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Abstract 

Chemotherapy for cancer treatment has been demonstrated to cause some side effects on healthy 
tissues and multidrug resistance of the tumor cells, which greatly limits therapeutic efficacy. To 
address these limitations and achieve better therapeutic efficacy, combination therapy based on 
nanoparticle platforms provides a promising approach through delivering different agents 
simultaneously to the same destination with synergistic effect. In this study, a novel green tea 
catechin-based polyion complex (PIC) micelle loaded with doxorubicin (DOX) and 
(-)-Epigallocatechin-3-O-gallate (EGCG) was constructed through electrostatic interaction and 
phenylboronic acid-catechol interaction between poly(ethylene 
glycol)-block-poly(lysine-co-lysine-phenylboronic acid) (PEG-PLys/PBA) and EGCG. DOX was 
co-loaded in the PIC micelles through π-π stacking interaction with EGCG. The phenylboronic 
acid-catechol interaction endowed the PIC micelles with high stability under physiological 
condition. Moreover, acid cleavability of phenylboronic acid-catechol interaction in the micelle 
core has significant benefits for delivering EGCG and DOX to same destination with synergistic 
effects. In addition, benefiting from the oxygen free radicals scavenging activity of EGCG, 
combination therapy with EGCG and DOX in the micelle core could protect the cardiomyocytes 
from DOX-mediated cardiotoxicity according to the histopathologic analysis of hearts. Attributed 
to modulation of EGCG on P-glycoprotein (P-gp) activity, this kind of PIC micelles could effectively 
reverse multidrug resistance of cancer cells. These results suggested that EGCG based PIC 
micelles could effectively overcome DOX induced cardiotoxicity and multidrug resistance. 

Key words: combination therapy, catechin, cardiotoxicity, multidrug resistance. 

Introduction 
Doxorubicin (DOX), an anthracycline antibiotic, 

is a kind of chemotherapeutical agent widely used in 
solid tumors [1, 2]. However, various limitations that 
reduce the therapeutic efficacy are presented in the 

DOX based chemotherapy: low water solubility, 
cumulative and irreversible cardiotoxicity [3, 4], 
nonspecific delivery throughout the body [5] and 
DOX resistance of cancer cells [6, 7]. In recent decades, 
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nanotechnology based nanomedicines provided 
solutions to some limitations, including encapsulating 
drug in the nanocarriers to improve solubility [8-12] 
and targeted strategies to increase the specificity 
delivery [13-16]. However, limited effectiveness in 
reduced cardiotoxicity and reversing multidrug 
resistance are still encountered in some 
nanomedicines [17-19].  

(-)-Epigallocatechin-3-O-gallate (EGCG), a major 
component of green tea, has been reported to exhibit 
strong antioxidant activity and scavenging effects on 
active oxygen and free radicals because of the two 
triphenolic groups in its molecular structure [20-22]. It 
is well known that long-term chemotherapy with 
DOX is frequently accompanied by serious cardiac 
toxicity, severely damaging patients’ health and 
causing additional suffering of patients [3]. A main 
mechanism for cardiotoxicity is the increasing oxygen 
free radicals generated via a redox reaction of DOX 
catalyzed by endogenous reductases during the 
metabolic activation of DOX [23-25]. Therefore, EGCG 
combined with DOX could be useful to scavenge 
intracellular oxygen free radicals and prevent DOX 
induced cardiotoxicity [26-28].  

In addition, multidrug resistance (MDR) of 
tumor cells is an important limiting factor for 
effectiveness of chemotherapy [29]. P-glycoprotein 
(P-gp), a drug efflux pump on cell membrane, plays 
an important role to mediate efflux of the drugs from 
cancer cells [30-31]. Increased P-gp on cell membrane 
endows tumor cell with multidrug resistance. To 
overcome MDR, various strategies have been 
designed to inhibit or modulate the activity of P-gp in 
cancer cells, especially in pharmacological and 
biochemical fields [32-34]. One important approach is 
to use MDR inhibitors or modulators. MDR inhibitors 
or modulators with ability to reverse the resistance 
against anticancer drugs are co-administrated with 
drugs to block the efflux of drugs from cancer cells, 
leading to increased drugs accumulation in cancer 
cells and enhanced therapeutic efficacy [35-37]. 
However, low affinity of numerous MDR modulators 
with P-gp requires high doses to achieve desired 
effect. Unfortunately, high doses of MDR modulators 
will inevitably cause enhanced toxicity to normal 
tissues because of their intrinsic toxicity [36, 38]. Holl 
et al. reported that verapamil (VER), a weaker calcium 
channel blocker, showed inhibitory activity of P-gp 
[39]. However, to achieve effective inhibition of P-gp, 
the dose of VER significantly exceeded the limit of the 
clinical dose for arrhythmia and would induce 
cardiotoxicity [40, 41]. Therefore, a low toxicity and 
high affinity for P-gp MDR modulator combined with 
anticancer drugs could be more viable candidate for 
reversing MDR. Fortunately, EGCG was firstly found 

to inhibit the transport activity of P-gp in 2002 [42]. 
Since then, EGCG was suggested to be a low toxicity 
and effective P-gp modulator to chemo-sensitize the 
resistant tumor cells to DOX and increase the DOX 
accumulation in MDR cells [43, 44]. 

Based on the oxygen free radicals scavenging 
activity and drug resistance reversing of EGCG, 
combination therapy with EGCG and DOX could be 
the best strategy to overcome both DOX induced 
cardiotoxicity and multidrug resistance. Compared 
with monotherapy, combination therapy could be 
more effective in the enhancement of cancer therapy 
by achieving synergistic effects and reducing toxicity 
[26, 43, 45]. However, the combination therapy based 
on simply mixed administration of different drugs 
will lead to distinct pharmacokinetic profiles of 
different therapeutics and an inconsistent 
biodistribution in vivo, which would reduce the 
synergistic effect between different agents. On the 
contrary, nanoparticle-based combination therapy 
systems, such as vesicles, polymeric micelles and gold 
nanoparticles, are widely used to simultaneously 
release the different chemotherapeutic agents at the 
same destination and maximize synergistic effects 
[46-48]. Therefore, constructing a nanoparticle-based 
combination therapy encapsulating DOX and EGCG 
in the nanoparticle could achieve better therapeutic 
effects. 

Because EGCG is hydrophilic and instable while 
DOX is hydrophobic under physiological 
environment, it is difficult to co-load DOX and EGCG 
in the hydrophobic nanoparticle core through 
hydrophobic interaction and maintain the stability of 
EGCG. Herein, we designed a type of green tea 
catechin-based polyion complex micelle with EGCG 
and DOX in the micelle core and PEG as the shell. 
EGCG based polyion complex micelle was firstly 
constructed through electrostatic interaction and 
phenylboronic acid-catechol interaction [49] between 
PEG-PLys/PBA and EGCG as shown in Figure 1A. 
With the binding property of EGCG with several 
biological molecules [50], DOX could be encapsulated 
in the micelle core through π-π stacking interaction 
with EGCG. For this system, the phenylboronic 
acid-catechol interaction between phenylboronic acid 
(PBA) and EGCG in micelle core achieved a 
cross-linked core which could obtain high stability of 
PIC micelles and EGCG under physiological 
environment [49]. More importantly, the boronic 
acid-catechol interaction was acid cleavable [51], 
endowed the micelles with effective and simultaneous 
DOX and EGCG release when internalized into cancer 
cells. Furthermore, as shown in Figure 1B, EGCG 
loaded in the micelles was expected to interact with 
P-gp and inhibit their transport activity, resulting in 
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increased DOX accumulation in drug resistant cancer 
cells. Meanwhile, EGCG could timely and quickly 
scavenge oxygen free radicals generated by DOX in 
the heart, avoiding the cardiomyocytes damage 
caused by delayed oxygen free radicals scavenging as 
shown in Figure 1C. 

Materials and Methods 
Materials 

Doxorubicin-HCl (DOX·HCl) was supplied by 
Jingyan Chemicals Corporation (Shanghai, China). 
EGCG was purchased from TCI. α-Methoxy-ω- 
aminopoly(ethylene glycol) (CH3O-PEG113-NH2; Mw 
= 5000; Mw/Mn = 1.05) was purchased from Aladdin 
and used after dried under vacuum. 
ε-(benzyloxycarbonyl)-L-lysine N-carboxyanhydride 
(Lys(Z)-NCA) were synthesized by the 
Fuchs-Farthing method using bis(trichloromethyl) 
carbonate (triphosgene) according to ref 52. 
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide 
hydrochloride (EDC·HCl; >98%, Fluka), N-hydro-
xysuccinimide (NHS; >97%, Fluka), trifluoroacetic 
acid, hydrogen bromide (HBr; 45% in acetic acid) was 
2′,7′-dichlorofluorescein diacetate (DCFH-DA) 
purchased from Sigma-Aldrich. 3-fluoro-4-carboxy-
phyenylboronic acid (FPBA) and 4-(4,6-dimethoxy- 
1,3,5-triazin-2-yl)-4-methylmorpholinium chloride 
n-hydrate (DMT-MM), nitro blue tetrazolium (NBT), 
xanthine, xanthine oxidase were purchased from J&K. 

Synthesis of polymers 
poly(ethylene glycol)-block-poly(ε-(benzyloxycar

bonyl)-L-lysine) PEG-b-PLys(Z) was synthesized as 
shown in Figure S1 according to the previous report 
[11]. Briefly, Lys(Z)-NCA(1.96 g, 6.4 mmol) was 
dissolved in 30 ml of DMF and polymerized by 
addition of MeO-PEG113-NH2 (2.0 g, 0.4 mmol) with 
the terminal primary amino group as the initiator. The 
reaction mixture was stirred for 3 days at 35 °C under 
a dry argon atmosphere. Then solvent was 
evaporated under reduced pressure. The resulting 
product was dissolved in 25 ml of CHCl3 and then 
precipitated into excessive diethyl ether to obtain 
PEG-b-PLys(Z) (yield 90%).  

Poly(ethylene glycol)-block-poly(L-lysine) (PEG- 
b-PLys) was prepared by deprotection of Z group in 
PEG-b-PLys(Z) as shown in Fig S1. In brief, 
PEG113-b-PLys(Z)13 (2.0 g) was dissolved in 20 ml of 
CF3COOH, followed by addition of HBr (33 wt.% in 
HOAc, 2 mL). The mixture was stirred at 0 °C for 2 h, 
then the reaction mixture was precipitated into 
excessive cold diethyl ether. The precipitation was 
dissolved in DMF and reprecipitated in excessive 
diethyl ether to remove the residual CF3COOH and 
obtain PEG-b-PLys (yield 60%). The product was 
dried at room temperature under vacuum.  

PEG-b-PLys/PBA was synthesized as shown in 
Figure S1 according to previous report [53]. FPBA was 
conjugated by acylation of the pendent primary 
amino groups of PEG-b-PLys using DMT-MM as 

coupling agent. 
PEG113-b-PLys13 (100 
mg, 0.18mmol) was 
dissolved in 10 ml of 
sodium bicarborate 
solution (50 mM, pH 
8.5) in the presence of 
D-mannitol (100 mg, 
0.55 mmol), followed 
by addition of the 
solution of FPBA in 
1.7 ml of CH3OH. 
Then DMT-MM (254 
mg, 0.92 mmol) was 
added and the 
reaction mixture was 
stirred at 25 °C for 12 
h. The whole solution 
was transferred to a 
dialysis bag (MWCO 
3500) and dialyzed 
against 0.01 N NaOH 
aq., 0.01N HCl aq., 
then deionized water. 
PEG-b-PLysPBA was 

 
Figure 1. (A) Schematic illustrating the formation of the core cross-linked micelle co-loaded with DOX. (B) Proposed 
mechanism to overcome multidrug resistance. (C) Mechanism to reduce cardiotoxicity. 

 



 Theranostics 2016, Vol. 6, Issue 9 

 
http://www.thno.org 

1280 

obtained by lyophilisation.  

Preparation of green tea catechin-based 
polyion complex micelles 

The FPBA based core cross-linked micelle (CLM) 
was formed by mixing the aqueous solution of 
PEG-b-PLys/PBA and EGCG. Briefly, 
PEG-b-PLys/PBA (1.0 mg) was dissolved in 4 ml of 
deionized water, and then 75 µl of EGCG (1 mg/ml) 
in water was added. The polyion complex micelle was 
formed through the electrostatic interaction between 
PLys and EGCG. Based on boronic acid−catechol 
interaction, the cross-linked core was formed. With 
the same ratio of [Lys]/[EGCG], non-cross-linked 
micelle (NCLM) was prepared via the same method 
as CLM using PEG-b-PLys and EGCG. 

As a control, micelle without EGCG (NP) was 
prepared via the nanoprecipitation technique. In brief, 
the solution of PEG-PLys(Z) (2 mg) in 1 ml of DMSO 
was added dropwise into 10 ml of PBS (pH 7.4, 10 
mM). After stirring at room temperature for 4 h, NP 
was transferred into dialysis bag (MWCO 3500) and 
dialyzed against deionized water for 48 h. 

Evaluation of stability of CLM and NCLM in 
vitro. 

The stability of CLM and NCLM was evaluated 
in 10 mM PBS (pH 7.4) at 37 °C. At predetermined 
time point, the required volume of CLM and NCM 
solution were taken and the mean size of micelles and 
light intensity were recorded by DLS.  

Auto-oxidation of EGCG 
EGCG (75 µg) was dissolved in 1 ml of PBS (10 

mM, pH 7.4). Over time, the absorption peak of EGCG 
was measured by using UV-vis spectra. 

pH responsiveness of EGCG based CLM 
NCM core was cross-linked through boronic 

acid−catechol interaction. Under an acid 
environment, the interaction would be weakened and 
EGCG would release from micelle core. 

The boronic acid-catechol interaction leads to the 
changed structure, which could be detected from the 
changes in the absorption peaks. UV-vis spectra of 
FPBA solution was recorded at pH 7.4, and then 
EGCG solution (75 µg/ml) was added into FPBA 
solution. UV-vis spectra of the mixture was recorded 
to detect changes in the characteristic peaks. Finally, 
pH value of the mixture was adjusted to 5.0, followed 
by monitoring the changes in the absorption peaks.  

EGCG based micelles (CLM and NCLM) 
solution (1 mg/ml) were prepared in pH 7.4 PBS (10 
mM), and then the absorption peaks of CLM and 
NCLM were detected by using UV-vis spectra at 
predetermined time point. pH value of CLM solution 

was adjusted to 5.0, and then the characteristic peak of 
CLM solution was detected to monitor the absorbance 
change. 

1 ml of CLM solution (pH 5.0 and 7.4) (the 
content of EGCG was 100 μg) was transferred to 
dialysis bag (MWCO 3500), and then each dialysis bag 
was immersed in 40 ml of PBS solution with the same 
pH value and incubated in shaker (200 rpm, 37 °C). To 
simulate blood flow, at fixed time intervals, 4 ml of 
dialysis fluid was taken out for UV-vis measurement 
(at 276 nm) and an equal volume of fresh buffer was 
added in. The amount of released EGCG was 
determined by measuring the height of absorption 
peak (276 nm) using free EGCG as standard. The 
release experiments were conducted in triplicate, and 
the results presented are the average data. 

Loading of DOX 
DOX could be loaded into the CLM through π-π 

stacking interaction between DOX and EGCG. 
DOX-loaded CLM (CLM-DOX) was readily prepared 
by addition of DOX and EGCG (in DMSO) to the 
solution of PEG-PLys/PBA in PBS. Briefly, DOX·HCl 
(1 mg) was dissolved in DMSO with 5 µl of 
trimethylamine (TEA) for 2 h to obtain the 
doxorubicin base (DOX). And then a specific amount 
of DOX solution and EGCG solution in DMSO 
(weight ratio of DOX and EGCG was 0.9) were mixed 
firstly and added dropwise into 4 ml of 
PEG-PLys/PBA (1 mg) solution in 4 ml of PBS (pH 
7.4, 10 mM). After stirring for 4 h, the DOX-loaded 
CLM was transferred into dialysis bag (MWCO 3500) 
and dialyzed against deionized water for 48 h. 
CLM-DOX was concentrated by ultrafiltration before 
use. 

As a control, DOX-loaded micelle without EGCG 
(NP-DOX) was prepared via the nanoprecipitation 
technique. In brief, the solution of PEG-PLys(Z) (2 
mg) and DOX (400 μg) in 1 ml of DMSO was added 
dropwise into 10 ml of PBS (pH 7.4, 10mM). After 
stirring at room temperature for 4 h, NP-DOX was 
transferred into dialysis bag (MWCO 3500) and 
dialyzed against deionized water for 48 h. NP-DOX 
was concentrated by ultrafiltration before use. 

Drug loading content (DLC) and drug loading 
efficiency (DLE) of CLM-DOX and NP-DOX was 
measured by using a fluorescence spectrometer 
(excitation at 484 nm and emission at 590 nm). Briefly, 
the micelle solution was diluted into 50-fold volume 
of DMF and the DOX concentration was measured by 
calculating the height of emission peak at 590 nm 
according to the calibration curve of DOX. DLC and 
DLE were calculated according to the following 
formulas: 

DLC (wt %) = (weight of loaded drug/total weight of 
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polymer and loaded drug)×100 % 

DLE (%) =(weight of loaded drug/weight of drug in 
feed) ×100 % 

In vitro DOX release 
The DOX release of CLM-DOX and NP-DOX 

was performed under different pH condition (pH 5.0, 
6.5 and 7.4). Briefly, 2 ml of CLM-DOX and NP-DOX 
were transferred into dialysis bag (MWCO 3500) and 
immersed in 40 ml of PBS with different pH condition 
at 37 °C. At fixed time intervals (1, 2, 4, 6, 8, 10, 24 h), 4 
mL of the solution outside the dialysis bag was taken 
out for fluorescent measurements (excitation at 484 
nm) and an equal volume of fresh buffer was added 
in. The amount of released DOX was determined by 
measuring the height of emission peak (590 nm) using 
free DOX in PBS as standard. The release experiments 
were conducted in triplicate, and the results presented 
are the average data. 

Superoxide scavenging activity (NBT assay) 
Superoxide scavenging activity of EGCG based 

CLM was measured via NBT assay according to the 
previous report [54]. In this assay, xanthine-xanthine 

oxidase (X-XO) system was used to generate ·O2
-. 

Reduced by ·O2
-, NBT would be transformed into 

NBT formazan which would be detected in the 
absorbance at 560 nm. When EGCG based CLM was 

added into the system, ·O2
- would be scavenged 

preferentially by CLM, leading to lower absorbance 
increase at 560 nm.  

Xanthine (1 mg) and NBT (16 mg) were 
dissolved in 33 ml of PB (100 mM, pH 7.8) and 
incubated at 37 °C. Then each CLM solutions with 
different concentration was added into 2 ml of 
xanthine and NBT solution, respectively. XO (6 
mU/ml) was added into the mixture to trigger the 
reaction. The increase of absorbance at 560 nm was 
recorded every 3 seconds by UV-vis spectra for 3 
minutes to detect the production rate of NBT 
formazan at different CLM concentration. Each 
concentration generated a time-dependent curve, and 
the superoxide scavenging activity of CLM was 
calculated from the absorbance ratio of each micelle 
concentration to blank group at 3 min. 

Cell culture 
MCF-7 Cells and DOX resistant human breast 

carcinoma cells (MCF-7/Adr) were purchased from 
Nanjing Kaiji Biotech. Ltd. Co. (Nanjing, China). Cells 
were cultured in RPMI-1640 medium with 10% (v/v) 
fetal bovine serum (FBS) and 1% 
penicillin-streptomycin in a humidified atmosphere at 

37 °C with 5% CO2. The cells were subcultured with 
0.25% trypsin-EDTA when reaching 80-90% 
confluence. 

Cellular uptake and cell viability in H9C2 
cardiac muscle cells (H9C2 cells) 

H9C2 cells were seeded into 96-well plates at a 
density of 0.6×104 cells per well in 100 µL RPMI-1640 
medium/PBS. After an incubation of 24 hours, the 
free DOX, NP-DOX and CLM-DOX were added to 
each well. After 4 hours further incubation, the 
culture medium was removed and cells were washed 
three times with 500 μL PBS buffer. The cellular 
uptake of micelles was observed using confocal laser 
scanning microscope (TCS SP5). 

The cytotoxicity of free DOX, NP-DOX and 
EGCG based CLM-DOX were determined against 
H9C2 cells by MTT assay. In the MTT assay, H9C2 
cells were seeded into 96-well plates at a density of 
4000 cells per well in 500 μL RPMI-1640 medium/PBS 
(pH 7.4). After 24 h incubation, free DOX, NP-DOX 
and CLM-DOX solution were added to each well with 
different DOX concentrations (0.01, 0.1, 1, 5, 20, 40 
μg/mL). The saline solution was used as control. 
After 24 hours, 25 μL of 3-(4,5-dimethylthiazol- 
2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) (5 
mg/ml) was added to each well and the mixture was 
incubated for another 4 h, then 150 μL of DMSO was 
added to dissolve the obtained blue formazan 
crystals. The absorbance was measured at a 
wavelength of 570 nm and the viability was expressed 
as the percentage of the control.  

Measurement of intracellular ROS generation 
To measure the ROS generation in H9C2 cells, 

5(6)-carboxy-2′,7′-dichlorofluorescein diacetate 
(DCFH-DA) was used as a cell-permeable probe 
which could be cleaved by intracellular esterase to 
non-fluorescent 2′,7′-dichlorofluorescin (DCFH) and 
oxidized by ROS to a fluorescent product 
dichlorofluorescein (DCF). The fluorescence intensity 
of DCF in H9C2 cells determines the level of 
intracellular ROS. H9C2 cells were seeded into 
96-well plates at a density of 4000 cells per well in 500 
μL RPMI-1640 medium/PBS (pH 7.4). After 24 h 
incubation, free DOX, NP-DOX and CLM-DOX 
solution were added to each well with same DOX 
concentrations. After incubation for 2 h, H9C2 cells 
were harvested and washed three times with 500 μL 
PBS buffer. Further incubation with 10 µM DCFH-DA 
for 20 min at 37 °C was conducted. The absorbance 
was measured at a wavelength of 488 nm and the ROS 
generation was expressed as the percentage of the 
control (PBS).  
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Histopathologic evaluation 
The animal studies were performed in 

accordance with the Regulations for the 
Administration of Affairs Concerning Experimental 
Animals (Tianjin, revised in June2004) and adhered to 
the Guiding Principles in the Care and Use of Animals 
of the American Physiological Society. The BALB/c 
mice (n = 3) were injected intravenously via the tail 
vein with free DOX, NP-DOX, EGCG based 
CLM-DOX and saline. The dose of DOX was fixed at 5 
mg/kg body weight. Free DOX, NP-DOX, CLM-DOX 
and saline were administrated for five times through 
tail vein every other day. To evaluate the DOX 
induced cardiotoxicity, mice were sacrificed and 
hearts were harvested immediately post dissection of 
these mice. The hearts were immediately fixed with 
10% formalin for 1 day at room temperature, 
embedded in paraffin, and cut into 8-µm-thick 
sections for hematoxylin/eosin (H&E) observed using 
optical microscope. 

Cellular uptake in MCF-7/Adr cells 
MCF-7/Adr cells were seeded into 96-well plates 

at a density of 0.6×104 cells per well in 100 µL 
RPMI-1640 medium/PBS. After an incubation of 24 
hours, CLM-DOX and NP-DOX were added to each 
well. After 12 hours further incubation, the cellular 
uptake of micelles was observed with an inverted 
fluorescence microscope (DMI6000B, Leica, Wetzlar, 
Germany). 

Cell viability in MCF-7 cells and MCF-7/Adr 
cells 

The cytotoxicity of different materials (CLM, NP, 
free DOX, NP-DOX and CLM-DOX) was determined 
against MCF-7 cells and MCF-7/Adr by MTT assay. 
In the MTT assay, MCF-7 and MCF-7/Adr cells were 
seeded into 96-well plates at a density of 2000 cells per 
well in 500 μL RPMI-1640 medium/PBS (pH 7.4). 
After 96 h incubation, CLM and NP solution were 
added to each well with different micelle 
concentration (0.5, 1, 5, 10, 100, 500, 1000μg/mL). 
Meanwhile free DOX, NP-DOX and CLM-DOX 
solution were added to each well with different DOX 
concentrations (0.1, 0.5, 1, 5, 20, 40 μg/mL). The saline 
solution was used as control. After 24 hours, 25 μL of 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium 
bromide (MTT) (5 mg/ml) was added to each well 
and the mixture was incubated for another 4 h, then 
150 μL of DMSO was added to dissolve the obtained 
blue formazan crystals. The absorbance was 
measured at a wavelength of 570 nm and the viability 
was expressed as the percentage of the control.  

In vivo biodistribution experiment 
BALB/c mice were randomly divided into three 

groups and intravenously injected by and 
NP-DOX/Cy5 and CLM-DOX/Cy5 at same 
PEG-P(Lys-LysDox-LysCy5) (synthesized as 
described in the supporting information). At 1h, 6h, 
24h post-injection, the mice were sacrificed, and then 
the heart as well as the major organs were harvested. 
ex vivo imaging was conducted by the Kodak IS in vivo 
FX imaging system. 
Results and Discussion 
Synthesis of polymers 

PEG-PLys(Z) was synthesized by ring-opening 
polymerization. PEG-PLys was prepared by 
deprotection of benzyl group of PEG-b-PLys(Z). 
PEG-PLys/PBA was synthesized by conjugation of 
FPBA to the pendent amino of PLys using DMT-MM 
as coupling agent. Characterization of PEG-PLys(Z) 
and PEG-PLys was described in supporting 
information. PEG-b-PLys/PBA was characterized by 
1H NMR. As shown in Figure S4, the peaks around 7.3 
ppm which is the characteristic peaks of the 
phenylene protons of FPBA indicated that FPBA were 
conjugated to polymers successfully. The number of 
FPBA units introduced per polymer chain was 
estimated to be 6 by calculating the peak intensity 
ratio of the butylene protons of Lys units (1.2-1.8 
ppm) to the phenylene protons of FPBA (7.2-7.5 ppm) 
as shown in Figure S4. 

Formation of green tea catechin-based polyion 
complex micelles 

EGCG, the main polyphenol in green tea, has 
been demonstrated to possess anticancer effects [55], 
and antioxidant activity [20]. Here, inspired by 
binding property of EGCG with several biological 
molecules, polyion complex micelles (NCLM, CLM) 
encapsulated EGCG in the core were constructed for 
combining with hydrophobic DOX. Attributed to the 
negatively charged EGCG at pH 7.4, NCLM was 
formed through the electrostatic interaction between 
EGCG and PLys. However, polyion complex micelles 
(PIC micelles) suffer from instability under 
physiological condition. To improve the stability of 
green tea catechin based PIC micelles, FPBA was 
conjugated on the PLys. CLM was precisely 
constructed by self-assembly of PEG-Plys/PBA and 
EGCG through the electrostatic interaction between 
Plys and EGCG, and the cross-linked core of CLM 
was formed through phenylboronic acid-catechol 
interaction. NCLM and CLM were prepared with the 
same ratio of [Lys]/[EGCG] respectively. The drug 
loading content of EGCG was about 7.0 %. The 
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hydrodynamic diameter distribution of CLM 
determined by DLS and TEM image of CLM were 
shown in Figure 2A. The average hydrodynamic 
diameters of CLM were measured to be around 140 
nm (pH 7.4) with narrow size distributions (Figure 
1A). The TEM image revealed that the obtained CLM 
was spherical and the sizes were around 130 nm (inset 
in Figure 2A). 

Stability of EGCG in the micelles 
Easily occurred auto-oxidation of EGCG under 

common experimental condition implicated the 
instability of EGCG [56]. To explore the 
auto-oxidation of EGCG, UV-vis spectra of EGCG 
dissolved in water exposed in the air was measured at 
room temperature as shown in Figure S6. EGCG 
solution exhibited the characteristic absorption peak 
at 276 nm. Moreover, the absorption peak at 326 nm 
which attributed to EGCG oxidation products (EGCG 
dimer) was observed, and the intensity of the 
absorption peak increased over the time, indicating 
the gradual auto-oxidation process of EGCG. 

To evaluate the stability of EGCG in the micelle, 
the absorption peak of NCLM and CLM was 
measured by using UV-vis spectra. As shown in 
Figure S8, the absorption peak of EGCG oxidation 
products at 326 nm was obviously observed during 
the NCLM condition. Furthermore, the intensity of 
the absorption peak increased rapidly over time and 
the solution turned to be brown, indicating that 
EGCG was unstable in the NCLM core. While for the 
condition of CLM, the absorption peak of EGCG 
oxidation products at 326 nm were not detected for 4 
h, and a new absorption peak at 312 nm appeared 
which was ascribed to the structure of boronate ester 
formed by phenylboronic acid and catechol 
(described below). Compared with the brown 
solution of NCLM at 4 h, the solution of CLM was 
colorless and transparent (inset in Figure S9). These 
results demonstrated that the movement of EGCG in 

the CLM core was restrained by cross-linked core, 
leading to high stability of EGCG in the CLM. 

Stability of PIC micelles. 
The stability under physiological condition is of 

fundamental importance for drug delivery systems to 
achieve the high efficacy in controlled drug delivery. 
For PIC micelles, instability is a major obstacle in their 
therapeutic application. In recent decades, 
crosslinking in the micelle became the main strategy 
for PIC micelles to improve the stability under 
physiological condition [57]. In this study, CLM core 
was cross-linked based on phenylboronic 
acid-catechol interaction between FPBA and EGCG. 
To demonstrate the effect of core cross-linking on the 
stability of CLM, the size and intensity variation of 
CLM and NCLM were assessed in 10 mM PBS buffer 
by DLS. As shown in Figure 2B, the mean size of 
NCLM increased rapidly from 130 nm at 0 h to 1300 
nm at 4 h, indicating the aggregation of micelles. This 
aggregation was also detected through measurement 
of relative light scattering intensity (I/I0) changes as 
functions of time. It was clearly shown that the 
relative light scattering intensity of NCLM increased 
to about 1100% in Figure S10, which was consistent 
with the mean size increase. The structure of NCLM 
was unstable because of electrostatic screening effect 
under physiological condition and EGCG existed in 
different micelle core tended to form EGCG dimer in 
the air, which together resulted in the aggregation of 
micelles. The ten-fold increase in mean size and 
relative light scattering intensity increase of NCLM 
suggested that NCLM exhibited disappointing 
stability under physiological condition. But for CLM, 
the mean size of CLM maintained unchanged at 170 
nm for 2 h and the same result was confirmed by the 
little change of relative light scattering intensity. 
These results implicated that phenylboronic 
acid-catechol interaction endowed CLM with 
cross-linked core and greatly enhanced their stability 

under physiological 
condition. 

 
Figure 2. (A) Hydrodynamic 
diameter distribution of CLM 
and TEM images of CLM at 
pH 7.4 in 10 mM phosphate 
buffer solution (inset). (B) 
Stability of CLM and NCLM. 
Size variation of CLM and 
NCLM in PBS buffer (10 mM, 
pH 7.4) at 37 °C. 
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Figure 3. (A) Illustration of pH responsiveness of CLM. (B) UV-vis spectra of FPBA, EGCG, mixture of EGCG and FPBA at pH 7.4 and mixture of EGCG and FPBA 
at pH < 5.0. (C) UV-vis spectra of CLM over time under different pH condition. 

 

pH responsiveness of CLM 
The high stability of CLM under physiological 

condition lay the foundation for drug delivery system. 
However, when nanoparticles enter the tumor site, 
rapid and sufficient release of drug contained was 
vital for better therapeutic effect [58]. In this study, the 
pH cleavable boronate ester formed by EGCG and 
FPBA endowed CLM with rapid release of EGCG 
under an acid environment as illustrated in Figure 3A. 
To confirm this fact, the stability of boronate ester and 
EGCG release at different pH were investigated. The 
characteristic peak of phenylboronic-catechol 
interaction was determined by UV-vis spectra using 
small molecules FPBA and EGCG as standard. As 
shown in Figure 3B, the UV-spectra of EGCG and 
FPBA at pH 7.4 exhibited similar characteristic 
absorption peak around 276 nm. When the EGCG and 
FPBA solution were mixed, a new peak at 312 nm was 
detected. After that, pH value of the mixture was 
adjusted to 5.0, and then the peak at 312 nm was 
disappeared. These results indicated that the structure 
of boronate ester formed by phenylboronic acid and 
catechol could be detected by UV-vis spectra at 312 
nm and phenylbonorate ester was cleavable under 

acid environment. Moreover, the formation of 
phenylbonorate ester in the CLM was confirmed with 
the same method. As shown in Figure 3C, the 
characteristic absorption peak of phenylbonorate ester 
at 312 nm was observed from the UV-spectra of 
PEG-PLys/PBA and EGCG mixed solution, and then 
disappearance of the peak was detected after 
adjusting pH value to 5.0. These results suggested that 
the absorption peak at 312 nm was belonged to the 
structure of phenylboronate ester formed by 
phenylboronic acid and EGCG, and phenylboronate 
ester was acid cleavable.  

In vitro EGCG release from CLM was conducted 
under different pH condition. As shown in Figure 3D, 
under the physiological condition (pH 7.4), the 
cumulative release of EGCG was less than 4% in 20 h, 
exhibiting the high stability of CLM. While at pH 5.0 
(endosomal pH), remarkably increased cumulative 
release to 12.5% in 20 h was achieved because of the 
rupture of phenylboronate ester. These results 
implied that CLM could selectively release EGCG at 
endosomal pH. 

DOX loaded CLM and in vitro DOX release 
Based on the binding property of EGCG with 
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biological molecules, DOX loaded micelle, CLM-DOX 
was prepared through π-π stacking interaction 
between DOX and EGCG. As a control, DOX loaded 
NP-DOX was prepared through hydrophobic 
interaction between PLys(Z) and DOX without 
encapsulation of EGCG. As shown in Table 1. DLC of 
CLM-DOX and NP-DOX were 10.5% and 12.4%, 
respectively. The corresponding DLE were 50% and 
55%. These result showed that DOX was encapsulated 
in the CLM successfully and the DOX encapsulation 
efficacy of CLM had little difference with NP. 

 

Table 1. Characterization of DOX loaded micelles. 

Micelles DLC (wt %) DLE (%) Diameter (nm) Zeta potential (mV) 
CLM-DOX 10.5 ± 2 50 ± 1 140± 10 -2.4±1.0 
NP-DOX 12.4 ± 3 55 ± 2 120±8 -5.1±2.1 

  
 
Because of pH responsiveness of CLM, DOX 

could rapidly release from CLM-DOX at acid pH. To 
confirm this fact, In vitro DOX release from 
CLM-DOX and NP-DOX was investigated under 
different pH condition (pH 7.4, 6.5 and 5.0). Under the 
physiological pH (7.4), the cumulative release of DOX 
was 22% for CLM-DOX, exhibiting similar release 
with NP-DOX about 18% as shown in Figure 4. 
However, the cumulative release of DOX from 
CLM-DOX increased significantly to 48% at pH 5.0, 
which was two-fold higher than that from NP-DOX 
(24%) at pH 5.0. It implicated that the acid cleavable 
phenylboronate ester endowed the CLM-DOX with 
selective release of DOX, which was excellent feature 
for drug delivery systems. 

In vitro superoxide scavenging activity 
Doxorubicin is an effective and widely used 

anticancer drug for various malignancies. However, 
oxygen free radicals (reactive oxygen species) 

generated by DOX in the heart induced cardiotoxicity, 
which limited the use of DOX for cancer treatment. In 
this study, CLM encapsulated with EGCG was 
prepared to prevent DOX induced cardiomyocyte 
toxicity because of the oxygen free radicals 
scavenging activity of EGCG. To simulate the 
production of reactive oxygen species (ROS) in 
cardiomyocyte, X-XO system was employed in vitro 

to generate ·O2
-. And then NBT assay was performed 

to evaluate the superoxide scavenging activity of 
CLM at different micelle concentration. As illustrated 

in Figure 5A, NBT would be reduced by ·O2
- 

(generated by X-XO system) to be a blue NBT 
formazan, exhibiting increased absorption at 560 nm 
from UV-vis experiment. After pre-addition of EGCG 
based CLM into the system, superoxide anion could 
be scavenged by CLM rapidly, which prevented NBT 
reduction, leading to the low UV absorbance at 560 
nm. As shown in Figure 5B, UV absorbance increased 
rapidly to 0.35 at 3 h without addition of CLM 
solution, indicating the high content of superoxide 
anion generated by X-XO system in the whole 
solution. While increasing the concentration of CLM 
in the system from 40 to 300 µg/ml, decreased UV 
absorbance was followed spectrophotometrically, 
implicating that the NBT reduction was inhibited 
resulted from the superoxide scavenging activity of 
CLM. The superoxide scavenging activity for each 
concentration of micelle was calculated as follow: 
[Absorbance (0 µg/ml at 3min) – Absorbance at 
3min)] *100% / Absorbance (0 µg/ml at 3min). As 
shown in Figure 5C, with the concentration of micelle 
increasing, the ability to scavenge superoxide was 
stronger for micelles. These results suggested that 
EGCG based CLM displayed outstanding superoxide 
scavenging activity and could be applied to reduce 
cardiotoxicity of DOX. 

 

 
Figure 4. In vitro release profiles of DOX from (A) CLM-DOX and (B) NP-DOX under different pH conditions. 
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Figure 5. Superoxide scavenging activity of CLM. (A) Illustration of the role of CLM in NBT assay. (B) Effect of CLM on the inhibition of the NBT reduction under 
different micelle concentration. (C) Superoxide scavenging activity of CLM at 3 min under different micelle concentration. 

 
Cellular uptake in cardiomyocytes 

Mediated by intracellular enzymes, more DOX 
endocytosed into cardiomyocytes could generate 
more ROS and appears to induce cardiotoxicity. 
Therefore, reduced cellular uptake by cardiomyocytes 
would greatly decrease the cytotoxicity of 
DOX-loaded micelles. To evaluate the endocytosis 
capacity of free dox, NP-DOX and CLM-DOX in 
cardiomyocytes, H9C2 cells were incubated with free 
DOX, NP-DOX and CLM-DOX for 2 h. As shown in 
Figure 6, the fluorescence intensity of free DOX was 
high in nucleus, indicating that free DOX entered into 
nucleus easily. However, DOX-loaded micelles 
(NP-DOX and CLM-DOX) exhibited low fluorescence 
intensity in nucleus. And closed fluorescence intensity 
in the cytoplasm for NP-DOX and CLM-DOX 
revealed that these two DOX-loaded micelles 
possessed similar endocytosis capacity in H9C2 cells. 
These results suggested that micelles encapsulated 
with DOX reduced DOX content in cardiomyocyte 
nucleus compared with free DOX, which could 
effectively reduce DOX cardiotoxicity. 

Reduced cellular uptake of CLM-DOX and 

NP-DOX by cardiomyocytes were demonstrated by 
flow cytometry as shown in Figure S13. The lower 
mean fluorescence intensity of H9C2 cells incubated 
with CLM-DOX and NP-DOX indicated that 
CLM-DOX and NP-DOX could effectively reduce the 
accumulation of DOX in the cardiomyocytes. This was 
consistent with the above results observed by the 
fluorescent microscopy images of cellular uptake. 

ROS generation in cardiomyocytes and 
cytotoxicity assay against H9C2 cells 

EGCG based CLM was demonstrated to exhibit 
outstanding superoxide scavenging activity from the 
NBT assay discussed above. To evaluate the effect of 
EGCG on intracellular ROS generation, free DOX, 
NP-DOX, CLM-DOX were incubated with H9C2 cells 
for 2 h using DCFH-DA as the ROS probe. ROS 
content in H9C2 cells was calculated through 
measuring the fluorescence intensity of DCF (the 
oxidation product of DCFH by intracellular ROS). 
Cells treated with PBS were used as control. As shown 
in Figure 7A, H9C2 cells treated with free DOX 
exhibited highest fluorescence intensity, indicating 
the highest ROS generation in H9C2 cells. And cells 
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incubated with DOX-loaded micelles (NP-DOX and 
CLM-DOX) displayed decreased ROS generation, 
which was ascribed to reduced cellular uptake in 
H9C2 cells compared with free DOX. This result was 
consistent with inverted fluorescent microscopy 
images of H9C2 cells. Importantly, compared with 
NP-DOX treated cells, cells incubated with CLM-DOX 

exhibited lowest intracellular ROS generation. 
Because of similar endocytosis capacity of NP-DOX 
and CLM-DOX in H9C2 cells observed from cellular 
uptake results, the inhibition of ROS generation was 
mainly resulted from the ROS scavenging activity of 
EGCG encapsulated in CLM-DOX. 

 
 

 
Figure 6. Inverted fluorescent microscopy images of H9C2 cells treated with free DOX, NP-DOX and EGCG based CLM-DOX after 4 h incubation at equivalent 
DOX concentration of 10 µg/mL. From left to right, the images show DOX fluorescence (red), cell nuclei stained by DAPI (blue), and the merge of the two images. 
Scale bars are 25 μm. 

 

 
Figure 7. (A) ROS content in H9C2 cells treated with PBS, free DOX, NP-DOX and EGCG based CLM-DOX after 2 h incubation. (B) Cytotoxicity of free DOX, 
NP-DOX and EGCG based CLM-DOX on H9C2 cells. 
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Based on inhibition of DOX induced ROS 
generation in cardiomyocytes by EGCG based 
CLM-DOX, it was expected that CLM-DOX could 
greatly decrease DOX induced injury of cardiac 
muscle cells. To confirm this fact, cytotoxicity of DOX, 
NP-DOX and CLM-DOX was investigated on H9C2 
cells using MTT assay. Cells were treated with free 
DOX, NP-DOX and CLM-DOX containing different 
DOX concentration (0.01, 0.1, 0.5, 1, 5, 20, 40 µg/mL) 
at pH 7.4. As shown in Figure 7B, at each DOX 
concentration, free DOX caused highest cytotoxicity in 
H9C2 and EGCG based CLM-DOX displayed lowest 
cytotoxicity. These results indicated that EGCG in 
CLM-DOX scavenged ROS generated by DOX and 
prevented ROS attacking H9C2 cells. This was 
consistent with the ROS assay results. 

Evaluation of cardiotoxicity 
To investigate the cardiotoxicity of free DOX and 

different DOX loaded micelles, The BALB/c mice 
were injected intravenously via the tail vein with free 
DOX, NP-DOX, EGCG based CLM-DOX and saline. 
Histological observation of hearts slices were shown 
in Figure 8. Compared with DOX loaded micelles 
group, flake myocardial degeneration in cardiac 
ventricle, myocardial swelling, myofibril loose and 
nucleus degeneration were observed in free DOX 
treated group, indicating the severe cardiotoxicity of 
free DOX because of nonspecific tissue accumulation 
in hearts. However, the clear and compact structure in 
heart tissue was observed in CLM-DOX treated 

group, indicated the extremely low cardiac damage, 
which was attributed to reduced micelles 
accumulation in the heart and inhibition of DOX 
induced ROS generation by EGCG. These results 
suggested that nanoparticle based combination 
therapy with EGCG and DOX could effectively reduce 
cardiotoxicity by achieving the synergistic effect 
between different agents. 

Cellular uptake in MCF-7/Adr cells 
Multidrug resistance of cancer cells hinders the 

effectiveness of chemotherapy. Increasing drug efflux 
pumps (P-gp) on the cell membrane is the main 
mechanism of multidrug resistance of cancer cells. 
However, EGCG could interact with P-gp and inhibit 
P-gp transport activity, leading to enhanced 
accumulation of DOX in multidrug resistant cancer 
cell according to the previous report [42]. To evaluate 
the effect of EGCG based CLM-DOX on the 
accumulation of DOX in multidrug resistant cells, 
MCF-7/Adr was incubated with NP-DOX and 
CLM-DOX at same DOX concentration for 4 h. As 
shown in Figure 9, strongest DOX fluorescence 
intensity for EGCG based CLM-DOX was observed in 
the cytoplasm compared with that for free DOX and 
NP-DOX without EGCG encapsulation, indicating 
that introduction of EGCG in DOX-loaded micelle 
could effectively inhibit DOX efflux mediated by 
P-gp. 

 

 
Figure 8. Histopathologic analysis of hearts after H&E staining, which were harvested from mice treated with free DOX, NP-DOX, CLM-DOX and saline. Scale bars 
are 50 μm. 
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Figure 9. Inverted fluorescent microscopy image of MCF-7/Adr cells after incubation with free DOX, NP-DOX and EGCG based CLM-DOX. From left to right, cell 
nucleus stained by DAPI (blue), the images show DOX fluorescence (red), and the merge of the two images. 

 
The enhanced DOX accumulation in 

MCF-7/ADR for EGCG based CLM-DOX was 
demonstrated by flow cytometry as shown in Figure 
S14. The highest mean fluorescence intensity of 
MCF-7/Adr cells incubated with CLM-DOX revealed 
that EGCG could effectively inhibit DOX efflux 
mediated by P-gp. 

Cytotoxicity against MCF-7/Adr cells 
The cytotoxicity of nanocarrier (NP and CLM) 

was investigated on MCF-7/Adr using MTT assay at 
different micelle concentration. As shown in Figure 
10A, NP and CLM exhibited negligible toxicity 
assessed by cell viability assay with micelle 
concentration ranging from (0.5 – 1000 µg/ml). 
Because micelles consisted of biocompatible PEG and 
poly (amino acid), two kinds of micelles and EGCG 
were found to be nontoxic in MCF-7/Adr cells. 

To investigate whether EGCG encapsulated in 
CLM-DOX could reverse DOX resistance, the 
cytotoxicity of free DOX, NP-DOX and CLM-DOX 
was evaluated on MCF-7/Adr cells at different DOX 
concentration. As shown in Figure 10B, at each 
concentration, CLM-DOX displayed highest toxicity 
against the DOX resistant cells compared with free 
DOX and NP-DOX. These results indicated that the 

combination of EGCG and DOX could sensitize 
MCF-7/Adr cells to DOX and increased DOX 
accumulation in DOX resistant cells. 

Because of similar size and surface property of 
CLM-DOX and NP-DOX, they exhibited similar 
endocytosis capacity on each kind of cells (H9C2, 
MCF-7 and MCF-7/ADR cells). For H9C2 cells, the 
similar endocytosis capacity leaded to similar DOX 
content in cells. Because of the oxygen free radicals 
scavenging of EGCG, CLM-DOX exhibited slightly 
lower cytotoxicity on H9C2 than NP-DOX. But for 
MCF-7 and MCF-7/ADR cells where P-gp existed on 
the cell membrane, EGCG could inhibit P-gp 
transport activity, leading to reduced DOX efflux 
from cancer cells. In addition, EGCG could also 
inhibit the growth of cancer cells [59]. Attributed to 
these mechanism, CLM-DOX was more effective on 
MCF-7 and MCF-7/ADR compared with NP-DOX. 

Biodistribution of micelles 
The biodistribution of micelles are performed at 

the time points of 1 h, 6 h and 24 h as shown in Figure 
11. NP-DOX and CLM-DOX presented strong 
fluorescence signals in the liver and kidney regions, 
which was consistent with Park’s report that the 
majority of administered nanoparticles were 
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accumulated in RES organs [60]. At the time point of 1 
h and 6 h, Both NP-DOX and CLM-DOX accumulated 
in the heart at a low amount, which indicated that 
nanoparticle based therapy could effectively reduce 
the amount of DOX in the heart. However, it is well 
known that nanoparticle loaded with DOX is a kind of 
long-term therapy, which could gradually increase 
the amount of DOX in the heart. But for CLM-DOX 

co-loaded with EGCG, it could timely and quickly 
scavenge oxygen free radicals generated by DOX in 
the heart, avoiding the cardiomyocytes damage. In 
addition, a large amount of DOX accumulated in 
other tissues. Similar with the mechanism of reduced 
cardiotoxicity, CLM-DOX could also reduce these 
organs damage. 

 

 
Figure 10. (A) Cytotoxicity of different micelle against resistant human breast cancer cells MCF-7/Adr. (B) Dose-response curves of DOX in CLM-DOX and 
NP-DOX against MCF-7/Adr. (Mean ±standard deviation, n=3). 

 

 
Figure 11. ex vivo fluorescence (from DOX) imaging of the heart and normal tissues harvested from BALB/c mice at 1 h, 6 h and 24 h post-injection. The numeric 
label for each organ is as follows: 1, heart; 2, liver; 3, spleen; 4, lung; 5, kidney. 

 

Conclusions 
In summary, we have successfully developed a 

novel green tea catechin-based PIC micelle, CLM 
combined with DOX, which could effectively 
overcome DOX induced cardiotoxicity and multidrug 
resistance. Based on the oxygen free radicals 
scavenging activity and drug resistance reversing of 
EGCG, combination therapy with EGCG and DOX in 
the micelles exhibited both reduced cardiotoxicity 
attributed to inhibition of ROS generation in 
cardiomyocytes and reversal of multidrug resistance 
induced by modulating the activity of P-gp in the 
cancer cells. This micelle could effectively address the 
limitations of chemotherapy including DOX induced 
cardiotoxicity and multidrug resistance. 
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