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Preparation and characterization 
of (−)-Epigallocatechin-3-gallate 
(EGCG)-loaded nanoparticles and 
their inhibitory effects on Human 
breast cancer MCF-7 cells
Liang Zeng1,2,*, Jingna Yan1,*, Liyong Luo1,2, Mengjun Ma3 & Huiqun Zhu4

We were employing nanotechnology to improve the targeting ability of (−)-Epigallocatechin-3-gallate 
(EGCG) towards MCF-7 cells, and two kinds of EGCG nanoparticles (FA-NPS-PEG and FA-PEG-NPS) 
were obtained, besides, their characteristics and effects on MCF-7 cells were studied. The results 
indicated that (i) both FA-NPS-PEG and FA-PEG-NPS have high stabilities; (ii) their particles sizes 
were 185.0 ± 13.5 nm and 142.7 ± 7.2 nm, respectively; (iii) their encapsulation efficiencies of EGCG 
were 90.36 ± 2.20% and 39.79 ± 7.54%, respectively. (iv) there was no cytotoxicity observed in EGCG, 
FA-NPS-PEG and FA-PEG-NPS toward MCF-7 cells over all concentrations (0~400 μg/mL) tested; (v) 
EGCG, FA-NPS-PEG and FA-PEG-NPS inhibited MCF-7 cells proliferation in dose-dependent manners, 
with the average IC50 of 470.5 ± 33.0, 65.9 ± 0.4 and 66.6 ± 0.6 μg/mL; (vi) EGCG, FA-NPS-PEG and 
FA-PEG-NPS could modulated the expressions of several key regulatory proteins in PI3K-Akt pathway 
such as up-regulation of PTEN, p21 and Bax, and down-regulation of p-PDK1, p-AKT, CyclinD1 and 
Bcl-2, which gave an illustration about the mechanism by which EGCG nanoparticles inhibited MCF-7 
cells proliferation. In this study, EGCG nanoparticles can significantly enhance the targeting ability and 
efficacy of EGCG, which is considered to an experimental foundation for further research on its activity, 
targeting ability and metabolism in vivo.

Cancer has been the second leading cause of death ranked after heart disease1. Among all types of cancers, breast 
cancer is the second leading cause of death and has been estimated to account for 29% of new cancer cases in 
females2. While in females of United States especially those aged from 20 to 49, breast cancer becomes the first 
leading cause of death2. Considering the present case amount and its growing potential, breast cancer has become 
a greatest threat to women’s health. Although there is no wonder drug for curing cancer at present, it has been 
estimated that more than two thirds of human cancers could be possibly prevented by appropriate lifestyle modi-
fications including dietary modification3. Previous studies have demonstrated that regular consumption of whole 
grains, fruits and vegetables is negatively correlated with the risk of developing many types of chronic diseases 
including cardiovascular disease, type 2 diabetes and some cancers4–6. Various nutrients and phytochemicals such 
as phenolics, carotenoids, vitamins, minerals and fibers contained in natural products were believed to achieve 
their major health benefits7. Moreover, a number of anticancer drugs such as phenolic compounds, homohar-
ingtonine and arsenic trioxide currently used in the clinic are of natural origin and so are the anticancer drugs 
approved internationally in the past few decades8,9. Due to the application potential in anticancer, phytochemi-
cals, which are defined as bioactive nonessential nutrients derived from plants, have become a promising focus 
in anticancer research.
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(−​)-Epigallocatechin-3-gallate (EGCG) is a rich phytochemical resource contained in tea, accounting 
for 18~36% of total phenolics and 70% of total catechins10. Due to its favorable biological properties, EGCG 
has received considerable attention as a potential treatment for a variety of diseases, including cancers11,12. 
Experimental studies both in animal models and cell lines have consistently demonstrated that EGCG strongly 
induced apoptosis and growth inhibition in several types of human cancers, such as brain, kidney, leukemia, 
colon and breast3. However, the in vivo studies about the efficacy of EGCG were not always consistent with the 
in vitro studies, since the effects of EGCG on multiple types of cancers were sometimes disappointing in vivo 
trails, which may be attributed to the low bioavailability and weak targeting ability of EGCG13,14. To improve the 
targeting ability of chemo preventive agents, folic acid (FA) has been extensively employed as a modifier in the 
development of nanoparticles for cancer treatment, since FA has highly selectivity for recognizing folate receptors 
(FR), which are known to be overexpressed on the surface of various cancer cells, including ovarian, lung, breast, 
endometrial, renal, and colon cancers15,16. Yuan-gang Zu et al.17 have demonstrated that FA mediated EGCG 
bovine serum albumin nanoparticles (FA-EGCG-BSANP) significantly promote EGCG to PC-3 cells sites and 
improve their efficacy. Recently, nanotechnology was introduced and employed to improve the bioavailability of 
chemo preventive agents, such as EGCG18,19. And CS nanoparticles encapsulating EGCG has received considera-
ble attention for several types of cancers prevention and therapy, since previous study has been proposed that CS 
has many significant biological and chemical properties such as low toxicity, biodegradability, biocompatibility, 
fungistatic, hemostatic, bacteriostatic, and anti-carcinogen properties20, and that CS particles could protect func-
tional components against pH and enzymatic degradation in the gastrointestinal tract to achieve a higher oral 
bioavailability of drugs11. Additionally, polyethylene glycol (PEG) has also been extensively employed as a mod-
ifier, since PEG was reported to be able to improve the water solubility of nanoparticles and prevent absorption 
of plasma proteins, thereby prolonging nanoparticles blood circulation time and allowing the nanoparticles to 
reach their target tissues15,21.

Despite the efforts that devoted to confirm inhibition effect of EGCG on human breast cancer MCF-7 cells, 
more works have been done to examine the mechanism by which EGCG inhibit MCF-7 cells proliferation. Luo 
et al. have elucidated the mechanism by investigating the effects of EGCG on the expression of hypoxia-inducible 
factor 1α​ (HIF-1α​) and vascular endothelial growth factor (VEGF), and demonstrated that protein expression 
of HIF-1α​ and VEGF declined in a dose-dependent manner in MCF-7 cells pretreated with increasing concen-
trations of EGCG, further induced the decrease of cell growth22. In addition, EGCG exerted its anti-proliferation 
effect by the downregulation of estrogen receptor alpha (ERα​) function23,24, modulation of the PI3K-Akt pathway 
and Bcl-2 family proteins25, inhibition of cyclin-dependent kinases 2 (Cdk2) and 4 (Cdk4) and induction of Cdk 
Inhibitors p21 and p2726. With regard to all the mechanisms researched, the abnormal activation of the PI3K-Akt 
pathway, one of the major downstream mediators of increased mitogenic signaling, has been validated by epide-
miological and experimental studies as an essential step toward the initiation and maintenance of human tum-
ors27–29. And blocking the PI3K-Akt pathway was reported to simultaneously inhibit the proliferation and growth 
of tumor cells and sensitize them toward programmed cell death27, making this pathway an attractive target for 
therapeutic strategies to treat various types of cancer28.

In this paper, inspired by the theory of nanoparticle-mediated deliver system, EGCG nanoparticles were pre-
pared through encapsulating EGCG in CS-TPP nanoparticles, and modified by FA and PEG, and characterized 
by Fourier transform infrared (FTIR) spectroscopy, Nuclear magnetic resonance (NMR) spectroscopy, Zetasizer 
Nano-ZS90, Scanning electron microscope (SEM) and High performance liquid chromatography (HPLC) to con-
firm their structures, stabilities, particle sizes, morphologies and encapsulation efficiency (EE) of EGCG respec-
tively. Moreover, the effects of EGCG and EGCG nanoparticles on morphology, growth, and proliferation of 
MCF-7 cells were evaluated and their targeting ability to MCF-7 cells was observed using laser scanning confocal 
microscope and fluorophotometer microscope. Finally, the mechanisms by which EGCG and EGCG nanoparti-
cles inhibited MCF-7 cells proliferation were illustrated through examining theireffects of EGCG nanoparticles 
on several key regulatory proteins in PI3K-Akt pathway in MCF-7 cells.

Results
Synthesis of EGCG nanoparticles.  Aiming at enhancing the targeting ability and anti-proliferative activ-
ity of EGCG on MCF-7 cells, EGCG nanoparticles modified by FA and PEG were prepared through two different 
ways11,15,30, and finally two kinds of EGCG nanoparticles were obtained, namely FA-NPS-PEG and FA-PEG-
NPS (Fig. 1a); meanwhile, another three kinds of EGCG nanoparticles modified by FA or PEG alone, namely 
CS-EGCG-TPP nanoparticles (NPS), PEG-NPS and FA-NPS, were obtained during the preparation of FA-NPS-
PEG. Therefore, these five kinds of EGCG nanoparticles would be used for further measurement.

During the experiment, FA-NPS-PEG was prepared with a three steps procedure as depicted in Fig. 1b. 
Firstly, NPS were prepared based on ionotropic gelation technique between positively charged amine groups 
(-NH2) on CS and negatively charged tripolyphosphate groups on TPP, and EGCG was attached to CS via cova-
lent bonding and hydrogen bonding31. Secondly, the carboxylic groups (-COOH) of FA was activated using 
1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC·HCl), and then grafted FA with NPS 
through an amide (-CONH-) formation reaction between activated -COOH groups of FA and -NH2 groups of CS, 
forming FA-NPS15,30,32. Thirdly, PEG was conjugated to FA-NPS via -CONH- bond formation reaction between 
ester group (-COOR) of succinimidyl ester of PEG propionic acid (mPEG-SPA) and -NH2 group of CS, forming 
FA-NPS-PEG21. Moreover, PEG-NPS was synthesized by grafting PEG onto NPS via -CONH- bond formation 
reaction between -COOR group of mPEG-SPA and -NH2 group of CS.

FA-PEG-NPS was prepared with a five steps procedure as depicted in Fig. 1c. Firstly, the -COOH groups 
of FA was activated with a mixture of N-Hydroxysuccinimide (NHS), dicyclohexylcarbodiimide (DCC) and 
anhydrous dimethyl sulfoxide (DMSO) and converted to reactive intermediate FA-NHS (γ​)21. Secondly, FA 
was attached to hetero-functional PEG derivative (NH2-PEG-COOH) via the well-known carbodiimide 
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chemistry to obtain FA-PEG-COOH33. Thirdly, the -COOH groups of FA-PEG-COOH was again activated 
with the mixture of EDC·HCl, NHS and DMSO to convert to the reactive intermediate FA-PEG-CO-NHS33,34. 
Fourthly, FA-PEG-CO-NHS were subsequently grafted onto CS to achieve the FA-PEG-CS conjugate33,34. Finally, 
FA-PEG-NPS was prepared in the same way as NPS.

Characterization of EGCG nanoparticles.  The resulting EGCG nanoparticles conjugated with PEG and/
or FA were characterized by FTIR to confirm the covalent binding of both PEG and FA to the surface of NPS15, as 
shown in Fig. 2a. In the spectra of FA-NPS-PEG and FA-NPS, the characteristic peak at 3450 cm−1 was attributed 
to the –NH2 and –OH groups on CS and FA, and the characteristic peak at 1100 cm−1 represented C-O stretch 
on CS. The appearance of characteristic peak at 1300 cm−1 (belongs to C=N bond on FA) indicated the success-
ful attachment of FA onto CS. On the other hands, the characteristic peak (1700 cm−1) representing -COOH 
groups on FA was made to disappeared, and a high intensity peak at 1640 cm−1 appeared, which corresponded 
to a classical -CONH- bond formation between FA and CS, also indicating the successful attachment of FA onto 
CS. Compared the spectrum of FA-NPS-PEG with that of PEG-NPS, the appearance of characteristic peak at 
2888 cm−1 (belongs to C-H stretch on PEG) and the disappearance of characteristic peak at 1740 cm−1 indi-
cated the successful attachment of PEG onto CS, meanwhile, PEG maybe has made a change. In the spectrum 

Figure 1.  Synthesis pathways of FA-NPS-PEG and FA-PEG-NPS. (a) Intuitive diagram for synthesis of 
FA-NPS-PEG and FA-PEG-NPS. (b) Chemical reaction scheme for synthesis of FA-NPS-PEG. (c) Chemical 
reaction scheme for synthesis of FA-PEG-NPS.
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of FA-PEG-CS synthesized during the preparation of FA-PEG-NPS, the characteristic peaks at 1100 cm−1, 
1300 cm−1, 1530 cm−1 and 2888 cm−1 were attributed to C-O stretch on CS, C=N stretch on FA, –NH groups on 
CS and C-H stretch on PEG, respectively. And the characteristic peaks at 1700 cm−1 (belongs to –COOH group 
on FA) and 1740 cm−1 (belongs to -COOH on NH2-PEG-COOH) were disappeared and the characteristic peak at 
1640 cm−1 became stronger, which corresponded to NH2 on CS and classical -CONH- bonds formation between 
FA and PEG, PEG and CS. All of these indicated that FA-PEG-CS was synthesized successfully.

Concurrently, successful synthesis of FA-NPS-PEG and FA-PEG-NPS were also confirmed by 1H NMR 
method, the most effective technique that is always used to determine the structure of CS derivatives30, as shown 
in Fig. 2b. From the typical 1H NMR spectrum of FA-NPS-PEG, the signals at 3.35 and 3.51 ppm corresponding 
to –CH2CH2O- and –OCH3 of mPEG-SPA21,30, respectively, indicated that PEG has been successfully conjugated 
with NPS. The signals at 4.95–5.94 ppm revealed the presence of CS. Coupling of FA residue successfully grafted 
NPS was confirmed by the appearance of signals at 6.40–6.81 ppm corresponding to the aromatic protons of FA. 
In the 1H NMR spectrum of FA-PEG-CS, the signals at 1.97–1.98 and 3.09 ppm were attributed to acetyl group 
(-COCH3) and monosaccharide residue (CH-NH-) of CS21,32. The bond between CS and PEG corresponding to 
the signal of –NH-CH2CH2O- appeared at 3.62 ppm32,35. The presence of PEG group was also confirmed from the 
signals at 3.82 ppm corresponding to CH2CH2O of PEG21, and the presence of FA group was confirmed by the 
appearance of signals at 6.09–7.42 ppm, which corresponded to the aromatic protons of FA32.

Zeta potential is another key parameter reflecting the density of the surface charge, which contributed to the 
adhesion properties and transport properties of the nanoparticles36. High zeta potential generally indicates high 
stability of nanoparticles and the minimum zeta potential required for a physical stable nano-suspension is ±​
30 mV37,38. The zeta potentials of NPS, FA-NPS, PEG-NPS, FA-NPS-PEG and FA-PEG-NPS at same pH were 
shown in Fig. 3. Compared the zeta potentials of PEG-NPS, FA-NPS-PEG, FA-PEG-NPS with those of NPS, 
FA-NPS, we found that the zeta potentials of EGCG nanoparticles decreased when conjugated with PEG, which 
may be due to that the molecular chain of PEG doesn’t have any ionizable groups39. On the other hands, the 
change of zeta potentials also suggested the successful attachment of PEG onto NPS. As shown in Fig. 3, all of the 
zeta potentials values of EGCG nanoparticles were higher than +​30 mV, indicating high stability of five kinds of 
EGCG nanoparticles.

The morphological characteristics of five kinds of EGCG nanoparticles were visualized by SEM and presented 
in Fig. 4a; besides, the particles sizes of EGCG nanoparticles obtained from SEM were also presented in Fig. 4b. 

Figure 2.  FTIR spectra (a) and 1H-NMR spectra (b) of FA-NPS-PEG and FA-PEG-NPS.
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From Fig. 4a well defined spherical shapes were obtained for all of EGCG nanoparticles, which were due to 
ionotropic gelation technique between CS and TPP31, and modification by PEG and/or FA seemed to have no 
significant effect on the morphological characteristics of EGCG nanoparticles. Both Fig. 4a and b presented that 
the particles sizes of five kinds of EGCG nanoparticles followed in an order: FA-PEG-NPS＜​FA-NPS-PEG＜​
PEG-NPS＜​FA-NPS＜​NPS. Compared NPS with other EGCG nanoparticles, it was very desirable to note that 
EGCG nanoparticles had smaller particle sizes after conjugated with FA and/or PEG. The comparison of particle 
sizes between PEG-NPS (254.8 ±​ 9.1 nm) and FA-NPS (321.4 ±​ 20.3 nm) revealed that PEG was more effective 
in decreasing the particle size of EGCG nanoparticles compared to FA. Moreover, EGCG nanoparticles conju-
gated with PEG and FA, those were FA-NPS-PEG and FA-PEG-NPS, had smaller particle sizes than FA-NPS and 
PEG-NPS conjugated with either FA or PEG alone, indicating synergistic effects of PEG and FA was more effec-
tive than individual effects. Although both FA-NPS-PEG (185.0 ±​ 13.5 nm) and FA-PEG-NPS (142.7 ±​ 7.2 nm) 
conjugated with PEG and FA, they didn’t have equal particles sizes, revealing that the way of preparing had an 
effect on the particle size of EGCG nanoparticles.

EE of EGCG is defined as percentage of EGCG loading content that can be entrapped into EGCG nano-
particles36. As shown in Fig. 4c, the EEs of EGCG in five kinds of EGCG nanoparticles followed in an order: 
FA-PEG-NPS＜​FA-NPS＜​PEG-NPS＜​NPS＜​ FA-NPS-PEG, revealing that modification by PEG and/or FA 
had an effect on the EE of EGCG in EGCG nanoparticles, which may contributed to that the modification had 

Figure 3.  The zeta potentials of NPS, FA-NPS, PEG-NPS, FA-NPS-PEG and FA-PEG-NPS. 
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changed the structure of hydrogen bond of EGCG nanoparticles. During the experiment, both FA-NPS-PEG and 
FA-PEG-NPS were modified by PEG and FA, however, the EE of FA-NPS-PEG (90.36 ±​ 2.20%) was highest, while 
the EE of FA-PEG-NPS (39.79 ±​ 7.54%) was lowest, indicating that the way of preparing also can influence the EE 
of EGCG in EGCG nanoparticles. Compared the EEs of EGCG in FA-NPS and PEG-NPS with that in NPS, the 
EE of EGCG in EGCG nanoparticles decreased after modified by either PEG or FA alone. Therefore, to achieve 
higher EE of EGCG, NPS should be prepared first, followed by modification with PEG and FA.

Effects of EGCG nanoparticles on cellular morphology of MCF-7 cells.  MCF-7 cells were incubated 
with five kinds of EGCG nanoparticles, respectively, and processed for 5-Ethynyl-2′​-deoxyuridine (EdU) and 
Hoechst 33342 staining, followed by observation using an inverted fluorescence microscope. EdU was used to 
label dividing cells, detected with a fluorescent azide40, while Hoechst 33342 was used to labeling DNA by binding 
to the minor groove of the DNA41,42. Representative staining images are shown in Fig. 5, in which EdU-labelled 
cells were labeled red and Hoechst 33342-labelled cells were labeled blue. The attachment of polygonal-shaped 
cells to 96-well plate was observed in control group, achieving 80~90% confluence. Compared with the control 
group, cells were treated with EGCG (200 μ​g/mL) or EGCG nanoparticles (loading 200 μ​g/mL of EGCG) for 
48 h, which changed the cell morphology from a polygonal shape to a circular shape. Concurrently, both the total 
number of MCF-7 cells and the number of cells in proliferation period significantly decreased compared to the 
control group. It was noted that EGCG nanoparticles modified by either FA or PEG could greatly reduce the num-
ber of adherent cells, again indicating that FA or PEG had been successfully conjugated with EGCG nanoparticles 
and perfectly played their target roles. Fewer MCF-7 cells were obtained when treated with FA-NPS-PEG and 
FA-PEG-NPS compared to the others, especially FA-PEG-NPS, revealing that synergistic modification of PEG 
and FA was more effective than individual modification, and that FA-PEG-NPS had the best effect on decreasing 
the number of MCF-7 cells, which may be attributed to the way of preparing.

Figure 4.  Characteristics of synthesized NPS, FA-PEG, PEG-NPS, FA-NPS-PEG and FA-PEG-NPS. (a) 
SEM image. (b) Particle sizes. (c) EEs of EGCG. Different letters on the column of graphs indicates a significant 
difference from the control. (p <​ 0.05).
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Effects of EGCG nanoparticles on proliferation of MCF-7 cells.  To establish that EGCG in EGCG 
nanoparticles retained its mechanistic identity, the cytotoxicity and anti-proliferative activities of EGCG has been 
evaluated in this study. The cytotoxicity of EGCG and EGCG nanoparticles towards to the growth of MCF-7 cells 
was presented in Fig. 6a. The result showed that there was no cytotoxicity observed in EGCG and EGCG nano-
particles toward MCF-7 cells over all concentrations tested. The cell proliferation rates of MCF-7 cells treated with 
or without EGCG and EGCG nanoparticles were presented in Fig. 6b. Compared to the control group, the cell 
proliferation rates of MCF-7 cells decreased significantly in a dose-dependent manner. And the average IC50 cal-
culated using CalcuSyn Demo software were 470.5 ±​ 33.0, 410.8 ±​ 32.5, 286.4 ±​ 20.7, 343.6 ±​ 18.8, 65.9 ±​ 0.4 and 
66.6 ±​ 0.6 μ​g/mL for EGCG, NPS, FA-NPS, PEG-NPS, FA-NPS-PEG and FA-PEG-NPS, respectively, indicating 
that the anti-proliferative activities followed in an order: FA-NPS-PEG>FA-PEG-NPS>FA-NPS>PEG-NPS>NP
S>EGCG. It was very interesting to note that the cell proliferation rates of FA-NPS-PEG and FA-PEG-NPS didn’t 
show significant difference at the concentrations of EGCG ranged from 0 to 400 μ​g/mL (Fig. 6b), indicating their 
equal antiproliferative activities, which were in consistent with the average IC50 values. When MCF-7 cells treated 

Figure 5.  Morphology of MCF-7 cells treated with EGCG and synthesized EGCG nanoparticles. By white 
light (gray), Hoechst 33342 (Blue), and EdU (red).
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with FA-NPS-PEG and FA-PEG-NPS loading 400 μ​g/mL EGCG, the cell proliferation rates reduced to 91.71% 
and 94.14%, respectively, suggesting that MCF-7 cells proliferation were almost completely inhibited.

Cellular uptake of EGCG nanoparticles.  In order to establish the targeting ability of EGCG nanoparti-
cles, cellular uptake of Rhodamine B isothiocyanate-labeled EGCG nanoparticles by MCF-7 cells were visualized 
by laser scanning confocal microscope, as shown in Fig. 7. As seen, nearly no nanoparticles uptake was observed 
in NPS and PEG-NPS groups, as evidenced by the lack of any red fluorescence associated with cells. However, 
MCF-7 cells cultured with FA-NPS, FA-NPS-PEG and FA-PEG-NPS had shown considerably higher nanoparti-
cles uptake than those cultured NPS and PEG-NPS, which may due to the presence of FA in EGCG nanoparti-
cles which has good binding capacity to the cells having FR43. From Fig. 7 it was noted that the decreases in the 
numbers of MCF-7 cells cultured with FA-NPS-PEG and FA-PEG-NPS were clearly visible compared to the other 
three groups, indicating the more effective antiproliferative activities of FA-NPS-PEG and FA-PEG-NPS once 
more.

Effects of EGCG nanoparticles on expressions of several key regulatory proteins in PI3K-Akt 
pathway in MCF-7 cells.  In order to examined the mechanism by which EGCG and EGCG nanoparticles 
inhibited MCF-7 cells proliferation, several key regulatory proteins in PI3K-Akt pathway (Fig. 8a) were derived 
from MCF-7 cells pretreated with EGCG or EGCG nanoparticles and measured with western blot analysis, 
which is a powerful method for detecting target proteins on a nitrocellulose or polyvinylidene fluoride (PVDF) 
membrane44. With respect to EGCG or EGCG nanoparticles, western blot analysis showed a marked decrease 
of phosphotidylinositol-dependent kinase-1 (p-PDK1), p-Akt, CyclinD1 and Bcl-2, and a tendency toward 
higher levels of phosphatase and tensin homologue deleted on chromosome 10 (PTEN), p21 and Bax in MCF-7 
cells compared to the control group, as shown in Fig. 8b. The comparison of proteins levels between EGCG and 
EGCG nanoparticles revealed that EGCG nanoparticles were superior to EGCG with regard to modulation of 
the PI3K-Akt pathway, which consisted with the preceding anti-proliferative activities. From Fig. 8b most of the 
proteins levels in FA-NPS-PEG group showed slight difference from that in FA-PEG-NPS group, suggesting little 
significant difference was shown in their abilities to modulate PI3K-Akt pathway. Together, these results sug-
gested that EGCG and EGCG nanoparticles exerted their growth-inhibitory effects through modulation of the 
activities of several key regulatory proteins in PI3K-Akt pathway such as up-regulation of PTEN, p21 and Bax, 
and down-regulation of p-PDK1, p-Akt, Cyclin D1 and Bcl-2.

Discussion
During this experiment, aiming at enhancing the targeting ability of EGCG towards MCF-7 cells, EGCG nan-
oparticles, namely FA-NPS-PEG and FA-PEG-NPS, were prepared on the basis of ionotropic gelation tech-
nique between CS and TPP and modified by FA and PEG. These results suggested that both FA-NPS-PEG and 
FA-PEG-NPS have been successfully synthesized and modified by FA and PEG, which were confirmed using 
FTIR and 1H NMR; and that both of the two EGCG nanoparticles possessed high stability and small particles 
sizes, which may provide a possibility for higher intracellular uptake45. However, with regard to the EEs of EGCG, 
FA-NPS-PEG retained 90.36 ±​ 2.20% of total EGCG, more than 2-fold higher than FA-PEG-NPS (39.79 ±​ 7.54%), 
which may due to the different way preparing the two EGCG nanoparticles. It seemed that the way prepar-
ing FA-NPS-PEG was more promising in improving the targeting ability of EGCG compared to that preparing 
FA-PEG-NPS.

Consistent with previous literatures that focused on the relationship between EGCG treatment and cancers 
prevention12,46, our results also demonstrated that EGCG and EGCG nanoparticles suppressed the prolifera-
tion of MCF-7 cells in a dose-dependent manner and that the effectiveness of EGCG nanoparticles, namely 
FA-NPS-PEG and FA-PEG-NPS, were superior to that of EGCG. Further, the observations of cellular morphology 
and cellular uptake studies have also illustrated the anti-proliferative activities of EGCG and EGCG nanoparti-
cles, as evidenced by decreases in the numbers of MCF-7 cells. From cell proliferation studies, cellular uptake 

Figure 6.  Effect of EGCG and synthesized EGCG nanoparticles on cytotoxicity (a) and cell proliferation rates 
(b) of MCF-7 cells. Different letters under the same concentration indicates a significant difference from the 
control. (p <​ 0.05).
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studies and western blot analysis, no significant difference in efficacies were observed between FA-NPS-PEG and 
FA-PEG-NPS, both of which were superior to EGCG. Considering the smaller particles sizes, lower EE of EGCG 
and nearly the equal efficacy of FA-PEG-NPS compared to that of FA-NPS-PEG, FA-PEG-NPS was supposed to 
be more effective with respect to the target abilities and inhibition effect on proliferation of MCF-7 cells. However, 
further study is still needed to improve the EE of EGCG in FA-PEG-NPS to achieve greater cancer chemopreven-
tion effects of EGCG.

In order to illustrate the mechanism by which EGCG and EGCG nanoparticles inhibited MCF-7 cells prolifer-
ation, we investigated the effects of EGCG and EGCG nanoparticles on the expressions of several key regulatory 
proteins in PI3K-Akt pathway, including PTEN, p21, Bax, p-PDK1, p-Akt, Akt, Cyclin D1 and Bcl-2. Previously, 
plenty of efforts have been done to develop new inhibitors of the PI3K-Akt pathway, which always target key 
regulatory proteins such as PTEN29, PDK147, Akt48 or PI3K49, since increasing evidence has been validated that 
blocking the PI3K-Akt pathway could simultaneously inhibit the proliferation and growth of tumor cells and 
sensitize them toward programmed cell death27. Both in vitro and in vivo studies have found that wortmannin 
have high selectivity for inhibiting PI3K, which was exerted by binding to the p110 catalytic subunit49, but the 
dose of wortmannin employed should be examined because of its inhibition of other enzymes at the same time49. 
LY294002, a competitive and reversible inhibitor of the ATP binding site of PI3K, has been shown to cause a G1 
phase cell cycle arrest and inhibit Akt phosphorylation and activity and induce apoptosis in cells49,50. In consistent 
with previous studies25,26,51,52, our results also showed that EGCG potently inhibit cell proliferation and suppress 
tumor growth in vitro through inhibiting the activition of PI3K-Akt pathway that, in turns, resulting in alterna-
tions of key regulatory proteins levels. Compared to wortmannin or LY294002, which have several disadvantages 
such as difficulties with stability, solubility and toxicity that may limit their use in clinical trials49,53, EGCG is more 
attractive as an inhibitor of PI3K-Akt pathway because of its low toxicity, natural compounds, less cost, aqueous 
solubility, easy accessibility and daily consumption54. Besides, both FA-NPS-PEG and FA-PEG-NPS prepared in 
this study showed better abilities in altering the expressions of key regulatory proteins in PI3K-Akt pathway com-
pared to EGCG, suggesting that nano-technology and modification with PEG and FA could enhance the effective-
ness of EGCG treatments. Moreover, it was desirable to note that combined treatment, such as wortmannin and 
radiation55, wortmannin and paclitaxel56, paclitaxel and LY29400256, greatly potentiated apoptosis compared to 

Figure 7.  Confocal images of MCF-7 cells incubated with synthesized EGCG nanoparticles for 24 h. DAPI-
labelled nuclei (blue) and Rhodamine B-labelled EGCG nanoparticles (red).
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either treatment alone. But whether the efficacy of EGCG or EGCG nanoparticles in inhibiting tumor growth will 
be further enhanced by combining EGCG or EGCG nanoparticles with radiation or existing chemotherapeutic 
agents awaits further study.

Previous studies has demonstrated that the abnormal activation of PI3K-Akt pathway can result from dys-
regulations of several components in this signaling system, including overexpression of the downstream kinase 
Akt, amplication of PI3K, presence of activating mutations in the PIK3CA, mutational inactivation of the tumor 
suppressor gene PTEN, and so on27,28. The serine/threonine kinase Akt, also called protein kinase B or PKB, is the 
most important downstream effector of PI3K and has been proved to play an important role in tumorigenesis and 
tumor growth49, which can be due to that Akt protects tumor cells from death through phosphorylation and inac-
tivation of downstream substrates27,29, such as antiapoptotic proteins Bcl-2, proapoptotic proteins Bax and Bad57, 
ASK-1, cyclin-dependent kinase p21 and Cyclin D126, P27, GSK-3, and so on (Fig. 8a)29. PTEN, both a protein 
and lipid phosphatase29, negatively regulates PI3K-Akt pathway through dephosphorylation of phosphatidylin-
ositol (4,5)-phosphate (PIP2) and phosphatidylinositol (3,4,5)-phosphate (PIP3) at the D-3 position and pre-
vents Akt activation29. PDK1, an upstream kinase whose activity is regulated by PI3K, always acts as a potential 
anticancer target because of its ability to phosphorlate and activate a diverse set of AGC kinase members (named 
after family members: PKs A, G and C), in particular the three Akt isoforms (PKBα​/Akt1, PKBβ​/Akt2 and PKBγ​/
Akt3)27,58. During the experiment, the treatments of EGCG or EGCG nanoparticles in MCF-7 cells resulted in sig-
nificant (i) increase in the protein expression of Bax with concomitant decrease in Bcl-2 in favor of apoptosis; (iii) 
increase in the protein expression of p21 with concomitant decrease in Cyclin D1 in favor of cell cycle arrest; (iii) 
mutational inactivation of Akt and PDK1; (iv) overexpression of PTEN. Liang et al. have demonstrated that 30 μ​M  
EGCG blocked cell cycle progression at G1 phase in asynchronous MCF-7 cells26. However, whether G1 phase 
arrest of the cell cycle still exists when treated with EGCG nanoparticles in our experiments awaits further study.

Figure 8.  Overview of several key regulatory proteins in PI3K-AKT pathway in MCF-7 cells (a) and their 
expressions under the modulation of EGCG, FA-NPS-PEG and FA-PEG-NPS (b). β-actin was used as an 
internal control. Arrowheads indicate stimulation of downstream substrates; perpendicular lines indicate 
inhibition of downstream substrates. Different letters on the column of graphs indicates a significant difference 
from the control (p <​ 0.05).
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In conclusion, EGCG nanoparticles, namely FA-NPS-PEG and FA-PEG-NPS, have been successfully synthe-
sized and modified by FA and PEG, and showed better effectiveness than EGCG with respect to cellular uptake, 
the inhibition effect on proliferation of MCF-7 cells and modification of the expression of several key regulatory 
proteins in PI3K-Akt pathway, indicating that EGCG nanoparticles have successfully enhanced the targeting 
ability of EGCG in vitro. Besides, whether EGCG nanoparticles could improve the targeting ability and bioavail-
ability of EGCG in vivo can’t be confirmed in this study and is still being investigated in our laboratory.Taking 
together with previous studies, our results again confirmed that EGCG inhibited on proliferation of MCF-7 cells 
with multiple functionalities. Compared to other anti-cancer drugs, EGCG as a natural component derived from 
tea possesses advantages of low toxicity, less cost, aqueous solubility, easy accessibility and daily consumption. 
However, whether EGCG or EGCG nanoparticles might be truly applied to the management of patients with 
cancer as cancer chemopreventive agents is still needed to undergo a very long process.

Methods
Materials.  EGCG (≥​95%) was purchased from Chengdu Purifa Science and Technology Development Co., 
Ltd. (Chengdu, China). 200 cps CS with DD of 95% and molecular weight (Mw) of 100 kDa derived from crab 
shell were obtained from Zhejiang Aoxing Biotechnology Co., Ltd. (Zhejiang, China). mPEG-SPA (2 000 Da) and 
NH2-PEG-COOH were purchased from Jiaxing Bomei Biotechnology Co. Ltd. (Zhejiang, China). EDC·HCl. 
DCC, NHS, TPP, FA, were purchased from Aladdin Industrial Corporation (Shanghai, China). Human breast 
cancer MCF-7 cells and trypsin/EDTA were purchased from the American Type Culture Collection (ATCC, 
Manassas, USA). Rhodamine B isothiocyanate and DMSO were purchased from Sigma Chemical Co. (Shanghai, 
China). Dulbecco’s modified eagle medium (DMEM), fetal bovine serum (FBS), Hank’s balanced salt solu-
tion (HBSS), penicillin, Hepes, insulin, streptomycin, gentamicin, 4′,6-diamidino-2-phenylindole (DAPI) and 
Hoechst 33342 were purchased from Dingguo Biotechnology Co. Ltd. (Chongqing, China).

Preparation of NPS.  The preparation of NPS followed the previous method with slight modifications11. 
Briefly, 100 mg of CS flakes were dissolved in acetic acid solution (0.175%, v/v) with constant stirring until the 
solution became clarified. CS solution was filtered through 5 μ​m filter (Millipore, USA) before mingled with 
125 mg of EGCG. Then, under magnetic stirring (85-2A, Jintan, China), NPS were produced by the drop addition 
of 25 mL of 0.1% TPP solution to CS-EGCG solution. The mixture was stirred at room temperature for further 
4 h to obtain NPS.

Synthesis of FA grafted NPS (FA-NPS).  FA was conjugated to NPS through a method reported previ-
ously with modifications. 25 mg of FA was dissolved in 5 mL of 1/15 M potassium phosphate (pH 7.4), then 18 mL 
of NPS solution was mingled with 1 mL of FA solution, then 25 mg of EDC·HCl was added, and the mixture was 
allowed to stir at room temperature. After 1 h of stirring, the synthesized product, namely FA-NPS, was purified 
by dialysis against deionized (DI) water using a dialysis bag with 10 000 MWCO (Solarbio, Beijing, China) for 
48 h to remove excess FA, followed by freeze drying.

Synthesis of PEG grafted NPS (PEG-NPS).  PEG-NPS was synthesized according to the method 
described elsewhere with modifications21. 18 mL of EGCG-NPS was mixed with 50 mg of mPEG-SPA (2 000 Da), 
and stirred at room temperature for 4 h. Then the synthesized product was purified by dialysis against DI water 
using a dialysis bag with 10 000 MWCO for 48 h to remove excess mPEG-SPA, followed by freeze-drying.

Synthesis of FA-NPS-PEG.  FA-NPS-PEG was prepared by mingling 9 mL of unpurified FA-NPS solution 
with 25 mg of mPEG-SPA (2 000 Da), and stirring at room temperature for 4 h. Then the synthesized product 
was purified by dialysis against DI water using a dialysis bag with 10 000 MWCO for 48 h to remove excess 
mPEG-SPA and FA, followed by freeze-drying.

Preparation of FA-PEG-NPS.  As depicted in Fig. 1c, CS were modified by FA and PEG firstly15,30, then 
nanoparticles loaded with EGCG, named FA-PEG-NPS, were prepared by ionotropic gelation of CS with TPP11.

NHS ester of FA (FA-NHS (γ​)) was prepared by activating the –COOH group using carbodiimide chemistry 
in accordance to the previous report21,30. DCC (93 mg) and NHS (77 mg) were dissolved into 12 mL of DMSO, 
then 0.3 g of FA was added. The mixture was stirred under room temperature and in the dark for 6 h, then the side 
product dicyclohexylurea (DCU) precipitated was removed by filtration. The filtrate was added into 100 mL of the 
mixture of diethyl ether and acetone with a volume ratio of 3:7, producing yellow precipitate immediately. Then 
the yellow product precipitated was collected for further use.

FA-PEG-COOH was synthesized by a procedure reported previously with modifications21. In brief, 0.45 g of 
NH2-PEG-COOH (3350 Da) were dissolved in 100 mL of pyridine, then the obtained FA-NHS (γ​) were added 
and stirred at room temperature in the dark overnight. After evaporated under vacuum, the synthesized product 
was dissolved into 20 mL of DI water, and then 1 mL of the solution was transferred to eppendorf tube (1.5 mL) 
and centrifuged at 12 000 rpm for 30 min at room temperature. The supernatant was removed and dialyzed 
against 1/15 M potassium phosphate (pH 7.4) using a dialysis bag with 10 000 MWCO for 24 h and then dialyzed 
against DI water for 48 h, followed by freeze-drying.

FA-PEG-CS was synthesized by a procedure reported previously with modifications21. Briefly, 200 mg of CS 
was dissolved in 20 mL of 0.175% acetic acid solution and stirred at room temperature. 2.5 mg of EDC·HCl and 
5.8 mg of NHS were dissolved in 5 mL of anhydrous DMSO, then 40 mg of FA-PEG-COOH was added, and the 
reaction was performed for 4 h. Then the obtained product was dialyzed against DI water using a dialysis bag with 
10 000 MWCO for 72 h, followed by freeze-drying.
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FA-PEG-NPS were achieved by dissolving 30 mg of FA-PEG-CS and 25 mg of EGCG in 25 mL of 0.175% acetic 
acid solution. After 0.5 h of stirring, 5 mL of 1% TPP were added into the mixture and stirred for further 4 h at 
room temperature in the dark. Finally, the obtained product was freeze-dried.

Characterization of EGCG Nanoparticles.  The zeta potentials of EGCG nanoparticles were determined 
using Zetasizer Nano-ZS90 (Malvern instruments, England) on the basis of Dynamic light scattering DLS tech-
niques. FTIR spectra of EGCG nanoparticles were measured over 4000–400 cm−1 with a resolution of 4 cm−1 on a 
PerkinElmer Spectrum 100 spectrometer (PerkinElmer, USA). 1H NMR spectra of FA-NPS-PEG and FA-PEG-CS 
were measured in D2O containing 0.175% C2D4O2 using a 300 MHz spectrometer (Bruker Avance DPX 300, 
Switzerland)35. The morphologies and particles sizes of EGCG nanoparticles were characterized through SEM 
(S-4800, Shimadzu, Tokyo, Japan), operating at an accelerating voltage of 30.0 kV.

In order to determine EEs of EGCG in EGCG nanoparticles, the suspensions of EGCG nanoparticles 
were centrifuged at 10 000 g for 30 min at 25 °C, and free EGCG in the supernatant was determined by HPLC 
(LC-20A, Shimadzu, Tokyo, Japan) according to the previous method59. The EE of nanoparticles was calculated 
as equation (1).

=
−

×
EGCG EGCG

EGCG
EE(%) 100%

(1)
Total Supernatant

Total

Cell Culture.  MCF-7 cells were maintained in DMEM supplemented with 50 units/mL penicillin, 10 mM 
Hepes, and 10 μ​g/mL insulin, 50 μ​g/mL streptomycin, 100 μ​g/mL gentamicin and 10% FBS under conditions of 
5% CO2 and 95% humidity at 37 °C60. Cells used in this study were between passages 12 and 35.

Cellular morphology.  The effects of EGCG and EGCG nanoparticles on cellular morphology were con-
ducted using Click-iTTM EdU imaging kit (Ruibo Biotechnology, Guangzhou, China) according to the manufac-
turer’s protocol42. MCF-7 cells were seeded in a 96-well plate at 2.5 ×​ 104 cells/well and incubated for 6 h at 37 °C 
in humidified atmosphere containing 5% CO2. Then the old medium were replaced with fresh complete medium 
containing EGCG (200 μ​g/mL) or EGCG nanoparticles (containing 200 μ​g/mL EGCG), respectively, and cultured 
for another 48 h. Cells without EGCG or EGCG nanoparticles were taken as control. Then the medium were 
removed and 100 μ​L of 50 μ​M EdU in fresh complete medium was added into each wells. After 2 h incubation at 
37 °C in humidified atmosphere containing 5% CO2, the cells were washed for 2 ×​ 5 min with phosphate buffer 
saline (PBS) and then fixed with 4% paraformaldehyde in PBS for 30 min at room temperature. After removal of 
4% paraformaldehyde, 2 mg/mL glycine was added and incubated for 5 min at room temperature. The wells were 
washed again with PBS and then permeabilized with 100 μ​L of 0.5% Triton X-100 in PBS for 10 min. After washed 
once more with PBS, the cells were incubated with 100 μ​L of 1 ×​ Apollo®​ Staining reaction buffer for 30 min 
at room temperature while protected from light. The cells were washed twice with 100 μ​L of permeabilization 
reagent and then washed for 2 ×​ 5 min with methanol. For subsequent staining, the cells were washed once more 
with PBS and then incubated with 100 μ​L of Hoechst 33342 for 30 min at room temperature while protected from 
light. After washing three times with PBS, the morphology of the cells was observed using Inverted fluorescence 
microscope (Nikon, Japan).

Evaluation of Cytotoxicity.  Cytotoxicity was measured by using a methylene blue assay with modifica-
tions61,62. MCF-7 cells were seeded in a 96-well plate at 4 ×​ 104 cells/well and kept at 37 °C in humidified atmos-
phere containing 5% CO2 for 24 h. After removal of the medium and washed twice with sterile cold PBS, cells 
were treated with different concentrations of EGCG (0, 20, 40, 80, 160, 240, 320, 400 μ​g/mL) and EGCG nano-
particles (containing 0, 20, 40, 80, 160, 240, 320, 400 μ​g/mL EGCG) or control, respectively, and incubated for 
further 24 h. Then the medium was removed from each well, and washed cells with PBS again. 50 μ​L of methylene 
blue solution that contained 1.25% glutaraldehyde and 0.6% methylene blue in HBSS was added into each well 
to fix and stain cells. After 1 h incubation at 37 °C in humidified atmosphere containing 5% CO2, the methylene 
blue solution was removed from the wells. The 96-well plate was rinsed several times by immersion in Milli-Q 
water and dried. Each well was added 100 μ​L of elution solution (50% ethanol plus 49% PBS and 1% acetic acid), 
and the 96-well plate was incubated on a plate rotator at room temperature for 20 min. After 20 min incubation, 
the absorbance was measured at 570 nm using a MRX II Dynex plate reader (Dynex Technologies, Inc., Chantilly, 
VA, USA). Concentrations of pure compounds that decreased the absorbance by >​10% when compared to the 
control were considered to be cytotoxic. At least three replications for each sample were used to determine the 
cytotoxic activity.

Measurement of Cell Proliferation.  The effects of EGCG nanoparticles on the growth of MCF-7 cells  
in vitro were measured using the methylene blue assay61. MCF-7 cells were maintained in DMEM supplemented 
with 10 mM Hepes, 10 μ​g/mL insulin, 50 units/mL penicillin, 50 μ​g/mL streptomycin, 100 μ​g/mL gentamicin, and 
10% FBS at 37 °C in humidified atmosphere containing 5% CO2. MCF-7 cells were seeded at 2.5 ×​ 104 cells/well 
in a 96-well flat-bottom plate. After 6 h incubation, the old medium was removed and fresh medium containing 
EGCG (0, 20, 40, 80, 160, 240, 320, 400 μ​g/mL) or EGCG nanoparticles (containing 0, 20, 40, 80, 160, 240, 320, 
400 μ​g/mL EGCG) was added, respectively, and then incubated at 37 °C in humidified atmosphere containing 5% 
CO2 for further 72 h. Cells without EGCG or EGCG nanoparticles were taken as control. Then the medium was 
removed from each well, and washed cells with PBS again. 50 μ​L of methylene blue solution that contained 1.25% 
glutaraldehyde and 0.6% methylene blue in HBSS was added into each well to fix and stain cells. After 1 h incuba-
tion at 37 °C in humidified atmosphere containing 5% CO2, the methylene blue solution was removed from the 
wells. The 96-well plate was rinsed several times by immersion in Milli-Q water and dried. Each well was added 
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100 μ​L of elution solution (50% ethanol plus 49% PBS and 1% acetic acid), and the 96-well plate was incubated on 
a plate rotator at room temperature for 20 min. After 20 min incubation, the absorbance was measured at 490 nm 
using a MRX II Dynex plate reader (Dynex Technologies, Inc., Chantilly, VA, USA). At least three replications for 
each sample were used to determine the cytotoxic activity.

Cellular uptake studies.  To study cellular uptake, five kinds of EGCG nanoparticles prepared above were 
mixed with 0.2 mL of 2 mg/mL Rhodamine B isothiocyanate in DMSO35,43, respectively, followed by incubation 
under room temperature and in the dark for 12 h. Then the mixture was dialyzed against DI water using a 10 
000 MWCO dialysis bag for 72 h. The obtained product was centrifuged at 10 000 r/min for 10 min at 4 °C to 
obtain Rhodamine B-labeled EGCG nanoparticles. MCF-7 cells were seeded at 1 ×​ 105 cells/well in a 6-well plate 
equipped with pre-sterilized coverslip for each well and incubated for 12 h at 37 °C in humidified atmosphere con-
taining 5% CO2. Then the old medium was replaced with fresh complete medium containing 1 mL of Rhodamine 
B-labeled EGCG nanoparticles (containing 200 μ​g/mL EGCG). The cells were cultured for further 24 h at 37 °C in 
humidified atmosphere containing 5% CO2, and then washed for 3 ×​ 5 min with PBS. 500 μ​L of 4% paraformal-
dehyde in PBS were added into each well to fix the cells and incubated for 30 min at room temperature. Then 4% 
paraformaldehyde was removed and 500 μ​L of 2 mg/mL glycine was added and incubated for 5 min to remove the 
excess paraformaldehyde. The cells were washed again with PBS for 3 ×​ 5 min and then permeabilized with 500 μ​L  
of 0.5% Triton X-100 in PBS for 10 min. After washing three times with PBS, the cells were treated with DAPI 
(20 μ​g/mL) and incubated for 30 min for nucleus staining. After removal of the media and washed twice with PBS, 
the cells were cover-slipped with Vectashield mounting media (Vector Laboratories Inc., Burlingame, CA, USA) 
and taken to a laser scanning confocal microscope (Nikon, Japan) for imaging35,43.

Western blot analysis.  MCF-7 cells were seeded in a 96-well plate at 2.5 ×​ 104 cells/well and incubated for 
6 h at 37 °C in humidified atmosphere containing 5% CO2. Then the old medium was replaced with fresh com-
plete medium supplemented with 240 μ​g/mL EGCG, FA-NPS-PEG or FA-PEG-NPS that containing 240 μ​g/mL  
EGCG, followed by incubation for further 48 h. Cells without EGCG or EGCG nanoparticles were taken as con-
trol. After removal of the medium and washed twice with PBS, the cells in each well were lysed with 40 μ​L of lysis 
buffer and then transferred to eppendorf tube (1.5 mL) using a cell scraper. After 30 min on ice, cell debris were 
removed through centrifugation (13 000 r/min, 20 min, 4 °C), and the supernatant containing proteins was col-
lected and stored at −​80 °C for later protein determination and gel electrophoresis.

The protein content in the supernatant was determined using the Pierce Micro BCA Protein Assay Kit 
(Thermo Fisher Scienfific, Rockford, IL, USA) according to the manufacturer’s instructions. After diluted with 
5 ×​ sample loading buffer, the cellular protein boiled for 20 min at 100 °C and then kept at −​20 °C.

Our Western blotting protocols are essentially based on previous work63. 20 μ​L of cellular protein was 
size-fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE, 12% PAGE), 
transferred onto PVDF membranes (Millipore, Billerica, MA, USA). Membranes were blocked with 5% non-fat 
dry milk in Tris-buffered saline Tween (TBST) for 1 h at 37 °C. After being blocked, the membranes were incu-
bated overnight at 4 °C with primary antibodies at a dilution of 1:500~1:1000, which included mouse polyclonal 
anti-human p21, CyclinD1, β-actin, mouse polyclonal anti-human Bcl-2, Bax, goat polyclonal anti-human 
Akt1/2, p-Akt, rabbit polyclonal anti-human p-PDK1 and mouse monoclonal anti-human PTEN prepared in 
blocking buffer. After washed three times for 10 min with TBST, the membranes were incubated with horseradish 
peroxidase (HRP)-conjugated secondary antibodies (1:1000 dilution) for 1 h at 37 °C and then washed again. 
The membranes were exposed to ehanced chemiluminescence-plus reagents (ECL) from the Beyotime Institute 
of Biotechnology (Haimen, China) on Fusion Fx5 imaging system (Wuzhou Dongfang biotechnology, Beijing, 
China) according to the manufacturer’s protocol.

Statistical Analysis.  All data were presented as the mean ±​ SD of triplicate experiments. The statistical anal-
ysis was carried out with one-way analysis of variance (ANOVA) using the SPSS 19.0 software. The Fisher’s test 
significant difference (LSD) test was used for multi-group comparisons. A p <​ 0.05 was considered as statisti-
cally significant difference. The IC50 values were fitted by non-linear regression analysis using CalcuSyn Demo 
software.

References
1.	 Murphy, S. L., Xu, J. & Kochanek, K. D. Deaths: final data for 2010. Natl Vital Stat Rep 61, 1–117 (2013).
2.	 Siegel, R. L., Miller, K. D. & Jemal, A. Cancer statistics, 2015. CA Cancer J Clin 65, 5–29 (2015).
3.	 Yang, C. S., Wang, X., Lu, G. & Picinich, S. C. Cancer prevention by tea: animal studies, molecular mechanisms and human 

relevance. Nat Rev Cancer 9, 429–439 (2009).
4.	 Liu, R. H. Health benefits of fruit and vegetables are from additive and synergistic combinations of phytochemicals. Am J Clin Nutr 

78, 517S–520S (2003).
5.	 Liu, R. H. Whole grain phytochemicals and health. Journal of Cereal Science 46, 207–219 (2007).
6.	 Liu, R. H. Health-promoting components of fruits and vegetables in the diet. Adv Nutr 4, 384S–392S (2013).
7.	 Huang, W.-Y., Cai, Y.-Z. & Zhang, Y. Natural phenolic compounds from medicinal herbs and dietary plants: potential use for cancer 

prevention. Nutrition and cancer 62, 1–20 (2009).
8.	 Cai, Y., Luo, Q., Sun, M. & Corke, H. Antioxidant activity and phenolic compounds of 112 traditional Chinese medicinal plants 

associated with anticancer. Life Sci 74, 2157–2184 (2004).
9.	 Efferth, T., Li, P. C., Konkimalla, V. S. & Kaina, B. From traditional Chinese medicine to rational cancer therapy. Trends Mol Med 13, 

353–361 (2007).
10.	 Wan, X. Tea biochemistry. China Agriculture Press, Beijing 34–35 (2003).
11.	 Dube, A., Nicolazzo, J. A. & Larson, I. Chitosan nanoparticles enhance the intestinal absorption of the green tea catechins (+​) 

-catechin and (−​)-epigallocatechin gallate. European Journal of Pharmaceutical Sciences 41, 219–225 (2010).
12.	 Stuart, E. C., Scandlyn, M. J. & Rosengren, R. J. Role of epigallocatechin gallate (EGCG) in the treatment of breast and prostate 

cancer. Life sciences 79, 2329–2336 (2006).



www.nature.com/scientificreports/

1 4Scientific Reports | 7:45521 | DOI: 10.1038/srep45521

13.	 Mereles, D. & Hunstein, W. Epigallocatechin-3-gallate (EGCG) for clinical trials: more pitfalls than promises? International journal 
of molecular sciences 12, 5592–5603 (2011).

14.	 Klinski, E. et al. Block copolymer based composition of epigallocatechin-3-gallate with improved oral bioavailability as a way to 
increase its therapeutic activity. Journal of Nanomedicine & Biotherapeutic Discovery 2013 (2013).

15.	 Sun, C., Sze, R. & Zhang, M. Folic acid-PEG conjugated superparamagnetic nanoparticles for targeted cellular uptake and detection 
by MRI. J Biomed Mater Res A 78, 550–557 (2006).

16.	 Sudimack, J. & Lee, R. J. Targeted drug delivery via the folate receptor. Adv Drug Deliv Rev 41, 147–162 (2000).
17.	 Zu, Y. et al. Preparation, activity and targeting ability evaluation in vitro on folate mediated epigallocatechin-3-gallate albumin 

nanoparticles. Yao xue xue bao=​Acta pharmaceutica Sinica 44, 525–531 (2009).
18.	 Siddiqui, I. A. et al. Prostate-specific membrane antigen (PSMA)-targeting nanobioconjugate-encapsulated green tea polyphenol 

EGCG for prostate cancer prevention and therapy. Cancer Research 76, 5263–5263 (2016).
19.	 Siddiqui, I. A. et al. Prostate specific membrane antigen (PSMA) targeting nano-EGCG for prostate cancer prevention and 

treatment. Cancer Research 73, 3663–3663 (2013).
20.	 Hejazi, R. & Amiji, M. Chitosan-based gastrointestinal delivery systems. J Control Release 89, 151–165 (2003).
21.	 Chan, P., Kurisawa, M., Chung, J. E. & Yang, Y.-Y. Synthesis and characterization of chitosan-g-poly (ethylene glycol)-folate as a 

non-viral carrier for tumor-targeted gene delivery. Biomaterials 28, 540–549 (2007).
22.	 Luo, H. et al. EGCG decreases the expression of HIF-1α​ and VEGF and cell growth in MCF-7 breast cancer cells. Journal of BU ON.: 

official journal of the Balkan Union of Oncology 19, 435–439 (2013).
23.	 Hsieh, T.-C. & Wu, J. M. Suppression of cell proliferation and gene expression by combinatorial synergy of EGCG, resveratrol and 

gamma-tocotrienol in estrogen receptor-positive MCF-7 breast cancer cells. Int J Oncol 33, 851–859 (2008).
24.	 Farabegoli, F., Barbi, C., Lambertini, E. & Piva, R. (−​)-Epigallocatechin-3-gallate downregulates estrogen receptor alpha function in 

MCF-7 breast carcinoma cells. Cancer detection and prevention 31, 499–504 (2007).
25.	 Qin, J. et al. A component of green tea, (−​)-epigallocatechin-3-gallate, promotes apoptosis in T24 human bladder cancer cells via 

modulation of the PI3K/Akt pathway and Bcl-2 family proteins. Biochemical and biophysical research communications 354, 852–857 
(2007).

26.	 Liang, Y. C., Lin-Shiau, S. Y., Chen, C. F. & Lin, J. K. Inhibition of cyclin-dependent kinases 2 and 4 activities as well as induction of 
cdk inhibitors p21 and p27 during growth arrest of human breast carcinoma cells by (−​)-epigallocatechin-3-gallate. Journal of 
cellular biochemistry 75, 1–12 (1999).

27.	 Garcia-Echeverria, C. & Sellers, W. Drug discovery approaches targeting the PI3K/Akt pathway in cancer. Oncogene 27, 5511–5526 
(2008).

28.	 Levine, D. A. et al. Frequent mutation of the PIK3CA gene in ovarian and breast cancers. Clinical Cancer Research 11, 2875–2878 
(2005).

29.	 Chang, F. et al. Involvement of PI3K/Akt pathway in cell cycle progression, apoptosis, and neoplastic transformation: a target for 
cancer chemotherapy. Leukemia 17, 590–603 (2003).

30.	 Wang, H. et al. Folate-PEG coated cationic modified chitosan–cholesterol liposomes for tumor-targeted drug delivery. Biomaterials 
31, 4129–4138 (2010).

31.	 Knaul, J. Z., Hudson, S. M. & Creber, K. A. M. Improved mechanical properties of chitosan fibers. Journal of Applied Polymer Science 
72, 1721–1732 (1999).

32.	 Zhou, Y. et al. Synthesis and characterization of folate-poly (ethylene glycol) chitosan graft-polyethylenimine as a non-viral carrier 
for tumor-targeted gene delivery. African Journal of Biotechnology 10, 6120–6129 (2011).

33.	 Shi, Q. et al. Hydrodynamic delivery of chitosan-folate-DNA nanoparticles in rats with adjuvant-induced arthritis. BioMed Research 
International 2011 (2010).

34.	 Cho, K. C., Kim, S. H., Jeong, J. H. & Park, T. G. Folate Receptor-Mediated Gene Delivery Using Folate-Poly (ethylene glycol)-Poly 
(L-lysine) Conjugate. Macromolecular bioscience 5, 512–519 (2005).

35.	 Morris, V. B. & Sharma, C. P. Folate mediated histidine derivative of quaternised chitosan as a gene delivery vector. International 
journal of pharmaceutics 389, 176–185 (2010).

36.	 Gan, Q., Wang, T., Cochrane, C. & McCarron, P. Modulation of surface charge, particle size and morphological properties of 
chitosan-TPP nanoparticles intended for gene delivery. Colloids Surf B Biointerfaces 44, 65–73 (2005).

37.	 Tang, D. W. et al. Characterization of tea catechins-loaded nanoparticles prepared from chitosan and an edible polypeptide. Food 
Hydrocolloids 30, 33–41 (2013).

38.	 Muller, R. H., Jacobs, C. & Kayser, O. Nanosuspensions as particulate drug formulations in therapy Rationale for development and 
what we can expect for the future. Advanced Drug Delivery Reviews 47, 3–19 (2001).

39.	 Hosseinkhani, H. & Tabata, Y. PEGylation enhances tumor targeting of plasmid DNA by an artificial cationized protein with 
repeated RGD sequences, Pronectin((R)) Journal of Controlled Release 97, 157–171 (2004).

40.	 Chehrehasa, F., Meedeniya, A. C. B., Dwyer, P., Abrahamsen, G. & Mackay-Sim, A. EdU, a new thymidine analogue for labelling 
proliferating cells in the nervous system. Journal of Neuroscience Methods 177, 122–130 (2009).

41.	 Durand, R. E. & Olive, P. L. Cytotoxicity, Mutagenicity and DNA damage by Hoechst 33342. Journal of Histochemistry & 
Cytochemistry 30, 111–116 (1982).

42.	 Zeng, C. et al. Evaluation of 5-ethynyl-2′​-deoxyuridine staining as a sensitive and reliable method for studying cell proliferation in 
the adult nervous system. Brain research 1319, 21–32 (2010).

43.	 Morris, V. B. & Sharma, C. P. Folate mediated in vitro targeting of depolymerised trimethylated chitosan having arginine 
functionality. Journal of colloid and interface science 348, 360–368 (2010).

44.	 Kamiya, M. et al. Extension of the Applicable Range of Fluorescein: A Fluorescein-Based Probe for Western Blot Analysis. 
Angewandte Chemie International Edition 44, 5439–5441 (2005).

45.	 Luo, Y., Zhang, B., Cheng, W.-H. & Wang, Q. Preparation, characterization and evaluation of selenite-loaded chitosan/TPP 
nanoparticles with or without zein coating. Carbohydrate Polymers 82, 942–951 (2010).

46.	 Lecumberri, E., Dupertuis, Y. M., Miralbell, R. & Pichard, C. Green tea polyphenol epigallocatechin-3-gallate (EGCG) as adjuvant 
in cancer therapy. Clinical Nutrition 32, 894–903 (2013).

47.	 Sato, S., Fujita, N. & Tsuruo, T. Interference with PDK1-Akt survival signaling pathway by UCN-01 (7-hydroxystaurosporine). 
Oncogene 21, 1727–1738 (2002).

48.	 Chinni, S. R. & Sarkar, F. H. Akt inactivation is a key event in indole-3-carbinol-induced apoptosis in PC-3 cells. Clinical cancer 
research 8, 1228–1236 (2002).

49.	 West, K. A., Castillo, S. S. & Dennis, P. A. Activation of the PI3K/Akt pathway and chemotherapeutic resistance. Drug Resistance 
Updates 5, 234–248 (2002).

50.	 Casagrande, F. et al. G1 phase arrest by the phosphatidylinositol 3-kinase inhibitor LY 294002 is correlated to up-regulation of 
p27Kip1 and inhibition of G1 CDKs in choroidal melanoma cells. FEBS letters 422, 385–390 (1998).

51.	 Klein, R. D. & Fischer, S. M. Black tea polyphenols inhibit IGF-I-induced signaling through Akt in normal prostate epithelial cells 
and Du145 prostate carcinoma cells. Carcinogenesis 23, 217–221 (2002).

52.	 Pianetti, S., Guo, S., Kavanagh, K. T. & Sonenshein, G. E. Green tea polyphenol epigallocatechin-3 gallate inhibits Her-2/neu 
signaling, proliferation, and transformed phenotype of breast cancer cells. Cancer Research 62, 652–655 (2002).



www.nature.com/scientificreports/

1 5Scientific Reports | 7:45521 | DOI: 10.1038/srep45521

53.	 Varticovski, L., Lu, Z.-R., Mitchell, K., De Aos, I. & Kopeček, J. Water-soluble HPMA copolymer–wortmannin conjugate retains 
phosphoinositide 3-kinase inhibitory activity in vitro and in vivo. Journal of controlled release 74, 275–281 (2001).

54.	 Yeh, C., Chen, W., Chiang, C., Lin-Shiau, S. & Lin, J. Suppression of fatty acid synthase in MCF-7 breast cancer cells by tea and tea 
polyphenols: a possible mechanism for their hypolipidemic effects. The pharmacogenomics journal 3, 267–276 (2003).

55.	 Kim, S.-H. et al. Potentiation of chemosensitivity in multidrug-resistant human leukemia CEM cells by inhibition of DNA-
dependent protein kinase using wortmannin. Leukemia research 24, 917–925 (2000).

56.	 Hu, L., Hofmann, J., Lu, Y., Mills, G. B. & Jaffe, R. B. Inhibition of phosphatidylinositol 3′​-kinase increases efficacy of paclitaxel in in 
vitro and in vivo ovarian cancer models. Cancer research 62, 1087–1092 (2002).

57.	 Tsuruta, F., Masuyama, N. & Gotoh, Y. The phosphatidylinositol 3-kinase (PI3K)-Akt pathway suppresses Bax translocation to 
mitochondria. Journal of Biological Chemistry 277, 14040–14047 (2002).

58.	 Osaki, M., Oshimura, M. a. & Ito, H. PI3K-Akt pathway: its functions and alterations in human cancer. Apoptosis 9, 667–676 (2004).
59.	 Gaspar, V., Sousa, F., Queiroz, J. & Correia, I. Formulation of chitosan–TPP–pDNA nanocapsules for gene therapy applications. 

Nanotechnology 22, 015101 (2010).
60.	 Sun, J. & Liu, R. H. Cranberry phytochemical extracts induce cell cycle arrest and apoptosis in human MCF-7 breast cancer cells. 

Cancer letters 241, 124–134 (2006).
61.	 Oliver, M. H., Harrison, N. K., Bishop, J. E., Cole, P. J. & Laurent, G. J. A rapid and convenient assay for counting cells cultured in 

microwell plates: application for assessment of growth factors. Journal of cell science 92, 513–518 (1989).
62.	 Felice, D. L., Sun, J. & Liu, R. H. A modified methylene blue assay for accurate cell counting. Journal of Functional Foods 1, 109–118 

(2009).
63.	 Alegria-Schaffer, A., Lodge, A. & Vattem, K. Performing and optimizing Western blots with an emphasis on chemiluminescent 

detection. Methods in enzymology 463, 573–599 (2009).

Acknowledgements
This work was supported by the National Natural Science Foundation of China (Grant number 31100500), 
Natural Science Foundation Project of CQ CSTC (CSTC, 2013jcyja80021).

Author Contributions
Conceived and designed the experiments: L.Z. and L.L.; performed the experiments: J.Y., L.L., M.M.; Analyzed 
the data: L.Z. and J.Y.; wrote the manuscript: L.Z., J.Y. and L.L.; prepared the figures and tables: M.M. and H.Z. All 
authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare no competing financial interests.
How to cite this article: Zeng, L. et al. Preparation and characterization of (−)-Epigallocatechin-3-gallate 
(EGCG)-loaded nanoparticles and their inhibitory effects on Human breast cancer MCF-7 cells. Sci. Rep. 7, 
45521; doi: 10.1038/srep45521 (2017).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Preparation and characterization of (−)-Epigallocatechin-3-gallate (EGCG)-loaded nanoparticles and their inhibitory effects ...
	Results

	Synthesis of EGCG nanoparticles. 
	Characterization of EGCG nanoparticles. 
	Effects of EGCG nanoparticles on cellular morphology of MCF-7 cells. 
	Effects of EGCG nanoparticles on proliferation of MCF-7 cells. 
	Cellular uptake of EGCG nanoparticles. 
	Effects of EGCG nanoparticles on expressions of several key regulatory proteins in PI3K-Akt pathway in MCF-7 cells. 

	Discussion

	Methods

	Materials. 
	Preparation of NPS. 
	Synthesis of FA grafted NPS (FA-NPS). 
	Synthesis of PEG grafted NPS (PEG-NPS). 
	Synthesis of FA-NPS-PEG. 
	Preparation of FA-PEG-NPS. 
	Characterization of EGCG Nanoparticles. 
	Cell Culture. 
	Cellular morphology. 
	Evaluation of Cytotoxicity. 
	Measurement of Cell Proliferation. 
	Cellular uptake studies. 
	Western blot analysis. 
	Statistical Analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Synthesis pathways of FA-NPS-PEG and FA-PEG-NPS.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ FTIR spectra (a) and 1H-NMR spectra (b) of FA-NPS-PEG and FA-PEG-NPS.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ The zeta potentials of NPS, FA-NPS, PEG-NPS, FA-NPS-PEG and FA-PEG-NPS.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Characteristics of synthesized NPS, FA-PEG, PEG-NPS, FA-NPS-PEG and FA-PEG-NPS.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Morphology of MCF-7 cells treated with EGCG and synthesized EGCG nanoparticles.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Effect of EGCG and synthesized EGCG nanoparticles on cytotoxicity (a) and cell proliferation rates (b) of MCF-7 cells.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Confocal images of MCF-7 cells incubated with synthesized EGCG nanoparticles for 24 h.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ Overview of several key regulatory proteins in PI3K-AKT pathway in MCF-7 cells (a) and their expressions under the modulation of EGCG, FA-NPS-PEG and FA-PEG-NPS (b).



 
    
       
          application/pdf
          
             
                Preparation and characterization of (−)-Epigallocatechin-3-gallate (EGCG)-loaded nanoparticles and their inhibitory effects on Human breast cancer MCF-7 cells
            
         
          
             
                srep ,  (2017). doi:10.1038/srep45521
            
         
          
             
                Liang Zeng
                Jingna Yan
                Liyong Luo
                Mengjun Ma
                Huiqun Zhu
            
         
          doi:10.1038/srep45521
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep45521
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep45521
            
         
      
       
          
          
          
             
                doi:10.1038/srep45521
            
         
          
             
                srep ,  (2017). doi:10.1038/srep45521
            
         
          
          
      
       
       
          True
      
   




