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ABSTRACT

Conventional small molecular chemical drugs always have challenging hurdles in cancer 

therapy due to their high systemic toxicity and low therapeutic efficacy. Nanotechnology has been 

applied in drug delivery, bringing new promising potential to realize effective cancer treatment. In 

this context, we develop here a new nanomicellar drug delivery platform generated by amphiphilic 

phosphorus dendrons (1-C17G3.HCl), which could form micelles for effective encapsulation of a 

hydrophobic anticancer drug doxorubicin (DOX) with high drug loading content (42.4%) and 

encapsulation efficiency (96.7%). Owing to the unique dendritic rigid structure and surface 

hydrophilic groups, large steady void space of micelles can be created for drug encapsulation. The 

created DOX-loaded micelles with a mean diameter of 26.3 nm have good colloidal stability. 

Strikingly, we show that the drug-free micelles possess good intrinsic anticancer activity and enable 

collectively with DOX to take down breast cancer cells in vitro and the xenogafted tumor model in 

vivo through upregulation of Bax, PTEN, and p53 proteins for enhanced cell apoptosis. Meanwhile, 

the resulting 1-C17G3.HCl@DOX micelles significantly abolish the toxicity relevant to the free 

drug. Findings of this work demonstrate a unique nanomicelle-based drug delivery system created 

with the self-assembling amphiphilic phosphorus dendrons that may be adapted for chemotherapy of 

different cancer types.
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INTRODUCTION

Breast cancer has been considered to be the most prevailing invasive malignancy in women 

worldwide.1 Although significant progresses have been achieved in early diagnosis and therapy, poor 

water solubility and high systemic toxicity of traditional anticancer drugs are still continuously 

proven to challenge the effective breast cancer therapy.2, 3 Moreover, most drugs are quickly 

recognized by the mononuclear phagocyte system and consequently leading to quite a low 

bioavailability.4 To address this problem, nanotechnology has been developed to create promising 

drug delivery systems for cancer treatment.5-8 Nanocarrier-based drug delivery systems can 

overcome many bottleneck problems of conventional anticancer drugs, including high systematic 

toxicity and low therapeutic index, commonly associated to the instability, water insolubility, and 

nonspecificity of drugs.5, 6, 8-11 Moreover, nanocarriers can be tailored to overcome multidrug 

resistance through improving the drug accessibility at tumor lesion via the known enhanced 

permeability and retention (EPR)-based passive tumor targeting.12-15 Consequently, it is necessary to 

develop innovative nanocarrier-based systems for cancer treatment, and some of which have been in 

the track for clinical translation.3, 5, 16

Among the numerous nanoscale drug delivery systems, liposomes,17, 18 nanogels,19 polymer-

drug conjugates,20 dendrimers,21 dendrons,22 lipid-based micelles23-25 and inorganic nanoparticles26 

have gained particular interest in nanomedicine development. The salient advantages of micelles are 

in two aspects: 1) high drug loading capacity to increase therapeutic potency through the 

improvement of the pharmacokinetic/pharmacodynamic profile of the loaded drugs; and 2) small 

size (< 30 nm) allowing for deep tumor penetration; 3) functionalized with specific ligands such as 

aptamers.2, 24, 25, 27, 28 In general, micelles are made from amphiphilic small molecules and polymers.2, 

3, 16 Small amphiphile-based micelles have limited stability, whereas those based on amphiphilic 

polymers are suffering problems of dispersed molecular weight distribution.2 Hence, an optimized 

nanomicelle-based delivery system is anticipated to integrate the privileges of both small and 

polymeric amphiphiles while overcoming their drawbacks. In line with our research in the 

theranostic realm, due to the biocompatibility and the numerous therapeutic applications of 
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phosphorus dendrimers and dendrons that have been developed by Majoral and Caminade,29-35 we 

are particularly interested in the development of novel nanostructures as nanomicellar drug delivery 

platforms based on amphiphilic phosphorus dendrons to open new avenue in nanomedicine 

development. As previously reported in our group,36 we found that cationic phosphorus dendrimers, 

as a kind of gene carrier, had strong gene compression and protection abilities. We also showed that 

core-shell tecto dendrimers with rigid cores displayed better gene compaction and delivery 

efficiency than the counterparts with flexible cores.37 However, due to the strong rigidity of the 

phosphorous dendrimers, their hydrophobic cavity does not have drug retention ability, thus limiting 

their drug delivery applications. Therefore, it is crucial to design amphiphilic phosphorus dendrons, 

analogue of phosphorous dendrimers that can self-assemble to form micelles in aqueous solution for 

drug delivery applications. Previously, we designed and synthesized tyramine-bearing two 

dimethylphosphonate sodium salt (TBP)-modified amphiphilic phosphorus dendrons using 

hexachlorocyclotriphosphazene as a scaffold to modify one phosphoryl chloride group with a 

hydrophobic alkyl chain as a core and the other five groups to create layered phosphorous branches 

with P=N-P=S backbones.38 The formed amphiphilic dendrons formed micelles in aqueous solution 

that were used to encapsulate hydrophobic anti-inflammatory drugs. Based on the prior study, we 

speculate that other amphiphilic dendrons with similar hydrophobic core and layered phosphorus 

branches with hydrophilic end groups may also be designed for drug delivery applications.

Here, in this original work, we report the construction and the therapeutic development of a new 

and effective nanomicellar platform based on generation 3 (G3) amphiphilic phosphorus dendrons 

for the in vitro and in vivo delivery of the anticancer drug doxorubicin (DOX), whose therapeutic 

efficacy has been significantly compromised by its non-specificity resulting in cumulative 

cardiotoxicity and nephrotoxicity.39-41 In our work, the G3 amphiphilic phosphorus dendrons 

composed of rigid stable -P=N-P=S bonds were synthesized (Figure 1) from the 

hexachlorocyclotriphosphazene core to bear 20 hydrophobic dendritic rigid branches for 

hydrophobic drug encapsulation, 40 surface hydrophilic groups, and one additional hydrophobic 

branch of a linear alkyl chain (C17H35) for molecular self-assembly in water environment to form 
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micelles.42, 43 The created micelles were used to load DOX  (Figure S1) and the DOX release from 

the 1-C17G3.HCl@DOX micelles was investigated under different pHs. The anticancer bioactivity 

of the 1-C17G3.HCl@DOX micelles against MCF-7 cells (a human breast adenocarcinoma cell line) 

was examined in vitro and in vivo through treatment of a subcutaneous tumor model. To our 

knowledge, this is a very first example to create -P=N-P=S bond-containing amphiphilic 

phosphorous dendron-based micelles as a delivery system in cancer chemotherapy.
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Figure 1. 2D chemical structure of 1-C17G3.HCl dendron.

Experimental Section

Synthesis of Dendron Components. Firstly, as shown in Figure 2, the N-(4-hydroxyphenethyl) 
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stearamide (3) was synthesized by condensation of tyramine (2) with stearic acid (1) at room 

temperature in dichloromethane/methanol mixture in the presence of 1-(3-dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride (EDC.HCl) as a linking agent with an 80.2% yield. The O,O-bis(4-

formylphenyl) phosphorazidothioate (7) was synthesized through two steps by first condensation of 

4-hydroxybenzaldehyde (5) with thiophosphoryl chloride (4) using cesium carbonate as base at room 

temperature in tetrahydrofuran (THF) affording (6) in an 80.4% yield. Nicely, under our reaction 

conditions, only two chlorine atoms of 4 were substituted. Condensation of sodium azide with the 

intermediate 6 at room temperature in THF enabled the production of compound 7 with a yield of 

86.2%, which was reacted with 8 to afford the desired compound 9 with an 85.4% yield after 

purification. All the reaction products were analyzed by NMR (Figure S2-S11).
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Figure 2. Synthesis of dendron components 3, 7 and 9.

Synthesis of 1-C17G3 and 1-C17G3.HCl Dendrons. As shown in Figure 3, the dendron 1-

C17G3.HCl was obtained in seven steps from commercially available 

hexachlorocyclotriphosphazene (10). The first step is to condensate 4-hydroxybenzaldehyde (11) 

with 10 using cesium carbonate as base at room temperature leading to 12 in a 76.0% yield. Under 

our reaction conditions, only five chlorine atoms of 10 were substituted. The next steps are the 

condensation of the unique chlorine atom of 12 with 3 affording 13 with an 85.1% yield (room 

temperature, THF). Reaction of (1-methylhydrazineyl) phosphonothioic dichloride (14) with 13 in 

the presence of anhydrous sodium sulfate (Na2SO4) as base at room temperature in THF allows to 

obtain the dendron 15 (generation 1, G1) in a 90.1% yield. The next step is the increase of 
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generation from 1 to 2 by the reaction of 15 with 9 in THF at room temperature in the presence of 

anhydrous cesium carbonate (Cs2CO3) as base to afford the G2 dendron (16) with an 82.5% yield. 

Then, the condensation of 16 with 14 at room temperature in dichloromethane afforded nicely the 

dendron 17 in a 93.3% yield. Functionalization of the dendron 17 (generation 3) occurred by the 

condensation of 1-(2-aminoethyl) pyrrolidine (18) at room temperature in the presence of N, N-

diisopropylethylamine as base in THF to give the dendron 1-C17G3 in a 96% yield. Finally, 1-

C17G3.HCl was obtained through quantitative protonation of 1-C17G3 with HCl diethylether at 

room temperature in THF.
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Figure 3. Synthesis of amphiphilic phosphorous dendrons 1-C17G3 and 1-C17G3.HCl. 

Preparation of DOX-Loaded Micelles (1-C17G3.HCl@DOX). 1-C17G3.HCl@DOX 

micelles were prepared by incubating 1-C17G3.HCl and DOX under different 1-C17G3.HCl/DOX 

molar ratios (1: 10, 1: 15, 1: 20 or 1: 25). The mixtures were stirred overnight at room temperature 

and centrifuged (7000 rpm) for 20 min to take out the precipitates associated to nonencapsulated 

DOX. The supernatants were freeze dried for 3 days to afford the 1-C17G3.HCl@DOX complexes, 

which were fully characterized through transmission electron microscopy (TEM) and dynamic light 
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scattering (DLS) techniques.

In Vitro Anticancer Activity of 1-C17G3.HCl and 1-C17G3.HCl@DOX Micelles. We tested 

the anticancer activity of 1-C17G3.HCl, 1-C17G3.HCl@DOX and free DOX against MCF-7 cells 

and normal mouse fibroblast (NIH-3T3) cells by cell counting kit-8 (CCK-8) cell viability assay. 

Then, cells treated with the 1-C17G3.HCl, 1-C17G3.HCl@DOX and free DOX were subjected to 

cellular uptake and cell apoptosis assays, the total RNA of cells were assayed by real-time 

quantitative polymerase chain reaction (RT-qPCR), and the cell apoptosis-related proteins were 

inspected via Western blotting.

In Vivo Evaluation of 1-C17G3.HCl and 1-C17G3.HCl@DOX Micelles. All animal 

experiments were carried out after approval by the ethical committee for animal care of Donghua 

University and also in accordance with the policy of the National Ministry of Health (China). The 

MCF-7 xenografted tumor model was established and were intravenously injected with normal 

saline (NS, Group 1), 1-C17G3.HCl (Group 2), free DOX (Group 3), and 1-C17G3.HCl@DOX 

(Group 4), respectively on the 1st, 4th, 7th and 10th day. By referring to the literature,43, 44 the dose of 5 

mg DOX/kg, 7 mg 1-C17G3.HCl/kg or 12 mg 1-C17G3.HCl@DOX/kg were used for each mouse. 

In this case, we ensure that the used free DOX dose is effective to kill tumors but can create some 

side effects. The tumor volumes and the body weights were recorded every third day. After 17 days, 

the tumor tissues and the main organs were removed from sacrificed mice for hematoxylin & eosin 

staining (H&E) and TdT-mediated dUTP Nick-End Labeling (TUNEL) staining. Meanwhile, RT-

qPCR and Western blot assays were also carried out to determine the apoptosis-related proteins in 

tumor cells in the mRNA and protein expression levels.

RESULTS AND DISCUSSION

Synthesis and Characterization of Amphiphilic Phosphorus Dendrons. As revealed in 

Figures 1 and 2, we took advantage of the rigidity of both joined polyphenol and triphenyl-

phosphanimine moieties to synthesize amphiphilic phosphorus dendrons of 1-C17G3 and 1-
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C17G3.HCl bearing a linear hydrophobic alkyl chain (C17H35). These dendrons and their 

intermediate products were fully characterized by 1H, 13C and 31P NMR (Figures S2-S11, Supporting 

Information). Likely due to the complex structure and large molecular weight of the 1-C17G3.HCl, 

we were unable to determine their Mw by mass spectrometry. However, we used 1H NMR to 

calculate the ratio of the methylene protons of the terminal five membered ring, protons of benzene 

ring, and the methylene protons of long hydrophobic alkyl chain, which is sufficient to ensure the 

successful structural characterization. The same problem also exists for some polyamino acids 

reported in the literature,45, 46 where molar mass of the polymers could be determined using the 

integral ratio of the phenyl peaks and the methyl/ethyl peak of the repeating units.

Preparation and Characterization of 1-C17G3.HCl@DOX Micelles. Due to the amphiphilic 

nature of the dendron structure,47 drug-free 1-C17G3.HCl micelles were first prepared. The critical 

micelle concentration (CMC) of 1-C17G3.HCl micelles was determined using a fluorescence probe 

method. The value of CMC was determined to be 27.0 μM (Figure 4A). As revealed by both TEM 

and DLS analysis, 1-C17G3.HCl micelles were successfully formed through self-assembly in water. 

The micelles display a spherical morphology with an average diameter of 24.5 nm (Figure 4B), and 

have a hydrodynamic size and zeta potential of 159.0 nm (Figure 4C) and +19.6 ± 5.0 mV (Table 

S1), respectively. Notably, the hydrodynamic size of the 1-C17G3.HCl micelles is very different 

from that measured by TEM. This discrepancy should be because TEM measures dried particles 

deposited onto carbon-coated copper grid, while DLS measures particles in aqueous solution that 

may aggregate in a certain degree.43 Very importantly, we show that even after diluted for several 

times, the hydrodynamic size of the drug-free micelles has no significant change (5 μM, ~161 nm, 

Figure 4D). It means that the drug-free micelles formed by 1-C17G3.HCl have an excellent 

structural stability, which is amenable for their drug delivery applications.
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Figure 4. (A) The critical micelle concentration of amphiphilic phosphorous dendrons (1-

C17G3.HCl) determined using the fluorescent dye pyrene. (B) TEM image and (C) DLS analysis of 

1-C17G3.HCl micelles at the dendron concentration of 130.0 μM. (D) DLS analysis of 1-

C17G3.HCl micelles at a concentration (5 μM) much lower than their CMC. (E) TEM image and (F) 

DLS analysis of 1-C17G3.HCl@DOX micelles at the dendron concentration of 76.3 μM.

We next prepared DOX-loaded micelles of 1-C17G3.HCl@DOX using the same self-assembly 

method.47 By varying the dendron/DOX molar ratio, the drug loading capacity and efficiency of 1-

C17G3.HCl@DOX micelles were optimized. As shown in Table S2, the maximal drug loading 

content is up to 42.4% with an encapsulation efficiency of 96.7% under the dendron/DOX molar 

ratio of 1: 20. This high drug-loading content and encapsulation efficiency of DOX can be explained 

by the –P=N-P=S bond-rendered molecular rigidity of the 1-C17G3.HCl micelles, leading to internal 

hydrophobic domains for each dendron composed of 11 benzene rings and phosphor-carbon double 

bonds per branch directly grafted on the core ring (vide supra). Hence, the hydrophobic drug such as 

DOX can be easily and stably encapsulated within the hydrophobic domain of the micelles. 

Meanwhile, the 1-C17G3.HCl@DOX with the 1-C17G3.HCl/DOX molar ratio at 1: 20 was selected 
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for subsequent studies.

The morphology and size of the 1-C17G3.HCl@DOX micelles were examined by TEM and 

DLS. Interestingly, the 1-C17G3.HCl@DOX micelles also exhibit a spherical shape as same as the 

drug-free 1-C17G3.HCl micelles, and have a mean particle size of 26.3 nm revealed by TEM (Figure 

4E) and a hydrodynamic size of 277.0 nm revealed by DLS (Figure 4F). It should be noted that the 

small-sized nanoparticles like observed with the 1-C17G3.HCl@DOX micelles are very promising 

for effective anticancer drug delivery through successful escape from kidney excretion and spleen 

sequestration to effectively accumulate at tumor lesion with deep penetration.25, 48, 49 Also, it is 

interesting to note that the 1-C17G3.HCl@DOX micelles are a little larger than the empty drug-free 

1-C17G3.HCl micelles as shown with both TEM imaging and DLS analysis (Figures 4B-C and 4E-

F). This discrepancy might be attributed to a micellar expansion2 and surface potential change (Table 

S1) that are induced by the accommodation of DOX within the hydrophobic micellar core. 

Then, the fluorescence emission and excitation spectra of free DOX and 1-C17G3.HCl@DOX 

micelles were investigated (Figure 5A-B). Clearly, DOX and 1-C17G3.HCl@DOX have the same 

fluorescence emission and excitation features. The fluorescence intensity of free DOX is 

approximately 2 times higher that of 1-C17G3.HCl@DOX micelles at the same equivalent DOX 

concentrations. In addition, as can be seen in Figure 5A-B, both free DOX and 1-C17G3.HCl@DOX 

show strong fluorescence intensity at a lower DOX concentration. This phenomenon can be 

explained by the aggregation-caused fluorescence quenching of DOX. For the 1-C17G3.HCl@DOX 

micelles, due to the micellar confinement effect, the encapsulated DOX molecules should have 

enhanced intermolecular interaction, thus having a more fluorescence quenching effect than free 

DOX under the same DOX concentrations.
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Figure 5. Steady-state fluorescence emission (A) and excitation (B) spectra of 1-C17G3.HCl@DOX 

micelles and free DOX at the DOX concentration of 100 μM and 1000 μM (excitation wavelength = 

365 nm and emission wavelength = 595 nm). (C) Accumulated DOX release from 1-

C17G3.HCl@DOX micelles at pH 6.8 (cytosolic pH) and pH 7.4 (physiologic pH) at 37 °C. CCK-8 

assay of the viability of NIH-3T3 (D) and MCF-7 (E) cells treated with 1-C17G3.HCl, free DOX 

and 1-C17G3.HCl@DOX under different equivalent DOX concentrations. (F) Flow cytometry assay 

of the cellular uptake of free DOX and 1-C17G3.HCl@DOX micelles under different equivalent 

DOX concentrations.

For efficient anticancer drug delivery, it is vital for the delivery system to control the release of 

the therapeutic agent at the tumor site, thereby reducing its side effects to normal tissues. Since the 

tumor lesion is often more acidic than normal tissues, drug release at a low pH should be beneficial 

for cancer therapy.50, 51 As shown in Figure 5C, the in-vitro DOX release from the 1-

C17G3.HCl@DOX micelles ([DOX] = 1 mg/mL and [1-C17G3.HCl] = 91 M) was examined at 37 

℃ and in phosphate buffer at pH 6.8 and pH 7.4, respectively. Approximately 46% and 27% of DOX 

can be released from micelles within the first 12 h at pH 6.8 and pH 7.4, respectively, followed by 
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continuous slow release. Additionally, the faster release of DOX at pH 6.8 than at pH 7.4 should be 

presumably due to the protonation of DOX under a basic condition to have an improved water 

solubility, thus inducing the extirpation of DOX from the micelles, in good agreement with the 

literature.52 

In Vitro Anticancer Activity of 1-C17G3.HCl@DOX Micelles. Since several years, we have 

been embarked in the development a novel nanoplatforms against tumors in general and breast 

cancers in particular.22, 36, 53 Firstly, we chose the common breast adenocarcinoma (MCF-7) cells to 

assess the in vitro anticancer efficacy of 1-C17G3.HCl@DOX micelles through CCK-8 cell viability 

assays versus free DOX and versus normal NIH-3T3 mouse fibroblast cells for safety purpose. As 

can be clearly seen in Figure 5D, the cytotoxicity of free DOX against NIH-3T3 cells was 2.5 and 

3.7 times higher than that of 1-C17G3.HCl@DOX at the equivalent DOX concentration of 1 and 2 

μM, respectively. To be opposed, the viability of NIH-3T3 cells treated with the drug-free 1-

C17G3.HCl micelles slightly decreases (12%), suggesting that the drug-free 1-C17G3.HCl micelles 

have a good cytocompatibility. As revealed in Figure 5E, both free DOX and 1-C17G3.HCl@DOX 

micelles exhibit a DOX concentration-dependent cytotoxicity against MCF-7 cells. Significantly 

different from the treatment of normal NIH-3T3 cells, under the same DOX concentrations, the 1-

C17G3.HCl@DOX micelles show much higher cytotoxicity to MCF-7 cells than free DOX. Based 

on these experiments, the IC50s of free DOX and 1-C17G3.HCl@DOX micelles were calculated to 

be 0.22 μM (NIH-3T3 cells)/3.28 μM (MCF-7 cells) and 0.42 μM (NIH-3T3 cells)/0.23 μM (MCF-7 

cells), respectively. The safety indexes, IC50 NIH-3T3/IC50 MCF-7 ratios of different formulations 

were thus calculated to be 0.067 and 1.87 for free DOX and 1-C17G3.HCl@DOX micelles, 

respectively. Clearly, the 1-C17G3.HCl@DOX micelles display a much higher safety index than 

free DOX.

To elucidate the mechanism associated to the enhanced antiproliferation activity of 1-

C17G3.HCl@DOX micelles, we first checked their uptake by MCF-7 cells using flow cytometry 

(Figure S12 and Figure 5F). After 4 h incubation, cells treated with both free DOX and 1-

C17G3.HCl@DOX micelles display DOX concentration-dependent mean fluorescence increase, 
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suggesting the efficient DOX uptake in a DOX dose-dependent manner (Figure 5F). Due to the 

aggregation-caused fluorescence quenching of DOX, the fluorescence intensity of free DOX is 

approximately 2 times higher than that of 1-C17G3.HCl@DOX micelles at the same equivalent 

DOX concentrations (Figure 5A-B). However, the mean fluorescence intensity of free DOX-treated 

cells is only 1.4 times higher than that of 1-C17G3.HCl@DOX-treated cells at the same equivalent 

DOX concentrations (Figure 5F). Therefore, we can conclude that the 1-C17G3.HCl@DOX micelles 

actually have a better cellular uptake tendency. 

Figure 6. Fluorescence microscopic images of MCF-7 cells treated with PBS, 1-C17G3.HCl 

micelles, free DOX and 1-C17G3.HCl@DOX micelles for 5 h at an equivalent DOX concentration 

of 10 μM.

Furthermore, fluorescence microscopic imaging was also employed to monitor the intracellular 

uptake of 1-C17G3.HCl@DOX micelles (Figure 6). In the merged images, the red fluorescence was 

partly co-localized within the cytoplasm, indicating that both free DOX and 1-C17G3.HCl@DOX 
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micelles can be internalized in the cells. In sharp contrast, cells treated with PBS and DOX-free 1-

C17G3.HCl micelles just show the 4’, 6-diamidino-2-phenylindole (DAPI)-stained blue cell nuclei. 

It is interesting to note that for the group of 1-C17G3.HCl@DOX micelles, the red fluorescence 

signals could come from both 1-C17G3.HCl@DOX micelles and the released free DOX since more 

than 20% of the loaded DOX may be released after 5 h incubation with cells (Figure 5C). Taken 

together, these data suggest that the 1-C17G3.HCl@DOX micelles can be taken up by the MCF-7 

cells possibly via the dominant process of phagocytosis.54

To investigate the promoting effect of 1-C17G3.HCl@DOX micelles on cell apoptosis, MCF-7 

cells treated with free DOX and 1-C17G3.HCl@DOX micelles were assayed by flow cytometry 

(Figure S13 and Figure 7A). Notably, the treatment of drug-free 1-C17G3.HCl micelles obviously 

leads to a cell apoptosis rate of 30.19 ± 0.90%, which is much higher than that of the control group 

(4.22 ± 1.29%, p < 0.001), suggesting the inherent apoptosis-promoting effect of the drug-free 1-

C17G3.HCl micelles. Meanwhile, MCF-7 cells treated with the 1-C17G3.HCl@DOX micelles have 

an apoptosis percentage of 66.58 ± 0.07%, which is greater than that of the drug-free 1-C17G3.HCl 

micelles (30.19 ± 0.90%, p < 0.001) and free DOX (46.08% ± 0.21%, p < 0.001). These results fully 

confirm that the developed 1-C17G3.HCl@DOX micelles taking the advantage of the bioactive per 

se drug-free 1-C17G3.HCl micelles display the best therapeutic efficacy among all groups. 

To delineate the molecular mechanism associated to cell apoptosis, the relative mRNA 

expression of the tumor suppressor PTEN (phosphatase and tensin homologue), p53 which in turn 

promotes apoptosis of tumor cells and is considered to be a key indicator of antitumor drugs,55, 56 as 

well as the proapoptotic protein Bax57 were inspected using RT-qPCR (Figure 7B). MCF-7 cells 

treated with PBS were used as negative control. Clearly, significant increases in mRNA expression 

of Bax, p53 and PTEN can be nicely seen in cells treated with free DOX and 1-C17G3.HCl@DOX 

micelles. Meanwhile, the 1-C17G3.HCl group display slight increases in the mRNA expression of 

all three indicators when compared to the PBS control. RT-qPCR evaluation shows that the bioactive 

per se 1-C17G3.HCl significantly enhances the apoptosis effect of DOX (for PTEN and p53, p < 

0.01), quite matching the results of cell apoptosis assay.
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Further, the cell apoptosis-related proteins were determined using Western blotting. As shown in 

Figure 7C-F, significant upregulation of Bax, p53 and PTEN proteins can be observed in cells 

treated with drug-free 1-C17G3.HCl micelles, free DOX and 1-C17G3.HCl@DOX micelles. The 

expression levels of apoptosis-related proteins are the highest for the 1-C17G3.HCl@DOX group 

versus other groups (p < 0.01), in good agreement with the results of cell apoptosis assay and RT-

qPCR. Therefore, we can conclude that the 1-C17G3.HCl micelles can be considered as a good 

hydrophobic drug carrier to improve the effectiveness of chemotherapy.

Figure 7. (A) Histograms of cell apoptosis percentage. (B) Validation of relative mRNA expression 

levels of PTEN, p53 and Bax in MCF-7 cells incubated with PBS, drug-free 1-C17G3.HCl micelles, 

free DOX and 1-C17G3.HCl@DOX micelles ([DOX] = 5 μM or [1-C17G3.HCl] = 0.25 μM), 

respectively for 24 h. (C) Western blot assay of the expression of proteins related to cell apoptosis in 

MCF-7 cells treated with drug-free 1-C17G3.HCl micelles and 1-C17G3.HCl@DOX micelles 

([DOX] = 5 μM or [1-C17G3.HCl] = 0.25 μM). PBS and free DOX were used as controls. The 

GAPDH protein was used as an internal control. (D, E and F) Quantitative analysis of PTEN, Bax, 

and p53 proteins, respectively from the Western blot assay data in vitro.

In Vivo Breast Cancer Therapy Using 1-C17G3.HCl@DOX Micelles.  Firstly, the 
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hemocompatibility of 1-C17G3.HCl@DOX micelles at the DOX concentration of 0.42 μM (IC50 

value) was evaluated by hemolysis assay (Figure S14). Obviously, the 1-C17G3.HCl micelles before 

and after DOX loading show a good hemocompatibility with hemolysis rates lower than the 

threshold value of 5%. This suggests that the micelles even with a positive surface potential are still 

hemocompatible. In addition, the pharmacokinetics of free DOX and 1-C17G3.HCl@DOX micelles 

was respectively examined. As shown in Figure S15, the DOX concentration in the blood significant 

decreases for both free DOX and 1-C17G3.HCl@DOX groups within the first 12 h, and the 1-

C17G3.HCl@DOX micelles display a much longer half-decay time (2.98 h) than free DOX (1.6 h). 

A subcutaneous breast tumor model was established to assess the antitumor efficacy of the 

developed 1-C17G3.HCl@DOX micelles in BALB/c nude mice. As shown in Figure S16 and Figure 

8A, administration of free DOX and 1-C17G3.HCl@DOX micelles leads to significant tumor 

growth inhibition. Meanwhile, the tumor volume in the 1-C17G3.HCl group is much smaller than in 

the NS group, suggesting the inherent antitumor activity of the active per se 1-C17G3.HCl micelles. 

During the whole treatment period, the mice treated with NS, 1-C17G3.HCl and 1-

C17G3.HCl@DOX do not show any abnormal behavior, and the mouse body weight does not show 

any significant loss (Figure 8B), suggesting that both 1-C17G3.HCl and 1-C17G3.HCl@DOX have 

no significant toxicity within experimental period. To be opposed, significant weight loss was 

induced in mice treated with free DOX. Furthermore, due to the high systemic toxicity of free 

DOX,56, 58, 59 one mouse treated with free DOX passed away during the treatment period (Figure 8C). 

In contrast, in the 1-C17G3.HCl@DOX and 1-C17G3.HCl groups, all mice stay in good physical 

condition, similar to the NS group. This means that these micelles effectively reduce the systemic 

toxicity of DOX to mice. 
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Figure 8. (A) Relative tumor volume at indicated time points (n = 6 for each group). (B) The 

relative body weights of mice at indicated time points (n = 6 for each group). (C) The survival 

percentages of mice at indicated time points. (D) Relative mRNA expression level of PTEN, p53 and 

Bax in xenografted tumor cells at 7 days post treatment of NS, 1-C17G3.HCl, free DOX and 1-

C17G3.HCl@DOX (5 mg DOX/kg or 7 mg 1-C17G3.HCl/kg for each mouse). (E) Western blot 

assay of the PTEN, p53 and Bax proteins in xenografted tumor cells at 7 days post treatment of NS, 

1-C17G3.HCl, free DOX and 1-C17G3.HCl@DOX (5 mg DOX/kg or 7 mg 1-C17G3.HCl/kg for 

each mouse). NS and free DOX were used as controls. The GAPDH protein was used as an internal 

control. (F) Quantitative analysis of PTEN, p53 and Bax proteins from the Western blot assay data in 

vivo.

After injection for 17 days, we processed the tumor tissue to isolate the tumor cells for RT-

qPCR and Western blot assay of the mRNA and protein expressions (Figure 8D-F). Clearly, the 

tumor cells treated with the 1-C17G3.HCl@DOX micelles have the highest mRNA and protein 

expression levels of PTEN, p53 and Bax than all other groups, in good agreement with the in vitro 

data (Figure 7B-F). The tumor tissue samples were further subjected to histological analysis via 

H&E and TUNEL staining. As illustrated in Figure 9, the tumors treated with the 1-
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C17G3.HCl@DOX micelles display the highest level of necrotic (H&E) and apoptotic (TUNEL) 

cell populations, indicating that the 1-C17G3.HCl@DOX micelles have the best therapeutic effect 

among all groups. Furthermore, quantitative assessment of the cell apoptosis rate through the 

TUNEL-staining images (Figure S17) reveals the cell apoptosis rate in the order of 1-

C17G3.HCl@DOX (75.7 ± 4.12%) > free DOX (31.3 ± 5.40%) > 1-C17G3.HCl (13.6 ± 2.72%) > 

NS (4.2 ± 1.35%). This result corroborates those obtained above (Figure S13 and Figure 7A). 

Collectively, these results suggest that the 1-C17G3.HCl@DOX micelles exert in vivo anticancer 

effects and exhibit the most potent tumor inhibition ability.

Figure 9. TUNEL and H&E staining of xenografted tumor sections from mice injected with NS, 1-

C17G3.HCl, free DOX and 1-C17G3.HCl@DOX at 17 days post-injection. Scale bar in each panel 

represents 200 μm.

H&E staining was also utilized to investigate the histological features of major organs of tumor-

bearing mice in different treatment groups (Figure S18). For the mice treated with free DOX, liver 

damage was detected. In contrast, the groups of C17G3.HCl and 1-C17G3.HCl@DOX do not show 

any visible organ damages. The drastically reduced toxicity of 1-C17G3.HCl@DOX micelles 

compared to free DOX can be likely deduced by the nanomicellar formulation of DOX, which 

promotes the EPR-based passive targeting of the drug to tumor site for tumor penetration and 

enhance chemotherapy. Collectively, these results confirm that the developed 1-C17G3.HCl@DOX 

micelles effectively improve the therapeutic effect of DOX while reducing its systemic toxicity. 
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Conclusion

In a nutshell, we have designed and prepared the amphiphilic phosphorus dendrons of 1-

C17G3.HCl, which can be self-assembled to form micelles for effective DOX encapsulation and 

tumor delivery. Each 1-C17G3.HCl dendron bears a long linear alkyl chain (C17H35) in core, -P=N-

P=S bond-containing rigid molecular structure (56 benzene rings and 35 double bonds) in interior 

branches, and 40 protonated pyrrolidine groups on the surface. The created unique 1-C17G3.HCl 

dendrons can form micelles in water in the presence of anticancer drug DOX to form 1-

C17G3.HCl@DOX micelles with a diameter of 26.3 nm and the high DOX loading content and 

encapsulation efficiency reaching up to 42.36% and 96.71%, respectively. Meanwhile, the 1-

C17G3.HCl@DOX micelles have excellent colloidal stability, can release the DOX rapidly at an 

acidic tumor pH, and enable breast cancer cell apoptosis as verified by the upregulation of the 

indicators of PTEN, p53 and Bax in the mRNA and protein levels.  With the small size and EPR-

based passive targeting ability, the 1-C17G3.HCl@DOX micelles can be delivered to tumor region 

to exert effective tumor chemotherapy without side effects to normal organs. Most strikingly, we 

show that the -P=N-P=S bond-containing drug-free phosphorous dendron micelles owns the inherent 

anticancer bioactivity. The developed bioactive per se amphiphilic phosphorus dendron micelles 

could be a promising delivery system of different anticancer drugs to tackle different cancer types.

Supporting Information

Full experimental details and data including zeta potentials, hydrodynamic sizes, drug loading 
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