NPs pro-
gressively enriched in lungs during this period (48). On day 3, stat-
istical analysis showed that the maximum phosphorescence 
radiance (1.5 ± 0.1 × 105 p s−1 cm−2 sr−1) exhibited statistically sig-
nificant change (P = 0.0321), with healthy mice without tumor im-
plantation as the control group. At this time, no obvious metastatic 
tumor signals were monitored in H&E-stained images. Moreover, 
the lung volume calculated from micro-CT and H&E-stained 
images of lung did not show an apparent difference (Fig. 4, B to 
D). On day 7 and day 10, the maximum phosphorescence radiances 
continuously rose to 1.7 ± 0.2 × 105 and 1.8 ± 0.2 × 105 p s−1 cm−2 

sr−1, respectively, showing statistically significant difference (P = 
0.0110 and 0.0066). The maximum phosphorescence radiance in-
creased to 3.0 ± 0.3 × 105 p s−1 cm−2 sr−1 on day 27, suggesting 
that significant changes have taken place in the pulmonary micro-
environment. As the control experiments, the maximum 

Fig. 3. Phosphorescence imaging in lung metastases model by intravenous injection of 4T1 cancer cells after 14 days. (A) Schematic diagram of establishment of 
lung metastatic mouse model and the following phosphorescence imaging. (B) Time-resolved phosphorescence imaging of isolated lungs from mice bearing 4T1 met-
astatic tumors at 1.5, 3, 5, 7, 12, and 24 hours postintravenous injection of NPs, after removal of light irradiation at t = 10 s, t = 60 s, t = 120 s, and t = 180 s using an IVIS 
instrument in bioluminescent mode (n = 3; means ± SD). (C) SBR of isolated lungs from mice bearing 4T1 metastatic tumors at 1.5, 3, 5, 7, 12, and 24 hours postintravenous 
injection of NPs after removal of light irradiation at t = 10 s (n = 3; means ± SD). (D) Average radiance of isolated organs (hearts, livers, spleens, lungs, and kidneys) from 
mice bearing 4T1 metastatic tumors at 1.5, 3, 5, 7, 12, and 24 hours postintravenous injection of NPs after removal of light irradiation at t = 10 s (n = 3; means ± SD).  
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phosphorescence radiance of healthy BALB/c mice was virtually un-
changed from day 0 to day 27 (fig. S23). 

The expression of TGF-β, TNF-α, and VEGF were significantly 
enhanced from day 0 to day 27 (Fig. 5A), with AOD increasing from 
0.16 ± 0.01 to 0.34 ± 0.04 for TGF-β, 0.11 ± 0.01 to 0.36 ± 0.03 for 
TNF-α, and 0.15 ± 0.01 to 0.33 ± 0.02 for VEGF (Fig. 5, B to I, and 
fig. S23). On day 3, P values of AOD were 0.0002, <0.0001, and 
0.0005 for TGF-β, TNF-α, and VEGF, respectively, indicating that 
the microenvironment of the lungs has been significantly modified, 
and PMNs have been formed (18). Meanwhile, the expression of 
BCL-2 increased slightly with an AOD of 0.13 ± 0.02, compared 
to that of 0.11 ± 0.01 on day 0 (P = 0.908), which means the 
arrival of a small quantity of CTCs from liver cancer after PMNs. 
Thus, the definite metastasis processes detected by phosphores-
cence imaging were also the metastatic niches of lungs (18). 

These experiments indicated that, regardless of the approaches 
of metastatic processes, the metastatic niches of lung can be recog-
nized rapidly and sensitively by phosphorescence imaging. The 
early stage of tumor metastasis before the formation of secondary 

tumors is monitored by a universal approach, thus alerting the op-
portunity for the quick cure. 

DISCUSSION 
By using phosphorescence NPs of organic molecules with the ultra-
long lifetime and ultrahigh brightness, the microenvironmental 
changes in tumor metastasis process, before the formation of sec-
ondary tumors, can be detected by phosphorescence imaging of 
lung with high SBR. It is far ahead of other reported imaging 
methods, and the universality of sensitive phosphorescence detec-
tion can be confirmed by the metastasis model from orthotopic liver 
tumor to lung, as well as lung metastasis model through blood flow. 
The detection of tumor metastasis at an early stage can be helpful to 
discontinue the formation of secondary tumors and possible dete-
rioration largely, affording more chance to the cure for cancer. 
Moreover, in comparison with the commonly used immunohisto-
chemical staining in the laboratory, the macroscopic resolution by 
phosphorescence imaging can facilitate the detection process by 

Fig. 4. Detection of tumor metastatic processes by phosphorescence imaging. (A) Schematic diagram of in situ implantation of liver tumor and detection of mi-
croenvironmental changes in lungs by phosphorescence imaging, CT scan, and pathological sections. (B) Phosphorescence imaging (Phos. I.), CT images, and H&E- 
stained images of metastatic lungs from day 0 to day 27. Scale bars, 100 μm. (C) Maximum radiance of phosphorescence imaging of lungs from day 0 to day 27 (n = 
3). (D) Lung volume of lungs from day 0 today 27 calculated by Analyze 14.0 software (n = 3; means ± SD). ns, not significant, *P < 0.05, and **P < 0.01.  
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Fig. 5. IHC analysis. (A) Schematic diagram of metastatic niches. (B, C, F, and G) IHC staining of Bcl-2 (B), TGF-β (C), TNF-α (F), and VEGF (G) of metastatic lungs on day 0 
and day 3 (n = 3). Scale bars, 100 μm. (D, E, H, and I) AOD of the corresponding IHC-stained images calculated by ImageJ software: Bcl-2 (D), TGF-β (E), TNF-α (H), and VEGF 
(I) (n = 6). ns, not significant, ***P < 0.001, and ****P < 0.0001.  
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eliminating the tedious slicing process, promoting further clinical 
applications with low cost and rapid response. 

MATERIALS AND METHODS 
Chemicals and bioreagents 
All reagents used in the experiments were purchased from commer-
cial sources without further purification. The amphiphilic copoly-
mer PEG-b-PPG-b-PEG (F127) was purchased from Sigma-Aldrich 
Ltd. and used as received. Tetrahydrofuran (THF) was dried using 
K-Na alloy through distillation under an atmosphere of dry argon. 

Material characterization 
Photoluminescence and excitation spectra were recorded with a 
Hitachi F-4600 fluorescence spectrophotometer or FLS980 spec-
trometer. Photoluminescence lifetimes and quantum yield were 
measured with a FLS980 spectrometer under ambient conditions. 
Dynamic light scattering and zeta potential were measured on a 
Malvern Nano-ZS90 Zetasizer. Transmission electron microscope 
images were captured on a JEM-2100 Plus transmission electron 
microscope with an accelerating voltage of 120 kV. In vitro and in 
vivo phosphorescence imaging were conducted on IVIS Spectrum 
imaging system (PerkinElmer Inc.; the cooling temperature of 
charge-coupled device lens is −90°C). A dissolved oxygen analyzer 
(JPSJ-605F, Oustor Inc.) was equipped to evaluate the oxygen satu-
ration in aqueous solution. 

Preparation of NPs 
F127 (10 mg) and M-PhCl crystals (1 mg) were dissolved in THF (1 
ml), and then THF was evaporated with a gentle nitrogen flow. 
Then, deionized water (3 ml) was added, and the mixture was son-
icated using a microtip-equipped probe ultrasonic instrument 
(Scientz-IID) for 20 min (duty cycle of 80%) to afford a NP solution 
(0.33 mg ml−1). The obtained NP solution was stored at 4°C in 
the dark. 

In vitro phosphorescence imaging 
The phosphorescence intensities of NPs were recorded using IVIS 
Spectrum system at t = 10 s after irradiating using a 365-nm hand-
held UV lamp with the power density of 127 mW cm−2 for 3 s. The 
IVIS system was set in bioluminescence mode with open filter (ex-
posure time: 17 s). 

Photostability study 
NPs was irradiated using a white light flashlight with the power 
density of 283 mW cm−2 for 3 s with varying exposure times of 0, 
20, 40, 60, and 80 min. The phosphorescence intensities were re-
corded using IVIS system in bioluminescence mode with open 
filter (exposure time: 17 s). 

Cell culture 
NIH/3T3 cells were acquired from the American Type Culture Col-
lection and cultured in DMEM (Dulbecco’s modified Eagle’s 
medium) (GIBCO) supplemented with 10% fetal bovine serum 
(FBS) and 1% penicillin-streptomycin (Hyclone) at 37°C under 
humid conditions with 5% CO2. 4T1 breast cancer cells and H22 
mice hepatoma cells were acquired from the American Type 
Culture Collection and cultured in RPMI 1640 (GIBCO) 

supplemented with 10% FBS and 1% penicillin-streptomycin 
(Hyclone) at 37°C in a humidified environment containing 
5% CO2. 

Cytotoxicity study 
In vitro cytotoxicity of NPs against NIH/3T3 cells and H22 mice 
hepatoma cells were evaluated by the CCK-8 assay (HY-K0301, 
MedChemExpress). NIH/3T3 cells and H22 mice hepatoma cells 
were seeded in a 96-well cell culture plate with 1 × 104 cells per 
well, while NIH/3T3 cells needed incubating overnight for attach-
ment. Then, cells were exposed to the NPs at the various concentra-
tions of 6.25, 12.5, 25, 50, 100 μg ml−1, with another group of 1× 
PBS as the control. After 24 hours of incubation, the wells of 
NIH/3T3 cells were washed twice with 1× PBS, while the H22 
group left out this step. The culture medium diluted 1:10 with 
CCK-8 assay was added 110 μl into each well. Then, the media 
were transferred to a new 96-well cell culture plate, and the absor-
bance was measured using a microplate reader scanning at 450 nm 
for BALB/cJGpt mice (strain no. N000020). 

Animals and tumor models 
Six-week-old female BALB/cJGpt mice (strain no. N000020) were 
purchased from the Gempharmatech Co. Ltd. (Chengdu, China). 
Mice were maintained in specific pathogen–free grade animal 
room at ~25°C, with humidity ranging from 40 to 60%, on a stan-
dard 12-h light–12-h dark cycle (lights on at 6:00 or 7:00) and fed 
ad libitum. 

To set up the orthotopic liver tumor-bearing mouse model, the 
BALB/c mice were injected subcutaneously in the right flank region 
with 100 μl of cell suspension containing 5 × 106 H22 hepatoma 
cells. When the tumor volume reached around 500 mm3, the 
mice were euthanized and the H22 tumor tissues were harvested. 
The tumor tissue was cut into small pieces of around 1 mm3. The 
orthotopic hepatoma model was constructed by surgical implanta-
tion of the small tumor tissue about 1 mm3 into the liver of healthy 
BALB/c mice. 

To establish the pulmonary metastatic carcinoma–bearing 
mouse model, 1 × 106 4T1 cancer cells in 100 μl of cell culture 
medium were injected into the healthy BALB/c mice via tail vein. 
After about 14 days, the pulmonary metastatic tumors were 
formed with nodules scattering in the lung. 

Statement of ethical approval 
All animal studies were performed according to the guidelines, and 
the overall project protocols were approved by the Welfare and 
Ethics Committee of Laboratory Animal, College of Life Sciences, 
Wuhan University (approval no. WDSKY0202101). 

In vivo side toxicity study 
Healthy BALB/c mice were used to evaluate the in vivo toxicity of 
NPs, which were randomly assigned into two groups (n = 3 per 
group). Then, 200 μl of NPs (4 mg ml−1 based on NPs) was injected 
into each healthy mouse in one group via the tail vein, and for 
another group, 200 μl of PBS was injected as control. The weights 
of mice in two groups were monitored within 20 days. At day 20 
postinjection, all the mice in two groups were euthanized, and the 
normal tissues including liver, spleen, and kidneys of each mouse 
were excised, which were subsequently fixed in 4% neutral parafor-
maldehyde buffer, processed routinely into paraffin, sliced at  
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thickness of 5 μm, and stained with H&E. The H&E-stained slices 
were imaged by optical microscopy and assessed by three indepen-
dent pathologists. 

Subcutaneous phosphorescence imaging with 
preirradiated NPs 
The healthy BALB/c mice were anesthetized with 1% sodium pen-
tobarbital in PBS and placed into the box of the IVIS instrument. 
Then, NPs were preirradiated by 365-nm hand-held UV lamp with 
a power density of 127 mW cm−2 for 3 s. After that, 100 μl of the 
activated NPs (1 mg ml−1 based on NPs) was subcutaneously inject-
ed into the mice, followed by imaging with IVIS instrument at dif-
ferent time points. The phosphorescence images were acquired in 
bioluminescence mode with open filter (exposure time: 17 s). 
During the imaging process, the mice were warmed with a 
heating pad under continued isoflurane anesthesia. 

Phosphorescence imaging of sentinel lymph node 
Fifty microliters of NPs (1 mg ml−1 based on NPs) was injected into 
the forepaws of live BALB/c mice. At 30 min postinjection, after the 
mice were anesthetized with 1% sodium pentobarbital, the axillae of 
mice were irradiated using a 365-nm hand-held UV lamp with a 
power density of 127 mW cm−2 for 3 s (UV dose: 3.81 J m−2) and 
then imaged with IVIS instrument in bioluminescence mode with 
open filter (exposure time: 17 s) at 10 s after stoppage of light 
excitation. 

Phosphorescence imaging of pulmonary metastatic tumors 
Two hundred mircoliters of NPs (4 mg ml−1 based on NPs) were 
injected into pulmonary metastatic carcinoma–bearing mice via 
the tail vein. At 1.5, 3, 5, 7, 12, and 24 hours postinjection, the 
tumor-bearing mice were euthanized, and the main organs includ-
ing heart, lung, spleen, kidneys, and liver with tumors were excised. 
These organs were irradiated using a 365-nm hand-held UV lamp 
(127 mW cm−2) for 3 s and then imaged with an IVIS instrument in 
bioluminescence mode with open filter (exposure time: 17 s) at 10 s 
after stoppage of light excitation. FLI was also conducted with the 
IVIS instrument in fluorescence mode. These tissues were subse-
quently fixed in 4% neutral paraformaldehyde buffer, processed 
routinely to sliced, and stained with H&E. The H&E-stained 
slices were imaged by optical microscopy and assessed by three in-
dependent pathologists. 

Phosphorescence imaging of metastatic progression 
in lungs 
For the metastases in lungs from orthotopic liver tumor, the tumor- 
bearing mice were randomly divided into nine groups (n = 3 per 
group) at the day of tumor implantation (day 0). After every 3 or 
4 days until day 27, 200 μl of NPs (4 mg ml−1 based on NPs) was 
injected into one group of mice via the tail vein at each point of time. 
At 3 hours postinjection, the tumor-bearing mice were euthanized, 
and main organs including heart, lung, spleen, kidneys, and liver 
with tumors were excised. These organs were irradiated using a 
365-nm hand-held UV lamp (127 mW cm−2) for 3 s and then 
imaged with an IVIS instrument in bioluminescence mode with 
open filter (exposure time: 17 s) at 10 s after stoppage of light exci-
tation. Furthermore, these tissues were subsequently fixed in 4% 
neutral paraformaldehyde buffer, processed routinely to sliced, 
and stained with H&E. The H&E-stained slices were imaged by 

optical microscopy and assessed by three independent pathologists. 
For the simulated hematological metastases in lungs, healthy BALB/ 
c mice were randomly divided into five groups (n = 3 per group) at 
the day of 4T1 injection (day 0), followed by phosphorescence 
imaging in the same condition as mentioned above. 

Immunohistochemical staining 
The tissue was fixed in 4% neutral paraformaldehyde buffer over 2 
days and subsequently embedded in paraffin. The tissues were sliced 
5 μm after stored in 4°C for 1 hour. The tissue sections were baked at 
65°C for 60 min before rehydration with graded alcohols and then 
deparaffinized in dimethylbenzene and rehydrated. Sections were 
repaired with an antigenic repair solution (MXB Biotechnologies) 
for half an hour at 37°C and washed with 1× PBS for three times. 
IHC staining was performed in a process on the sections using a 
polyclonal antibody against Bcl-2, TGF-β, TNF-α, and VEGF (AB-
clonal). 3,3’-Diaminobenzidine (DAB) IHC slides were scanned at 
×20 on the Aperio VERSA 8 digital scanner (Leica Biosystems, 
Milton Keynes, UK). 

Micro-CT scan of metastases in lungs 
At each of these time points, micro-CT of metastases in lung was 
carried out for every mouse in groups (n = 3) by using Quantum 
GX2 microCT imaging system, with a field of view of 45 mm in 
the high-resolution scan mode. During this time, the tumor- 
bearing mice were anesthetized using 2% isoflurane in oxygen. 

Biodistribution assay of NPs in vivo 
Two hundred miroliters of NPs (4 mg ml−1 based on NPs) was in-
jected into mice bearing lung metastasis via the tail vein. At 1, 3, 5, 7, 
9, 24, and 72 hours after injection, the mice were euthanized, and 
various organs (heart, liver, spleen, lung with metastasis, and 
kidney) were excised and weighted. For each time point, three 
mice were tested. The organs were suspended in dichloromethane 
and intensely homogenized. After kept in the dark for 24 hours, the 
suspensions were filtered and the air-equilibrated filtrations were 
measured on the UV-visible spectrophotometer with absorption 
at 315 nm. The concentrations of NPs in the filtrations were calcu-
lated, according to the standard curves. Three mice of intravenous 
injection with PBS were used as the blank group. The values mea-
sured from the organs of the blank group served as the background 
and were deducted from the corresponding sample of the adminis-
trated mice. 

Statistical analysis 
The in vitro, in vivo, and ex vivo fluorescence and phosphorescence 
signals were quantified with region of interest analysis using Living 
Image 4.7.2 software (PerkinElmer Inc.). Micro-CT scan was con-
ducted with Quantum GX software (PerkinElmer Inc.), and calcu-
lation of lung volumes was carried out using Analyze 14.0 software 
(AnalyzeDirect Inc.). All experiments were repeated independently 
more than three times. Results are expressed as the mean ± SD 
unless stated otherwise. Investigators were blinded to group alloca-
tion during experiments. Statistical comparisons were determined 
between two groups by t test. For all tests, P values less than 0.05 
were considered statistically significant (*P < 0.05, **P < 0.01, 
***P < 0.001, and ****P < 0.0001). All statistical calculations were 
performed using Origin 2022 learning edition (OriginLab Corpora-
tion) or GraphPad Prism 9.0 (GraphPad Software). All IHC images  
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were quantified by AOD using ImageJ (National Institutes 
of Health). 

Supplementary Materials 
This PDF file includes: 
Figs. S1 to S23 
Tables S1 and S2 
References  
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