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a  b  s  t  r  a  c  t

Rice-like  polymeric  nanoparticles  (NPs)  composed  of  a new  redox-responsive  polymer,  poly(ethylene
glycol)-b-poly(lactic  acid)  (MPEG-SS-PLA),  were  prepared  to  carry  paclitaxel  (PTX)  for  glutathione
(GSH)-regulated  drug  delivery.  The  PTX-loaded  MPEG-SS-PLA  NPs  were  fabricated  using  an  optimized
oil-in-water  emulsion/solvent  evaporation  method.  The  size  and  morphology  of  the  prepared  NPs  were
characterized  by scanning  electron  microscopy  (SEM).  The  SEM  results  demonstrate  that  the  NPs  were
dispersed as  individual  particles  and  were  rice-shaped.  The  PTX  loading  efficiency,  in  vitro  release,  and
stability  of  the  NPs  were  analyzed  by high-performance  liquid  chromatography  (HPLC).  The  HPLC  results
revealed  that  the  NPs  released  almost  90%  PTX  within  96  h  when  GSH  presented  at  intracellular  con-
centrations,  whereas  only  a very  small  PTX  amount  was  released  at plasma  GSH  levels. The  in  vitro
cytotoxicities  of the  NPs  against  A549,  MCF-7,  and  HeLa  carcinoma  cells  were  assessed  using a standard
methyl  thiazolyl  tetrazoliun  (MTT)  assay.  The  MTT  assay  results  show  that  the  NPs  caused  concentration-

and  time-dependent  changes  in cell viability.  To  investigate  the  cellular  uptake  of  the  PTX-loaded  NPs,
visual  endocytosis  assay  was  performed  using  the  fluorescent  dye  coumarin-6  as  a  model  drug.  The  endo-
cytosis  assay  results  reveal  rapid  penetration  and  intracellular  accumulation  of  coumarin-6-loaded  NPs,
as  well  as  rapid  coumarin-6  dispersion  from  the  NPs.  Overall,  these  findings  establish  that  the  NPs  con-
taining  the  synthesized  redox-responsive  polymer  MPEG-SS-PLA  can  be  used  as  potential  carrier  systems
for  antitumor  drug  delivery.
. Introduction

Paclitaxel (PTX), isolated from the bark of Pacific Yew (Taxus
reifolia; family Taxaceae), is believed to be one of the best antineo-
lastic drugs discovered from nature. In clinical trials, it has shown
ignificant activity against a wide variety of tumors, including
efractory ovarian, metastatic breast, non-small cell lung cancers,
nd so on [1–3]. PTX functions by promoting the assembly and
tabilization of microtubules that interfere with mitotic spindle
unction, ultimately arresting cells in the G2/M phase of mitosis [3].
owever, the clinical applications of PTX have been hampered by its

ow aqueous solubility and fast clearance from plasma [4]. The cur-

ently available version of PTX is formulated in a vehicle composed
f a 50:50 (v/v) mixture of Cremophor EL (polyoxyethylated cas-
or oil) and dehydrated alcohol. Cremophor® EL has been reported
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to cause serious side effects, such as hypersensitivity reactions,
nephrotoxicity, neurotoxicity, and cardiotoxicity [4,5]. To date, the
extensive clinical use of PTX is somewhat hindered by the lack of
appropriate delivery vehicles [5].

To maintain the high activity of PTX against many cancer
types and surmount the problems associated with its formulation,
new formulations involving micelles, liposomes, and polymeric
nanoparticles (NPs) have been developed to improve PTX delivery
[6–8]. Among these formulations, polymeric NPs have attracted the
greatest interest given their structural and compositional flexibil-
ity; such attributes result in enhanced drug solubility, prolonged
drug blood circulation time, decreased side effects, and improved
drug bioavailability [8–10].

Generally, amphiphilic polymeric NPs self-assemble in aqueous
solutions. Hydrophobic drugs can be encapsulated in the hydropho-
bic NP core, leaving the hydrophilic parts on the NP surface [8,10].
However, drug release from common polymeric NPs is delayed
to some degree because of their lack of response to intracellu-

lar stimuli. This inefficient drug release from the vehicle into the
cytoplasm results in insufficient anticancer drug concentration in
cancer sites. Consequently, drug resistance occurs, resulting in
the requirement for higher drug dosage and increased systemic

dx.doi.org/10.1016/j.colsurfb.2011.06.009
http://www.sciencedirect.com/science/journal/09277765
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ide effects [11–13].  For these reasons, the synthesis of intracel-
ular stimuli-responsive and biocompatible polymers (as well as
heir nanostructure preparation) for anticancer drug delivery has
een gaining popularity. Stimuli-responsive nanovehicles are very

mportant especially when the stimuli are unique to the disease
athology. Upon reaching the targeted tumor, they can release the
rug as triggered and mediated by intracellular stimuli, which are
pecific to the pathological “triggers”, such stimuli include pH [14],
emperature [15], glutathione (GSH) [16,17], and enzymes [18].
timuli-responsive carriers are essential in drug delivery, in which
he delivery system induces aggressive activity against tumor cells
ecause optimal therapeutic efficacy with reduced side effects is
chieved [12,19].

Among current intracellular stimuli-responsive drug delivery
ystems, redox-sensitive polymers and their nanodrug carriers
ave drawn increasing interest because they contain redox-
ensitive polymers with a high redox potential difference
∼100–1000-fold) between the reducing intracellular space and the
xidizing extracellular space [20].

GSH, a thiol-containing tripeptide, reduces disulfide bonds
n the cytoplasm. A previous study has demonstrated that GSH
oncentration in intracellular spaces (2–10 mmol/L) is substan-
ially higher than that in the cellular exterior (∼2 �mol/L) [20].
his dramatic concentration variation makes GSH a potential
timulus for the delivery of some therapeutics. Disulfide link-
ges are stable in the oxidizing environment of the bloodstream,
ut are degraded rapidly in the cytosol [21]. This feature of
he disulfide bond makes it unique in both biological and
ioengineering systems for redox-sensitive controlled release.
rug delivery systems containing disulfide linkages can provide

ignificant efficacy improvement in drug delivery and release
16,22].

In the present study, a new disulfide bond-containing
edox-sensitive polymer, poly(ethylene glycol)-b-poly(lactic
cid) (MPEG-SS-PLA), was synthesized. Its components are
oly(ethylene glycol)monomethyl ether (MPEG) and polylactic
cid (PLA). These components were introduced into the poly-
er  for three reasons. First, MPEG and PLA are two of the most

opular non-cytotoxic and biodegradable polymers approved by
he Food and Drug Administration [23]. Second, MPEG is known
o impart protein and cellular stealth properties to surfaces
nd interfaces. MPEG-modified nanostructures can effectively
nhibit reticuloendothelial system sequestration, escape rapid
ptake by phagocytic cells, and prolong blood circulation time;
ll these are enabled by MPEG molecules that create a protec-
ive layer on the nanostructure surface to inhibit opsonization
24,25]. Finally, PLA is a representative polyester that has been
idely used to form the hydrophobic segment and core of
olymeric NPs.

Rice-shaped PTX-loaded MPEG-SS-PLA NPs were then pre-
ared using the synthesized MPEG-SS-PLA and an optimized
il-in-water (O/W) emulsion/solvent evaporation method. GSH-
egulated PTX release, in vitro cytotoxicity, and cellular uptake of
hese PTX-loaded redox-responsive polymeric NPs were investi-
ated. A human lung adenocarcinoma epithelial cell line (A549
ells), a human breast adenocarcinoma cell line (MCF-7 cells), and

 human cervical carcinoma cell line (HeLa cells) were used for the
nvestigations.

. Materials and methods
.1. Materials

l-lactide was obtained from the Jinan Daigang Biomaterial Co.,
td. (Shandong, China) and was recrystallized from anhydrous
Biointerfaces 87 (2011) 454– 463 455

ethyl acetate thrice. Bis(2-hydroxyethyl) disulfide (HES; 98%) was
purchased from TCI (Shanghai, China). MPEG (number average
molecular weight, Mn  = 5000), d-˛-tocopherylpolyethylene gly-
col 1000 succinate (TPGS), p-nitrophenyl chloroformate (p-NPC;
97%), cystamine dihydrochloride (>98%), 2,2-dithiodipyridine (Py-
SS-Py; >98%), and 2-mercaptopyridine (Py-SH, 98%) were supplied
by Sigma–Aldrich (St. Louis, Mo,  USA). L-GSH (>98%) and dithio-
threitol (DTT; >98%) were received from Beijing Solarbio Science
and Technology Co., Ltd. (Beijing, China). PTX was purchased from
Xi’an Haohuan Biotech. Co., Ltd. (Xi’an, China). Stannous octoate
[Sn(Oct)2] and coumarin-6 were obtained from J&K Chemical Ltd.
(Logan, UT). Monomethoxy-poly(ethylene glycol)-b-poly(lactide)
(MPEG-PLA; Mn  = 10,537) was synthesized in our laboratory fol-
lowing the method we previously reported [8].  All solvents and
other chemicals were purchased from local commercial sup-
pliers and are of analytical reagent grade, unless otherwise
stated. Ultrapurified water was  supplied by a Milli-Q system
(Millipore®).

2.2. MPEG-SS-PLA synthesis

2.2.1. MPEG-SS-Py synthesis
MPEG-SS-Py was synthesized in a four-step reaction procedure

[26]. In the first step, a solution of p-NPC (0.807 g, 4.00 mmol) in
methylene chloride (DCM; 7.0 mL)  was slowly added to a DCM solu-
tion (30.0 mL)  of MPEG (5.00 g, 1.00 mmol) and pyridine (0.396 g,
5.00 mmol) under a dry nitrogen atmosphere at 0 ◦C. After 24 h of
reaction at room temperature, the resulting polymer MPEG-NPC
was  precipitated in excess cold diethyl ether and dried in vacuo. In
the second step, the dried MPEG-NPC (1.394 g, 0.270 mmol) was
first dissolved in dimethyl sulfoxide (DMSO, Amresco Inc., USA;
5.0 mL), and was then added dropwise to a DMSO solution (2.0 mL)
of cystamine dihydrochloride (0.306 g, 1.36 mmol) with Et3N
(0.284 g, 2.80 mmol). After 24 h of reaction at 25 ◦C, the resulting
MPEG–cystamine conjugate was precipitated in excess cold diethyl
ether and dried in vacuo.  In the third step, the MPEG–cystamine
conjugate (1.382 g, 0.268 mmol) was reacted with DTT (0.308 g,
1.99 mmol) in water (10.0 mL)  for 48 h. The product was ultrafil-
tered on a Molecular/Por ultrafiltration flat membrane [molecular
weight (Mw) cutoff = 1000 Da; Molecular/Por®, Spectrum Labora-
tories, Inc.] and freeze dried (VirTis Bench Top 2K Freezedryer, USA)
to yield MPEG-SH. Finally, under a nitrogen atmosphere, MPEG-
SH (0.611 g, 0.120 mmol), Py-SS-Py (0.053 g, 0.240 mmol), and a
catalytic amount of Py-SH (2.90 mg)  were dispersed in 20.0 mL  of
water. The pH of the resulting mixture was adjusted to 1.5 with
an HCl solution (37 wt.%). The mixture was  then further reacted for
30 h at room temperature, and its pH was  readjusted to neutral pH
using NaOH solution (1.0 mol/L). MPEG-SS-Py was  ultrafiltered on
the Molecular/Por ultrafiltration system, and freeze dried for 48 h to
obtain white powder. The 1H NMR  (500 MHz; CDCl3; ppm) results
were: 7.65, 8.18, 8.26, and 8.77 (4H, m,  –C5H4N); 3.65 [4H, s, CH3O
(CH2CH2O)mCH2–]; 3.38 [3H, s, CH3O (CH2CH2O)mCH2–]; and 3.18
(2H, t,–CH2–SS–).

2.2.2. PLA-SH synthesis
l-lactide (10.0 g, 69.4 mmol), HES (0.247 g, 1.60 mmol), Sn(Oct)2

(0.112 g, 0.276 mmol), and toluene (50.0 mL)  were mixed in a pre-
dried three-necked flask under a nitrogen atmosphere. The reaction
time was 30 h at 110 ◦C. The resulting viscous mixture was dis-
solved in DCM and was precipitated in excess cold diethyl ether. The
precipitated product (PLA-SS-PLA) was collected and dried in vacuo.

The product was purified by two rounds of reprecipitation with
methylene chloride–cold diethyl ether. The 1H NMR  (500 MHz;
CDCl3; ppm) results were: 5.17 [1H, q, –(COCHCH3O)2n–]; 1.57 [3H,
d, –(COCHCH3O)2n–]; and 2.90 (4H, t, –CH2–SS–CH2–).
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PLA-SH was prepared by dissolving the synthesized PLA-SS-PLA
2.88 g, 0.480 mmol) and DTT (0.785 g, 5.10 mmol) in tetrahydro-
uran (THF; 25.0 mL)  under a nitrogen atmosphere. An anhydrous

ethanol solution (2.0 mL)  of CH3ONa (0.0120 g, 0.220 mmol) was
dded with stirring. After 30 h of reaction time at 25 ◦C, the result-
ng PLA-SH was precipitated in cold diethyl ether, filtered under a
itrogen atmosphere, and dried in vacuo.  The 1H NMR  (500 MHz;
DCl3; ppm) results were: 5.17 [1H, q, –(COCHCH3O)2n–]; 1.57 [3H,
, –(COCHCH3O)2n–]; and 2.77 (2H, t, –CH2–SH).

.2.3. MPEG-SS-PLA synthesis
Under nitrogen flow, a DCM solution (30.0 mL)  of MPEG-SS-

y (1.89 g, 0.360 mmol) was prepared. Acetic acid was  added
o the solution to adjust its pH to 3.0, followed by addi-
ion of PLA-SH (0.880 g, 0.295 mmol) in DCM (1.0 mL), and the
eaction time was 48 h at 30 ◦C. The resulting polymer MPEG-
S-PLA was precipitated in cold diethyl ether, filtered, and
ried in vacuo for 48 h. The 1H NMR  (500 MHz; CDCl3; ppm)
esults were: 3.65 [4H, s, CH3O(CH2CH2O)mCH2CH2–]; 3.38 [3H, s,
H3O(CH2CH2O)mCH2–]; 2.86 (2H, t,–SS–CH2–CH2–PLA); 2.90 (2H,
,–SS–CH2–CH2–NH–CO–); 5.20 [1H, q, –(COCHCH3O)2n–]; and 1.59
3H, d, –(COCHCH3O)2n–].

.3. Polymer characterization

The synthesized polymers were characterized by using the 1H
MR  spectra and gel permeation chromatography (GPC) (more
etails please see supplementary information).

.4. Preparation of PTX-loaded MPEG-SS-PLA NPs

The PTX-loaded MPEG-SS-PLA NPs were prepared by a nano-
recipitation method using an O/W emulsion/solvent evaporation
echnique [27]. MPEG-SS-PLA polymer (10 mg)  was dissolved
n THF (2.5 mL), and PTX was subsequently added at different
rug/polymer feed ratios (w/w). The formed solution was added
ropwise (1 mL/min) to aqueous TPGS [15 mL,  0.04% (w/v)] with
ontinuous stirring (400 rpm). The emulsion was  stirred for 24 h
o produce the shearing force necessary for droplet stretching
o facilitate solvent evaporation [27]. After solvent removal by
4 h evaporation at room temperature, the NP suspension was
entrifuged at 13,500 rpm for 30 min, and washed twice with ultra-
urified water to remove excess TPGS. The resulting pellets were
esuspended in ultrapurified (5 mL)  water. The product was  freeze
ried for 48 h and stored at −20 ◦C until use.

Fluorescent MPEG-SS-PLA NPs were prepared in the same man-
er as the above-mentioned procedure, but 0.1% coumarin-6 was

ncorporated in the initial organic solution instead of PTX. For drug
elease comparison studies, PTX-loaded MPEG-PLA NPs were pre-
ared in the same way but by dissolving MPEG-PLA (10 mg), instead
f MPEG-SS-PLA, in the initial THF solution.

.5. Characterization of drug-loaded NPs

.5.1. Morphology and drug loading
The morphology of the prepared NPs was determined by field

mission scanning electron microscopy (SEM; JSM-6700F, JEOL,
apan), and the PTX formulated in the NPs was measured using
igh-performance liquid chromatography (HPLC; Waters 600E,
SA) [9].  More details are shown in supplementary information.

.5.2. PTX-loaded NP stability

The stability of the PTX-loaded NPs was evaluated for a period

f 3 months. The prepared NPs were stored at −20 ◦C. At spe-
ific time intervals, freshly prepared samples (1.0 mg)  and stored
amples (1.0 mg)  were separately dissolved in phosphate buffered
Biointerfaces 87 (2011) 454– 463

saline (PBS; 1.0 mL,  0.01 mol/L, pH 7.4). The resulting solutions
were centrifuged at 13,500 rpm for 10 min  to separate the dif-
fused PTX. The precipitated NPs were then dissolved in 1.0 mL
DCM. The solvent was evaporated at room temperature, and
then the residues were reconstituted in acetonitrile/water [1.0 mL,
60:40 (v/v)] for HPLC analysis. At least triplicate test runs were
conducted.

2.5.3. In vitro drug release
The redox triggered-release of PTX from MPEG-SS-PLA NPs was

carried out in centrifuge tubes. For each tube, NPs (1.0 mg)  were
dissolved in PBS (1.0 mL,  0.01 mol/L, pH 7.4) containing 0.1% (w/v)
Tween 80 to acquire sink conditions. To mimic  the redox poten-
tial difference between the reducing intracellular space and the
oxidizing extracellular space, different GSH amounts were added
to each of the NP solutions to form 0, 0.002, 2, and 10 mmol/L
release media. PTX-loaded MPEG-SS-PLA NPs (1.0 mg)  were then
dissolved in PBS (1.0 mL,  0.01 mol/L, pH 7.4) containing 0.1% (w/v)
Tween 80. PTX release was  analyzed for the first 4 h, and then the
release medium was  changed from pure PBS buffer to PBS buffer
containing GSH (10 mmol/L) for further drug release analysis. The
redox-insensitive MPEG-PLA NPs were used as controls. All the cen-
trifuge tubes were kept in a shaker incubator (SKY-100B) at 37 ◦C
with a rotation speed of 150 rpm. At predetermined time intervals,
the solutions were centrifuged at 13,500 rpm for 10 min  to sep-
arate the released PTX from the NPs. The precipitated NPs were
resuspended in fresh PBS, and then placed back in the shaker bath
for continuous measurements. The supernatants were completely
removed for PTX concentration analysis. PTX released from the
supernatant was  extracted by DCM (2.0 mL). The collected DCM
layer was  evaporated at room temperature, and the dried PTX was
dissolved in acetonitrile/water [1.0 mL,  60:40 (v/v)]. The percent-
age of PTX released into the supernatant was determined by HPLC
following the same procedures above. The quantitative PTX assay
was  based on a linear standard curve obtained at a concentration
range of 0.002–0.01 mg/mL [28].

2.6. In vitro cytotoxicity and cell uptake assay of NPs

In vitro NP cytotoxicity was measured using a standard methyl
thiazolyl tetrazolium (MTT) assay [8].  The cytotoxicity study
encompasses both the antitumor effect of the PTX-loaded NPs and
the cellular compatibility of native NP materials. Meanwhile, an
in vitro cellular uptake test was performed using a common fluo-
rescent probe method [29,30].

2.7. Statistical analyses

Data for each experiment are expressed as means of three repli-
cates ± S.D. unless otherwise stated. Mean differences were tested
using Duncan’s multiple range tests by SPSS 12.0 (SPSS, Inc.). A p
value of 0.05 was considered statistically significant.

3. Results and discussion

3.1. Polymer synthesis and characterization

The MPEG-SS-PLA polymer with a disulfide linkage between
the MPEG and PLA units was  synthesized in a seven-step reaction
procedure (Scheme 1).

Initially, the MPEG unit (MPEG-SS-Py) was synthesized by (i)
activating MPEG-OH with p-NPC [31], (ii) reacting with cystamine

dihydrochloride [32], (iii) reducing with DTT to yield MPEG-SH [33],
and (iv) activating the thiol group with Py-SS-Py in the presence of
a catalytic amount of Py-SH [34]. The 1H NMR  spectrum of MPEG-
SS-Py (supplementary Fig. S1)  shows the presence of characteristic
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cheme 1. Synthesis route of MPEG-SS-PLA polymers: (i) p-NPC, pyridine, DCM, 2
8  h; (iv) Py-SS-Py, H2O, pH 1.5, 30 ◦C, 30 h; (v) Sn(Oct)2, toluene, 110 ◦C, 30 h; (vi) D

eaks assignable to both MPEG and the pyridyl group. Peaks at 3.65
nd 3.38 ppm belong to the methylene and methoxyl groups of
PEG. Peaks at 3.18 ppm are assigned to the methylene group of the

isulfide linkage. The resonances at 7.65, 8.18, 8.26, and 8.77 ppm
ssigned to the protons of the pyridyl end group were also observed.
he results confirm the successful synthesis of MPEG-SS-Py with an
rthopyridyl disulfide functional group.

The preparation of the PLA unit PLA-SH begins from the syn-
hesis of PLA-SS-PLA by the ring-opening polymerization (v) of

-lactide in the presence of the initiator HES and the catalyst
n(Oct)2. The structure of the synthesized PLA-SS-PLA was  deter-
ined by 1H NMR  (supplementary Fig. S2).  The peaks at 5.17 and

.57 ppm belong to a methine (–CH) and a methyl proton (–CH3)

able 1
olecular weight and molecular weight distribution of polymers.

Polymer Mna (theoretical) Mn (1H NMR) 

PLA-SS-PLA 3000–3000 6020 

PLA-SH  3000 4300 

MPEG-SS-PLA 5000–3000 7700 

a Mn means number average molecular weight.
b GPC means gel permeation chromatography.
c Mw means molecular weight.
4 h; (ii) cystamine dihydrochloride, Et3N, DMSO, 25 ◦C, 24 h; (iii) DTT, H2O,  25 ◦C,
H3ONa, THF, 25 ◦C, 30 h; (vii) DCM, pH 3.0, 30 ◦C, 48 h.

of the PLA segment, respectively. From the ratio of the peak area
at 5.17 ppm to that at 2.9 ppm, the Mn  of PLA-SS-PLA was  deter-
mined to be 6020, which is lower than that determined by GPC
(Table 1). This discrepancy may  be attributed to the difference in
the hydrodynamic properties of the polymers and the polyethy-
lene glycol standards [8].  PLA-SH was  then reduced (vi) from
PLA-SS-PLA using DTT as a reducing agent and sodium methox-
ide as a catalyst. The 1H NMR  spectrum of PLA-SH (supplementary
Fig. S3)  indicates that proton signals at 2.9 ppm from methy-

lene protons adjacent to the disulfide bond (–CH2–SS–CH2–) of
PLA-SS-PLA was  no longer present, and that the characteristic
methylene protons next to the thiol end group (–CH2–SH) peaks
at 2.77 ppm appeared. From the integration ratio of the peaks at

Mn (GPCb) Mwc (GPC) Polydispersity index (Mw/Mn)

9885 10,319 1.03
7213 9688 1.34
12,892 14,596 1.13
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ig. 1. GPC analysis of the synthesized polymer MPEG-SS-PLA before (a) and after
b)  reduction with 10 mmol/L GSH for 2 h.

.17 ppm to that at 2.77 ppm, the Mn  was determined to be 4300,
hich is almost half of the Mn  of PLA-SS-PLA. These support the

uccessful cleavage of the disulfide bonds to yield PLA-SH. GPC
nalysis shows that the Mn  of PLA-SH was 7213 (Table 1). The
lightly higher Mw  of PLA-SH compared with half of the PLA-
S-PLA is probably due to the loss of low-Mw fractions during
recipitation.

Finally, the desired polymer MPEG-SS-PLA was  synthesized
y the coupling reaction (vii) of PLA-SH and MPEG-SS-Py at

 molar ratio of 1:1.2. The 1H NMR  spectrum of MPEG-SS-
LA (supplementary Fig. S4)  shows the complete disappearance
f pyridyl group resonances at 7.65, 8.18, 8.26, and 8.77 ppm.
eaks assignable to both MPEG (3.65 ppm) and PLA (5.17 and
.57 ppm) appeared, indicating that the target polymer MPEG-SS-
LA was successfully synthesized by the coupling of MPEG and
LA segments via a disulfide linkage. Compared with the precursor
olymers, the average Mw  of MPEG-SS-PLA was significantly higher
Table 1), also confirming the successful preparation of MPEG-SS-
LA. Furthermore, the GPC chromatograms (Table 1) show low
olydispersity indices, suggesting that the polymers contain a par-
icular chain length with low variability.

To ensure that the synthesized redox-responsive polymer
PEG-SS-PLA is reducible with a reducing agent, GSH was  used fol-

owing a previously reported method [16]. GPC was  used to analyze
he structural changes in MPEG-SS-PLA before and after the addi-
ion of the reducing agent GSH. The results (Fig. 1) show an obvious
hift in elution time toward a lower Mn  soon after GSH addition, and
wo peaks appeared. Their average Mn  values (5069 and 7174) were
lose to those of the two functional units MPEG-SH (Mn  = 5103) and
LA-SH (Mn  = 7213). This result is within our expectations and is
onsistent with those of previous studies [35,36], indicating that
he synthesized MPEG-SS-PLA can be utilized for drug delivery as

 redox-responsive material.

.2. Preparation of PTX-loaded NPs and PTX loading level assay

Generally, PTX-loaded polymeric NPs are fabricated using O/W
mulsion/solvent evaporation [27]. With this technique, prepared
olymers can be converted into NPs by dissolving the polymer in a
ater-miscible organic solvent, and adding this solution to water

ontaining a suitable surfactant. In such a process, the particle mor-
hology and size can be controlled by some key parameters that
nclude the solvent, polymer concentration, ratio of the solvent vol-
me  to the water phase volume, and stirring speed [37,38]. Based
n numerous optimization studies, we found that MPEG-SS-PLA NP
ormation most optimally occurred under the following parame-
Biointerfaces 87 (2011) 454– 463

ters: a THF phase containing 4.0 mg/mL  polymer, aqueous solution
containing 0.04% (w/v) TPGS, a 1:6 volume ratio of THF phase to
aqueous phase, and a slow addition rate (1 mL/min) under a stir-
ring speed of 400 rpm. Otherwise, the products were irregularly
shaped particles or amorphous aggregates.

Under the optimized conditions and using MPEG-SS-PLA, a
series of PTX-loaded NPs with individual and rice shapes was pre-
pared (Fig. 2) in the presence of varying weight percentages of PTX.
PTX loading efficiency (LE) and encapsulation efficiency (EE) were
analyzed by HPLC. Table 2 summarizes the PTX LE and EE, as well
as the size of each NP type. These results demonstrate that the pre-
pared PTX-loaded polymeric NPs possess a high PTX EE (80–90%).
The results did not differ significantly among each other.

3.3. Size and stability of drug-loaded NPs

Table 2 shows that when the feed ratio (PTX/polymer, wt.%)
was  increased from 1% to 3%, no significant effect on the particle
size was observed. The average minor axis lengths were consistent
at around 130 nm,  and the major axis lengths slightly increased
from 373.9 ± 4.8 to 426.3 ± 4.1 nm.  However, NP particle sizes pre-
pared at feed ratios (PTX/polymer, wt.%) of 5% and 10% were notably
larger. The mean particle major axis lengths were 1169.1 ± 9.9 and
2217.4 ± 43.9 nm,  and the minor axis lengths were 145.4 ± 3.7 and
159.6 ± 2.0 nm, respectively. This indicates that particle size can
be affected by the drug amount when other parameters are kept
constant. NP size is directly dependent on the diffusion rate of the
organic phase to the aqueous environment. The slower the diffu-
sion rate, the larger the resulting particles. Increased organic phase
viscosity can hinder solvent diffusion, thereby producing large par-
ticles [11]. In the present work, increased drug amounts in the
solvent resulted in higher viscosity, which led to larger particle
sizes. Particle size is an important physical property that directly
affects cellular uptake capabilities, and ultimately, biodistribution.
According to a previous report [39], large particles (>5 �m) can be
taken up via the lymphatic system and small particles (<500 nm)
can cross epithelial cell membranes through endocytosis. There-
fore, to obtain a small particle size as well as relatively high drug LE
and EE, the PTX-loaded polymeric NPs prepared at a drug/polymer
ratio of 3% were selected for further investigation.

The stability assay of the PTX-loaded NPs after one- and three-
month storage times showed no noticeable changes in their
morphologies and sizes. No significant leakage was detected as well
(supplementary Fig. S5). The results confirm that the prepared PTX-
loaded MPEG-SS-PLA NPs have long-term stability, which should
also facilitate future investigations.

3.4. In vitro drug release

The redox-mediated drug release studies of the prepared
PTX-loaded MPEG-SS-PLA NPs were conducted using GSH at an
intracellular-reducing GSH level.

Fig. 3 shows the accumulative release curve of PTX from the
NPs at different GSH concentrations. At the extracellular GSH
level (0.002 mmol/L), the PTX release pattern is similar to that in
the release media without GSH. The PTX release from NPs was
only 40% within 96 h in the absence of GSH. However, when the
GSH concentration increased to the cytosol level (2–10 mmol/L),
PTX release was  gradually facilitated (Fig. 3A). In the presence
of 10 mmol/L GSH (corresponding to an intracellular level), PTX
release from the NPs was much faster, reaching almost 90%. These
results show that at an intracellular GSH level, the cleavage of

disulfide linkages is more pronounced in accelerating the release
of PTX. To further demonstrate that the facilitated PTX release
from the MPEG-SS-PLA NPs can be ascribed to the stimulus of
GSH, the reduction-insensitive MPEG-PLA NPs were used as con-
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Table  2
Drug loading efficiency, drug encapsulation efficiency, and mean size of different PTX-loaded polymeric NPs.

Nanoparticles (NPs) Feed ratio
(PTX/polymer)
(wt.%)

Drug loading
efficiency (LE,
wt.%)a

Drug encapsulation
efficiency (EE,
wt.%)b

Average major
axes (nm)

Average
minor axes
(nm)

MPEG-SS-PLA NPs 1 0.89 89.00 373.9 ± 4.8 129.5 ± 3.8
3 2.73 88.67 426.3 ± 4.1 133.5 ± 4.8
5  4.39 84.14 1169.1 ± 9.9 145.4 ± 3.7

10  9.07 83.23 2217.4 ± 43.9 159.6 ± 2.0
MPEG-PLA NPsc 3 2.58 84.07 437.6 ± 4.9 131.17 ± 5.1

t
i
t
a
c
<
u
s
r
b
p

F
p

F
M
(

a LE (wt.%) = (mass of loaded drug/mass of polymer) × 100%.
b EE (wt.%) = (mass of loaded drug/mass of the initial drug in feed) × 100%.
c PTX-loaded MPEG-PLA NPs were prepared as controls.

rols (Fig. 3B). PTX release from MPEG-SS-PLA and MPEG-PLA NPs
s notably similar to that of the release media without GSH in
he first 4 h. However, PTX release became dramatically faster
fter the addition of 10 mmol/L GSH to the release media. By
ontrast, PTX release was not influenced (minimal drug release
30%) within 24 h in the reduction-insensitive MPEG-PLA NPs
nder the same conditions (Fig. 3B). Consistent with our suppo-
ition, these results demonstrate that PTX is released from the

eduction sensitive MPEG-SS-PLA NPs upon specific activation
y the simulated reductive environment of the cellular cyto-
lasm.

ig. 2. One set of SEM images of PTX-loaded MPEG-SS-PLA NPs at different magnification
repared with 3% feed ratio (PTX/polymer, wt.%), 0.04% (w/v) TPGS, and 400 rpm stirring 

ig. 3. GSH-mediated drug release. (A) PTX release from PTX-loaded MPEG-SS-PLA NPs in m
PEG-SS-PLA NPs and PTX-loaded MPEG-PLA NPs by adding GSH (10 mmol/L) at a specifi

n  = 3).
3.5. In vitro cytotoxicity

The efficiency of the PTX-free MPEG-SS-PLA NPs, pure PTX,
and PTX-loaded MPEG-SS-PLA NPs on the viability of tumor cells
was  assessed using standard MTT  assays. The concentrations of
PTX (0.025–25 �g/mL) used corresponded to drug plasma levels
in humans, and were based on clinical drug dosages [29,30].
Meanwhile, the concentrations of the PTX-free NPs (0.001, 0.01,

0.1, 0.5, and 1 mg/mL) corresponded to that of PTX-loaded MPEG-
SS-PLA NPs (25 �g/mL PTX in 1 mg/mL  NPs). The three tumor cell
types (A549, MCF-7, and HeLa) were chosen for the treatment

s. (A) 15,000× magnification; (B) 35,000× magnification. The PTX-loaded NPs were
rate.

edium comprising 10, 2, 0.002, and 0 mmol/L GSH. (B) PTX release from PTX-loaded
c release time (4 h). Each point represents the mean value of n experiments ± S.D.
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ig. 4. Cell viabilities of A549, MCF-7, and HeLa cells after 24, 48, and 72 h of treatm
TX  concentrations (0.025, 0.25, 2.5, 5, and 25 �g/mL) at 37 ◦C. Given the PTX conte
f  PTX-free MPEG-SS-PLA NPs used here are 0.001, 0.01, 0.1, 0.5, and 1 mg/mL.

xperiments based on the clinical oncology application of
TX.

First, the cellular compatibility of PTX-free MPEG-SS-PLA NPs
as investigated. The results show that PTX-free NPs at 0.1 mg/mL
ad nearly no cell injury (Fig. 4). The viabilities of the three cell
ypes were all greater than 95% after 72 h of treatment. No cyto-
oxic activity was  observed in 0.5 mg/mL  NPs with A549 and MCF-7
ell treatments for 72 h. However, an overall decline of cell viability
ccurred at a concentration of PTX-free NPs of up to 1 mg/mL. After
4 h of treatment, the viabilities of the A549, MCF-7, and HeLa cells
ere 59.19 ± 5.15%, 81.84 ± 0.68%, and 62.02 ± 4.65%, respectively.
oreover, this disturbance of PTX-free NPs did not exacerbate cell

iability, but some viable recovery of cells presented after 72-h
reatment. The results suggest that the synthesized NP materials at
he tested concentrations are lowly cytotoxic and have high cellular
ompatibility.

The antitumor potential of PTX-loaded NPs was also evaluated.
s the positive control, pure PTX treatment largely decreased

he viability of A549 cells to 40.56 ± 0.24%, 20.33 ± 5.88%, and
.19 ± 2.75% within 24, 48, and 72 h, respectively, at a concentra-
ion of 25 �g/mL. Furthermore, the viabilities of the MCF-7 and

eLa cells in the 72 h treatment of PTX decreased to 40.22 ± 2.49%
nd 13.29 ± 5.48%, respectively. However, the encapsulated
TX presented better antitumor activity. The viabilities of the
ith PTX-free MPEG-SS-PLA NPs, pure PTX, and PTX-loaded MPEG-SS-PLA NPs at five
PTX-loaded MPEG-SS-PLA NPs (25 �g/mL PTX in 1 mg/mL NPs), the concentrations

A549 cells after 24 h of PTX-loaded MPEG-SS-PLA NP treatment
were 48.77 ± 1.80% (0.025 �g/mL), 43.50 ± 1.71% (0.25 �g/mL),
34.63 ± 0.72% (2.5 �g/mL), 16.30 ± 0.24% (12.5 �g/mL), and
11.68 ± 0.60% (25 �g/mL). A high PTX concentration resulted in
high A549 cell mortality, which indicates the lower cell viability
and more efficient antitumor ability of PTX-loaded MPEG-SS-
PLA NPs. These results suggest that the half maximal inhibitory
concentration (IC50) of PTX-loaded MPEG-SS-PLA NPs at 24 h
can drop to at least 0.025 �g/mL, which indicates higher A549
cell mortality than in native PTX. Conversely, the results reveal
the time-dependence of cell viability to PTX-loaded MPEG-SS-
PLA NP treatments. The viability of the A549 cells decreased to
5.51 ± 0.60% and 2.04 ± 2.49%, while the treatment times were up
to 48 and 72 h, respectively, at a PTX concentration of 25 �g/mL.
This tendency is consistent with all five designated concentrations
of the PTX-loaded MPEG-SS-PLA NPs. Additionally, the viability
responses of the other two  cell types are similar to that of the
A549 cells when treated with PTX-loaded MPEG-SS-PLA NPs. The
results show that the viability of MCF-7 cells decreased from
16.62 ± 0.85% (25 �g/mL, 24 h) to 10.93 ± 2.76% (25 �g/mL, 72 h),
and that of HeLa cells decreased from 9.46 ± 2.54% (25 �g/mL,

24 h) to 2.33 ± 1.78% (25 �g/mL, 72 h).

The results of the in vitro cytotoxicity experiment suggest that
the present nano-encapsulation process enhanced the antitumor
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Fig. 5. Cellular uptake of coumarin-6 (5 �g/mL) and cou

ctivity of PTX. PTX-loaded MPEG-SS-PLA NPs led to a lower tumor
ell viability in vitro compared with pure PTX, consistent with
revious reports [29,40].  A possible explanation for this is the intra-
ellular retention and stability of PTX that are very important in
umor cell antiproliferation. The release of PTX from PTX-loaded

PEG-SS-PLA NPs in a triggered and continuous manner resulted
n profound cytotoxicity. Additionally, the cellular uptake of the
ncapsulated PTX can influence the mortality of tumor cells.

.6. In vitro cellular uptake
To investigate the cellular uptake and intracellular distribu-
ion of PTX-loaded MPEG-SS-PLA NPs, the green fluorescent dye
oumarin-6 was utilized as a model drug. Visual endocytosis assay
as performed using coumarin-6-loaded NPs.

ig. 6. Cellular uptake of coumarin-6-loaded MPEG-PLA NPs (A) and coumarin-6-loaded 

ion  time = 0.5 h. Numerous fluorescence dots presented in the cytoplasm after coumarin
resented in the cytoplasm after coumarin-6-loaded MPEG-SS-PLA NP treatment. This res

ntracellular dispersion of coumarin-6 from NPs.
-6-loaded MPEG-SS-PLA NPs (200 �g/mL) in A549 cells.

Fig. 5 and supplementary Figs. S6 and S7 show that the
coumarin-6-loaded NPs penetrated into the cells, and most were
distributed around the nucleus. The intracellular fluorescence of all
the three tumor cell types became lighter with increased coumarin-
6-loaded NP incubation times (0.5, 2, 12, and 24 h). This finding
suggests the treatment time-dependent PTX-loaded NP uptakes of
A549, MCF-7, and HeLa cells. However, only a small number of flu-
orescence dots (i.e., coumarin-6-loaded NPs; see supplementary
Fig. S8)  were observed in the cytoplasm, and a homogeneous flu-
orescence existed. The most viable explanation for this is that
GSH-mediated release resulted in the bond rupture of MPEG-SS-

PLA and the fast dispersion of coumarin-6 from the NPs (Fig. 6). This
finding demonstrates that the redox triggering of the synthesized
NPs has a highly efficient intracellular drug release activity. Mean-
while, the intracellular fluorescence after coumarin-6-loaded NP

MPEG-SS-PLA NPs (B) in HeLa cells. Treatment concentration = 200 �g/mL, incuba-
-6-loaded MPEG-PLA NP treatment. However, mostly homogeneous fluorescence
ult suggests that redox-triggered MPEG-SS-PLA NPs are able to complete the rapid
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Fig. 7. Cellular uptake analyses of MPEG-SS-PLA NPs in the three types of tumor cells. Up: quantitative fluorescence intensity of cellular uptake in A549 (A), MCF-7 (C), and
H conce
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eLa  (E) cells after incubation of coumarin-6-loaded MPEG-SS-PLA NPs at different 

nd  24 h). Down: uptake efficiency of A549 (B), MCF-7 (D), and HeLa (F) cells to coum
t  0.5, 2, 4, 6, 12, and 24 h, respectively.

reatment was largely brighter than that of the coumarin-6 treat-
ent at the same incubation time. These observations suggest that

he NPs improved PTX uptake efficiency, which possibly caused
he higher cytotoxicity through increased drug concentrations in
umor cells.

A quantitative cellular uptake assay was also performed for fur-
her analysis of the degree of endocytosis of the synthesized NPs
nd for better control of the strategy of using the drug-loaded NPs
trategy to defeat tumor cells. For a thorough investigation of cel-
ular uptake, six different concentrations (20, 40, 60, 80, 100, and
00 �g/mL) and six incubating times (0.5, 2, 4, 6, 12, and 24 h) of
oumarin-6-loaded NPs were designed based on common research
rocedures [10,30,40].

Fig. 7 shows that fluorescence intensity increased with both
he incubation time and the concentration of coumarin-6-loaded
Ps. This result implies the increased accumulation of NPs in
ll the three tumor cell types. The cellular uptake amount
f coumarin-6-loaded NPs at a concentration of 200 �g/mL
as clearly the highest among all concentrations. The cellular
ptake efficiency levels of coumarin-6-loaded NPs (200 �g/mL)

n A549 cells were 19.29 ± 7.22% (0.5 h), 26.15 ± 8.72% (2 h),
4.50 ± 7.87% (4 h), 40.50 ± 9.79% (6 h), 48.21 ± 8.07% (12 h), and
7.52 ± 12.65% (24 h). However, no significant difference was
bserved in the cellular uptake efficiency of coumarin-6-loaded
Ps among the six concentrations. This phenomenon also pre-

ented itself in the MCF-7 and HeLa cells. These results correspond
ith those of other reports on the cellular uptake activity

f drug loaded NPs [10,29].  Higher concentrations and longer
reatment times result in higher quantities of accumulated drug-
oaded NPs through endocytosis in tumor cells; this brings about

ore efficient inhibition of tumor cell proliferation and viability
29].
. Conclusion

A new redox-sensitive polymer (MPEG-SS-PLA) was synthe-
ized, and its PTX-loaded NPs were successfully prepared using
ntrations (0, 20, 40, 60, 80, 100, and 200 �g/mL) and different times (0.5, 2, 4, 6, 12,
6-loaded MPEG-SS-PLA NPs at concentrations of 20, 40, 60, 80, 100, and 200 �g/mL

optimized O/W emulsion/solvent evaporation. SEM images show
that the prepared PTX-loaded NPs have individual particles and
regular rice-like shapes. HPLC analysis reveals that the PTX-loaded
polymeric NPs had a high EE and long-term stability (at least 3
months at −20 ◦C). Furthermore, the PTX-loaded polymeric NPs
rapidly released PTX under the stimulus of GSH compared with the
redox-insensitive MPEG-PLA NPs. In vitro cytotoxicity and cellular
uptake assays using A549, MCF-7, and HeLa cells demonstrate that
the MPEG-SS-PLA NPs had low cytotoxicity, high cytocompatibility,
and an ability to assist the endocytotic action of an antitumor drug.
All these results indicate that new polymer MPEG-SS-PLA (and its
NPs) can be utilized as a new carrier for PTX delivery in tumor
therapy. Based on this new redox-sensitive polymer MPEG-SS-PLA,
further studies on the introduction of targeting molecules (such as
folic acid, monoclonal antibodies, and peptides) and modified NP
preparations are currently in progress in our laboratory. In vitro and
in vivo studies of the targeted delivery of antitumor drugs are also
our focus.
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