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ABSTRACT: Tumor associated macrophages (TAMs) are often related with poor prognosis after 

radiotherapy. Depleting TAMs may thus be a promising method to improve the radio-therapeutic 

efficacy. Herein, we report a biocompatible & biodegradable nanoplatform based on calcium 

bisphosphonates (CaBP-PEG) nanoparticles for chelator-free radiolabeling chemistry, effective in vivo 

depletion of TAMs, and imaging-guided enhanced cancer radioisotope therapy (RIT). It is found that 

CaBP-PEG nanoparticles prepared via a mineralization method with polyethylene glycol (PEG) coating 

could be labeled with various radioisotopes upon simple mixing, including gamma-emitting 99mTc for 

single-photon emission computed tomography (SPECT) imaging, as well as beta-emitting 32P as a 

therapeutic radioisotope for RIT. Upon intravenous injection, CaBP(99mTc)-PEG nanoparticles exhibit 

efficient tumor homing as evidenced by SPECT imaging. Owning to the function of bisphosphonates as 

clinical drugs to deplete TAMs, suppressed angiogenesis, normalized tumor vasculatures, enhanced 

intratumoral perfusion and relieved tumor hypoxia are observed after TAMs depletion induced by 

CaBP-PEG. Such modulated tumor microenvironment appears to be highly favorable for cancer RIT 

using CaBP(32P)-PEG as the radio-therapeutic agent, which offers excellent synergistic therapeutic 
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effect in inhibiting the tumor growth. With great biocompatibility and multi-functionalities, such 

CaBP-PEG nanoparticles constituted by Ca2+ and a clinical drug would be rather attractive for clinical 

translation.

KEYWORDS: bisphosphonates, biomineralized nanoparticles, chelating free radiolabeling chemistry, 

tumor associated macrophages, radioisotope therapy

Radiotherapy, including external beam radiation therapy and radioisotope therapy (RIT), is a major 

method widely applied in current clinical cancer treatment.1,2 The improvement of RIT depends on 

accurately delivering radioisotopes to tumor tissues to optimize radiation doses of tumors versus normal 

organs.3,4 Over the recent decade, versatile nanomaterials has been developed to deliver radionuclides to 

tumors through the enhanced permeability and retention (EPR) effect due to the leaky tumor blood 

vasculature.5-8 To minimize side effects, those nanomaterials are often designed to be biodegradable and 

responsive to various features within the tumor microenvironment (e.g. pH-sensitive, 

enzyme-sensitive).9-15 Regarding the types of radio-therapeutic isotopes, as beta particles would often 

cause stronger damages to cancer cells compared to gamma rays because of higher linear energy transfer 

(LET), various types of radioisotopes, such as 131I, 177Lu, 186Re and 188Re, with both beta- and gamma 

decays, have been extensively applied in the clinic for RIT.16-18 Among various therapeutic isotopes, 

32-phosphorus (32P) appears to be quite suitable as it is a purely beta-emitting radioisotope, and could be 

innately bound to DNA of cancer cells and then get trapped in tumors to effectively induce cell 

death.19-22 Thus, developing biocompatible and biodegradable nanomaterials to tumor-targeted delivery 

of 32P may be attractive for cancer RIT.

On the other hand, many features within the tumor microenvironment (TME) are known to be 

associated with the radio-resistance of tumor cells.23-25 Nowadays, research into improving therapeutic 

outcomes of radiotherapy is focused on the role of tumor microenvironment, which may be crucial in 

determining the success or failure of therapy.23 Tumor associated macrophages (TAMs), almost half 

weight of solid tumor mass, are considered to be a critical modulator of TME and often related with 
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poor prognosis.26-30 In particular, the M2-type macrophages, the dominant type of TAMs, not only 

contribute to tumor growth, progress and metastasis, but also lead to immunosuppression and resistance 

to cancer treatments. For instance, cytokines and growth factors (e.g. epidermal growth factor, 

vascular-endothelial growth factor, matrix metalloproteinase and COX-2) overexpressed by TAMs play 

a key role in tumor angiogenesis, which further contributes to the abnormal tumor vasculatures and 

subsequent radiotherapy resistance.31-34 Meanwhile, increasing evidences indicate that radiotherapy 

promotes a greater recruitment and influx of bone marrow derived TAMs into tumors.35,36 Several 

strategies are under investigation for dealing with TAMs, including inhibition of macrophage 

recruitment, functional re-education of TAMs, as well as depletion of macrophages.37,38 Therefore, 

combining TAMs targeted therapy with radiotherapy may be an attractive approach for enhanced cancer 

treatment.

Bisphosphonates (BP), first-line low-cost drugs to treat metabolic bone diseases, are found to show 

high affinity and toxicity to monocytes and their derivates, such as macrophages and osteoclasts39. 

Clophosome®, BP encapsulated in liposomes, is a commercial drug for macrophages depletion. Recent 

clinical trials and preclinical research results together have illustrated that the anti-tumor activity of BP 

is attributed to selectively target TAMs, not cancer cells.39-41 In this work, nanoparticles mineralized 

from Ca2+ and BP by a water-in-oil reverse microemulsion method are synthesized and functionalized 

with polyethylene glycol (PEG).42 CaBP-PEG nanoparticles are found to be degradable in weak acidic 

tumor microenvironment, favorable for TME-responsive drug release. Utilizing the multifunctional 

chemical property of BP, CaBP-PEG nanoparticles are labeled with 99mTc via coordination between 

phosphonate and technetium, yielding CaBP(99mTc)-PEG nanoparticles as an excellent SPECT contrast 

agent. Meanwhile, 32P, a clinic radio-therapeutic radionuclide in the form of 32PO4
3-, can also be labeled 

on CaBP-PEG nanoparticles via anion exchange, yielding CaBP(32P)-PEG nanoparticles for RIT. As 

revealed by SPECT imaging, those BP-containing nanoparticles show efficient tumor retention after 

intravenous injection, and are able to effectively deplete TAMs within the tumor. Owning to the 

normalized tumor vasculatures, enhanced intratumoral perfusion and relieved tumor hypoxia after 

BP-induced TAMs depletion, CaBP(32P)-PEG nanoparticles offer excellent synergistic therapeutic effect 
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in inhibiting the tumor growth. Considering the great biocompatibility and multi-functionalities, such 

CaBP-PEG nanoparticles constructed by Ca2+ and a clinical drug exhibit promising prospect for future 

clinical translation.

RESULTS AND DISCUSSION 

  In this work, CaBP nanoparticles were prepared by a water-in-oil reverse microemulsion method by 

mixing CaCl2 with 1, 2-dioleoyl-sn-glycero-3-phosphate (DOPA) and BP (Figure 1a). After adding 

excess alcohol, hydrophobic CaBP-DOPA nanoparticles were precipitated by centrifugation and then 

re-dispersed in chloroform by ultrasound. To transfer as-made CaBP-DOPA nanoparticles into aqueous 

solutions, those nanoparticles were surface modified with polyethylene glycol (PEG) through mixing 

with 1, 2-dihexadecanoyl-sn-glycero-3-phosphocholine (DPPC), cholesterol and 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-(methoxy(polyethyleneglycol)-5000) 

(DSPE-PEG5000) at a 4:4:2 mole ratio in chloroform.43,44 After evaporating the solvent, CaBP-PEG 

nanoparticles were well dispersed in saline. Transmission electron microscopy (TEM) image (Figure 

1b) showed that those nanoparticles were uniform in sizes. The photo of nanoparticles in PBS and 

medium (Figure 1c) illustrated that those nanoparticles exhibited high stability. Consistent to the TEM 

imaging results, dynamic light scatting (DLS) measurement (Figure 1c and Supporting Information 

Figure S1) showed the average hydrodynamic size of CaBP-PEG nanoparticles to be about 50 nm. The 

zeta potential of nanoparticles after PEG modification was measured to be nearly neutral at about -0.5 

mV. 

Considering the acid-triggered decomposition of calcium phosphate nanoparticles and the similar 

chemical structure between phosphate and bisphosphonate, the pH-sensitive ability of CaBP-PEG 

nanoparticles was tested in saline under different pH values. Under the physiological condition (pH 7.4), 

those nanoparticles appeared to be stable under TEM imaging without significant release of BP as 

measured by an Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) (Figure 

1d&1e). On the contrary, within acidic buffers, TEM images (Figure 1e) showed the corrosion of 

nanoparticles and ICP-OES analysis (Figure 1d) further confirmed the gradual release of BP during the 
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pH-responsive nanoparticle decomposition process. The pH-responsive property was duo to the proper 

pKa3 (about 6.6) of BP. In acidic environment, protonation process of BP would weaken the 

coordination between calcium ions and BP, then CaBP nanoparticles would be gradually dissolved.

 Next, we studied the in vitro behaviors and cytotoxicity of CaBP-PEG nanoparticles. RAW264.7 

murine macrophages leukemia cells were incubated with DiD dye labeled CaBP-PEG nanoparticles 

(Figure 2a and Figure S2). After 12 hours incubation, strong fluorescence signals in the cytoplasm of 

cells suggested the efficient cellular uptake of BP drugs. The cytotoxicity of CaBP-PEG nanoparticles, 

CaP-PEG nanoparticles (replacing BP with phosphonates as a blank control) and free BP drug to 4T1 

murine breast cancer cells, CT26 murine colon carcinoma cells, 3T3 murine embryo fibroblast cells and 

RAW264.7 cells were measured with the standard cell viability assay (Figure 2b-2e). While bare 

CaP-PEG nanoparticles showed no appreciable toxicity to all types of cells under high concentrations, 

CaBP-PEG nanoparticles exhibited obviously increased cytotoxicity towards different types of cells 

compared to free BP, likely owing to the enhanced cellular uptake of BP in the nanoparticles 

formulation. Note that free BP anions are high water soluble and cannot easily pass through cell 

membranes.45 The half maximal inhibitory concentrations (IC50) of CaBP-PEG nanoparticles were 

calculated to be 7.02 μM to RAW264.7 cells, which appeared to be much lower than that to 4T1, CT26 

and 3T3 cells at 62.3 μM, 58.8 μM and 35.5 μM (Figure 2f), respectively, suggesting that macrophages 

would be much vulnerable to BP drugs compared to other cell types.

Considering the high coordination affinity of bisphosphonate with metal ions, we then speculated that 

CaBP-PEG nanoparticles might be labeled with 99mTc4+ (Figure 3a), a widely used radioactive isotope 

ions for single photon emission computed tomography (SPECT) imaging.46,47 In our experiment, 

CaBP-PEG nanoparticles were added into the mixed solution of Na99mTcO4 and NaBH4 (to reduce TcⅦ 

into Tc Ⅳ ) under weak alkaline environment. After shaking for 1 hour, free 99mTc was removed by 

centrifugation filtration, yielding CaBP(99mTc)-PEG nanoparticles with a radiolabeling yield at 70%. 

The obtained CaBP(99mTc)-PEG nanoparticles exhibited high radio-stability in PBS under 37 oC after 24 

hours (Figure 3b). Therefore, CaBP-PEG nanoparticles could be easily labeled with radioactive isotope 

via chelator-free manner, greatly facilitating in vivo tracking.
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Next, we used SPECT imaging to study the in vivo behaviors of such CaBP(99mTc)-PEG 

nanoparticles. Mice bearing 4T1 tumors were thus intravenously (i.v.) injected with CaBP(99mTc)-PEG 

nanoparticles (0.5 mCi), then imaged with  SPECT imaging system. Time-dependent increase of 

SPECT signals (Figure 3c) were observed in tumor after i.v injection, suggesting the efficient tumor 

uptake of those PEGylated nanoparticles by the EPR effect. Significant SPECT signals were also 

observed in the liver of mice owing to the clearance of those nanoparticles by the reticuloendothelial 

system (RES). 

At different time points post i.v. injection of CaBP(99mTc)-PEG nanoparticles, mouse blood samples 

were collected and measured the radioactive counts (Figure 3d). Those nanoparticles showed long 

blood circulation half-lives (t1/2α=0.35 h and t1/2β=12.8 h). At 24 h post injection, mice were sacrificed 

and major organs were collected for gamma counting and biodistribution measurement (Figure 3e). The 

tumor uptake of CaBP(99mTc)-PEG nanoparticles was determined to be 5.4 % ID/g.

  Considering the macrophage cytotoxicity of CaBP-PEG nanoparticles as well as their efficient tumor 

homing, we then wondered whether those nanoparticles could selectively deplete TAMs in vivo. To 

visually measure TAMs population changes, tumors of mice after different treatments were sliced and 

stained with FITC-labeled TAMs maker F4/80 antibody.48,49 Immunofluorescence images clearly 

showed that TAMs positive area (green) (Figure 4a&4b) after PBS, CaP-PEG, free BP and CaBP-PEG 

treatment were 10.74%, 11.3%, 3.67% and 0.23%, respectively. Epidermal growth factor receptor 

(EGFR) positive area (Figure 4a&4c) after PBS, CaP-PEG, free BP and CaBP-PEG treatment were 

67%, 64%, 52% and 35%, respectively. Consistent to in vitro results, while blank CaP-PEG 

nanoparticles and free BP treatment would not affect or only slightly decrease the population of TAMs 

and EGFR expression within the tumors, i.v. injected CaBP-PEG nanoparticles could lead to greatly 

decreased TAMs population and suppressed EGFR expression in tumors of treated mice. It is known 

that TAMs could be generally classified into pro-tumor M2-type and anti-tumor M1-type, among which 

the M2-type macrophages could be dominant within the tumor microenvironment. The percentages of 

CD11+CD206+ M2-type TAMs (Figure S3) also decreased from 0.72% to 0.13% among all collected 

cells, or from 4.4% to 2.2% among CD11b+ monocytes, after i.v. injection of CaBP-PEG nanoparticles, 
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indicating the re-reduction of macrophages from immune suppressive M2-type to immune supporting 

M1-ype. Those results all confirmed that TAMs were selectively depleted and TAMs-stimulated 

angiogenesis signal would be efficiently suppressed after CaBP-PEG nanoparticles treatment.

Since intravenous administration of nanoparticles, systemic responses of mice after different 

treatments were conducted by testing cytokines in blood serum (Figure 4d-4g). After CaBP-PEG 

nanoparticles treatment, the level of interleukin-10 (IL-10), a pro-tumor cytokine secreted by M2-type 

macrophages, sharply decreased; on the contrary, the level of interleukin-12 (IL-12), an anti-tumor 

cytokine secreted by M1-type macrophages, greatly increased, consistently to flow cytometer 

measurement. In addition, the levels of tumor necrosis factor-α (TNF-α) and interferon gamma (IFN-γ), 

two important anti-tumor signals, coincidentally increased after TAMs depletion with CaBP-PEG 

nanoparticles.50,51

It was known that TAMs could act as barriers around tumor blood vessels, and would lead to distorted 

tumor blood vasculature during tumor angiogenesis. Therefore, we examined the changes of the 

intratumoral perfusion ability after TAMs depletion with CaBP-PEG nanoparticles by dye Evans blue 

assay. Mice after different treatments were i.v. injected with Evans blue. Three hours post injection, 

mice were scarified and tumors were collected. Photographs of tumors (Figure 5b) after different 

treatments clearly showed that intratumoral perfusion ability of Evans blue increased after CaBP-PEG 

nanoparticles treatment. Quantitative results (Figure 5c) also confirmed that tumor perfusion of mice 

after CaBP-PEG nanoparticles treatment almost two times than that of mice after PBS nanoparticles 

treatment. 

Photoacoustic (PA) imaging was further conducted to directly confirm the enhanced intratumoral 

oxygen perfusion after CaBP-PEG nanoparticles treatment. The intratumoral oxygen perfusion was 

measured by vascular saturated oxygen (sO2), which was assessed using the standard in vivo 

multispectral PA imaging with two excitation wavelengths at 750 nm and 850 nm for deoxygenated and 

oxygenated hemoglobin, respectively.52 Compared to PBS and CaP-PEG treatment, sO2 only slightly 

increased after free BP treatment, but greatly increased after CaBP-PEG treatment (Figure 5d&5e). The 

increased numbers of hemoglobin (Figure S4) also proved the enhanced tumor perfusion.
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To further investigate the tumor hypoxic state after enhanced tumor oxygen perfusion, 

immunofluorescence staining of tumor slices was conducted. Mice bearing 4T1 tumors were sacrificed 

after different treatments. Hypoxia probe staining with anti-pimonidazole antibody (Figure 5f&5g) 

revealed the sharply decreased tumor hypoxia signals (green) after CaBP-PEG nanoparticles treatment, 

indicating that the tumor hypoxia was greatly relieved. Hypoxia inducible factor-1α (HIF-1α) 

overexpression (Figure S5&S6) was also suppressed after treatment, which would greatly help to 

conquer hypoxia-induced therapy-resistance. Notably, consistently to the results of down-regulation of 

EGFR expression, the density of tumor blood vessels (CD31 positive area) (Figure 5g) showed slight 

decrease but the numbers of dilated tumor blood vessels showed obvious increase after CaBP-PEG 

nanoparticles treatment (Figure 5h). As revealed in partially enlarged figures (Figure 5f), significantly 

ordered blood vessels were observed in CaBP-PEG group, suggesting that the enhanced intratumoral 

perfusion was probably attributed to anti-angiogenesis and  normalized tumor vasculatures after TAMs 

depletion (Figure 5a).53,54 All those results proved that the tumor microenvironment was effectively 

modulated after TAMs depletion with CaBP-PEG nanoparticles.

For cancer RIT, 32-phosphorus (32P) emitting pure high energy β--rays (1.71 MeV) could be an ideal 

therapeutic radionuclide. Considering the structure similarity between bisphosphonate and phosphonate, 

we speculated that CaBP-PEG nanoparticles might be labeled with 32P in the phosphonate form via 

anion exchange (Figure 6a). Interesting, we found that by simply mixing CaBP-PEG nanoparticles with 

Na2H32PO4 in weak alkaline, radioactive CaBP(32P)-PEG nanoparticles could be obtain with a high 

radiolabeling yield (Figure S7) and excellent radiolabeling stability (Figure 6b). In vitro therapeutic 

efficacy was then determined by the cell counting kit-8 assay. CaBP(32P)-PEG nanoparticles exhibited 

much stronger cytotoxicity than other formulations (Figure 6c).     

Then, in vivo cancer therapy experiment was further carried out for 4T1 tumor bearing mice, which 

were randomly divided into five groups and treated with different formulations twice (Figure 6d&6e). 

Compared to PBS treated mice, treatment with non-radioactive CaBP-PEG nanoparticles and 

radioisotope therapy alone with either free 32P and CaP(32P)-PEG nanoparticles could only slightly 

inhibit tumor growth. Notably, treatment with CaBP(32P)-PEG nanoparticles resulted in greatly delayed 

Page 8 of 26

ACS Paragon Plus Environment

ACS Nano

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



tumor growth. In addition, excellent synergistic effect (combination index = 0.48) was achieved, which 

was owing to tumor TME modulation after TAMs depletion (Figure S8). Microscopy images (Figure 

6f) of hematoxylin & eosin (H&E) stained slices from tumor of mice after different treatments also 

revealed that combining TAMs depletion with radioisotope therapy exhibited the heaviest cytotoxicity to 

tumor cells in vivo. The highest positive area of apoptosis maker Terminal-deoxynucleoitidyl 

Transferase Mediated Nick End Labeling (TUNEL) consistently proved that CaBP(32P)-PEG 

nanoparticles caused the strongest damages to cancer cells.

  To investigate the potential in vivo toxicity of nanomaterials and possible side effect of RIT with 

CaBP(32P)-PEG nanoparticles, the normal organs from healthy mice as well as tumor-bearing mice after 

therapy were collected, sliced and then stained with H&E (Figure S9&S10). No significant abnormality 

was observed in collected organs including heart, liver, spleen, lung and kidney for mice after 

CaBP(32P)-PEG therapy, suggesting no detectable in vivo toxicities under the therapy dosage. Regarding 

the components of those nanoparticles, calcium is an abundantly essential element, while BP is a wildly 

used drug in the clinic with high safety. Although free 32P might exhibit marrow toxicity, the high 

radio-stability of CaBP(32P)-PEG nanoparticles would limit the escape of free 32P  as evidenced by the 

very low bone radioactivity uptake of CaBP(32P)-PEG, so as to avoid potential adverse effect. In 

general, those nanoparticles exhibited high biocompatibility and safety.

CONCLUSION

In this work, a biocompatible & biodegradable nanoplatform was developed for chelator-free 

radiolabeling chemistry, effective in vivo depletion of TAMs, and imaging-guided enhanced cancer 

radioisotope therapy (RIT). Mono-dispersed CaBP nanoparticles with uniform size were constructed 

with calcium ions and BP via a simply reverse microemulsion method. After surface PEGylation, 

CaBP-PEG nanoparticles with high stability in physiological condition could be gradually decomposed 

in acidic environment. After being labeled with a imaging radionuclide 99mTc via coordination, 

CaBP(99mTc)-PEG nanoparticles could be real-time tracked by SPECT imaging, which revealed the high 

tumor homing ability of those nanoparticles. Owning to the function of BP to deplete TAMs, i.v. 
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injection of CaBP-PEG nanoparticles would result in suppressed angiogenesis, normalized tumor 

vasculatures, enhanced intratumoral perfusion and relieved tumor hypoxia are observed. After being 

labeled with therapeutic radionuclide 32P via anion exchange, CaBP(32P)-PEG achieved excellent 

synergistic therapeutic effect in inhibiting the tumor growth with a combination index at 0.48. 

Our nanoparticles appear to be a particularly attractive RIT platform for the following reasons: (1) 

Those nanoparticles are simply constituted by Ca2+ and a clinical drug with full biocompatibility. (2) Via 

chelator-free radiolabeling chemistry, those nanoparticles could be easily labeled either both imaging or 

therapeutic isotopes (99mTc and 32P) upon simple mixing with high labeling yields and stabilities. It is 

expected that such labeling method could be extended to the labeling with other types of radioisotopes. 

(3) The TAM depletion function of those nanoparticles would lead to the modulated tumor 

microenvironment, which is found to be greatly favorable for further enhanced RIT treatment of cancer.  

However, owing to the limited access to radioisotopes in our radio-lab until now, in this study, only 

cation 99mTc4+ and anion 32PO4
3- were labeled on CaBP-PEG nanoparticles for imaging and therapy, 

respectively. Although no significant toxicity was observed in our experiments at our treatment dose, 

one note is that 32P with a half-life of 14.3 days may not be the ideal type of radioisotope for RIT 

application upon systemic administration. Local administration of those nanoparticles into tumors may 

be an alternative approach for tumor treatment to avoid potential systemic toxicity. Moreover, we also 

expect that our CaBP-PEG nanoparticles could be easily labeled with other types of therapeutic 

radioisotopes with shorter half-lives (e.g. 90Y, 177Lu 188Re) via the same chelate-free labeling method 

following that used for 99mTc labeling, to enable more effective cancer RIT. Nevertheless, our work 

presents a biocompatible RIT nano-platform capable of chelate-free radiolabeling and effective 

modulation of tumor microenvironment, promising for cancer RIT with enhanced efficacy. 

MATERIALS AND METHODS

Synthesis and Surface Modification of Nanoparticles. Hydrophobic DOPA-coated CaBP 

nanoparticles were prepared using a water-in-oil micro-emulsion method. 30 mL water-in-oil solution 

was prepared by mixing 4.35 mL CO-520 (as surfactant), 2.25 mL Triton-100 (as surfactant), 1.5 mL 
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1-hextrol and 21.9 mL cyclohexane together (CO-520/Triton X-100/hextol/cyclohexane = 10.5/7.5/5/77, 

v/v/v/v) and separated into two halves. 300 μL 25 mM BP solution in 0.5 M Tris buffer (pH 10) and 400 

μL 20 mg/mL DOPA in chloroform were added in 15 ml of the water-in-oil solution as P phase. 300 μL 

500 mM CaCl2 in 0.5 M Tris buffer (pH 10) was added in 15 ml of the water-in-oil solution as Ca phase. 

The clear P phase was slowly dropped in the Ca phase with a micro-injection pump under stirring. After 

stirring overnight, equivalent volume of ethanol was added to precipitate the DOPA-coated 

nanoparticles. Then the obtained nanoparticles were washed with ethanol for three times to remove 

impurities.

The DOPA-coated CaBP nanoparticles were re-dispersed in chloroform and treated with ultrasonic 

for 30 mins to acquire well mono-dispersed nanoparticles. Then DPPC, cholesterol and DSPE-PEG (5k) 

were added in the solution. After violently stirring overnight, the chloroform was removed through 

rotary evaporation. Finally, the surface modified CaBP-PEG nanoparticles were re-dispersed in saline 

solution. 1 mg/mL CaCl2 could be added to stabilize nanoparticles in saline for long-term storage. 

CaP-PEG nanoparticles were synthesized as control through replacing BP with phosphate (Na3PO4).

For fluorescence labeling of nanoparticles, 10 μL 5mg/mL DiD dye in methanol was added in 1 mL 

CaBP-PEG (2mg/mL) solution. After stirring overnight and ultrafiltration, DiD-labeled CaBP-PEG 

nanoparticles were obtained.

Characterization. The DOPA-coated CaBP nanoparticles were re-dispersed in cyclohexane and 

characterized by transmission electron microscopy. The hydrodynamic size of CaBP-PEG nanoparticles 

was determined by a Zetasizer Nano-ZS (Malvern Instruments, UK). To test the pH responsive property, 

CaBP-PEG nanoparticles were encapsulated in dialysis bag (MWCO = 1000) and put in saline solution 

under different pH values (7.4, 6.5 and 5.5). After stirring for different times, the concentration of 

released phosphorus was measured by ICP-OES.

Cellular experiment. 4T1, CT26 cells, 3T3 cells and RAW264.7 cells were cultured under 

recommended conditions. For in vitro toxicity assay, four types of cells seeded into 96-well plates were 
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incubated with free BP, CaP-PEG or CaBP-PEG nanoparticles at different concentrations for 24 h. The 

methyl thiazolyl tetrazolium (MTT) assay was then conducted to determine cytotoxicity of the three 

formulations to four cell lines. 

Radiolabeling of 99mTc. One mCi Na99mTcO4 (purchased from Shanghai GMS Pharmaceutical Co., 

Ltd) and 100 μL 10 mg/mL NaBH4 (as the reductant) were added into the CaBP-PEG solution. After 

shaking for 1 hour, the free technetium and excess reductant were remove by centrifugation filtration 

and washed with saline until no detachable radioactivity in the filtration solution, yielding 

CaBP(99mTc)-PEG nanoparticles. 

Animal Model. Female Balb/c mice (purchased from Nanjing Peng Sheng Biological Technology 

Co., Ltd) were used under standard protocols approved by Soochow University Laboratory Animal 

Center. To build subcutaneous tumor model, 1×106 4T1 cells in 50 μL of PBS were subcutaneously 

injected into the back of each mouse. Ten days after injection, tumor volumes of mice reached about 100 

mm3.

SPECT Imaging and in vivo Behaviors of Nanoparticles. Balb/c mouse bearing 4T1 tumors (~200 

mm3) was i.v. injected with CaBP(99mTc)-PEG  nanoparticles (0.5 mCi) and imaged with a small 

animal SPECT (MILabs, Utrecht, the Netherlands) imaging system at 2, 6 and 12 h post injection. For 

nanoparticles pharmacokinetics, at different time points post injection of CaBP(99mTc)-PEG, ~20 μL of 

blood was drawn from right orbital venous plexus. The radioactivities in blood samples were measured 

by a gamma counter (LB211, Berthold Technologies Gmbh & Co.KG).  At 24 h post injection, the 

mice were sacrificed. All major organs and tumor were collected and weighed. Radioactivities of 

samples were measured.

Assays about TAMs Depletion and Tumor Microenvironment Modulation. A total of 12 Balb/c 

mice with 4T1 tumors (about 100 mm3) were divided in three groups and treated with PBS, CaP-PEG 
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nanoparticles or CaBP-PEG nanoparticles (200 μL, 1 mg/mL). The treatment was repeated 4 days later. 

After waiting for another 3 days, tumors were collected and cut into two halves for flow cytometry assay 

and immunofluorescence staining. For flow cytometer analysis, tumor cells were collected after 

homogenization and stained with FITC-anti-CD206 and PE-anti-CD11b antibodies. For 

immunofluorescence imaging, tumors were fixed with OCT glue for sections. Then slices were stained 

with DAPI, FITC-anti-F4/80 or anti-EGFR (abcam52894) antibody. Moreover, the immunofluorescence 

imaging of tumor hypoxia was conducted by using either the pimonidazole probe, or anti-HIF-1α 

antibody, following previously reported protocol.52 Immunofluorescence images were captured by 

Olympus confocal fluorescence microscopy. For cytokine measurement, mice sera were collected for 

ELISA assays to test the levels of IL-10, IL-12, TNF-α and IFN-γ.

Evaluation of Intratumoral Perfusion. A total of 12 4T1 tumor-bearing mice (about 100 mm3) were 

treated with PBS, CaP-PEG nanoparticles or CaBP-PEG nanoparticles (200 μL, 1 mg/mL) for twice at 

day 0 and day 4. Tumor oxygen perfusion was directly measured with Photoacoustic Imaging System 

(Vevo LAZR) at 0 and 24 h post the first injection. Three days after the second treatment, all mice were 

i.v. injected with 5% Evans blue. Three hours after treatment, mice were scarified and tumors were 

collected and weighed. Evans blue was extracted from the tumor tissues with dimethyl formamide for 

three days, and quantitated with a UV-vis spectrophotometer at 620 nm.

Radiolabeling of 32-Phosphorus and in vivo Therapy. Na2H32PO4 (purchased from China Isotope 

and Radiation Corporation) solution was added into CaBP-PEG or CaP-PEG nanoparticles solution 

under shaking at 60 oC overnight. Free radioisotopes were removed through centrifugation filtration. For 

the in vitro cytotoxicity assay, 4T1 cells incubated with different concentrations of CaBP-PEG, free 32P, 

CaP(32P)-PEG or CaBP(32P)-PEG for 72 h. Then MTT assay was conducted to test the cytotoxicity of 

different formulation. For in vivo therapy, 25 Balb/c mice bearing 4T1 tumors with sizes about 100 mm3 

were randomly divided in five groups treated with PBS, CaBP-PEG, free 32P, CaP(32P)-PEG, or 

CaBP(32P)-PEG (100 μCi of 32P and/or 200 μg of BP). Four days later, the treatment was repeated. 
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Tumor volumes were measure with a caliper. The combination index (CI) = AB/(A×B).52 In this 

equation, AB is the tumor volume ratio of the CaBP(32P)-PEG group to the PBS group, while A or B is 

the tumor volume ratio of CaP(32P)-PEG group or CaBP-PEG group to the PBS group, respectively.
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Figure 1. Preparation and characterization of nanomaterials. (a) A schematic illustration to show the 
preparation of CaBP nanoparticles. (b) A TEM image of CaBP nanoparticles. (c) Dynamic light 
scattering data and photo of CaBP-PEG nanoparticles in PBS and cell culture medium buffer. (d) 
Release of BP from CaBP-PEG nanoparticles under different pH values. (e) TEM images of CaBP-PEG 
nanoparticles in physiological (pH 7.4) and acidic (pH 6) buffers after incubation for different periods of 
time.
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Figure 2. In vitro behaviors of nanoparticles. (a) Confocal fluorescence images of RAW cells after 
incubation with DiD labeled CaBP-PEG nanoparticles for 12 h. Cell nuclei and lysosomes were labeled 
by DAPI and lyso-tracker®, respectively. Cytotoxicity of CaP-PEG nanoparticles, free BP and 
CaBP-PEG nanoparticles to 4T1 (b), CT26 (c), 3T3 (d) and RAW264.7 (e) cells at different 
bisphosphonate or phosphonate concentrations. (f) Half maximal inhibitory (IC50) concentrations of 
CaBP-PEG nanoparticles were 62.3 μM, 58.8 μM, 35.5 μM and 7.02 μM, for 4T1, CT26, 3T3, and 
RAW264.7 cells, respectively. 
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Figure 3. In vivo behaviors of nanoparticles. (a) A scheme illustration of 99mTc radiolabeling of 
CaBP-PEG nanoparticles for tracing in vivo fate of nanoparticles. (b) The radiolabeling stability of 99mTc 
labeled CaBP-PEG nanoparticles. (c) SPECT images of mice at 2, 6 and 12 h after intravenous injection 
of CaBP(99mTc)-PEG nanoparticles. Tumors of mice were highlighted by the dotted circles. (d) The 
blood circulation profiles of CaBP(99mTc)-PEG nanoparticles. (e) The biodistribution of 
CaBP(99mTc)-PEG nanoparticles measured at 24 h post injection.
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Figure 4. Selective depletion of TAMs with CaBP-PEG nanoparticles treatment. (a) TAMs (left) and 
TAMs-stimulated EGFR expression (right). Immunofluorescence images of tumor slices stained with 
DAPI (blue), anti-F4/80 (green, left) or anti-EGFR (green, right) antibody. (b-c) Statistic data of F4/80 
and EGFR positive area percentages in tumors after different treatments. F4/80 and EGFR positive 
signals sharply decreased after CaBP-PEG nanoparticles treatment. (d-g) The levels of IL-10, IL-12, 
TNF-α and IFN-γ in sera of mice after different treatments. All the above assays were conducted at 3 
days post second i.v. injection of various agents indicated. P value in (b-g) determined with t-test. *p < 
0.05, **p < 0.01, ***p < 0.001.
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Figure 5. In vivo modulation of tumor microenvironment after CaBP-PEG nanoparticles treatment. (a) A 
scheme showing the normalized tumor vasculature, enhanced perfusion and relieved tumor hypoxia after 
TAMs depletion. (b) Photographs of tumors after extraction of Evans blue. The deep blue in tumors of 
mice after CaBP-PEG nanoparticles treatment indicted the enhanced intratumoral perfusion. (c) Relative 
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Evans blue accumulation in tumors measured with a UV-vis spectrophotometer at 620 nm after DMF 
extraction. (d) Photoacoustic imaging showing tumor saturated O2 levels of mice after i.v. injection of 
PBS, CaP-PEG, free BP or CaBP-PEG nanoparticles. (e) Tumor average total sO2 from (d). (f) 
Representative immunofluorescence images of tumor slices collected from mice treated with PBS, 
CaP-PEG, free BP or CaBP-PEG nanoparticles. The cell nuclei, blood vessels, and hypoxia areas were 
stained with DAPI (blue), anti-CD31 antibody (red), and anti-pimonidazole antibody (green), 
respectively. (g) Percentages of hypoxia-positive and CD31-positive areas from (f). (h) Numbers of 
dilated tumor blood vessels from (f). More than 10 images were analyzed for each sample to obtain the 
statistic information.
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Figure 6 In vitro and in vivo therapeutic efficiency of CaBP(32P)-PEG nanoparticles. (a) A scheme 
illustration of CaBP(32P)-PEG nanoparticles for synergistic combination RIT with TAMs depletion. (b) 
Radiolabeling stability of CaBP(32P)-PEG nanoparticles. (c) The relative cell viabilities of 4T1 cells 
incubated with of free 32P, CaP(32P)-PEG, CaBP-PEG or CaBP(32P)-PEG nanoparticles for 72 h. (d) 
Tumor volume curves of mice with various treatments. Doses for each injection: 100 μCi of 32P, 200 μg 
of BP. The mice were treated twice at day 0 and 4 (black arrows). (e) Photographs of tumors collected at 
the fourteenth day after first treatment. (f) Images of H&E and TUNEL stained tumor slices after 
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various treatments. P values in (d) were calculated with t-test (***p < 0.001).
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