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Amphiphilic dendritic poly(glutamic acid)-b-polyphenylalanine copolymers were synthesized using generation 3 dendritic 
poly(glutamic acid) as the macroinitiator in the ring-opening polymerization of NCA-Phe. The block copolymers self-assembled 
micelles with polyphenylalanine segments as core and dendritic poly(glutamic acid) segments as shell. The biocompatibility of 
the micelles was studied. The release of the anticancer drug doxorubicin from the micelles was investigated in vitro. The re-
sults showed that the sustaining release of the drug could last for 60 h. The micellar drug release system was efficient in inhib-
iting the proliferation of HepG2 liver cancer cells, 75% cancer cells were killed under appropriate in vitro incubation. 
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1  Introduction 

Molecular self-assembly is becoming a widely adopted ap-
proach in biomaterials research for constructing functional 
materials and improving their performances [1–3]. Syn-
thetic polypeptides are important polymeric materials that 
have inherent biocompatibility. They can mimic the con-
formational structures of natural proteins and impose spe-
cific properties and functions through selective self-assembly 
processes. Weak physical interactions within polypeptide 
chains can readily lead to different morphologies such as 
spherical, short rod-shaped, worm-shaped and vesicular 
[4–7]. Exploitations of their special functions have been 
extensively pursued in physics, chemistry and biology [4, 8, 
9]. Synthetic polypeptides derived from natural amino acids 
become important biomedical materials for drug delivery 
and tissue repair due to their excellent biocompatibility and 
biodegradability. Polypeptides self-assembled drug/gene 
carriers were easily modified with targeting and stimuli- 
sensitive functions [10–12]. Self-assembly polypeptides 

hydrogels have been reported to perform effects on tissue 
regeneration [13–15]. 

Dendritic polypeptides contain unique properties includ-
ing protein-like structure, water solubility, regular structure, 
a large amount of branches and peripheral functional groups, 
nano-scaled size and unitary molecular weights. In com-
parison with amphiphilic linear copolymer micelles, the 
dendritic copolymer micelles have better stability and also 
have advantages in fabricating targeting and stimuli-sensitivity 
with the functionalization of a large amount of peripheral 
groups. For instance, phase behavior of dendritic block co-
polymers is significantly different from the linear block 
copolymers [17]. With the functionalization of the periph-
eral groups, the solubility of dendritic block copolymers 
was improved, thus led to the improvement of the physical 
and chemical properties of their aggregates [18]. The 
worm-like nanoparticles were fabricated by self-assembled 
dendron/linear/dendron triblock copolymers and used as 
vectors for drug delivery [19]. 

In this paper, a novel self-assembly micellar system con-
taining a dendritic polypeptide is reported. Generation 3 
dendritic poly(glutamic acid) was synthesized by a conver-
gent-divergent method [20]. It was used to initiate the ring- 
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opening polymerization of L-phenylalanine N-carboxyanhy-      
dride (NCA-Phe) to obtain amphiphilic poly(glutamic acid)- 
polyphenylalanine block copolymers [21]. The dendron- 
linear block copolymers self-assembled into core-shell 
structured micelles. Anticancer drug doxorubicin was loaded in 
the micelles. The self-assembly of the dendron-linear block 
copolymers was investigated by scanning electron micros-
copy (SEM), transmission electron microscopy (TEM), and 
dynamic light scattering (DLS). The drug release was stud-
ied in vitro. Confocal laser scanning microscopy (CLSM) 
was used to investigate the cellular uptake of the micelles in 
HepG2 cells and the in vitro anticancer effect was evaluated 
by CCK-8 assays. 

2  Experimental 

2.1  Materials 

Protected amino acids Boc-Glu-COOH, H-Glu(OBzl)-OBzl 
and N-Cbz-Phe were purchased from GL Biochem Ltd. 
(Shanghai). 1-Hydroxybenzotriazole hydrate (HOBt) and 
1-ethyl-3-[3-(dimethylamino) propyl] carbodiimide (EDC) 
were purchased from GL Biochem Ltd. (Shanghai) and used 
as received. N,N-Diisopropylethylamine (DIEA) and trifluo-     
roacetic acid (TFA) were purchased from Asta Tech Phar-
maceutical (Chengdu, China). Doxorubicin hydrochloride 
was obtained from Zhejiang Hisun Pharmaceutical. Me-
thylene chloride (DCM), tetrahydrofuran (THF), dimethyl 
formamide (DMF), ethyl acetate and n-hexane were purified 
before use. Dulbecco’s modified Eagle’s medium (DMEM) 
was used for cytotoxicity test. 

2.2  Instruments 

1H NMR spectra were performed on a Bruker Avance II 
NMR spectrometer at 400 MHz with CDCl3 and DMSO-d6 
as solvents. FTIR spectra were recorded on a FTIR PE 
Spectrometer. Time of flight mass spectrometry Bruker 
Autoflex III was used to determine the molecular weight of 
the polymers on the substrate of DHB. Dynamic light scat-
tering (DLS) experiments were performed on a Malvern 
Zetasizer Nano ZS at 25 °C. The absorbance of doxorubicin 
was detected by fluorescence spectrum. The morphologies 
of the particles were observed on scanning electron micros-
copy (JSM-5900LV) and Transmission Electron Microscope 
(JEM-100CX). The cellular uptake was observed by confo-
cal laser scanning microscopy (Leica TCP SP5), and 
doxorubicin was excited at 488 nm with emissions at 595 nm. 

2.3  The synthesis of generation 3 dendritic poly(glutamic 
acid) 

Synthesis of generation 2 dendritic poly(glutamic acid) 

Boc-Glu-COOH and excess H-Glu (OBzl)-OBzl were dis-
solved in CH2Cl2 with HOBT/EDC in N2 atmosphere. DIEA 

was dropwise added and the condensation reaction was 
lasted for 24 h. The mixture was washed with aqueous solu-
tions of NaHCO3, NaHSO4 and NaCl for several times. 

The organic phase was dried with MgSO4 for 12 h. After 
concentration, the product was recrystallized in CH2Cl2/ 
hexane. Compound 1 in Scheme 1 was filtrated and dried. 

Synthesis of generation 3 dendritic poly(glutamic acid) 

The tert-butoxycarbonyl of generation 2 dendritic poly 
(glutamic acid) was treated with TFA, and the mixture was 
stirred for 6 h to remove tert-butoxycarbonyl groups. The 
solvent and TFA were removed in vacuum. The rest of the 
product was treated with anhydrous diethyl ether. The solid 
product was precipitated (product 2, Scheme 1). After add-
ing excess of Boc-Glu-COOH to repeat step 2.3.1, genera-
tion 3 dendritic poly(glutamic acid) was obtained. Genera-
tion 3 dendritic poly(glutamic acid) (product 3, Scheme 1) 
was purified by silica gel column. 

2.4  Amphiphilic dendritic poly(glutamic acid)-b-poly-      
phenylalanine copolymer 

Preparation of macroinitiator G3-Glu-NH2 

Generation 3 dendritic poly(glutamic acid) was deprotected 
with TFA in N2 atmosphere to obtain product 4 (Scheme 1). 
The pH value was adjusted by NaOH methanol solution, the 
mixture was dried under reduced pressure. The left solid 
was dissolved in CH2Cl2 and stirred for 1 h, then filtered the 
solid out. The macroinitiator was received after the removal 
of solvent. 

Synthesis of L-Phenylalanine N-carboxyanhydride (NCA-Phe) 

The anhydrous CBZ-phenylalanine (Cbz-Phe) was dissolved 
in anhydrous THF at 40 °C with the protection of nitrogen. 
Then SOCl2 was distilled into the reaction system and the 
mixture was stirred for 4 h. Excess anhydrous hexane was 
added into the solution, the mixture was kept at 40 °C for  
12 h. White precipitate was obtained after filtration. The 
precipitate was dissolved in anhydrous ethyl acetate and 
recrystallized with hexane to get needle-like crystals.  

Synthesis of dendritic poly(glutamic acid)-b-polyphenylalanine 
copolymers 

Dry macroinitiator and L-Phe-NCA with the molar ratio of 
1:10 were accurately weighted and added into reaction flask. 
After the removal of atmosphere, the flask was purged with 
nitrogen. DCM/DMF mixed solvents were added at room 
temperature and Product 5 in Scheme 1 was generated after 
24 h. The protected OBzl groups were removed in the pres-
ence of Pd/C and hydrogen under 0.8 MPa.  

2.5  Determination of critical micelle concentration (CMC) 

Critical micelle concentration of the dendritic block co-
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polymer was determined by fluorescence using pyrene as 
probe. The fluorescence excitation wavelength was fixed at 
490 nm, and the fluorescence absorbance values of I338 and 
I335 were tested for the calculation of critical micelle con-
centration. 

2.6  In vitro drug release 

The dendritic block copolymer and doxorubicin were dis-
solved in methanol. Deionized water was dropwise added 
into the solution under ultrasonic condition to prepare drug 
loaded micelles. Methanol was removed by reduced pres-
sure. The micelles were dialyzed to remove the free drug at 
4 °C for 24 h, the doxorubicin-loaded self-assembled mi-
celles were obtained after freeze-dry. 

The doxorubicin-loaded micelles were accurately weighed 
and dissolved in organic solvent. According to the standard 
absorption curve of free doxorubicin, the drug loading was 
calculated by the determination of absorption values at the 
fluorescence wavelength of 485 nm. 

The doxorubicin-loaded micelles were weighed and dis-
solved in phosphate buffer (pH 7.4). 1 mL of doxorubicin- 
loaded micelle solution was added into dialysis tubes 
(MWCO 2000). The tubes were submerged in 25 mL phos-
phate buffer at 37 °C and shaken. At given time intervals,  
1 mL of outside buffer solution was taken for analysis, and 
fresh medium of 1 mL was supplemented. The absorption at 
485 nm was investigated. 

2.7  Cytotoxicity test 

Cell culture  

NIH/3T3 cells (a mouse embryonic fibroblast cell line) and 
HepG2 (a human hepatocellular carcinoma cell line) were 
cultivated in DMEM (Dulbecco’s modified Eagle’s medium, 
Invitrogen) supplemented with 10% (v/v) heat-inactivated 
fetal bovine serum (FBS, Hyclone) and 1% (v/v) penicil-
lin-streptomycin solution at 37 °C in 5% CO2.  

Cytotoxicity assays  

The relative cytotoxicity of micelles was evaluated by a cell 
counting kit-8 (CCK-8, Dojindo Laboratories, Kumamoto, 
Japan). NIH/3T3 cells were seeded in three 96-well plates 
for 24 h before experiment (plate 1 with a cell density of 1 × 

104 cells per well for 12 h test, plate 2 with a cell density of 
5 × 103 cells per well for 24 h test, and plate 3 with a cell 
density of 3 × 103 cells per well for 48 h test). The medium 
was removed and replaced by the pre-prepared growth me-
dia containing the final micellar concentrations of 150, 100 
and 50 g/mL, respectively. After incubated for 12, 24 and 
48 h, the cells were washed by PBS buffer and replaced by 
fresh media containing 10 L CCK-8. The plates were in-
cubated at 37 °C for an additional 2 h. The absorbance was 
measured at the wavelength of 492 nm using a microplate 
reader 550 (Bio-Rad). both live and dead cells were imaged 

by a Leica TCP SP5 fluorescence scope. 

2.8  Cellular uptake of micelles  

The cellular uptake experiments in human hepatocellular 
carcinoma cells HepG2 were performed using confocal la-
ser scanning microscope (CLSM). The cells were seeded in 
35 mm glass culture dishes at a density of 1 × 104 cells/well 
and adhered for 24 h. The culture medium was removed. 
Free Dox and Dox-loaded micellar solutions (Dox concen-
tration: 10 g/mL) were added together with culture me-
dium. After incubated at 37 °C for 2 h, the culture medium 
was carefully removed and the cells were washed with PBS 
for three times. CLSM images were observed with inverted 
CLSM (Leica TCP SP5, Germany). Dox was excited at  
485 nm with emissions at 595 nm. 

2.9  In vitro cytotoxicity  

Cytotoxicity test was used to evaluate in vitro antitumor 
activity of the drug loaded micelles. The cytotoxicity of the 
drug loaded micelles was measured by CCK-8 assay kit 
using Dox·HCl and Dox as controls. Briefly, HepG2 cells 
harvested in a logarithmic growth phase were seeded in 
three 96-well plates (plate 1 with a concentration of 1 × 104 
cells per well for 12 h test, plate 2 with a concentration of  
5 × 103 cells per well for 24 h test, and plate 3 with a con-
centration of 3 × 103 cells per well for 48 h test). After being 
incubated for 24 h, the medium was removed and free me-
dium was added with drug loaded micelles. The Dox con-
centrations in the wells were from 5 to 15 g/mL. At the 
prescribed time intervals (12, 48 and 72 h), the cells were 
washed by PBS solution for three times, and replaced with 
fresh culture media, 10 L of CCK-8 kit was added and the 
plate was incubated for another 2 h at 37 °C. Finally, the 
plates were shaken for 10 min, and the absorbance of the 
product was measured at 492 nm by a microplate reader. 

3  Results and discussion 

The synthesis of dendritic poly(glutamic acid)-b-polyphenyla-       
lanine copolymers is shown in Scheme 1. Generation 3 den-
dritic poly(glutamic acid) was further used as a macroini-
tiator to initiate the ROP of NCA-Phe to produce dendron- 
linear block copolymers. The synthesis of monomers and 
polymerization were carried out under rigorously anhydrous 
conditions to avoid side reactions. 

The key products in the synthetic process were analyzed 
using 1H NMR (400 MHz). As shown in Figure 1(a), the 
integral ratio of NCA-Phe (CDCl3) proved that the product 
was obtained. In infrared spectrum, there are the character-
istic absorptions of the NCA-Phe anhydride structure ap-
pearing at the 1856 and 1776 cm1, which are the further 
evidence of the NCA-Phe. In Figure 1(b), the peaks from  
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Scheme 1  Synthesis of dendritic poly(glutamic acid)-polyphenylalanine block copolymers. 

1.75 to 2.75 ppm are the protons in the skeleton of G3-Glu 
(DMSO-d6 as solvent); the chemical shifts at 5.1 ppm and 
the peaks from 7.2 to 7.4 ppm are attributed to the charac-
teristic peaks of benzyl protection. According to Figure 1(c), 
the integral ratio and position of the protons indicated that 
the dendritic poly(glutamic acid)-b-polyphenylalanine co-
polymers were successfully synthesized. Infrared spectros-
copy showed that after the hydrophilic segment put off after 
benzyl protection, the absorption of OH in carboxyl group 
from 3550 to 3500 cm1 was significantly enhanced. Mean-     

while, the time of flight mass spectrometry results indicated 
that the strongest signal at m/z 2409.23 was true of the de-
signed molecular weight. 

The self-assembly of the dendritic poly(glutamic acid)-b- 
polyphenylalanine copolymer micelles is shown in Scheme 
2. The segment of dendritic poly(glutamic acid) was hy-
drophilic due to the large amount of peripheral carboxyl 
groups, polyphenylalanine segment was hydrophobic [22]. 
Hydrophobic doxorubicin was loaded in the core of mi-
celles. 



330 Xu XH, et al.   Sci China Chem   February (2011) Vol.54 No.2 

 

Figure 1  1H NMR spectrum of NCA-Phe (a), dendron-G3-Glu (b), dendron-linear block copolymers (c). 

 

Scheme 2  Self-assembly of dendritic poly(glutamic acid)-b-polyphenyla-     
lanine copolymers and drug loaded. 

The block copolymers self-assembled into core-shell 
structured micelles. The critical micelle concentration 
(CMC) is an important parameter to characterize the micel-
lization. The CMC shows the critical concentration at which 
the amphiphilic block copolymers assembled spontaneously. 
The CMC of the micelles was tested using pyrene as a fluo-
rescent probe. Figure 2 shows the relationship between the 
fluorescence intensity ratios (I338/I335) and the block co-
polymer concentrations. The intersection value of the two trend 
lines corresponded to the CMC, which was 19.50 g/mL. 

The size distributions of the blank and doxorubicin- 
loaded micelles were investigated by dynamic light scatter-
ing (DLS). Figure 3 illustrated the size distributions of both 
blank and drug loaded micelles, the concentration of the 
micelles was 50 g/mL. The polydispersity indexes of blank 
and doxorubicin-loaded micelles were 0.320 and 0.394,  

 

Figure 2  Critical micelle concentration of dendron-linear block copolymers. 

respectively. Interestingly, the mean diameter of the drug 
loaded micelles was comparable to that of blank micelles. A 
possible reason was that the hydrophobic and - stacking 
effects between doxorubicin and polyphenylalanine in drug 
loaded micelles compressed the size of the micelles, which 
led to it comparable to that of blank micelles. 

TEM was employed to investigate the structure of both 
blank and drug loaded micelles. As shown in Figure 4(a) 
and 4(b), there was little discrepancy in the morphology 
between blank and drug loaded micelles, the drug loaded 
micelles were more explicit in core-shell structure. The pos-
sible reason was that the doxorubicin enhanced the hydro-
phobic effect of micelles due to the additional conjugation 
effect between polyphenylalanine and doxorubicin [22, 23]. 
Figure 4(c) is the SEM micrograph of blank micelles, the  
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Figure 3  Distributions of micellar sizes. (a) Self-assembly of dendron- 
linear block copolymer; (b) drug loaded nanoparticles. 

 

Figure 4  (a) TEM micrographs of 100 g/mL self-assembly systems; (b) 
TEM micrographs of drug loaded nanoparticles; (c) SEM micrographs of 
100 g/mL dendron-linear block copolymers self-assembly systems. 

concentration of the block copolymers was 100 g/mL. The 
micelles were monodisperse spherical particles with the 
sizes ranging from 80 to 100 nm. 

The release profile of the doxorubicin-loaded micelles is 
presented in Figure 5. It was carried out in PBS solution 
(pH 7.4) at 37 °C. The sustaining release time of the 
doxorubicin was more than 60 h, it indicated an attractive 
release performance. Both free doxorubicin hydrochloride 
and doxorubicin were used as controls. No release effect 
was observed in free doxorubicin, it precipitated in PBS for 
the hydrophobicity. In the control of free doxorubicin hy-
drochloride, more than 90% of the drug was released within 
2 h. In contrast, however, only less than 20% drugs were 
released in the micellar system over the same period, it 
clearly showed the favorable behavior in controlled release.  

The biocompatibility of the self-assembled micelles was 
evaluated in NIH/3T3 cells. The CCK-8 assay was em-
ployed to investigate the cytotoxicity via concentration and 
time. As shown in Figure 6, different concentrations of self- 
assembled blank micelles exhibited high cell viability at  
12, 24 and 48 h, respectively. It indicated that the cell vi-
abilities were not obviously affected by concentration and 
time. To some extent, the low concentration of the micelles 
seemed to promote the cell proliferation.  

The cellular uptake of the micelles was studied by CLSM. 

 

Figure 5  Release profiles of the Dox·HCl , Dox and Dox-loaded micelles 
(37 °C, pH 7.4). 

 

Figure 6  The cell viability of 3T3 cells after incubation with blank mi-
celles at 37 °C for 12, 24 and 48 h. 
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HepG2 cells were incubated with drug loaded micelles for  
2 h, the concentration of doxorubicin was 10 mg/L. It was 
found that free doxorubicin hydrochloride rapidly diffused 
into the nucleus of HepG2 cells (Figure 7(a)). In Figure 7(b), 
the diffusion of free doxorubicin to the nucleus of HepG2 
cells was slow, nearly no doxorubicin was observed in cells.  

 

Figure 7  Confocal microscopic images of HepG2 cells incubated with 
free DOX·HCl, DOX and DOX-loaded nanoparticles (DOX concentration 
10 mg/L).  

Figure 7(c) showed that the drug loaded micelles were 
mainly distributed in the cytoplasm and some of them were 
in nucleus. These results indicated that dendron-linear self- 
assembled micelles could be a promising candidate for 
doxorubicin delivery via phagocytosis. 

The in vitro anticancer effects of the drug-loaded mi-
celles were investigated. The influences of time and con-
centration are considered in Figure 8. In Figure 8(a), the 
concentration of drug was 10 g/mL, the viabilities of 
HepG2 cells were measured at 12, 24 and 48 h. In the free 
doxorubicin hydrochloride sample, more than 60% cells 
were killed at 12 h. Less than 30% cells were killed at 48 h 
in the free hydrophobic doxorubicin sample. Doxorubi-
cin-loaded micelles revealed optimistic effect in the inhibi-
tion of the proliferation of HepG2 cells. When the drug 
concentration was increased to 15 g/mL (Figure 8(b)), 
doxorubicin-loaded micelles showed a high anticancer ac-
tivity with the killed tumor cells being as high as 75%. 

Figure 9 reveals the images of HepG2 cells incubated 
with doxorubicin hydrochloride (Figure 9(a)), free doxoru-
bicin (Figure 9(b)), doxorubicin-loaded micelles (Figure 9(c)) 
and blank group (Figure 9(d)) for 48 h with the drug con-
centration of 10 g/mL. After the HepG2 cells were incu-
bated in a cell culture plate for 48 h, the HepG2 cells increased 
significantly (Figure 9(d)). In the doxorubicin hydrochloride  

 

Figure 8  In vitro cytotoxicity of HepG2 cells. (a) Time effect; (b) con-
centration effect. 
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Figure 9  Images of HepG2 cells incubated with drug-loaded micelles for 48 h. 

sample, the cells changed their morphology greatly; most of 
the HepG2 cells detached from the plates and shrank to 
spherical. Plenty of killed cells were floated in the medium. 
Less killed cells were observed in drug loaded micelles. 
Most of the cells attached well in the free doxorubicin sam-
ple. The images verified that the micelles were suitable for 
anticancer drug delivery. 

4  Conclusions 

Amphiphilic dendron-linear block copolymers were synthe-    
sized with the combination of convergent-divergent method 
and ring-opening polymerization. The synthetic copolymers 
were biocompatible. These dendron-linear copolymers self- 
assembled into core-shell structured micelles in water. The 
CMC of the micelles was as low as 19.50 g/mL. Antican-
cer drug doxorubicin was loaded in the micelles. The mean 
diameters of both blank and drug loaded micelles were 
comparable at around 250 nm. The release profiles, cellular 
uptake and the in vitro anticancer effects studies revealed 
that the sustaining drug release time of the micellar system 
was longer than 60 h. The drugs released from micelles 
could diffuse into nucleus efficiently to kill cancer cells. 
The dendron-linear copolymer micelles are promising carri-
ers for anticancer drug delivery.  
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Sichuan Youth Science & Technology Foundation (07ZQ026-013) and 
Open Fund of Engineering Research Center of Biomass Materials, Minis-
try of Education (2010LF4002). 

1 Whitesides GM, Grzybowski B. Self-assembly at all scales. Science, 
2002, 295: 2418–2421 

2 Moore JS, Kraft ML. Synchronized self-assembly. Science, 2008, 
320: 620–621 

3 Williams RJ, Mart RJ, Ulijn RV. Exploiting biocatalysis in peptide 
self-assembly. Biopolymers, 2010, 94: 107–117 

4 Lim YB, Lee E, Lee M. Controlled bioactive nanostructures from 
self-assembly of peptide building blocks. Angew Chem Int Ed, 2007, 
46: 9011–9014 

5 Shao H, Parquette JR. Controllable peptide–Dendron self-assembly: 
Interconversion of nanotubes and fibrillar nanostructures. Angew 
Chem Int Ed, 2009, 48: 2525–2528 

6 Rexeisen EL, Fan W, Pangburn TO, Taribagil RR. Self-assembly of 
fibronectin mimetic peptide-amphiphile nanofibers. Langmuir, 2010, 
26: 1953–1959 

7 Yan XH, Zhu PL, Fei JB, Li JB. Self-assembly of peptide-inorganic 
hybrid spheres for adaptive encapsulation of guests. Adv Mater, 2010, 
22: 1283–1287 

8 Schillinger EK, Mena-Osteritz E, Hentschel J, Börner HG, Bäuerle P. 
Oligothiophene versus b-sheet peptide: Synthesis and self-assembly of 
an organic semiconductor-peptide hybrid. Adv Mater, 2009, 21: 
1562–1567 

9 Ryu JK, Park CB. Synthesis of diphenylalanine/polyaniline core/ 
shell conducting nanowires by peptide self-assembly. Angew Chem 
Int Ed, 2009, 48: 4820–4823 

10 Chong SF, Sexton A, Rose RD, Kent SJ. A paradigm for peptide vac-
cine delivery using viral epitopes encapsulated in degradable polymer 
hydrogel capsules. Biomaterials, 2009, 30: 5178–5186 

11 Fujit Y a, Mie M, Kobatake E. Construction of nanoscale protein par-
ticle using temperature-sensitive elastin-like peptide and polyaspartic 
acid chain. Biomaterials, 2009, 30: 3450–3457 

12 Wiradharma N, Tong YW, Yang YY. Self-assembled oligopeptide 
nanostructures for co-delivery of drug and gene with synergistic 
therapeutic effect. Biomaterials, 2009, 30: 3100–3109 

13 Zhou M, Smith AM, Das AK, Hodson NW. Self-assembled peptide- 
based hydrogels as scaffolds for anchorage-dependent cells. Biomate-
rials, 2009, 30: 2523–2530  

14 Yang CY, Song BB, Ao Y, Nowak AP. Biocompatibility of amphi-
philic diblock copolypeptide hydrogels in the central nervous system. 
Biomaterials, 2009, 30: 2881–2898 

15 Monica C. Branco, Darrin J. Pochan, Wagner NJ, Schneider JP. 
Macromolecular diffusion and release from self-assembled -hairpin 
peptide hydrogels. Biomaterials, 2009, 30: 1339–1347 

16 Gu Z, Luo K, She WC, Wu Q, He B. New-generation biomedical 
materials: Peptide dendrimers and their application in biomedicine. 
Sci China Chem, 2010, 53: 458–478 

17 Tande BM., Wagner NJ, Mackay ME. Phase behavior of hybrid dendron- 
linear copolymers and blends with linear homopolymer. C R Chimie, 
2003, 36: 853–864 

18 Chen YL, Lv YX, Han Y, Zhu B. Dendritic effect on supramolecular 
self-assembly: Organogels with strong fluorescence emission induced 
by aggregation. Langmuir, 2009, 25: 8548–8555 

19 Yang Y, Hua C, Dong CM. Synthesis, self-assembly, and in vitro 
doxorubicin release behavior of dendron-like/linear/dendron-like 
poly(-caprolactone)-b-poly(ethylene glycol)-b-poly(-caprolactone) 
triblock copolymers. Biomacromolecules, 2009, 10: 2310–2318 

20 Yuan H, Luo K, Lai Y, Pu YJ, He B, Wang G, Wu Y, Gu ZW. A 
novel poly(L-glutamic acid) dendrimer based drug delivery system 
with both pH-sensitive and targeting functions. Molecul Pharm, 2010, 
7: 953–962 

21 Lee ES, Shin HJ, Na K, Bae YH. Poly(L-histidine)–PEG block co-
polymer micelles and pH-induced destabilization. J Controlled Re-
lease, 2003, 90: 363–374 

22 Reches M, Gazit E. Casting metal nanowires within discrete self-   
assembled peptide nanotubes. Science, 2003, 300: 625–627 

23 Zhang KD, Wang GT, Zhao X, Jiang XK, Li ZT. Vesicle self-assembly 
by tetrathiafulvalene derivatives in both polar and nonpolar solvents 
and pseudo-rotaxane mediated vesicle-to-microtube transformation. 
Langmuir, 2010, 26: 6878–6882 

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


