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Abstract: The efficient delivery of therapeutic molecule agents into target cells of interest is a critical challenge 
to broad application of non-viral vector systems. In this research, maytansine-loaded star-shaped folate-core 
polylactide-D-α-tocopheryl polyethylene glycol 1000 succinate (FA-PLA-TPGS) block copolymer was applied to be a 
vector of maytansine for folate receptor positive (FR+) breast cancer therapy. The uptake of maytansine nanoparti-
cles by SKBR3 cells were observed by fluorescence microscopy and confocal laser scanning microscopy. The cell vi-
ability of maytansine-NPs in SKBR3 cells was assessed according to the changed level of intracellular microtubules 
and apoptosis-associated proteins. The cytotoxicity of the SKBR3 cells was significantly increased by maytansine-
NPs when compared with control groups. In conclusion, the maytansine-NPs offer a considerable potential formula-
tion for FR-expressing tumor targeting biotherapy.  
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Introduction

As the mainstay in the treatment of various 
cancers for several decades, chemotherapy 
significantly improved tumor efficacy, improved 
quality of life and prolong survival of patients. 
With the development of science and technol-
ogy, various chemotherapy drugs to treat tumor 
have been developed [1, 2], in which, maytan-
sine has the most significant clinical efficacy. It 
is a microtubule-targeted drug that binds to 
tubulin at the vinca binding site as vinca alka-
loids, and depolymerizes microtubules and 
arrests cells in mitosis [3]. Microtubules are 
polymers composed of the protein tubulin that 
play a major role in mitosis and other important 
cell functions [4]. Many microtubule-targeted 
compounds, including the vinca alkaloids, sup-
press dynamic instability, and they do so at 
concentrations significantly lower than those 
required to depolymerize microtubules [5, 6]. 
Suppression of dynamic instability plays a 
major role in the anti-mitotic effects of these 
drugs [7]. Significantly, maytansine displays 

almost 100 times higher cytotoxicity in cells 
than the vinca alkaloids, but it still faces chal-
lenges including non-selectivity and high toxici-
ty. Improving the selectivity is therefore a criti-
cal step to improve its therapeutic efficacy. 

Nanomedicine, especially drug formulation by 
polymeric nanoparticles (NPs), has shown a 
great deal of promise to provide solutions to 
such problems as improving therapeutic effica-
cy and reducing systemic toxicity in cancer 
treatment [8, 9]. Folate (FA) is one of the most 
commonly used targeting moiety to specifically 
deliver various therapeutic agents, and nano-
scaled systems to tumor cells. FA binds to folate 
receptor (FR) with a very high affinity (KD 0.1~1 
nM) [10, 11]. The FR is over-expressed on the 
surface of many malignant cells including ovar-
ian, lung, breast, and endometrial cancers [10, 
11]. The expression of FR on other normal tis-
sues is very low and only restricted to some epi-
thelial cells, and FA has a low immunogenicity 
and relatively simple chemistry compared to 
other targeting moieties such as antibody, pep-
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tide and aptamer, which make these tumors as 
excellent candidates for molecular targeting 
through the folate receptor system. The d-α-
tocopheryl polyethylene glycol 1000 succinate-
poly (D,L-lactide-co-glycolide) (PLA-TPGS)-ba- 
sed nanoparticles have been studied as deliv-
ery vehicles of drugs in our previous research 
[12]. In recent years, branched polymers, spe-
cifically star-shaped polymers and dendrimers 
have obtained great attention due to their use-
ful mechanical and rheological properties for 
owning a smaller hydrodynamic radius, lower 
solution viscosity, higher drug loading capacity 
and higher drug entrapment efficiency. 
Moreover, the existence of FA moiety in bioma-
terials could also significantly increase both cell 
targeting and cell adherence [12, 13]. 

In this research, the star-shaped block copoly-
mer FA-PLA-TPGS was prepared and used for 
developing a superior nanoparticle carrier of 
anticancer agent maytansine with satisfactory 
drug content and entrapment efficiency for 
breast cancer treatment. The maytansine-load-
ed FA-PLA-TPGS NPs (maytansine-NPs) as a 
model drug were characterized and the anti-
cancer effect of nanoparticles was evaluated 
both in vitro.

Materials and methods

Materials

All chemicals and materials were purchased 
from Sigma (St. Louis, MO) unless otherwise 
noted. Antibodies against caspase-3, -8 and -9 
were obtained from Cell Signaling Technology 
(Beverly, MA) and the antibodies against Bcl-2 
were from Santa Cruz Biotechnology (Santa 
Cruz, CA). Human breast adenocarcinoma cell 
line SKBR3 (HER2-over expression) was 
obtained from American Type Culture Collection 
(ATCC; Rockville, MD, USA). All chromatographic 
solvents were of high-performance liquid chro-
matography (HPLC)-grade quality, and all other 
chemicals used were of the highest grade com-
mercially available. FA-PLA-TPGS copolymer 
(Mw approximately 23,000) and PLA-TPGS (Mw 
approximately 23,000) copolymer were ob- 
tained from the Graduate School at Shenzhen, 
Tsinghua University. Anti-CD20 antibody (Ri- 
tuximab) was purchased from Adallen Pharma 
Ltd. Maytansine was prepared as described 

previously [14] and stored as aliquots of 1 mM 
stock solutions in DMSO at -70°C. 

Fabrication of maytansine-loaded nanopar-
ticles 

A modified nanoprecipitation method was used 
to entrap maytansine into the FA-PLA-TPGS 
NPs [9, 15]. Briefly, a pre-weighed amount of 
maytansine drug powder and 100 mg of FA-PLA-
TPGS copolymer were dissolved in 8 ml of ace-
tone by vortexing and sonication. The resulting 
nanoparticle suspension was then stirred at 
room temperature overnight to remove acetone 
completely. The nanoparticle suspension was 
centrifuged at 25,000 rpm for 15 min and then 
washed 2-3 times to remove the emulsifier and 
unloaded drug. This mixture was dropwise 
added into 100 mL 0.03% TPGS aqueous solu-
tion under stirring. In the end, the dispersion 
was lyophilized 48 hours for further use. 
Nanoparticles used as a control couramin 
6-loaded star FA-PLA-TPGS NPs (couramin 
6-NPs) and anti-CD20 antibody-loaded star 
FA-PLA-TPGS NPs (anti-CD20-NPs) were fabri-
cated in a similar manner.

Characterization of maytansine-loaded 
nanoparticles

Size, surface charge and morphology of the 
nanoparticles: Before measurement, Freeze-
dried nanoparticles were appropriately diluted. 
The nanoparticle size and zeta potential were 
determined by Malvern Mastersizer 2000 
(Zetasizer Nano ZS90, Malvern Instruments 
Ltd., UK). All measurements were measured at 
room temperature after equilibration for 10 
min. Average size and zeta potential of different 
NPs were analyzed using a dynamic light-scat-
tering detector (Zeta sizer ZS90, Malvern, 
Worcestershire, UK). The data were obtained 
with the average of three measurements. 

The surface morphology of nanoparticles was 
examined by a field emission scanning electron 
microscopy (FESEM, JEOL JSM-6301F, Tokyo, 
Japan). To prepare samples for FESEM, the 
nanoparticles were fixed on the stub by a dou-
ble-sided sticky tape and then coated with a 
platinum layer by JFC-1300 automatic fine plati-
num coater (JEOL, Tokyo, Japan). Morphological 
examination of FA-PLA-TPGS nanoparticles 
(NPs) was performed using transmission elec-
tron microscopy (H600, Hitachi, Tokyo, Japan).
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Drug content and entrapment efficiency: To 
determine the contents of drug loading (LC) and 
entrapment efficiency (EE) of the maytansine-
NPs, a predetermined amount of nanoparticles 
were dissolved in 1 mL methylene dichloride 
under vigorous vortexing. The solution was 
transferred to 5 ml of mobile phase consisting 
of acetonitrile and deionized water (50:50, v/v). 
A nitrogen stream was introduced to evaporate 
the methylene dichloride for approximately 20 
min, and then a clear solution was obtained for 
high-performance liquid chromatography (HP- 
LC) analysis (LC 1200, Agilent Technologies, 
Santa Clara, CA, USA). A reverse-phase C18 col-
umn (250 mm×4.6 mm, 5 μm, C18, Agilent 
Technologies, CA, USA) was used at 25°C. The 
flow rate of mobile phase was 1 mL/min. The 
column effluent was detected using a UV detec-
tor at λmax of 227 nm. The measurement was 
performed in triplicate. Drug loading and encap-
sulation efficiency of the drug-loaded nanopar-
ticles were calculated according to the follow-
ing equations, respectively. Briefly, 10 mg of 
maytansine-NPs were introduced into Eppen- 
dorf tubes and dissolved in 1 mL acetonitrile 
and diluted by 0.1 M citric acid. Meanwhile, the 
amount of maytansine in the solution was 
determined by HPLC.

Drug release assay study: The in vitro release 
profile of maytansine from maytansine-NPs 
was determined by measuring the residual 
amount of maytansine present in the nanopar-
ticles [16]. In brief, 5 mg of accurately weighted 
lyophilized nanoparticles (maytansine-NPs) 
were put into a centrifuge tube and redispersed 
in 8 ml phosphate buffer solution (PBS, con-
taining 0.1% w/v Tween 80, pH 7.4). The tube 
was put into an orbital shaker water bath and 
vibrated at 130 rpm at 37°C. At certain time 
intervals, the tube was taken out and centri-
fuged at 25,000 rpm for 15 min. The superna-
tant was then transferred into a glass test tube 
for HPLC analysis. The pellet was resuspended 
in 8 mL fresh PBS buffer and put back into the 
shaker bath for subsequent determination. The 
accumulative release of maytansine from 
nanoparticles was plotted against time.

Evaluation of the biological function of may-
tansine-NPs

Cellular uptake of maytansine-NPs: In this 
research, coumarin 6 served as a model con-

trol molecule, which can be entrapped in star-
shaped FA-PLA-TPGS NPs for qualitative and 
quantitative studying on cellular uptake by 
tumor cells such as SKBR3 cells. Tumor cells 
were cultured in Dulbecco’s modified essential 
medium (DMEM) supplemented with 10% heat-
inactivated fetal bovine serum and antibiotics 
(FCS). The cells were incubated with 250 
nmol/L coumarin 6-NPs at 37°C for determined 
time (12 hrs, 24 hrs and 36 hrs) rinsed with 
cold PBS solution 3 times, and then fixed by 
methanol for 25 min. Cells were stained with 
4’-6’-diamino-2-phenylindole (DAPI) for 30 min 
to display the nuclei and rinsed twice with PBS 
solution [9, 17]. Tumor cells were observed by 
using Confocal laser scanning microscopy 
(CLSM; LSM 410, Zeiss, Jena, Germany) with an 
imaging software. 

In vitro cytotoxicity of maytansine-NPs: Tumor 
SKBR3 cells were seeded in 96-well plates at 
the density of 5×103 viable cells per well in 100 
μl of culture medium and incubated overnight. 
The cells were then treated with various con-
centrations ranging from 0.001 to 10.0 nmol/L 
of maytansine, star-shaped maytansine-FA-
PLA-TPGS NPs (maytansine-NPs) suspension 
for 48 and 72 h at 37°C in a CO2 incubator. At 
certain time intervals, the nanoparticles were 
replaced with the DMEM containing MTT (5.0 
mg/mL) and cells were then incubated for addi-
tional 4 h. MTT was aspirated off and DMSO 
was added to each well to solubilize the forma-
zan crystals formed in viable cells. The absor-
bance of each well was recorded at 570 nm 
using a 96-well microplate reader. Viability of 
untreated cells was set at 100%, and absor-
bance of wells with medium and without cells 
was set as zero. All of the results were from at 
least triplicate experiments. The inhibitory con-
centration IC50, the drug concentration at which 
cell growth was inhibited by 50% relative to 
untreated control cells, was calculated by curve 
fitting of the cell viability versus drug concentra-
tion data [18]. 

Immunofluorescence microscopy

Cells were seeded on coverslips as above and 
incubated with maytansinoid for 24 h, fixed 
with 3.7% formaldehyde, and microtubules 
were stained with mouse monoclonal α-tubulin 
antibody (DM1A, Sigma-Aldrich, USA) and FITC-
conjugated goat anti-mouse antibody (Cappel 



PLA-TPGS nanoparticles and anticancer activity

531 Am J Transl Res 2014;6(5):528-537

MP Biochemicals, Solon, OH). Centrosomes 
were stained with rabbit polyclonal anti-peri-
centrin antibody (AB4448, Abcam, Cambridge, 
MA) and rhodamine-conjugated goat anti-rab-
bit antibody (Cappel MP Biochemicals). Actin 
filaments were stained with rhodamine-conju-
gated phalloidin (Invitrogen, Carlsbad, CA). 
Cells were mounted with 4’,6-diamidino-2-phe-
nylindole (DAPI)-containing Prolong Gold 
(Invitrogen). Microscopy was performed on a 
spinning disc confocal microscope Olympus 
IX81 DSU under control of SlideBook software 
(Olympus, Tokyo, Japan).

Western blot

Compounds treated cancer samples were sep-
arated by SDS-PAGE were transferred to nitro-
cellulose membranes. After being blocked in 
5% bovine serum albumin (w/v) at room tem-
perature for 1 hr, the membranes were rinsed 
and incubated at 4°C overnight with primary 
anti-total and phosphorylated procaspase-3, -8 
-9, β-actin antibody as well as related molecule 
antibodies (1:1000). The membranes were 
then washed and incubated with secondary 
antibody (1:2000~3000) at room temperature 
for 1 hr, developed with chemiluminescence 
ECL reagent (LumiGold, SignaGen) and exposed 
to Hyperfilm MP (GE Healthcare). Tumor sam-
ples were lysed in RIPA buffer (50 mM Tris-HCl, 
pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.1% SDS, 
0.5% sodium deoxycholate, 1% NP-40, supple-
mented with Complete Mini protease inhibitors) 
and equal amounts of protein were subjected 
to western blotting analysis.

Statistical methods

All experiments were performed at least 3 
times unless otherwise mentioned. Student’s 
t-test statistical analysis was carried out with 
SPSS 13.0 software, with p < 0.05 considered 
to indicate a significant difference.

of the maytansine-NPs were detected by 
dynamic light scattering (DLS) equipment and 
the data were displayed in Table 1. According to 
PDI, ZP (mV), Particle Size (nm), LC (%) and EE 
(%) parameters, star-shaped folate-core PLA-
TPGS Copolymer nanoparticles displays per-
fect advantage for an efficient drug delivery 
vehicle. The physical properties of the maytan-
sine-NPs were displayed in Figure 1. The aver-
age hydrodynamic size of the maytansine-NPs 
is approximately 120 nm in diameter, which is 
in the excellent size range for accumulating 
readily in tumor vasculature due to enhanced 
permeation and retention effects [20]. 

In vitro release profiles

The in vitro drug release profiles of the maytan-
sine-NPs in PBS (pH 7.4) in the first 30 days are 
shown in Figure 2. The continuous release of 
drugs from the polymeric nanoparticles could 
occur either by diffusion of the drug from the 
polymer matrix or by the erosion of the polymer, 
which are affected by constituents and archi-
tectures of the polymers, surface erosion prop-
erties of the nanoparticles, and the physico-
chemical properties of the drugs [21]. The may-
tansine release from the linar-FA-PLA-TPGS 
nanoparticles and star-FA-PLA-TPGS nanopar-
ticles displayed an initial burst of 37.2% and 
40.4% in the first 3 days, respectively. The 
accumulative maytansine release in the first 30 
days was found in the following order: star-FA-
PLA-TPGS nanoparticles (65.5%) > linar-FA-
PLA-TPGS nanoparticles (44.1%). The star-FA-
PLA-TPGS nanoparticles displayed stable and 
high efficient drug release than the linear 
FA-PLA-TPGS nanoparticles when the copoly-
mers had the same molecular weight.

Cellular uptake of fluorescent FA-PLA-TPGS 
nanoparticles

It has been demonstrated that the therapeutic 
effects of drug-loaded nanoparticles depend 

Table 1. Characterization of MAYTANSINE-loaded nanopar-
ticles
Polymer Particle Size (nm) PDI ZP (mV) LC (%) EE (%)
PLA 136.7±4.1 0.272 -22.8±3.5 8.22 75.71
PLA-TPGS 125.3±3.5 0.193 -19.4±2.7 8.57 83.12
FA-PLA-TPGS 121.4±3.3 0.156 -12.1±2.3 10.63 96.93
Footnotes: PDI=polydispersity index, ZP=zeta potential, LC=loading con-
tent, EE=entrapment efficiency, n=3.

Results

Size, surface morphology, zeta poten-
tial, and entrapment efficiency

Particle size and surface properties of 
the nanoparticles play a crucial role in 
drug release kinetics, cellular uptake 
behavior as well as in vivo pharmaco-
kinetics and tissue distribution [19]. 
The particle size and size distribution 
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on internalization and sustained retention of 
the nanoparticles by diseased cells [21]. 
Although the in vitro and in vivo biologic pro-
cesses could be very different, an in vitro inves-
tigation may provide some preliminary evidence 
to show the advantages of nanoparticles. 
Coumarin-6 served as a fluorescent probe in an 
attempt to represent the drug in the nanoparti-
cles for visualization and quantitative analysis 
of cellular uptake of the nanoparticles [8, 9]. 
Figure 3 shows the images of tumor cells after 
determined time (12 h, 24 h and 36 h) of incu-
bation with coumarin 6-loaded FA-PLA-TPGS 

growth inhibition of maytansine-NPs was stron-
ger compared with that of maytansine in the 
concentration range of 0.1-10.0 nmol/L (p > 
0.05, n=3) (Figure 4). 

Effects of maytansine-NPs on microtubule or-
ganization

To assess the effects of maytansine-NPs on 
the microtubule network, tumor cells were fixed 
and stained for microtubules, actin and chro-
matin and examined by Fluorescence micros-
copy. In control cells in interphase, microtu-

Figure 1. The physical properties of the star-shaped FA-PLA-TPGS nanoparticles. A. Zeta potential distribution of the 
star-shaped FA-PLA-TPGS nanoparticles; B. Size distribution of the star-shaped FA-PLA-TPGS nanoparticles detected 
by DLS; C. Typical 1H NMR spectra of FA-PLA-TPGS copolymers.

Figure 2. In vitro release profiles of the maytansine-loaded FA-PLA-TPGS 
nanoparticles (maytansine-NPs). Phosphate-buffered saline (PBS, contain-
ing 0.1% w/v Tween 80, pH 7.4) was selected as the release medium. The 
nanoparticle dispersion was put in an orbital shaker and shaken at 130 rpm 
at 37°C. HPLC was performed to measure the released drug concentration.

nanoparticle dispersion in DM- 
EM at the concentration of 250 
nmol/L. It can be seen from this 
figure that, with the extension of 
the schedule, the green fluores-
cent in cells continuously en- 
hanced, indicating that the fluo-
rescent nanoparticles had been 
internalized into these SKBR3 
cells.

In vitro sensitivity of breast cells 
to maytansine and maytansine-
NPs

Next we compared the effects 
of maytansine and maytansine-
NPs on SKBR3 cell lines in vitro. 
After 48 h and 72 h incubati- 
on respectively, maytansine-
NPs and maytansine inhibited 
the growth of SKBR3 cells in a 
dose-dependent manner. The 
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bules formed a fine filamentous network 
throughout the cell and actin formed a filamen-
tous network at the cell periphery (Figure 5A). 
After 24 h incubation with 0.01 nmol/L maytan-
sine-NPs (equivalent in maytansine, follows the 
same) some interphase cells were slightly 

gate the expression levels of procaspase-3, -8, 
-9, -10 and Bcl-2 proteins. It was found that fol-
lowing treatment with maytansine-NPs with 
increasing concentrations of drugs, the expres-
sion levels of breast cancer SKBR3 cell procas-
pase-3 and -9 proteins significantly declined (p 

Figure 3. Fluorescence microscopy images images of SKBR3 after 4 h of incubation with the coumarin 6-loaded star 
FA-PLA-TPGS nanoparticles (coumarin 6-NPs). The coumarin 6-loaded nanoparticles were green (×100). A. SKBR3 
cells incubated with coumarin 6-NPs for 12 hours; B. SKBR3 cells incubated with coumarin 6-NPs for 24 hours; C. 
SKBR3 cells incubated with coumarin 6-NPs for 36 hours.

Figure 4. Growth inhibitory effects of maytansine and maytansine-
NPs on SKBR3 cell lines in vitro. The effects of maytansine and 
maytansine-NPs (equivalent in maytansine) was tested at a concen-
trations 0.001, 0.01, 0.1, 1.0 and 10.0 nmol/L after treatment 48 h 
and 72 h, respectively. Both drug inhibited the growth of SKBR3 cells 
in a dose-dependent manner, but the effect on maytansine-NPs had 
no difference with that of maytansine in the concentration range of 
0.01-10.0 nmol/L (p > 0.05). 

rounded, but the microtubules and 
actin fibers in these cells were indistin-
guishable from microtubules in control 
interphase cells (Figure 5B). At a may-
tansine-NPs concentration of 0.1 
nmol/L the microtubules in interphase 
cells were shorter, fewer in number, 
and had a patchy distribution; small 
aggregates of tubulin were also appar-
ent (Figure 5C). At 1.0 nmol/L maytan-
sine-NPs microtubules rarely remained 
(Figure 5D). The actin fiber network 
was unchanged.

Effect of drug on the expression levels 
of apoptosis-related proteins 

In order to study the effect of maytan-
sine-NPs on the expression levels of 
apoptosis-related proteins, treatment 
with increasing concentrations of may-
tansine-NPs lasted for 48 h. Apoptosis 
body analyzed by fluorescence Mi- 
croscopy shows that with increasing 
concentrations of drugs, apoptotic 
bodies were also increased. Western 
blot analysis was conducted to investi-
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< 0.05), while no significant differences were 
observed in the expression level of procas-
pase-8, -10 and Bcl-2 protein (p > 0.05). Our 
data demonstrated that maytansine and may-
tansine-NPs-induced SKBR3 apoptosis may 
occur through the mitochondria-mediated cas-
pase-3 and -9 pathways.

Discussion

In vitro experiments showed that maytansine at 
very low concentrations can inhabit the growth 

of L1210, L1/5178 leukemia cells reversibly, 
and inhabit irreversibly at higher concentra-
tions [22, 23]. In vivo, it can inhibit S180, 
L1210, P388, B16 melanoma, Lewis lung carci-
noma, and other transplanted tumors through 
inhibiting the polymerization of tubulin, affect-
ing microtubule formation, simultaneously 
inhibiting synthesis of DNA, RNA and protein 
[23, 24]. Therefore, maytansine is a strong 
potential anti-cancer drug, however, like all che-
motherapy drugs, maytansine has some impor-
tant adverse effects, such as bone marrow inhi-

Figure 5. Effects of maytansine-NPs on microtubule organization in interphase and mitosis, tumor cells were fixed 
and stained for α-tubulin (green), actin (red) and DNA (blue). A. Control cells; B. Cells treated for 24 h with 0.02 
nmol/L maytansine-NPs (equivalent in maytansine 0.01 nmol/L). C. Cells treated for 24 h with 0.2 nmol/L maytan-
sine-NPs (equivalent in maytansine 0.1 nmol/L). D. Cells treated for 24 h with 2.0 nmol/L maytansine-NPs (equiva-
lent in maytansine 1.0 nmol/L), all microtubules were depolymerized. Scale bar=5 μm.
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bition, liver toxicity, gastrointestinal reactions, 
and permanent peripheral nerve damage 
occurring [24]. Therefore, novel therapeutic 
approaches are urgently needed to minimize 
untoward drug-related toxicities and ultimately 
enhance patient outcomes, which is critical to 
ongoing research. Nanomedicine has been 
suggested as a novel approach for the treat-
ment of such tumors, offering potential for 
increased efficacy and reduced off-target cyto-
toxic effects [25]. 

In our previous research [8, 9], we have devel-
oped the star-shaped cholic acid-core PLA-
TPGS (CA-PLA-TPGS) conjugate nanoparticles 
for nanoparticle formulation of small molecular 
anti-tumor drugs and characterized the proper-
ty of the nanoparticle in vitro. In this current 
study, we have shown that maytansine can be 
successfully formulated into star-shaped 
folate-core PLA-TPGS (FA-PLA-TPGS) nanopar-
ticles [9, 26]. These particles elicit improved 
cytotoxic effects over free drug maytansine 
toward human breast cancer cells, which is fur-
ther enhanced by FA targeting, exploiting the 
FR that is frequently over-expressed in breast 
carcinomas. 

To improve internalization using direct conjuga-
tion to FA targeting FR [27], Folate (FA), one of 
the most commonly used targeting moiety to 
specifically deliver nano-scaled systems to 
tumor cells, binds to its receptor-folate receptor 
(FR)- with a very high affinity (KD 0.1~1 nM [27]. 
The FA facilitated its uptake via receptor-medi-
ated endocytosis and slowly releasing nanopar-
ticles packaged drugs exert anti-tumor effects 
in the targeting tissue. We use FA targeting FR 
which is main expression of the surface of 
tumor cells, and use star-shaped FA-PLA-TPGS 
nanoparticle as drug carrier, for star-shaped 
FA-PLA-TPGS nanoparticles could achieve high-
er drug loading content and entrapment effi-
ciency, resulting in faster drug release as well 
as higher cellular uptake and cytotoxicity [28]. 
The results shown here revealed that The 
FA-mediated maytansine-loaded star-shaped-
core PLA-TPGS Copolymer nanoparticles (may-
tansine-NPs) formulations were fabricated by a 
modified nanoprecipitation procedure. The par-
ticle size of maytansine-NPs could be prepared 
favorably approximately 120 nm in diameter, 
maytansine-NPs has high cellular uptake and 
accumulate at the tumor site preferentially due 

Figure 6. Induction of apoptosis by maytansine-NPs-mediated cytotoxicity. The cells were treated with increasing 
concentrations of maytansine-NPs for 48 h. A. Apoptosis body of the cells were incubated with DAPI, and then ana-
lyzed by fluorescence Microscopy; B. Western blot analysis was used to analyze the expression of procaspase-3, -8, 
-9, -10 and Bcl-2 proteins. The protein levels of procaspase-3, -9 and -10 were shown to decrease in drug concentra-
tion dependent manners by maytansine-NPs- induced apoptosis (equivalent in maytansine 0.00, 0.01, 0.1, and 1.0 
nmol/L respectively).
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to the enhanced permeability and retention 
(EPR) effect, and hold more reasonable phar-
macokinetics and more desirable biodistribu-
tion [29, 30].

In vitro studies, we found that maytansine-NPs 
inhibited proliferation of SKBR3 cells at sub-
nanomolar or nanomolar concentrations in 
concert with mitotic arrest and suppression of 
microtubule dynamic instability indicating that 
the maytansine-NPs exert their superior antimi-
totic effects via a common mechanism involv-
ing suppression of microtubule dynamic insta-
bility. Moreover, We found that maytansine can 
mediate cell apoptosis, while at 0.1 to 10.0 
nmol/L level, apoptosis-related molecular test 
results also demonstrated a significant inc- 
rease in apoptosis of tumor cells (Figure 6). 

So we think that maytansine-FA-PLA-TPGS 
nanoparticles (maytansine-NPs) can be target-
ed specifically to FR+ cancer cells and promotes 
apoptosis of tumor cells, which has a potential 
to establish new treatment paradigms. Ongoing 
research is critical in improving maytansine-
NPs drug concentration in the target tissue, 
reducing non-specific distribution, and promot-
ing apoptosis of tumor cells in vivo. further opti-
mization of targeting ability, versatile, practical, 
non-toxic, stable and development of efficient 
new drug carrier in order to minimise untoward 
drug-related toxicities and ultimately enhance 
patient outcomes.
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