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Abstract: Unimolecular micelles based on amphiphilic hyperbranched block copolymer, Boltorn® H40-poly(L-aspartate-doxorubicin)-

b-poly(ethylene glycol)/FA-conjugated poly(ethylene glycol) were synthesized as a carrier for tumor-targeted drug delivery. The 

anticancer drug doxorubicin (DOX) was covalently conjugated onto the hydrophobic segments of the amphiphilic block copolymer 

arms by pH-sensitive hydrazone linkage. These unimolecular micelles could be a promising nanocarrier with excellent in vivo stability 

for targeting the drugs to cancer cells and releasing the drug molecules inside the cells by sensing the acidic environment of the 

endosomal compartments. 
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1. INTRODUCTION 
Amphiphilic block copolymers have recently attracted much 

attention in various medical and biological fields since they 

behave as self-assembled micelles in aqueous solutions [1]. 

However, the formation of classical multimolecular micelles 

via self-assembly of linear amphiphilic block copolymers is 

thermodynamically favorable only above the critical micelle 

concentration (CMC) of the amphiphilic molecules. When the 

concentration drops below the CMC, the micellar structure 

becomes unstable and dissociates into free chains. Such 

thermodynamic instability of the micelles below the CMC is a 

major concern for their in vivo drug delivery application [2]. 

To overcome this problem, in this work, we report the 

synthesis and characterization of folate (FA)-conjugated 

unimolecular nanocarriers based on a hyperbranched polymer 

(H40) core, a hydrophobic poly(L-aspartate-doxorubicin)  

inner arm, and a hydrophilic poly(ethylene glycol) and FA-

conjugated poly(ethylene glycol) outer arm as a tumor-

targeted drug delivery carrier. The anticancer drug, DOX, was 

conjugated to the hydrophobic inner arm of the polymer by 

pH-sensitive hydrazone linkage. Conjugation of DOX to the 

polymeric core is expected to improve the drug loading level 

and to reduce the chance of premature drug release outside the 

tumor cells. Moreover, FA-conjugated nanocarriers can be 

directed to the cancer cells and subsequently internalized in 

the target cell via receptor-mediated endocytosis [3]. Since 

hydrazone linkage between the DOX and polymer is prone to 

hydrolysis in acidic condition, the release of DOX from the 

micelles will be facilitated in the acidic environment of the 

endosomal compartments after the nanocarriers are 

internalized by the tumor cells [4].  

2. EXPERIMENTAL METHODS 
Unimolecular nanocarrier was prepared using three-step 

reaction procedure. First, poly(β-benzyl L-aspartate)-b-PEG 

copolymer was prepared by ROP of β-benzyl L-aspartate N-

carboxyanhydride using HO-PEG-NH2 as an initiator. 

Thereafter, the formed product was conjugated with the 

carboxyl terminal groups of H40-COOH to obtain the 

nanocarriers with OH end groups. In the last step, FA was 

conjugated on the surface of the nanocarriers in presence of 

DCC and DMAP in anhydrous DMF to obtain FA-conjugated 

nanocarriers. This product was then conjugated with DOX 

using hydrazine (see Figure 1).  

The unimolecular micelles were prepared using the membrane 

dialysis method. Briefly, the DOX conjugated polymer (50 

mg) was dissolved in 5 mL of DMF under stirring. With this 

solution, 15 ml of deionized water was added dropwise. 

Thereafter, the polymer solution was dialyzed against 

Millipore water using a cellulose dialysis tubing (Molecular 

weight cut-off, 2 kDa) for 96 h. The properties of the 

nanocarriers were determined by DLS and TEM analyses.  

The in vitro release studies were performed at pH 5.3, 6.6 and 

7.4 at 37 °C. Briefly, 50 mg of micelles was dispersed in 5 ml 

of medium and placed in a dialysis bag with a molecular 

weight cut-off of 2 kDa. The dialysis bag was then immersed 

in 95 ml of the release medium and kept in a horizontal 

laboratory shaker maintaining a constant temperature and 

stirring. Samples (2 ml) were periodically removed and the 

volume of each sample was replaced by the same volume of 

fresh medium. The amount of released DOX was analyzed 

with a spectrophotometer at 485 nm. 

The cellular uptake and cytotoxicity of the nanocarriers 

against 4T1 mouse mammary carcinoma cells was assessed 

using flow cytometry and MTT assay, respectively using the 

standard protocol.  
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     Figure 1. Synthesis of unimolecular nanocarrier. 

3. RESULTS AND DISCUSSION 

3.1 Micellar properties 
Amphiphilic hyperbranched block copolymer, Boltorn® H40-

poly(L-aspartate-doxorubicin)-b-poly(ethylene glycol)/FA-

conjugated poly(ethylene glycol) formed unimolecular 

micelles in aqueous solutions because of its amphiphilicity 

and globular architecture. The size of the micelles was 

investigated by DLS and TEM. DLS showed a bimodal 

distribution with a smaller nanocarrier diameter in the range 

of 17-36 nm and a large micelle diameter in the range of 52-

76 nm. The average hydrodynamic diameter was 50 nm with a 

PDI of 0.122. The broad polydispersity index for the micelles 

indicated the existence of secondary aggregation [5,6]. 

Therefore, the smaller micelles in the diameter range of 17-36 

nm may be attributed to individual unimolecular micelles. The 

large size of polymeric micelles with approximately 52-76 nm 

is most probably due to the formation of secondary aggregates 

that are clusters of individual unimolecular micelles. TEM 

showed that the morphology of the unimolecular nanocarriers 

appeared as bright spheres surrounded by a cloudy ring, and 

had a diameter in the range of 10-20 nm as shown in Figure 

2.The diameter of the unimolecular micelles observed by 

TEM is smaller than its diameter obtained from the DLS 

experiment. The diameter of the micelles obtained from the 

DLS experiment reflects the hydrodynamic diameter of the 

micelles, whereas the diameter of the micelles observed by 

TEM shows that of dried micelles. Therefore, an increase in 

the micelle size obtained from DLS compared with that of 

TEM is assumed to be caused by the hydration of the shell  

 

Figure 2. TEM image of unimolecular micelles. 

3.2 In vitro drug release properties 
In vitro drug release study showed that the pH of the medium 

had a strong effect on the DOX release rate from the micelles. 

The drug release at pH 7.4 was considerably slow, with an 

initial burst of about 7%, and only 15% of the drug released 

after 45 h. This result suggests that unimolecular micelles 

maintained drug-polymer interactions by the hydrazone 

linkage under physiological conditions (see Figure 3). At pH 

5.3 and 6.6 the DOX release rate was much faster, with 

approximately 90 and 83% of the drug released within 45 h, 

respectively. This result shows that the release of DOX from 

the micelles in an acidic environment was governed by the 

acid-cleavable characteristic of the hydrazone linkage 

between the DOX molecules and the polymer backbone. An 

acid-cleavable hydrazone linkage can undergo hydrolysis 

under acidic conditions; thus, unmodified DOX can be 

released from the micelles by hydrolysis of the hydrazone 

linkage between the micelles and DOX molecules.   
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Figure 3. DOX release profile from the micelles. 

 

The pH-dependent releasing behavior is of particular interest 

in achieving tumor-targeted DOX delivery with micelles. It is 

expected that most DOX conjugated with micelles will remain 

in the micelle cores for a considerable time period when the 

injected micelles stay in the plasma at normal physiological 

conditions (pH 7.4), thereby greatly reducing the side effects 

to the normal tissues. However, a faster release occurs once 

the micelles are taken up by the tumor cells via a folate-

receptor-mediated endocytosis process because the pH values 

of the endocytic compartments ranges from 4.5 to 6.5, which 

are much lower than the pH value of the normal physiological 

conditions [7,8]. Therefore, a sufficiently high concentration 

of DOX can be generated within a reasonably short period of 

time once the unimolecular micelles are taken up by the tumor 

cell via folate-receptor-mediated endocytosis, thereby greatly 

improving the efficacy of targeted cancer therapy. 

3.3 Cellular uptake 
Flow cytometry analysis was performed to compare 

endocytosis of micelles with that of FA-free micelles and free 

DOX using a folate receptor positive cancer cell line, 4T1, in 

the FA-free incubation medium. Since DOX itself is 

fluorescent, it was used directly to measure cellular uptake 

without additional markers. Therefore, the fluorescence 

intensity is proportional to the amount of DOX internalized by 

the cells. Flow cytometry histograms of cell-associated DOX 

fluorescence for 4T1 cells are shown in Figure 4. Cells 

without any DOX treatment were used as a negative control 

and showed only the auto-fluorescence of the cells. For 4T1 

cells with equivalent DOX concentration in each formulation 

and same incubation time, the FA conjugated micelles showed 

higher fluorescence intensity than FA-free micelles. After 15 

min of incubation, the amount of cellular uptake of FA 

conjugated micelles was approximately three times higher 

than that of FA free micelles. Although uptake of both type of 

micelles increased after 2 h of incubation, the FA conjugated 

micelles still showed a four-fold increase in cellular uptake 

than that of FA free micelles. This result directly confirms 

that the cellular uptake of the micelles can be enhanced by 

attaching FA on their surface and the FA conjugated micelles 

were transported within cells by a folate-receptor-mediated 

endocytosis process.  
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Figure 4. Flow cytometry results of 4T1 cells. 

 

3.4 MTT assay 
The cytotoxic effects of unimolecular micelles against 

cultured 4T1 cells were studied using the MTT assay. Figure 

5 shows the cytotoxic effect of free DOX, FA conjugated and 

FA-free micelles against 4T1 cancer cells. As shown in Figure 

5, the cell viability in the presence of FA conjugated micelles 

was lower than that in the presence of FA free micelles. This 

result reveals that FA moieties in the micelles played an 

important role in enhancing cytotoxic effect by binding of 

unimolecular nanocarriers with FA receptors on 4T1 cells, 

and subsequently increasing their intracellular uptake as a 

result of the receptor-mediated endocytosis. In the presence of 

free DOX, the cell viability of the cultured 4T1 cells 

dramatically decreased, indicating that the cytotoxicity of free 

DOX was much higher than that of the DOX-conjugated 

micelles. The cytotoxicity of free DOX was much higher than 

that of the DOX conjugated micelles. Since DOX is a small 

molecule, it can diffuse into the cells quickly; however, the 

DOX conjugated micelles can be internalized in the cells only 

by the endocytosis process. 
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Figure 5. Cytotoxicity of free DOX and micelles against 

4T1 cells. 

4. CONCLUSIONS 
Unimolecular nanocarriers conjugated with DOX were 

prepared for tumor-targeted drug delivery. DLS studies 

reveled that micelles had a bimodal distribution with a 

diameter in the range of 17-36 and 52-76 nm. The diameter of 

the micelles based on TEM was in the range of 10-20 nm. The 

rate and amount of DOX released from the nanocarriers was 

higher at acidic medium due to their pH-sensitive hydrazone 

linkage with the DOX. MTT assay indicated 4T1 cell growth 

inhibitory activity of the nanocarriers was enhanced due to 

enhanced cellular uptake. Consequently, it is concluded that 

the FA-conjugated unimolecular nanocarrier is an excellent 

nanocarrier for actively delivering drugs inside the tumor cell 

via folate-receptor-mediated endocytosis. The unimolecular 

nanocarriers could be a suitable candidate for anti-cancer drug 

delivery applications due to their small size, pH-triggered 

drug release properties and active cancer targeting ability. 
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