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Vinyl-terminated hyperbranched poly(amido amine)s is obtained from Michael addition polymerization of 

4-(aminomethyl)piperidine (AMPD) with a double molar N,N-cystaminebis(acrylamide) (BAC). Then 

amphiphilic hyperbranched poly(BAC2-AMPD1)-PEG is produced via converting the vinyl groups to 

amines followed by PEGylation. Transmission electron microscopy (TEM), dynamic light scattering 

(DLS), and 1H nuclear magnetic resonance (NMR) results indicate that the micelles can be obtained via 

self-assembly of hyperbranched poly(BAC2-AMPD1)-PEG. Further anti-cancer drug, doxorubicin (DOX), 

can be loaded into the micelles. pH- and redox-response of the micelles of hyperbranched poly(BAC2-

AMPD1)-PEG without and with DOX are investigated. The results of confocal microscopy and flow 

cytometry reflect that FITC tagged or DOX loaded micelles of hyperbranched poly(BAC2-AMPD1)-PEG 

can enter HepG2 and MCF-7 cells, and DOX can be observed in the nucleus of the cells.  The cytotoxicity 

of the micelles without and with DOX is evaluated in HepG2 and MCF-7 cells, and the efficacy to kill the 

cancer cells is discussed in comparison with free DOX. 

 

Introduction 

 pH- and/or redox-responsive polymer drug delivery systems 

are promising for cancer treatment due to the lower pH 

environment of tumor and the significantly higher reduction 

potential in intracellular compartments.1,2 The concentration of 

the representative reducing compound, glutathione (GSH), is 

100-1000 times higher in the intracellular apartments than in 

extracellular matrixes.3,4 Typically, pH- responsive polymers 

contain amino5-7 or imidazole groups,8-10 acetal linkage11 or 

hydrazine linkage12-16 which can be protonated or hydrolyzed 

under acidic condition respectively; and majority of the redox-

responsive polymers contain disulfide bonds.7,17,18 Drug 

delivery systems can be formulated either by conjugating drugs 

to polymers covalently19-22 or loading the drugs into assemblies 

of polymers which are widely obtained via self-assembly of 

amphiphilic linear or branched polymers.7,23-25 So far, majority 

of polymer drug delivery systems are from linear polymers, and 

few are from hyperbranched polymers. Due to the unique 

structures of hyperbranched polymers, it is attractive to develop 

more types of hyperbranched polymer drug delivery systems.   

 Poly(amido amine)s show low hemolytic activity and 

peptide-mimicking properties and have been explored for 

preparation of drug, gene and imaging agent delivery 

systems.7,26-32 pH- and redox- responsive poly(amido amine)s 

can be prepared via Michael addition polymerization of 

disulfide containing acrylic monomer with amines.31,34 Our 

previous works indicates the reactivity sequence of the three 

types of amines of trifunctional amines in Michael Addition 

polymerization with acrylic monomers,7,35-37 and both linear 

and hyperbranched poly(amino ester)s and poly(amido amine)s 

are obtained via Michael addition polymerization of 

trifuncitonal amines with acrylic monomers.7,17,35-40 

Amphiphilic linear poly(amino amine)s was developed and 

explored for pH- and redox-responsive delivery of doxorubicin 

(DOX)7 and imaging agents,40 and hyperbranched poly(amido 

amine)s was explored for gene delivery,17 and preparation of 

well controlled hydrogel.31  

 Here we report a novel pH- and redox- responsive drug 

delivery systems obtained from self-assembly of amphiphilic 

hyperbranched poly(amido amine)s which is prepared by the 

approach shown in Scheme 1. Vinyl-terminated hyperbranched 

poly(BAC2-AMPD1) is synthesized via Michael addition 

polymerization of 4-(aminomethyl)piperidine (AMPD) with a 

double molar N,N-cystaminebis(acrylamide) (BAC). Then the 

vinyl terminal group is converted to primary amine via the 

reaction with excess AMPD, and poly(ethylene glycol) (PEG) 

is conjugated to some of the terminal amino groups to form 

amphiphilic hyperbranched poly(BAC2-AMPD1)-PEG. pH- 

and redox-responsive micelles can be obtained via self-

assembly of hyperbranched poly(BAC2-AMPD1)-PEG in 

aqueous solution, and are applied for encapsulation and 

delivery of anti-cancer drug, DOX. pH- and redox-responsive 

properties of the micelles without or with DOX are evaluated, 
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and the efficacy of DOX loaded micelles to kill cancer cells are 

demonstrated. 

 

Scheme 1 

 

Experimental Section 

Materials 

 N,N-cystaminebis(acrylamide) (BAC) from Polysciences, 4-

(aminomethyl)piperidine (AMPD) from Alfa Aesar, 

doxorubicin hydrochloride (DOX-HCl) from Fluka Analytical, 

and L-glutathione reduced (GSH), fluorescein isothiocyanate 

(FITC) and buthionine sulphoximine (BSO) from Sigma 

Aldrich were used as received. Monomethyl poly(ethylene 

glycol) (PEG) (~2000 g/mol) 4-nitrophenyl carbonate was 

prepared following our previous report.41 Methanol, ethanol, 

dimethylsulfoxide (DMSO), and other solvents were purchased 

from Tedia and used as received. MCF-7 (human breast 

adenocarcinoma) cells and HepG2 (human hepatoma) cells 

from American Type Culture Collection (ATCC, Rockville, 

MD) were maintained in Dulbecco's modified eagle medium 

(DMEM, invitrogen) with 10% fetal bovine serum (FBS), 2 

mM glutamine, 100 units/ml penicillin and 100 µg/ml 

streptomycin at 37 °C in an incubator with 5% CO2 

atmosphere. 

Synthesis of hyperbranched poly(BAC2-AMPD1) 

 In a typical procedure, 2.36 g (20.4mmol) of AMPD in 10 

mL of ethanol was added dropwise to 10.58g (40.6mmol) of 

BAC in 50 ml of ethanol at 65 oC under argon.  After 14 days, 

the reaction solution was added dropwise into 11.79 g (101.9 

mmol) of AMPD in 60 mL of anhydrous DMSO at room 

temperature under argon. 24 h later, the solution was dialyzed 

using dialysis membrane with a molecular weight cut-off of 

3500 in methanol. To monitor the polymerization, a small 

amount of the reaction solution was dried and then dissolved in 

methanol-d4 for 13C nuclear magnetic resonance (NMR) 

experiments with the total monomer concentrations being kept 

at ca. 25% (w/v). 13C NMR spectra were obtained using a 

power-gated decoupling program (PD) with 200 times scan 

taking ca.10 minutes. 

Synthesis of amphiphilic hyperbranched poly(BAC2-AMPD1)-

PEG 

 In a typical experiment, 3.93 g (1.7mmol) of monomethyl 

PEG(~2000 g/mol) 4-nitrophenyl carbonate was added to 6.86 

g (18.3mmol) of hyperbranched poly(BAC2-AMPD1) in 55 mL 

of anhydrous DMSO. The solution was stirred for 5 days at 

room temperature under argon followed by dialysis using 

membrane with a molecular weight cut-off of 10 000 in 

methanol. 

Formation and characterization of micelles of hyperbranched 

poly(BAC2-AMPD1)-PEG 

 9 mL of deionized water was added at a rate of 0.5 mL/h 

using a syringe pump to 20 mg of hyperbranched poly(BAC2-

AMPD1)-PEG in 1 mL of  DMSO under a rapid stirring. Then 

the solution was dialyzed using membrane with a molecular 

weight cut-off of 1000 in deionized water to remove DMSO. In 

order to investigate pH- and redox-responsive properties, 2 mL 

of micelle solution was treated using 10 mM hydrochloride or 

sodium hydroxide solution to designed pH or incubated with 10 

mM of GSH at 37 oC under stirring, and the change in the size 

of the micelles was monitored with dynamic light scattering 

(DLS). 

Preparation of DOX loaded micelles 

 22.5 mL of deionized water was added at a rate of 0.5 mL/h 

using a syringe pump to 2.5 mL of DMSO containing 50 mg of 

hyperbranched poly(BAC2-AMPD1)-PEG, 10 mg of DOX-HCl 

and 5 µL of triethylamine (TEA) under rapid stirring. Then the 

solution was dialyzed using membrane with a molecular weight 

cut-off of 1000 in deionized water to remove DMSO and DOX. 

After dialysis, aggregates of unloaded DOX were removed by 

filtration through a filter with a pore diameter of 0.45 µm. To 

measure the DOX loading capacity, DOX loaded micelle 

solution was lyophilized, and a certain amount of dried DOX 

loaded micelles was dissolved in DMSO. The solution was 

dialyzed using membrane with a molecular weight cut-off of 

2000 in DMSO. The concentration of DOX in the dialysis 

solution was measured with the concentration of DOX being 

determined based on a calibration curve. The loading capacity 

and the loading efficiency were calculated:  

 

Loading capacity = Mass of DOX loaded / Mass of DOX 

loaded micelles × 100% 

 

Loading efficiency = Mass of DOX loaded / Mass of DOX 

added × 100 % 

in vitro DOX release profile of DOX loaded micelles  

 2 mL of the DOX loaded micelle solution in dialysis 

membrane with a molecular weight cut-off of 10 000 was 

submerged in 40 mL of phosphate buffered saline (PBS) at 37 
oC with various conditions, i.e., pH 7, pH 5, pH 7 with 10 mM 

of GSH respectively. At a predetermined interval, 4 mL of 

dialysis solution (PBS) was collected and 4 mL of fresh PBS 

was added. The fluorescence intensity of the solutions at 590 

nm was measured with an excitation of 440 nm, and the 

concentration of DOX was determined based on a calibration 

curve. 

Preparation of FITC tagged micelles of hyperbranched 

poly(BAC2-AMPD1)-PEG 

 The micelle solution was reacted with excess of FITC in the 

presence of TEA under stirring at room temperature. After 1 

day, FITC tagged micelle solution was dialyzed extensively 

using a membrane a molecular weight cut-off of 1000 in ample 

of deionized water. 
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Cellular imaging 

 MCF-7 and HepG2 cell lines were seeded in 8 chamber 

borosilicate coverglass with a cell density of 5,000 

cells/chamber and were cultured in DMEM supplemented with 

10% FBS and 1% penicillin-streptomycin solution in an 

incubator at 37oC, 5% CO2, and 95% relative humidity. The 

cells were allowed to adhere to the chamber bottom upon 

overnight incubation. Then, the medium was replaced with 

fresh medium which contained either with or without 0.2 mM 

of BSO. The cells were incubated for another 3 days before the 

medium was again replaced with DOX loaded micelles solution 

or FITC tagged micelle solution in DMEM. At a designed time 

interval, the medium was removed and the chamber washed 

with 500 µL of PBS once followed by adding 250 µL of 90 % 

(v/v) cold ethanol to fix the cells in dark for 10 minutes. After 

the ethanol was aspired, the wells were washed with 500 µL of 

PBS, and 200 µL of 4',6-diamidino-2-phenylindole (DAPI) 

(10µg/mL) was added to stain the nuclei of the cells. 5 minutes 

later, DAPI was removed, and the wells were washed with 500 

µL of PBS twice followed by adding 150 µL of PBS to prevent 

the cells from drying up. The cells were imaged under a 

confocal laser scanning microscope. 

Flow cytometry analysis 

 MCF-7 and HepG2 cell lines were seeded in 12 well-plates 

with a cell density of 6 x 104 and 3 x 104 cells/chamber 

respectively and were cultured in DMEM supplemented with 

10% FBS and 1% penicillin-streptomycin solution in an 

incubator at 37oC, 5% CO2, and 95% relative humidity. The 

cells were allowed to adhere to the well bottom upon overnight 

incubation. Then the medium was replaced with fresh medium 

which contained either with or without 0.2 mM of BSO. The 

cells were incubated for another 3 days before the medium was 

again replaced with DOX loaded micelles solution or FITC 

tagged micelle solution in DMEM. At a designed time interval, 

the medium was removed and the chamber washed with 500 µL 

of PBS twice and the cells were unseeded. After centrifugation, 

the cell pellets were dispersed in 70 % (v/v) ethanol and stored 

in -20 oC freezer. Lastly, the fixed cell suspensions were 

analyzed using a flow cytometry analyser. 

in vitro cytotoxicity evaluation of samples 

 in vitro cytotoxicity of hyperbranched poly(BAC2-

AMPD1)-PEG, DOX-HCl, and DOX loaded  micelles of 

hyperbranched poly(BAC2-AMPD1)-PEG were evaluated in 

MCF-7 and HepG2 cell lines. Viability of the cells was 

assessed by the standard thiazolyl blue [3-(4,5-dimethyliazolyl-

2)-2,5-diphenyl tetrazolium bromide] (MTT) assay. This 

colorimetric assay allows determination of the number of viable 

cells through the metabolic activity of the cells.  

 The cancer cells were seeded in 96-well plates with a cell 

density of 2,500 cells/well and were cultured in DMEM 

supplemented with 10% FBS and 1% penicillin-streptomycin 

solution in an incubator at 37 oC, 5% CO2, and 95% relative 

humidity. The cells were allowed to adhere to the well bottom 

upon overnight incubation. Then, the medium was replaced 

with fresh medium which contained either with or without 0.2 

mM of BSO. The cells were incubated for another 3 days 

before the medium was exchanged with the sample solutions of 

different concentrations in DMEM containing with or without 

0.2 mM BSO. Meanwhile, wells containing only cell culture 

medium were prepared as untreated controls. At the 

predetermined time, the medium containing samples was 

aspirated and the wells were washed with 1 × PBS solution for 

two times to removed non-internalized sample. Then 100 µL of 

DMEM and 10 µL of MTT solution (5 mg/mL in 1 × PBS 

solution) were added to the wells. After incubation for 4 h at 37 
oC, the solution was removed and the formazan precipitate was 

dissolved in 100 µL of DMSO. The absorbance intensity of the 

solution was then quantified spectrophotometrically using a 

microplate reader (TECAN SpectraFluor Plus) at 570 nm. Cell 

viability was expressed by the following equation: 

 

Cell viability (%) = Abs sample / Abs control  × 100% 

 

Where Abs sample was the absorbance for cells treated with 

samples, while Abs control was the absorbance for untreated 

control cells. All the tests were performed in multiples. 

Measurements 

 NMR spectra were obtained on a Bruker DPX 400 MHz 

NMR spectrometer. A Brookhaven BIS200 laser light 

scattering system was used for dynamic light scattering (DLS) 

measurements. The light source is a power adjustable vertically 

polarized 35 mW argon ion laser with a wavelength of 633 nm. 

The scattering angle was fixed at 90 o for measuring the 

hydrodynamic radius (Rh) and the average scattering intensity. 

Rh values were obtained using a NNLS analysis. 6 different 

sample concentrations in methanol were measured at multiple 

angles, ranging from 50o to 140o to get a Zimm plot. 

Transmission electron microscopy (TEM) images were 

obtained using a high resolution Philips CM300 transmission 

electron microscope (FEGTEM) at 300 kV, and the samples 

were prepared by dropping micelles solution onto a copper grid 

covered with carbon followed by drying in a desiccator, and 

were stained by leaving the dried grids in 1% OsO4 in heptane 

for 2 hours followed by drying in desiccator. Fluorescence 

excitation and emission spectra were recorded on a Perkin–

Elmer LS55 Fluorescence Spectroscopy instrument fitted with a 

R928-sensitive sample photomultiplier. Confocal imaging was 

done with Olympus Fluoview FV1000 with excitation 

wavelength of 405 nm while the flow cytometry analysis was 

done using BD LSR Fortessa Flow Cytometry Analyser. 

Results and Discussion 

Synthesis of vinyl-terminated hyperbranched poly(BAC2-

AMPD1) 

 Michael Addition polymerization of AMPD with a double 

molar BAC was conducted in ethanol at 65 oC. Similar to the 
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Michael addition polymerization of 1-(2-aminoethyl)piperazine 

(AEPZ) with a double molar of diacrylate,38 the reaction of 

AMPD with a double molar BAC forms B’B”A intermediate 

first via the reaction of the 2o amine (original) with BAC as 

shown in Scheme 1. In Figure 1a, the peaks attributed to B’B”A 

intermediate appear, e.g., the peak d2 at ca. 52.9 ppm, after the 

reaction is performed in ethanol at 65 oC for 0.25 h. At this 

stage, Figure 1a also shows that unreacted AMPD monomer 

still exists as reflected by the corresponding peaks, e.g., the 

peak c1 at ca. 30.0 ppm. After the reaction was performed for 4 

h, Figure 1b shows that B’’A2 intermediate is formed as 

reflected by the appearance of the corresponding peaks, e.g., 

the peak a3 at 55.0 ppm. Vinyl-terminated hyperbranched 

poly(BAC2-AMPD1) is formed via the polymerization of 

B’’A2 intermediate. Figure 1c indicates that the dendritic unit is 

formed as reflected by the appearance of the corresponding 

peaks, e.g., the peak a4 at ca. 59.7 ppm, after the reaction is 

performed for 48 h, with the 2o amine (formed) still existing. 

Figure 1d indicates that almost all the 2o amine (formed) is 

consumed as reflected by the disappearance of the 

corresponding peaks, e.g., the peak a3, after the reaction is 

performed for 240 h. Originally, the polymerization was 

performed in methanol at 50 oC following our previous works,31 

however, the reaction was slow with the dendritic unit being 

formed 3 days later, and the 2o amine (formed) being consumed 

after 28 days. When the polymerization was performed in a 

mixture of DMSO/water (80/20) (v/v) at 80 oC to increase the 

reaction rate, no dendritic unit was formed even after 11 days. 

Therefore, ethanol was adopted for the polymerization.  

 The vinyl terminal group of hyperbranched poly(BAC2-

AMPD1) was converted into amine via the reaction with excess 

AMPD in DMSO.38 The complete conversion of the vinyl 

group to amine is indicated by the disappearance of the vinyl 

peaks at 125.5 ppm and 130.5 ppm as shown in Figure 1e. 

Three possible reactions may occur between the vinyl group 

and AMPD as shown in Scheme 1, i.e., the reaction between 

the vinyl group and 2o amine (original), 1o amine and the -

cyclic reaction with 2 vinyl terminals, respectively. Since the 

reactivity sequence of the three amines of AMPD is 2o amine 

(original) > 1o amine >> 2o amine (formed),7,37,40 the vinyl 

group reacts with the 2o amine (original) instead of 1o amine 

when excess AMPD is presented. This is supported by the 

appearance of the characteristic peaks of the unit such as the 

peak c2 at 29.4 ppm in Figure 1e. Meanwhile, the peaks 

attributed to the unit from the reaction with 1o amine such as 

the peaks a3 and h3 cannot be observed. Therefore, most of the 

vinyl groups react with the 2o amine (original) of AMPD 

forming hyperbranched poly(BAC2-AMPD1) terminated with 

–NH2, hyperbranched poly(BAC2-AMPD1)-NH2. The 

molecular weight of hyperbranched poly(BAC2-AMPD1)-NH2 

is determined to be 75.4 ± 1.1 k Dalton from Zimm plot 

obtained in methanol shown in Figure S1a. Hyperbranched 

poly(BAC2-AMPD1)-NH2 is soluble in methanol, ethanol and 

DMSO, but not in aqueous solution 

 

Figure 1. 

Synthesis of hyperbranched poly(BAC2-AMPD1)-PEG 

 PEG has been demonstrated to have various functions 

including facilitating membrane penetration42-47 and 

endocytosis process,41 and preventing nonspecific protein 

adsorption in association with long-circulation time in blood 

vessel.48-53 So PEG was conjugated to the –NH2 terminals of 

hyperbranched poly(BAC2-AMPD1)-NH2  via the formation of 

urethane bond as shown in Scheme 1. To control the degree of 

PEG conjugation, the feeding molar ratio of PEG to the 

terminal –NH2 was kept at 1 : 3.5. From the 13C NMR spectrum 

shown in Figure 1f, the molar ratio of PEG attached is 

determined to be ca. 1 : 4.1 using equation 1. 

 

Molar ratio of PEG / terminals = 2 ×  I157.48 / I29.29 (1) 

 

Where I157.48 and I29.4 are the integral intensities of the peaks of 

k and c2 at 157.5 ppm and 29.4 ppm, respectively. 

 

 Hyperbranched poly(BAC2-AMPD1)-PEG is soluble in 

methanol, ethanol, and DMSO. The molecular weight of 

hyperbranched poly(BAC2-AMPD1)-PEG is 125.6 ± 2.6 k 

Dalton obtained from Zimm plot in methanol shown in Figure 

S1b. So each hyperbranched poly(BAC2-AMPD1) 

macromolecule is conjugated with ~25 PEG chains determined 

using equation 2: 

 

Number of PEG chains conjugated to each hyperbranched 

poly(BAC2-AMPD1) macromolecule =  

(MwB – MwA) / 2000    (2) 

 

Where MwB and MwA are the molecular weights of 

hyperbranched poly(BAC2-AMPD1)-PEG and hyperbranched 

poly(BAC2-AMPD1)-NH2, respectively. 

Self-assembly of hyperbranched poly(BAC2-AMPD1)-PEG  

 Polymer self-assembly occurred when deionized water was 

added at a rate of 0.5 ml/h into DMSO solution of 

hyperbranched poly(BAC2-AMPD1)-PEG. Figure 2a presents 

TEM images of the self-assembly obtained stained with OsO4. 

It can be observed that the self-assembly is in the form of 

micelles with an average diameter of ca. 87 nm at dry state. 

DLS measurements show that the diameter of the swollen 

micelles obtained in aqueous solution is ca. 233.2 ± 13.4 nm. 

The critical micelle concentration (CMC) of the micelles was 

determined to be ca. 21.1 µg/mL by using DLS to plot the 

average scattering intensities of different polymer 

concentrations as shown in Figure S2b.7,54 Since only the 

protons of polymer segments with a high mobility in solution 

can be observed in solution 1H NMR spectrum,55-57 1H NMR 

spectra were used to get more information of the micelles 

formed. Figures 3a and 3b show 1H NMR spectra of 

hyperbranched poly(BAC2-AMPD1)-PEG in methanol-d4 and 

in deuterium oxide (D2O) obtained by dissolving directly, 

respectively. Although the peaks become broadened, most of 

the peaks in Figure 3a can still be observed in Figure 3b. Figure 
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3c shows 1H NMR spectrum of micelles obtained by adding 

D2O slowly into DMSO solution of hyperbranched poly(BAC2-

AMPD1)-PEG followed by dialysis. In comparison with Figure 

3b, it is obvious that only the peaks attributed to PEG can be 

observed which indicates that the micelles are formed with 

PEG shells and poly(BAC2-AMPD1) cores inaccessible to 

water.7,55-57 So the micelles can only be obtained via slow 

addition of water into DMSO solution of hyperbranched 

poly(BAC2-AMPD1)-PEG rather than dissolving in water 

directly. The self-assembly of hyperbranched poly(BAC2-

AMPD1)-PEG is facilitated by a gradient change from a good 

solvent for both the hydrophilic and hydrophobic components 

to a selective solvent only for the hydrophilic component. 

 

Figures 2 and 3. 

 

 pH dependent hydrodynamic diameter of the micelles of 

hyperbranched poly(BAC2-AMPD1)-PEG was investigated 

using DLS (the results shown in Figure S3a). As pH was 

decreased, the diameter of the micelles increased due to 

swelling induced by the protonation of the amines. Also it was 

shown that the average scattering intensity of the micelles 

declined by more than 95% in 15 minutes after incubation with 

10 mM of GSH (See Figure S4) which indicates that the 

micelles can be degraded via the reaction with GSH. 

DOX loaded micelles of hyperbranched poly(BAC2-AMPD1)-

PEG 

 Anti-cancer drug, DOX which intercalate with DNA to 

induce cell death,58,59 was loaded into the micelles of 

hyperbranched poly(BAC2-AMPD1)-PEG during the self-

assembly process. DOX content and loading efficiency of the 

micelles of hyperbranched poly(BAC2-AMPD1)-PEG are ca. 

10.5 % and ca. 52.3 %, respectively. DOX loaded micelles have 

a hydrodynamic diameter of ca. 193.1 ± 17.65 nm determined 

using DLS, and a diameter of ca. 108 nm in dry state obtained 

from TEM image as shown Figure 2b. CMC of DOX loaded 

micelles is 4.5 µg/ml, which is lower than the micelles without 

DOX (illustrated in Figure S2c). 

 The release profiles of DOX from micelles of 

hyperbranched poly(BAC2-AMPD1)-PEG were investigated in 

PBS under pH 7, pH 5, and pH 7 with 10 mM GSH, 

respectively, and the results are shown in Figure 4. The release 

rate of DOX is considerably faster at pH 5 than at pH 7. After 

10 h, 17 % of DOX is released at pH 7 as compared to 35% at 

pH 5. A lower pH leads to a higher protonation degree of the 

amines of poly(BAC2-AMPD1) associated with a greater 

swelling of the micelles and therefore a faster release of DOX. 

When the DOX loaded micelle solution is incubated with 10 

mM of GSH, a much faster release is observed with 50 % and 

100% of DOX being released in 10 h and 72 h, respectively. 

This is caused by thiol-induced degradation leading to 

dissociation of the micelles.  

 
Figure 4. 

 

Cellular uptake of FITC tagged micelles and DOX loaded 

micelles 

 The cellular uptake of the micelles of hyperbranched 

poly(BAC2-AMPD1)-PEG was investigated using confocal 

microscopy. Although fluorescence can be observed from 

poly(amido amine)s similar to those amine-containing 

polymers,60 the micelles were tagged with FITC for accurate 

analysis. FITC tagged micelles were incubated with HepG2 and 

MCF-7 cells for 72 h. Both HepG2 and MCF-7 cells, with a 

high intracellular GSH level, were also incubated with 0.2 mM 

of BSO for 72 h to reduce the intracellular GSH concentration 

by ca. 4 times in order to investigate the effects of reductive 

potential.17 Figure 5 shows the confocal microscopy images of 

HepG2 cells after incubation with FITC tagged micelles of 

hyperbranched poly(BAC2-AMPD1)-PEG for different time 

intervals. In HepG2 without or with BSO treatment, FITC 

fluorescence is detected in the cytoplasm after incubation for 5 

h. This indicates that FITC tagged micelles can enter the cells 

readily probably via endocytosis. The effect of BSO treatment 

on the HepG2 is indicated by the results of flow cytometry 

shown in Figure 6. BSO treatment results in higher 

fluorescence intensity from HepG2, and the fluorescence 

intensity increases with the incubation time from 5 h to 72 h. In 

contrast, the fluorescence intensity from the cells without BSO 

treatment increases by ca. 40% as the incubation time increases 

from 5 h to 24 h, and then drops ca. 12% after 72h incubation. 

This might be due to that a lower reduction potential in the 

intracellular apartments induced by BSO treatment retards the 

degradation of the micelles, and therefore leads to accumulation 

of more FITC tagged micelles in the cytoplasm.  

 

Figures 5 and 6. 

 

 Figure 7 shows the confocal microscopy images of MCF-7 

cells after incubation with FITC tagged micelles of 

hyperbranched poly(BAC2-AMPD1)-PEG. Similarly the 

micelles can enter the cells readily without or with BSO 

treatment.  The flow cytometry results shown in Figure 8 

indicates that the fluorescence intensity reaches the maximum 

at 24 h and then decreases with time, and the effect of BSO 

treatment on MCF-7 cells is a negligible, which is similar to the 

phenomenon reported.17 

 

Figures 7 and 8. 

 

 DOX loaded micelles of hyperbranched poly(BAC2-

AMPD1)-PEG were incubated with HepG2 and MCF-7 cells 

without or with BSO treatment, respectively. As shown in 

Figure 5 and 7, DOX can be observed in the cytoplasm and 

nucleus of HepG2 and MCF-7 cells after incubation of 5 h. The 

results from flow cytometry in Figure 6 shows that DOX 

fluorescence intensity increase insignificantly with incubation 

time from 5 h to 72 h in HepG2 cells; and increase from 5 h to 

24 h but level off till 72 h in MCF-7 cells. The effect of BSO 
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treatment is negligible on the DOX fluorescence intensity in 

both HepG2 and MCF-7 cells. 

in vitro cytotoxicity of DOX loaded micelles 

 in vitro cytotoxicity of hyperbranched poly(BAC2-

AMPD1)-PEG and DOX loaded micelles were evaluated in 

HepG2 and MCF-7 without or with BSO treatment, 

respectively. More than 70 % of the HepG2 cells and MCF-7 

cells are viable after incubation with 200 µg/ml of 

hyperbranched poly(BAC2-AMPD1)-PEG for 72 h regardless 

of without or with BSO treatment, which shows a low 

cytotoxicity of the polymer (shown in Figure S5). Figures 9 and 

10 illustrate the cytotoxicity of DOX loaded micelles of 

hyperbranched poly(BAC2-AMPD1)-PEG in HepG2 cells and 

MCF-7 cells, respectively. Figure 9 indicates that free DOX-

HCl displays a higher cytotoxicity than DOX loaded micelles in 

HepG2 cells without or with BSO treatment. Furthermore, it is 

also reflected that BSO treatment shows insignificant effects on 

the cytotoxicity of free DOX-HCl and DOX loaded micelles of 

hyperbranched poly(BAC2-AMPD1)-PEG. Figure 10 shows 

that DOX loaded micelles of hyperbranched poly(BAC2-

AMPD1)-PEG shows cytotoxicity comparable to free DOX-

HCl in MCF-7 cells without or with BSO treatment, and the 

effects of BSO treatment is also insignificant. Since the DOX 

loaded micelles can release all the DOX loaded in 72 h at pH 7 

with 10 mM GSH as shown in Figure 4, the difference in 

cytotoxicity of DOX loaded micelles and free DOX-HCl in 

HepG2 and MCF-7 cells should not be due to the incomplete 

release of DOX, and should be attributed to the different cell 

endocytosis process instead. So far, the cell endocytosis is still 

not well understood. Many features of nanoparticles including 

shape, size, and surface properties affect the cellular uptake,61,62 

and endocytosis process is also cell type dependent and has 

many internalization routes such as clathrin-coated pit-mediated 

endocytosis and raft mediated endocytosis.61-63 

 

Figures 9 and 10. 

 

Conclusions 

 Vinyl terminated hyperbranched poly(amido amine)s is 

synthesized via Michael Addition polymerization of -AMPD 

with a  double molar BAC in ethanol. After the terminal vinyl 

groups is converted to primary amines via reaction with excess 

AMPD, PEG is conjugated to form hyperbranched poly(BAC2-

AMPD1)-PEG. pH- and redox-responsive micelles with PEG 

shells and hydrophobic cores of poly(BAC2-AMPD1) can be 

formed via self-assembly of hyperbranched poly(BAC2-

AMPD1)-PEG in aqueous solution, and DOX can be loaded 

within the micelles with loading capacity and efficiency of ca. 

10.5 % and ca. 52.3 % respectively. DOX can be released faster 

at pH 5 and in the presence of 10 mM of GSH. The micelles of 

hyperbranched poly(BAC2-AMPD1)-PEG without or with 

DOX can enter HepG2 and MCF-7 cells readily, and DOX can 

be observed in the nucleus of the cells. DOX loaded micelles of 

hyperbranched poly(BAC2-AMPD1)-PEG can kill HepG2 and 

MCF-7 cells with the cytotoxicity lower or close to free DOX-

HCl. A lower reductive potential induced by BSO treatment 

shows insignificant effects on these performances, except in 

HepG2 where it was shown that more micelles can accumulated 

in cells with lower intracellular reductive potential. 
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FIGURES AND SCHEMES  

Scheme 1. Synthesis of hyperbranched poly(BAC2-AMPD1)-PEG. 
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Figure 1. Comparison of 
13

C NMR spectra of the product of Michael Addition polymerization of AMPD with a 

double molar BAC in ethanol with a monomer concentration of 25% (w/v) at 65 
o
C obtained a) for 0.25 h; b) for 4 

h; c) for 48 h; d) for 240 h; e) after reaction with AMPD, and f) after PEGylation. The spectra were obtained in 

methanol-d4.The attribution of the peaks is listed in Scheme 1. The peak at 57.0 ppm is attributed to residual 

ethanol. 

 

 

Figure 2. TEM images of a) micelles of hyperbranched poly(BAC2-AMPD1)-PEG stained with osmium (VIII) 

oxide; b) DOX loaded micelles of hyperbranched poly(BAC2-AMPD1)-PEG stained with osmium  (VIII) oxide. 
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Figure 3. 
1
H NMR spectra of a) hyperbranched poly(BAC2-AMPD1)-PEG in methanol-d4; b) hyperbranched 

poly(BAC2-AMPD1)-PEG dissolved in D2O directly; c) micelles of hyperbranched poly(BAC2-AMPD1)-PEG in 

D2O, formed by adding D2O into DMSO followed by dialysis. 

 

Figure 4. Release profiles of DOX from micelles of hyperbranched poly(BAC2-AMPD1)-PEG at (a) pH 7; (b) pH 

5; (c) pH 7 with 10 mM GSH. All data represent mean ± SD (n = 3). 
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Figure 5. CLSM images of HepG2 cells incubated with FITC tagged micelles of hyperbranched poly(BAC2-

AMPD1)-PEG and DOX loaded micelles of hyperbranched poly(BAC2-AMPD1)-PEG. a,e) cells with nucleus 

staining with DAPI; b,f) cells with FITC or DOX fluorescence; c,g) overlays of cells with nucleus staining with 

DAPI and FITC or DOX fluorescence; d,h) under bright field. Row (a-d) and (e-h) are results without and with 

BSO treatment, respectively. 
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Figure 6. Mean FITC and DOX fluorescence intensity obtained using flow cytometry after HepG2 cells were 

incubated with FITC tagged micelles of hyperbranched poly(BAC2-AMPD1) and DOX loaded micelles of 

hyperbranched poly(BAC2-AMPD1) for different time, respectively. All data represent mean ± SD. (n = 3). 
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Figure 7. CLSM images of MCF-7 cells incubated with FITC tagged micelles of hyperbranched poly(BAC2-

AMPD1)-PEG and DOX loaded micelles of hyperbranched poly(BAC2-AMPD1)-PEG. a,e) cells with nucleus 

staining with DAPI; b,f) cells with FITC or DOX fluorescence; c,g) overlays of cells with nucleus staining with 

DAPI and FITC or DOX fluorescence; d,h) under bright field. Row (a-d) and (e-h) are results without and with 

BSO treatment, respectively. 

 

 

Page 13 of 16 Biomaterials Science



ARTICLE Journal Name 

14 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

 

 

Figure 8. Mean FITC and DOX fluorescence intensity obtained using flow cytometry after MCF-7 cells were 

incubated with FITC tagged micelles of hyperbranched poly(BAC2-AMPD1) and DOX loaded micelles of 

hyperbranched poly(BAC2-AMPD1) respectively. All data represent mean ± SD. (n = 3). 

 

 

Figure 9.  in vitro cytotoxicity of DOX loaded micelles of hyperbranched poly(BAC2-AMPD1)-PEG and free 

DOX-HCl in HepG2 without or with BSO treatment. All data represent mean ± SD. (n = 3). 
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Figure 10. in vitro cytotoxicity of DOX loaded micelles of hyperbranched poly(BAC2-AMPD1)-PEG and free 

DOX-HCl in MCF-7 without or with BSO treatment. All data represent mean ± SD. (n = 3). 
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Micelles formed from self-assembly of amphiphilic PEGylated hyperbranched poly(amido 

amine)s can release doxorubicin at low pH or in the presence of high GSH concentration to 

kill cancer cells. 
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