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Abstract 
Chemotherapy is the main method of treating malignant tumors in clinical treatment. 

However, the commonly used chemotherapeutic drugs have the disadvantages of high 

biological toxicity, poor water solubility, low targeting ability, and high side effects. 

Zwitterionic micelles assembled by amphiphilic dendrimers modified with zwitterionic 

groups and targeting ligand should largely overcome these shortcomings. Herein, the 

zwitterionic group and targeting peptide c(RGDfC) were modified on the surface of 

generation 2 poly (propylene imine) dendrimers (G2 PPI), which was conjugated with 

hydrophobic N-(2-mercaptoethyl) oleamide to form amphiphilic dendrimers 

(PPIMYRC). PPIMYRC self-assembled into micelles with doxorubicin (DOX) loaded 

in the interior of micelles to prepare DOX-loaded micelles (PPIMYRC-DOX micelles). 

The PPIMYRC-DOX micelles had great stability in fibrinogen and pH responsive drug 

release. Furthermore, PPIMYRC-DOX micelles had higher cellular uptake rates than 

free DOX, resulting in higher cytotoxicity of PPIMYRC-DOX micelles than that of free 

DOX. More importantly, PPIMYRC-DOX micelles inhibited tumors much better than 

free DOX. The tumor inhibition rate of PPIMYRC-DOX micelles was as high as 93%. 

Taken together, PPIMYRC-DOX micelles were assembled by amphiphilic dendrimers 

with the zwitterionic and targeting groups, which enhanced the therapeutic effect of 

DOX and reduced its side effects. The prepared targeting nanodrug has great potential 

for further application in antitumor therapy. 
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1. INTRODUCTION 

Cancer is a major global problem with high morbidity and high mortality, which has 

brought a huge burden to society.1-3 Right now, chemotherapy is the main method of 

clinical treatment of cancer4,5 especially the treatment of malignant tumors and systemic 

metastatic cancers. However, traditional chemotherapeutic drugs like paclitaxel (PTX)6, 

doxorubicin (DOX)7 and camptothecin (CPT) 8 are small molecule drugs and have 

many limitations. For example, these small molecule drugs generally have poor water 

solubility, poor tumor targeting ability and high toxicity 9. Researchers have developed 

a number of drug delivery systems (DDSs) to overcome these shortcomings of 

traditional small molecule drugs,10,11 such as liposomes,12 peptides,13,14 polymer 

micelles,15 and dendrimers.16,17 These DDSs reduce drug toxicity and improve drug 

utilization by enhancing permeability and retention (EPR) effects.18,19 

Polymer micelles have good application prospects in nanomedicine.20 Polymeric 

micelles improve water solubility of hydrophobic small molecule drugs and controlled 

release at tumor sites. However, they are easily recognized non-specifically by proteins 

in the blood through intravenous injection and removed from the body by the 

reticuloendothelial system (RES),21,22 which largely reduces the efficiency of drug-

loaded polymer micelles in delivering small molecule drugs to tumors. The 

modification of polyethylene glycol (PEG) on the surface of polymer micelles will 

improve the blood circulation time of polymer micelles. However, PEG has many 

drawbacks including generation antibodies and weak interaction with proteins, 

resulting in reduced therapeutic efficacy.23,24 Therefore, how to improve the 
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biocompatibility of polymer micelles and the delivery efficiency of small molecule 

anticancer drugs has become the focus of the treatment of cancer.  

Since zwitterionic materials can form a dense hydration layer in water, prevent 

direct contact with proteins, and reduce interaction with proteins, they have good 

performance of reducing non-specific protein adsorption.25,26 Zwitterionic groups are 

modified on the polymer to prepare zwitterionic polymers, which improves the protein 

stability of polymer micelles and the delivery efficiency of small molecule anticancer 

drugs.27,28 However, the number of zwitterionic groups modified on the polymer is 

uncontrollable,29,30 and too many zwitterionic groups of polymer micelles  make them  

difficult to enter into the tumor site.31 Dendrimers have controllable surface 

modification sites and good water solubility. The amphiphilic dendrimers micelles have 

the merits of dendrimers and can achieve controlled drug release.32 In addition, the 

passive targeting depends on the vascular defects at the tumor site and has selective 

high enhanced permeability and retention effect (EPR effect) to macromolecular 

substances and lipid nanoparticles,33,34 the receptor mediated active targeting delivery 

system has further improved the anti-tumor effect of nanodrug. Integrin αvβ3 is 

overexpressed in a variety of tumor cells,35 and short zwitterionic peptide c(RGDfC) 

can selectively recognize and bind integrin αvβ3 with high affinity. 36,37 Therefore, we 

designed to modify ligand c(RGDfC) on nanodrug carriers to achieve active targeting 

and achieve better anti-tumor effect. 

In this paper, a new kind of amphiphilic dendrimers (PPIMYRC) was synthesized, 

where generation 2 polypropylene imine dendrimer (G2 PPI) with zwitterionic groups 

and c(RGDfC) ligand was used as the hydrophilic end, and the linear molecule N-(2-

mercaptoethyl) oleamide was used as the hydrophobic end. PPIMYRC nanomicelles 

formed by self-assembly and encapsulated DOX by physical entrapment to prepare 

zwitterionic targeting DOX-loaded micelles (PPIMYRC-DOX micelles). The 

zwitterionic shell of PPIMYRC-DOX micelles made them have good dispersion and 
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stability. PPIMYRC-DOX micelles accumulated at the tumor through EPR effect, and 

the targeting ligand c(RGDfC) enabled PPIMYRC-DOX micelles to target tumor cells 

and be endocytosed by tumor cells. In cell experiments, fluorescence microscopy and 

flow cytometry were used to explore the reason of the high cytotoxicity of PPIMYRC-

DOX micelles. In addition, PPIMYRC-DOX micelles had a good tumor-inhibiting 

effect. Therefore, we provide a new carrier with targeted and controlled drug release 

for enhanced antitumor effect. 

2. Experimental section 

2.1 Materials 

Materials were in supporting information. 

2.2 Synthesis of zwitterionic dendrimer 

Detailed synthesis steps and dosages are provided in the supporting information. G2 

PPI and maleic anhydride in DMSO were reacted to obtain the product maleic 

anhydride modified G2 PPI (PPIM). N-(2-mercaptoethyl) oleamide and PPIM were 

dissolved in CH2Cl2 and CH3OH, respectively. Then they were mixed and reacted to 

obtain product N-(2-mercaptoethyl) oleamide modified PPIM (PPIMY). PPIMY and 

c(RGDfC) were mixed and reacted in CH3OH to obtain product c(RGDfC)modified 

PPIMY (PPIMYR). Cysteamine and PPIMYR in CH3OH were reacted to obtain the 

product cysteamine modified PPIMYR (PPIMYRC). The steps of synthesis are shown 

in Figure 1. 
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Figure 1. The synthesis steps of PPIMYRC 

2.3 Preparation of drug-loaded micelles 

DOX×HCl and triethylamine were dissolved in CH3OH, then sonicated in the dark for 

1 h to obtain DOX solution in CH3OH. PPIMYRC was dissolved in 1 mL of CH3OH. 

DOX and PPIMYRC were mixed and reacted for 3 h in dark. The solution after the 

reaction was slowly dropped into 1.5 mL of water at a rate of 1 mL/min, and then the 

mixed solution was dialyzed in H2O to obtain DOX-loaded micelles (PPIMYRC-DOX 

micelles). The data of drug-loaded micelles were calculated by the formulas: 

Drug	loading	efficiency	(DLE) 	= 	
mass of DOX in micelles
total	mass	of	micelles ´100                1 



7 
 

Encapsulation	efficiency	(EE) 	= 	
mass	of	DOX	in	micelles
total	mass	of	DOX	added ´100               2 

2.4 Characterization 

PPIMYRC-DOX micelles were dissolved in different pH deionized water (7.4, 6.5, 

and 5.5) at a concentration of 1 mg/mL. Fibrinogen, PPIMYRC micelles, and 

PPIMYRC-DOX micelles were dissolved phosphate buffer saline (PBS) at pH 7.4 to 

simulate a human normal environment. The hydrodynamic size, zeta potential as well 

as protein stability of the samples were measured by DLS. 

2.5 Drug release assay 

The PPIMYRC-DOX micelles solution (CDOX = 20 μg/mL) was dialyzed against PBS 

solutions of different pH values (pH = 5.5, 6.5 and 7.4). 1.5 mL of fresh PBS solution 

was used to replace the old PBS solution every 30 min. Finally, the fluorescence 

intensity of each sample at Ex=480 nm was measured with the fluorescence 

spectrophotometer. 

2.6 Cytotoxicity assay 

The MTT analysis was used for examining the biocompatibility of PPIMYRC to cells. 

HeLa and A549 cells were plated in 96-well plates (1´104 cells/well), respectively. 24 

h latter, a new DMEM medium containing 27.5-440 μg/mL PPIMYRC and G2 PPI was 

employed to replace the original medium, respectively. Another 24 h latter, 100 μL of 

MTT solution per well was substituted for the original medium. The solution of MTT 

was replaced by 150 μL of DMSO per well after 4 h. Afterwards, the microplate reader 

was used for measuring the absorbance of the sample at 490 nm. Besides, the 

cytotoxicity of PPIMYRC-DOX micelles to A549 and HeLa cells was determined in 
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the same way.  

2.7 Cellular uptake assay 

Confocal microscopy was applied to qualitatively analyze cellular uptake of DOX 

and PPIMYRC-DOX micelles. A549 cells were plated in a 24-well plate (1×105 

cells/well). The DMEM with DOX and PPIMYRC-DOX micelles (CDOX=5 μg/mL) 

replaced the previous medium. After 20 h, cell nuclei was stained with Hoechest 3342, 

and confocal microscopy was used to photograph the cells. 

A549 cells were plated in a 6-well plate (1×105 cells/well). The previous solution 

was replaced with DMEM containing free DOX and PPIMYRC-DOX micelles 

(CDOX=5 μg/mL) with different pH (5.5, 6.5, 7.4). After 20 h, cells were collected. 

Finally, the flow cytometry was applied to measure the fluorescence intensity of DOX. 

The flowjo10.0 program was used to analyze the experimental data. 

2.8 Antitumor assay in vivo 

The female KM mice were randomly divided into 4 groups: saline group, free DOX 

group, PPIMYRC micelles group and PPIMYRC-DOX micelles group. Each group had 

6 mice. Each mouse was injected with 200 µL of sample at a time by tail vein injection, 

and they were injected 7 times (CDOX=2.5 mg/kg) (mass of DOX/mouse body weight). 

Various data of mice were recorded during dosing. The tumor volume was calculated 

with formula 3: 

𝑉 = !×#!

$
                                                                             3 

V means the tumor volume, a is the long diameter of tumor, b is the short diameter of 

tumor. 



9 
 

The tumor inhibition rate was calculated with formula 4: 

                         4 

After 14 days, the main organs were collected. The damage of the samples to the 

major organs and tissues of mice was detected by H&E staining. Furthermore, to reveal 

the liver impairment of mice, the levels of alanine aminotransferase (ALT) and aspartate 

aminotransferase (AST) in the blood was tested through standard kits. 

2.9 Statistical analysis 

Data were shown as mean ± SD. Statistical significance was determined by one-way 

anova (*P<0.05) 

3. Results and discussion 

3.1 Synthesis of PPIMYRC 

PPIMYRC-DOX micelles were prepared through the self-assembly of amphiphilic 

dendrimers PPIMYRC with physical entrapment in DOX. Figure 2A shows the 1H 

NMR spectra of PPIM in D2O and PPIMYRC, PPIMYR and PPIMY in mixed solvent 

of D2O and CD4O (VD2O: VCD4O =1:1). Compared with PPIM, there were three new 

peaks in the PPIMY spectrum at chemical shifts 5.34, 1.30 and 0.88 ppm, which were 

the characteristic peaks of N-(2-mercaptoethyl) oleamide. This result proved that 

PPIMY was successfully synthesized. A new peak appeared in the PPIMYR spectrum 

at a chemical shift of 7.25 ppm, which was generated by the H on the benzene ring in 

c(RGDfC), which proved the successful synthesis of PPIMR. The 1H NMR spectrum 

of c(RGDfC) is shown in Figure S1. In the PPIMYRC spectrum, there were two peaks 

completely disappeared at the chemical shifts of 6.25 and 5.84 ppm, which indicated 
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that a small part of the remaining double bonds on the PPIMYR were completely 

reacted, proving the successful synthesis of the target product PPIMYRC. 

 

Figure 2. (A) 1H NMR spectra of PPIM in D2O and PPIMYRC, PPIMYR and PPIMY 

in mixed solvent of D2O and CD4O (VD2O: VCD4O =1:1), (B) infrared absorption 

spectrum of PPIMYRC 

Infrared spectroscopy was used to prove the successful synthesis of PPIMYRC. 

As shown in Figure 2B, the absorption peak at 3269 cm-1 comes from N-H stretching 

vibration. The absorption peak at 2926 cm-1 comes from the stretching vibration of O-

H in carboxyl group. The absorption peak at 1641 cm-1 comes from the stretching 

vibration of C=C. The absorption peaks of 1549 cm-1 and 1380 cm-1 come from the 

stretching vibration of benzene ring skeleton and methyl group, respectively. The 

infrared spectrum of PPIMYRC is consistent with its molecular formula, which proves 

the successful synthesis of PPIMYRC. Figure S2 shows that the number average 

molecular weight of PPIMYRC is 767 Da on the elution curve. This value is lower than 

the calculated value because the dendrimer has a three-dimensional spherical structure, 

and the hydrodynamic radius of spherical molecules is much smaller than that of linear 

polymers with the same molecular weight, so the experimental value is lower than the 
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calculated value. 

3.2 Characterization of PPIMYRC-DOX micelles 

To verify that PPIMYRC-DOX micelles successfully encapsulated DOX, the UV-Vis 

spectrophotometer was used to measure whether there were peak shifts. As shown in 

Figure 3A, 480 nm and 495 nm are the characteristic absorption peaks of DOX and 

PPIMYRC-DOX, respectively. The characteristic absorption peaks of PPIMYRC-DOX 

micelles were provided by DOX. The comparison showed that the position of the 

characteristic absorption peak of DOX in PPIMYRC-DOX micelles was red-shifted. 

This was the result of DOX being encapsulated into the hydrophobic core of 

PPIMYRC-DOX micelles, proving that DOX packaging was successful.38 Furthermore, 

the color of three samples in Figure 3B further confirmed this result. The DLE and EE 

of PPIMPC-DOX micelles were 5.7% and 37.2%, respectively. Therefore, PPIMYRC-

DOX micelles successfully encapsulated DOX in their core. 

The size and morphology of micelles affected the interaction between cells and 

nanoparticles.39 The PPIMYRC-DOX micelles were dropped on the copper mesh 

support film, and the phosphotungstic acid was used for negative dyeing. The 

morphology and particle size of PPIMYRC-DOX micelles was characterized by 

TEM.40 As displayed in Figure 3C, the morphology of PPIMYRC-DOX micelles was 

irregularly spherical. As displayed in Figure 3D, the particle size distribution histogram 

displayed that the average particle size of PPIMYRC-DOX micelles was 21.5 nm, 

which proved PPIMYRC-DOX micelles had small particle size and narrower particle 

size distribution. Spherical structure facilitated penetration and enrichment of micelles 
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at tumor sites.41 The TEM characterization showed that PPIMYRC-DOX micelles had 

the potential to be enriched in the tumor site through the EPR effect.42 

 

Figure 3. (A) UV-Vis spectra of DOX and PPIMYRC-DOX micelles, (B) pictures of 

PPIMYRC micelles, DOX and PPIMYRC-DOX micelles, (C) TEM image and (D) 

particle size distribution histogram of PPIMYRC-DOX micelles 

The zeta potential and hydrodynamic size played an important role in nano-drug 

delivery.43-45 The effect of different pH on the zeta potential and hydrodynamic size was 

studied with DLS method. As depicted in Figure 4A, the hydrodynamic size of 

PPIMYRC-DOX micelles was 38.7, 58.9 and 69.2 nm for pH 5.5, 6.5 and 7.4, 

respectively. The hydrodynamic size of PPIMYRC-DOX gradually increased with 

decreasing pH. PPIMYRC-DOX micelles with small hydrodynamic size can improved 

drug accumulation at tumor sites by EPR effect. In an acidic environment, the 
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hydrodynamic size of PPIMYRC-DOX gradually got bigger with increasing 

concentration of H+. This was due to the protonation of the amino groups and 

carboxylate group on the surface of the PPIMYRC-DOX micelles and the increasing 

electrostatic repulsion in them.46 This result proved that PPIMYRC-DOX micelles had 

a certain pH responsiveness and the potential to release drugs at the tumor site.47 

 

Figure 4. (A) Hydrodynamic size and (B) corresponding zeta potential of PPIMYRC-

DOX micelles at different pH 

It was further determined that the zeta potential of PPIMYRC-DOX was affected by 

pH. As depicted in Figure 4B, the zeta potential of PPIMYRC-DOX was -5.2, 20.2 and 

34.5 mV in deionized water at pH 7.4, 6.5 and 5.5, respectively. PPIMYRC-DOX 

micelles showed slightly negative charge at pH 7.4, indicating they had zwitterionic 

states, which was favorable for the good stability of PPIMYRC-DOX in protein 

solutions. With the decrease of pH, the protonation of the amino groups and carboxylate 

group on the surface of PPIMYRC-DOX micelles were happened under acidic 

conditions, resulting in the reversal of the surface charge of PPIMYRC-DOX micelles. 

The zeta potential of PPIMYRC-DOX micelles changed from negative to positive 

charges at the tumor site, which was conducive to improving the uptake of PPIMYRC-
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DOX micelles by cells, thereby improving the therapeutic effect of tumors.48 

3.3 Protein stability 

When the drug-loaded micelles were injected into the body, they encounter many 

proteins in the blood. Strong interactions between drug-loaded micelles and proteins 

can lead to their coagulation and reduce blood circulation time. Therefore, the drug-

loaded micelles should have good protein stability before drug-loaded micelles were 

injected into the body to inhibit tumors. Therefore, the stability of PPIMYRC and 

PPIMYRC-DOX micelles in protein solution was measured. Figure 5A shows the 

hydrodynamic size of 1 mg/mL PPIMYRC micelles and 0.5 mg/mL fibrinogen were 

8.8 and 23.0 nm, respectively. And the hydrodynamic size of the mixed solution was in 

the middle of them. The hydrodynamic size of 1 mg/mL PPIMYRC-DOX micelles was 

56.5 nm, the hydrodynamic size of the mixed solution was between them in Figure 5B. 

The experimental results proved that PPIMYRC micelles and PPIMYRC-DOX 

micelles had no obvious aggregation phenomenon when they incubated with fibrinogen, 

they can form a stable mixed solution, which proved that PPIMYRC-DOX micelles had 

good stability. The reason was that the zwitterionic PPIMYRC and PPIMYRC-DOX 

micelles can form a dense water film on their surface to prevent direct contact with 

proteins. 
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Figure 5. The protein stability of (A) PPIMYRC micelles and (B) PPIMYRC-DOX 

micelles in fibrinogen solution in PBS at pH=7.4 

3.4 Release of DOX from PPIMYRC-DOX micelles 

An important way to improve the effect of tumor treatment was to increase the 

concentration of the drug at the tumor site. Therefore, the release profile of small 

molecule drugs is particularly important in nano-drug delivery systems. It is required 

that the drug-loaded micelles have no sudden release under normal physiological 

environment, thereby reducing the toxic and side impacts of anti-cancer drugs on 

normal tissues.49 Generally, the pH in tumor sites is lower than normal tissues. 

Therefore, micelles were triggered drug release in a low pH environment, which can 

accelerate the release of drugs at tumor sites, showing a good application prospect for 

nanomedicine. 

A fluorescence spectrophotometer was applied to analyze the DOX release behavior 

of PPIMYRC-DOX micelles at different pH. The normal physiological environment, 

early endosomes and lysosomes were simulated by PBS solutions with different pH 

values (pH = 7.4, 6.5, 5.5), respectively. The release of DOX was studied in the above 
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solution. The cumulative drug release of PPIMYRC-DOX micelles in the PBS at 

pH=7.4, 6.5, and 5.5 were 17.0%, 29.9%, and 58.5% after 30 h in Figure 6, respectively. 

By comparison, it was found that there was no sudden release of DOX in PBS solutions 

at different pH, which indirectly indicated that PPIMYRC-DOX micelles can reduce 

the damage of free DOX to the normal tissue in vivo. With the pH decreased, the 

cumulative release of DOX gradually increased.  The experiments showed that 

PPIMYRC-DOX micelles had a faster drug release efficiency and a higher cumulative 

drug release in the tumor acid environment than those of normal tissue environments. 

This phenomenon was owing to the protonation of amino groups on the surface of 

PPIMYRC-DOX micelles and the increasing electrostatic repulsion in them at low pH 

in the tumor site. Therefore, we expected that the antitumor effect can be improved due 

to the controlled release of the drug. 

 

Figure 6. The drug release curve of PPIMYRC-DOX micelles in PBS with pH=7.4, 6.5 

and 5.5 

3.5 Cytotoxicity assay 

The cytotoxicity of PPI and PPIMYRC were studied by MTT assay.50 As displayed 
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in Figure 7A, when the sample concentration was 440 µg/mL, the relative cellular 

viability of A549 cells was 78% and 98%, respectively. Besides, as depicted in Figure 

7B, when the sample concentration was 440 µg/mL, the relative cellular viability of 

HeLa cells was 84% and 96%, respectively. Therefore, PPI had weak cytotoxicity 

caused by amino groups on the surface of PPI,51 PPIMYRC had good biocompatibility 

and the potential to be used in nanomedicine. 

The same method was applied to evaluate the cytotoxicity of free DOX and 

PPIMYRC-DOX micelles to A549 and HeLa cells. Figure 7C and 7D show the results. 

The higher concentrations of DOX and PPIMYRC-DOX micelles were more toxic. 

When the DOX concentration was 20 µg/mL, the relative cellular viability of A549 

cells incubated with DOX and PPIMYRC-DOX micelles were 37% and 25%, 

respectively. When the DOX concentration was 20 µg/mL, the relative cellular viability 

of HeLa cells incubated with DOX and PPIMYRC-DOX micelles were 33% and 28%, 

respectively.  

The experimental results proved that PPIMYRC-DOX micelles had significantly 

higher cytotoxicity compared with DOX. This may be because DOX passively entered 

cells through physical diffusion, and PPIMYRC-DOX micelles containing c(RGDfC) 

may actively enter the cell through endocytosis and release DOX within the cell.52 

However, the cellular uptake mechanism of PPIMYRC-DOX micelles was still unclear 

and needed further exploration. 
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Figure 7. Cell viability of (A) A549 cells and (B) HeLa cells treated with different 

concentrations of PPI and PPIMYRC micelles, cell viability of (C) A549 cells and (D) 

HeLa cells treated with different concentrations of DOX and PPIMYRC-DOX micelles. 

Data are presented as the mean ± SD (n ≥ 3) (*P < 0.05). 

3.6 Cellular uptake 

The uptake of DOX and PPIMYRC-DOX micelles by A549 cells was characterized 

by laser confocal microscopy. The nucleus was stained by Hoechst 3342. Figure 8 

showed the fluorescence images of A549 cells incubated with PPIMYRC-DOX 

micelles and DOX for 20 h, respectively. The red fluorescence in Figure 8 represented 

DOX, and the blue fluorescence represented the nucleus. PPIMYRC-DOX micelles 
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were located inside A549 cells. Under the same exposure time, PPIMYRC-DOX had 

stronger fluorescence, which indicated that PPIMYRC-DOX micelles were more 

cytotoxic than free DOX. This is consistent with the results of MTT.  

 

Figure 8. Fluorescence images of A549 cells with free DOX and PPIMYRC-DOX 

micelles at pH=7.4 for 20 h (CDOX=5 μg/mL) 

Meanwhile, flow cytometry was used to analyze the effect of different pH on the 

cellular uptake of PPIMYRC-DOX micelles. The average fluorescence intensities of 

DOX and PPIMYRC-DOX micelles were 1590 and 2013 at pH 7.4 in Figure 9A, 

respectively. The cellular uptake of PPIMYRC-DOX micelles was higher than that of 

free DOX at pH 7.4. This was because DOX diffused into the cells through physical 

diffusion. Integrin αvβ3 is overexpressed in a variety of tumor cells, and short 

zwitterionic peptide c(RGDfC) can selectively recognize and bind integrin αvβ3 with 

high affinity. Therefore, PPIMYRC-DOX treated cells showed stronger fluorescence. 
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In addition, the cellular uptake capacity of PPIMYRC-DOX micelles was much higher 

than that of DOX under acidic conditions. In a weakly acid environment, the amino 

groups on the surface of PPIMYRC-DOX micelles were protonated, and the micelle 

surface was positively charged, which caused the enhanced interaction force between 

PPIMYRC-DOX micelles with the negatively charged cell membrane, so the cellular 

uptake ability was improved. In addition, the mechanism of PPIMYRC-DOX micelles 

entering into cells was explored. Genistein, chlorpromazine and amiloride were used to 

inhibit caveolin-mediated endocytosis, clathrin-related endocytosis and 

micropinocytosis, respectively. As depicted in Figure 9B, the cellular uptake of 

PPIMYRC-DOX micelles pretreated with chlorpromazine, genistein and amiloride was 

reduced by 22.43%, 8.75% and 11.64% comparing with the control group, respectively. 

It was suggested that reticulin-mediated endocytosis was the primary pathway by which 

PPIMYRC-DOX micelles were primarily taken up by A549 cells, followed by 

micropinocytosis. Compared with the control group, the cell uptake of PPIMYRC-

DOX micelles pretreated with chlorpromazine and amiloride was significantly different 

from that of the control group. This is related to the integrin ligand c(RGDfC) modified 

on the surface of PPIMYRC. c(RGDfC) can selectively recognize integrin αvβ3 in the 

extracellular binding domain. Integrin αvβ3 can promote the internalization of ligand 

binding, so that PPIMYRC-DOX can enter target cells through receptor-mediated 

endocytosis, and release loaded drugs in the cytoplasm.53,54 
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Figure 9. (A) Free DOX and PPIMYRC-DOX micelles incubated in different pH 

solutions (5.5, 6.5, 7.4) for 20 h, the DOX average fluorescence intensity graph of A549 

cells. (B) Relative uptake efficiency of PPIMYRC-DOX micelles incubated with A549 

cells for 5 h under various endocytosis inhibitors. * indicates significant 

differences(*P<0.05) compared with control group; & indicates no significant 

differences (&P>0.05) compared with control group. 

3.7 Antitumor effect in vivo 

Due to the excellent results of PPIMYRC-DOX micelles and the good 

biocompatibility of PPIMYRC in vitro, we injected PPIMYRC-DOX micelles into 

female KM tumor-bearing mice via tail vein to evaluate the tumor suppression effect of 

PPIMYRC-DOX micelles in vivo. The weight of the mice was measured at a fixed time 

in Figure 10A. 14 days later, the average body weights of mice in the Saline, DOX, 

PPIMYRC micelles and PPIMYRC-DOX micelles group were 32.0, 29.1, 31.0 and 

31.4 g, respectively. To further assess the inhibitory impact of PPIMYRC-DOX 

micelles on tumors, the tumor growth recorded at a fixed time was shown in Figure 

10B. After 2 weeks of treatment, the average tumor volume of the Saline, DOX, 

PPIMYRC micelles and PPIMYRC-DOX micelles group were calculated to be 726.0, 
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320.6, 680.4 and 50.4 mm3, respectively. The average tumor volume of mice in the 

PPIMYRC-DOX micelles group was about 7% of the tumor volume of the mice in the 

Saline group, indicating that the tumor inhibition rate of PPIMYRC-DOX micelles was 

93%. The photos of the tumor after 14 days were shown in Figure 10C, PPIMYRC-

DOX micelles had the smallest tumor volume in the experiments, indicating the best 

tumor-inhibiting effect. This was because PPIMYRC-DOX micelles can accumulate in 

the tumor site through the EPR effect and targeting effect of c(RGDfC) of PPIMYRC 

micelles. The good protein stability and small hydrodynamic size were also good for 

the accumulation in the tumor site.55 Therefore, PPIMYRC-DOX micelles had a good 

antitumor effect.  
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Figure 10. (A) Mice body weight, (B) tumor size changing over time, (C) tumor picture, 

(D) histological analysis of main organs of mice in Saline group and PPIMYRC-DOX 

micelles group Tumor-bearing mice were injected with free DOX and PPIMYRC-DOX 

micelles through the tail vein at a dose of 2.5 mg/kg. * indicates significant 

differences(*P<0.05) compared with saline group 

In order to analyze the in vivo toxicity of PPIMYRC-DOX micelles, hematoxylin-

eosin staining was used for histological study. Scholars have found that injection of free 

DOX will cause certain damage to the heart and liver of mice, including heart 

myocardial (fibril loss and neutrophil infiltration) and liver damage (congestion and 

morphological changes).56 As shown in Figure 10D, the tissues of the main organs 

(heart, liver, spleen, lung, and kidney) of the PPIMYRC-DOX micelles group were 

similar to the Saline group. In particular, no rupture of myocardial fibers and congestion 

and morphological changes of liver cells were observed in the heart and liver, indicating 

that PPIMYRC-DOX micelles had no major organ damage. PPIMYRC-DOX micelles 

greatly reduced the biological toxicity of DOX. In short, these results confirmed that 

PPIMYRC-DOX micelles can effectively improve the therapeutic effect of DOX and 

reduce its systemic toxicity.  
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4. Conclusion 

In summary, we prepared new drug-loaded micelles (PPIMYRC-DOX micelles) 

based on zwitterionic amphiphilic dendrimers (PPIMYRC) and studied their antitumor 

effects in vitro and in vivo. The PPIMYRC used zwitterionic groups and c(RGDfC) 

modified G2 PPI as the hydrophilic end, N-(2-mercaptoethyl) oleamide as the 

hydrophobic end. PPIMYRC-DOX micelles had good dispersibility and good protein 

stability. PPIMYRC-DOX micelles had controlled and pH-responsive release 

phenomenon. Compared with free DOX, PPIMYRC-DOX micelles had enhanced 

cytotoxicity and cell uptake at the same concentration. The tumor inhibition rate of the 

PPIMYRC-DOX micelles group was as high as 93%. The enhanced performance was 

due to the zwitterionic and targeting property of PPIMYRC-DOX micelles. Moreover, 

PPIMYRC-DOX micelles did not cause damage to the major organs of mice. Therefore, 

PPIMYRC-DOX micelles improved the tumor inhibition effect and reduced the side 

effects of DOX. We provide a new method for nano-drug delivery systems. 
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