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1. Abstract
Purpose: In the present study, to achieve high pa-

clitaxel (PTX) loading in a conjugated drug delivery sys-
tem with minimal long-term side effects, we formulated
a novel degradable stereocomplexed micelle-like particle
with a core-shell structure. Materials andmethods: In this
system, methoxy polyethylene glycol (MPEG) acted as the
hydrophilic shell, and the stereocomplex of polylactic acid
with PTX (SCPLA-PTX) acted as the hydrophobic core.
The MPEG-SCPLA-PTX micelle-like particles were syn-
thesized via the self-assembly of aMPEG-poly L-lactic acid
(PLLA) copolymer with a PTX-poly D-lactic acid-PTX
copolymer. The resultant copolymers and their interme-
diates were characterized using 1H nuclear magnetic reso-
nance and GPC.Micelle-like particles with different molec-
ular weight ratios of MPEG and PLLA were synthesized to
demonstrate the functions of both components. Results:
PTX loading into MPEG2000Da-PLLA6000Da particles
reached as high as 20.11%. At 216 h, the cumulative re-
lease from MPEG5000Da-PLLA6000Da, MPEG2000Da-
PLLA6000Da, and MPEG5000Da-PLLA22000Da parti-
cles were 51.5%, 37.7%, and 52.0%, respectively. Conclu-
sions: According to the cell uptake experiments, inhibition
of tumor cell growth was satisfactory, indicating that the
stereocomplexed particles developed in the present study
can be employed as a promising nanocarrier for PTX deliv-
ery.

2. Introduction

Paclitaxel (PTX) is a tetracyclic diterpene com-
pound that exhibits considerable antineoplastic activity
against various solid tumors, including ovarian cancer [1],
breast cancer [2, 3], head and neck carcinomas [4, 5], and
non-small cell lung cancers [6]. However, it can easily un-
dergo oxidation, and storage is difficult. Its poor water solu-
bility (<1 mg/mL) limits its uptake in the human body [7].
Furthermore, PTX fails to meet current patient needs be-
cause of its limited extraction efficiency from the bark of
the yew tree (0.04% [w/w]) [8]. Therefore, increasing the
utilization of PTX has become an urgent goal in pharmaceu-
tical research [9, 10]. Taxol® is a relatively well-developed
PTX injectable formulation using polyoxyethylene castor
oil and ethanol as co-solvents; these solvents increase the
solubility and stability of PTX [11]. However, when used
clinically, the stability of PTX in the formulation deterio-
rates after dilution with saline or glucose [12]. One consid-
erable problem is that polyoxyethylene castor oil reportedly
releases histamine and facilitates the degradation of phar-
maceutical formulations, which could result in severe aller-
gic reactions [13].

Several types of PTX formulations are available,
including liposomes [14, 15], cyclodextrin inclusion com-
pounds [16, 17], PTX prodrugs [18–20], PTX nanoparti-
cles, and microspheres [21]. Notably, amphiphilic poly-
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mer particles have attracted considerable research interest
in pharmaceutical formulation development owing to their
excellent performance as drug carriers [22]. Amphiphilic
macromolecule polymers can readily self-assemble in aque-
ous solution to form nanoparticles with a hydrophobic inner
core and hydrophilic shell, encapsulating lipophilic drugs
in the hydrophobic core to increase drug solubility owing
to the lower critical micelle concentration (CMC) of am-
phiphilic macromolecule polymers [23]. The hydrophilic
shell also protects particles from being recognized by the
reticuloendothelial system and removal from the body [24].
Polyethylene glycol–polylactic acid (PEG-PLA) is an am-
phiphilic biodegradablematerial approved by the U.S. Food
and Drug Administration (FDA) for biomedical applica-
tions and is widely used as a pharmaceutical drug carrier
[25, 26]. We selected MPEG-PLLA as the target product to
achieve green and controllable synthesis.

Amphiphilic PEG-PLA chains are used as car-
riers of PTX; however, the drug loading content is lim-
ited by the compatibility between drug molecules and the
hydrophobic PLA segment, resulting in undesirable rapid
drug release [27–30]. For chemical cross-linking meth-
ods, such as linking by ester bonds, the complex archi-
tecture of polymers tends to increase synthetic difficul-
ties. The introduction of harmful and non-degradable in-
gredients is inevitable, which results in long-term systemic
side effects [31, 32]. A biodegradable stereocomplex com-
posed of polylactic acid (SCPLA) is formed by the selec-
tive combination of dextral polylactic acid (PDLA) and
levo-polylactic acid (PLLA) molecular chains. A few re-
searchers have previously explored its potential applica-
tion in drug delivery [33, 34] and obtained satisfactory re-
sults. In our designed micelle-like particles, we chemically
linked PTX to PDLA and utilized the stereocomplex struc-
ture to combine it with methoxy poly (ethylene glycol)-
PLLA (MPEG-PLLA). Accordingly, we achieved a rel-
atively high PTX-loading efficiency using biodegradable
PLA-based particles.

In the present study, MPEG-SCPLA-PTX parti-
cles were synthesized via a two-step self-assembly pro-
cess. In the first step, PTX-PDLA-PTX and MPEG-
PLLA formedMPEG-SCPLA-PTX through the stereocom-
plex formed by PDLA and PLLA. In the second step,
MPEG-SCPLA-PTX self-assembled into particles under a
hydrophobic effect. Characterization and tumor cell inhibi-
tion tests confirmed the successful chemical embedding of
PTX into particles and the effectiveness of MPEG-SCPLA-
PTX particles.

3. Materials and methods

3.1 Materials

MPEG (molecular weight: 5000 Da and 2000
Da) was purchased from Sigma-Aldrich (Burlington, VT,
USA). l-lactide (LLA) was purchased from Shenzhen

Esun Industrial Co. Ltd. (Shenzhen, China), and PTX
was obtained from J&K Scientific Ltd. (Guangzhou,
China). Tetrahydrofuran (THF) was purchased from
Tianjin Kemi Europe Chemical Reagent Co., Ltd. (Tian-
jin, China). Diethyl ether, succinic anhydride (99%),
N,N-dimethylpyridin-4-amine (DMAP; 99%), and DCC
(99%) were obtained from Alfa Aesar (Shanghai, China).
Zn(Oct)2·2H2O, n-hexane, acetone, HCl, and MgSO4

were purchased from Aladdin (Shanghai, China), and
d-lactic acid (90 wt%) was purchased from Musashino
Chemical Co., Ltd. (Yichun, China). Phosphate-buffered
saline (PBS; pH 7.4, 1×) was purchased from Gibco (New
York, NY, USA). A dialysis bag (MWCO = 2500 Da,
composition: reborn cellulose fiber) was obtained from
Viskase (Chicago, IL, USA). HeLa cells and the 5,5,6,6-
Tetrachloro-1,1,3,3-tetraethylbenzimidazolylcarbocyanine
iodide (JC-1) detection kit were obtained from KeyGEN
Biotech (Nanjing, China). Cell Counting kit-8 (CCK-8)
and calcein-AM (CAM) were obtained from Dojindo
Molecular Technologies (Kumamoto, Japan). 2, 7-
Dichlorofluorescein diacetate (DCF) was purchased from
Life Technologies (Carlsbad, CA, USA). Hoechst 33342
was purchased from YeaSen Biotechnology (Shanghai,
China). All reagents were of analytical grade, and all
solutions were prepared with deionized water (DI) without
further purification.

3.2 Synthesis of MPEG-PLLA

As shown in Fig. 1a, MPEG-PLLA copolymers
were synthesized via ring-opening polymerization (ROP)
[35]. l-lactide andMPEGwere used as rawmaterials for the
synthesis of amphiphilic diblock copolymers. The molec-
ular weight of the MPEG-PLLA copolymer was regulated
by the molar ratio of the monomers (molecular weight and
ratio are listed in Supplementary Table 1 in the Supple-
mentary material). A specific amount of MPEG, LLA,
and Zn(Oct)2·2H2Owere added to a flame-dried and argon-
purged flask. The flask was evacuated and charged with ar-
gon three times and sealed under a vacuum and subjected to
magnetic stirring. After the mixture was stirred at 150 ◦C
for 15 h, the synthesized polymer was recovered by dissolv-
ing it in methylene chloride, followed by precipitation in
ice-cold diethyl ether. The resultant precipitate was filtered
and dried at 40 ◦C under a vacuum for 48 h. MPEG-PLLA
with different molecular weights of MPEG and PLLA are
named MPEG5000-PLLA6000, MPEG2000-PLLA6000, and
MPEG5000-PLLA2000.

3.3 Synthesis of PTX-PDLA-PTX

Synthesis route for PTX-PDLA-PTX is shown in
Fig. 1b. The typical procedure was as follows: 230 g of
d-lactic acid was added to a four-necked flask. The flask
equipped with a mechanical stirrer and reflux condenser
was connected to a vacuum-argon system, and the flask was
evacuated and charged with argon three times. The mixture
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Fig. 1. Synthesis route for the formation of (a) MPEG-PLLA, (b) PTX-PDLA-PTX, and (c) MPEG-SCPLA-PTX particles.

was heated to 100 ◦C and then reduced to 400 Torr for 3
h. Next, the mixture was heated to 130 ◦C under a succes-
sively reduced pressure of 100 Torr for 3 h. The reaction
was maintained under these conditions for an additional 3
h. The resultant mixture was heated to 150 ◦C, and the sys-
tem pressure was successively reduced to 10 Torr over 6 h.
The flask was cooled to 25 ◦C at the end of the polymeriza-
tion process. The contents were dissolved in acetone, and
the solution was poured into cold water. The precipitate
was collected and dried under a vacuum for 48 h at 40 ◦C
to yield a white solid. (Mn,NMR = 1950 g/mol, Mn,GPC

= 2140 g/mol, Mw/Mn = 1.35, where Mn refers to num-
ber average molecular weight, Mw refers to weight average
molecular weight).

Purified PDLA (3 g, 1.5 mmol), succinic anhy-
dride (0.3002 g, 3 mmol), and DMAP (0.3665 g, 3 mmol)
were dissolved in 1, 4-dioxane (20 mL) and reacted in a ni-
trogen atmosphere for 48 h at room temperature. The prod-
uct was precipitated in n-hexane, and the polymer precipi-
tate was dried under a vacuum for 48 h at room temperature.
The polymer was reconstituted using THF and poured into
a large amount of distilled water. The resultant precipitate
was filtered and dried under vacuum at room temperature
for 48 h. A dicarboxylic PDLA (DI-PDLA) with terminal
carboxyl groups was obtained. (Mn,NMR = 2100 g/mol,
Mn,GPC = 2770 g/mol, Mw/Mn = 1.16).

DI-PDLA (0.222 g) and PTX (126.5 mg) were dis-
solved in anhydrous methylene chloride (30 mL) in a dried
flask. DCC (30.6 mg) and DMAP (18.1 mg) were added

at 0 ◦C. The reaction mixture was stirred for 48 h at 0 ◦C.
The precipitate was filtered out, and the filtrate was washed
with 0.1 mol/L HCl and water. The organic phase was dried
over anhydrous MgSO4. Methylene chloride was removed
under a vacuum. (Mn,NMR = 3300 g/mol, Mn,GPC = 3970
g/mol, Mw/Mn = 1.14).

3.4 Preparation of MPEG-SCPLA-PTX particles

Synthesis route for MPEG-SCPLA-PTX particles
is shown in Fig. 1c. PTX-loaded particles were prepared
using a solvent displacement method with a THF/H2O sys-
tem. In a 100 mL volumetric flask, MPEG-PLLA (22 mg,
0.002 mmol) and PTX-PDLA-PTX (19.8 mg, 0.006 mmol)
were first dissolved in THF (10 mL) for 3 h using a mag-
netic stirring bar. Thereafter, 40 mL of doubly distilled
water was added with gentle agitation for 6 h. Finally,
THF was slowly removed at ambient temperature for 1 h
by rotary evaporation to obtain the particles. Particles ob-
tained from MPEG5000-PLLA6000, MPEG2000-PLLA6000,
and MPEG5000-PLLA2000 were named 5-6, 2-6, and 5-2
particles.

Blank particles were prepared in a manner simi-
lar to PTX-loaded particles. MPEG-PLLA (22 mg, 0.002
mmol) and DI-PDLA (12.6 mg, 0.006 mmol) were first dis-
solved in THF (10 mL), and the following steps were iden-
tical to those previously described.

3.5 Characterization

GPC measurements were conducted using a PL-
GPC120 instrument (Polymer Laboratories, Shropshire,
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UK) equipped with an Agilent MIXED-B column and a dif-
ferential refractometer detector. THF (with 0.02–0.03 wt%
BHT stabilizer) was used as the eluent and maintained at a
flow rate of 1mL/min at 40 ◦C.Nuclearmagnetic resonance
(1H-NMR) spectra were measured using a Bruker DRX-
400 spectrometer (Bruker, Bremen, Germany) in CDCl3
at 25 ◦C. Chemical shifts are reported in parts per mil-
lion using tetramethylsilane as an internal reference. Ther-
mograms were obtained using a Q2000-2460DSC instru-
ment (TA, Lindon, UT, USA). The lyophilized sample pow-
der (3–5 mg) was crimped in standard aluminum pans and
heated from 25 ◦C to 230 ◦C at a speed of 10 ◦C/min, cooled
from 230 ◦C to 0 ◦C at a rate of 10 ◦C/min, and heated from
0 ◦C to 230 ◦C at a speed of 10 ◦C/min. SEM analyses
were performed using an S-4800 scanning electron micro-
scope (Hitachi, Tokyo, Japan) at an acceleration voltage of
10 kV. TEM analyses were performed using a JEM-200CX
transmission electron microscope (JEOL, Tokyo, Japan) at
an acceleration voltage of 100 kV. The hydrodynamic ra-
dius and size distribution of the particles were determined
via dynamic light scattering (DLS) (Zetasizer Nano ZS90,
Malvern, UK) with a scattering angle of 90◦.

3.6 Calculation of drug content

The drug loading efficiency (LE) was calculated
as follows:

Loading Efficiency (%) =
total paclitaxel amount-free paclitaxel amount

amount of paclitaxel loaded micelle
×100%

(1)

The calculation formula could be further specified to:

LE =
Mn,PTX−PDLA−PTX −Mn,DI−PDLA

Mn,PTX−PDLA−PTX
× 100% (2)

where Mn,PTX−PDLA−PTX and Mn,DI−PDLA are
the average molecular weights calculated by 1H-NMR
(Supplementary Table 2).

Based on the dosages of MPEG-PLLA and PTX-
PDLA-PTX (Supplementary Table 5), the total theoretical
PTX loading of the particles can be calculated as:

TTLE =
LE×mPTX−PDLA−PTX

mMPEG−PLLA +mPTX−PDLA−PTX
× 100% (3)

Physical embedding ratio can be calculated as:

Physical embedding ratio =
mPTX−HPLC

3mg× TTLE
× 100% (4)

where mPTX−HPLC is the PTX content measured by
HPLC, 3 mg is the mass of particles used for analysis, and
TTLE is the theoretical total drug loading. The dosing
quantities of PTX-PDLA-PTX (mPTX−PDLA−PTX ) and
MPEG-PLLA (mMPEG−PLLA) are shown in Supplemen-
tary Tables 5,6.

Considering that PTX is loaded only by physical

or chemical methods, the chemical embedding ratio is cal-
culated as:

Chemical embedding ratio = (1-Phsical embedding ratio)× 100%
(5)

3.7 CMC measurements

CMC represents the lowest concentration of the
block copolymer required in solution to form polymer mi-
celles [36], which is used to characterize the stability of
micelle-like particles. The CMC of the PTX micelle-like
particles and blank micelle-like particles was determined
using a fluorescence technique with pyrene as a hydropho-
bic probe. Steady-state fluorescence spectra were obtained
using a PerkinElmer LS50B luminescence spectrometer
(ALT, Norwalk, CT, USA). A predetermined amount of
pyrene solution in acetone was added to a volumetric flask,
and the acetone was completely evaporated. The flask con-
taining the solid pyrene was filled with DI water up to
the calibration line. The pyrene concentration in the final
solution was 12×10−7 mol/L (the saturation solubility of
pyrene in water at 22 ◦C was 6×10−7 mol/L). Next, sam-
ple solutions were prepared by adding the pyrene solution
in DI water and predetermined amounts of micelle-like par-
ticles to a series of flasks. A series of copolymer concen-
trations ranging between 10−4 and 0.4 g/L was achieved by
predetermining the volume of the copolymer solution. The
concentration of pyrene in the final solution was 6×10−7

mol/L, which is similar to the saturation solubility of pyrene
in water at 22 ◦C. The flasks were thermostated at 40 ◦C
for approximately 2 h to equilibrate the pyrene partition be-
tween the water and micelle-like particles and subsequently
cooled overnight to room temperature. The emission wave-
length was 390 nm, and the excitation bandwidth was 5 nm.
The spectra were recorded at a scanning rate of 240 nm/min.
Nagasaki et al. [37] observed that I335/I333 is equally sen-
sitive to environmental changes and, therefore, can be used
to determine polymer CMC. Test solutions were prepared at
concentrations of 0.4 g/L, 0.1 g/L, 0.01 g/L, 0.001, 0.002,
and 0.0001 g/L.

3.8 In vitro release studies

In vitro PTX release from block copolymer parti-
cles was investigated in PBS (pH = 7.4) [38]. Typically,
10 mL of 5-6 particles at a concentration of 1.4 mg/mL, 2-
6 particles at a concentration of 1.7 mg/mL, and 5-2 par-
ticles at a concentration of 1.9 mg/mL were placed in a
dialysis bag (MWCO = 2500 Da). The release experiment
was initiated by placing the end-sealed dialysis bag in 40
mL PBS solution at 37 ◦C with continuous shaking at 150
rpm to measure the PTX released from the particles. At a
certain interval, samples (40 mL) were withdrawn, and the
same volume of fresh buffer medium was replaced. The
duration of the in vitro release study was 216 h. The con-
centration of the released PTX in the dialysis medium was
determined via HPLC using a C18 column at 25 ◦C and
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a Waters Model 2487 UV detector, and a mixture of wa-
ter/acetonitrile (50:50 v/v) was used as the mobile phase at
a flow rate of 1 mL/min at 227 nm. The cumulative amount
of PTX released was calculated using a calibration curve
and expressed as the percentage of PTX released.

3.9 Tumor cell inhibition tests
3.9.1 Cell culture

HeLa cells were maintained in modified Eagle’s
medium (MEM) with 10% fetal bovine serum (FBS) under
standard cell culture conditions (37 ◦C and 5% CO2). Prior
to treatment with PTX and PTX-loaded particles, HeLa
cells at a density of 100,000 cells/well were allowed to at-
tach in 96-well plates for 24 h. Next, the cells were exposed
to PTX or PTX-loaded particles in MEM medium for 24 h.
These were used for further analyses.

3.9.2 Cell viability

The viability of HeLa cells was determined us-
ing CCK-8 assay. MK571 and PSC833 (10 mM),
known inhibitors of multidrug resistance-associated pro-
teins (MRPs/ABCCs), and a subfamily of ATP-binding cas-
sette transporters (ABC transporters), were used as positive
controls. After 24 h exposure to different concentrations of
PTX-loaded particles, 10 µL of CCK-8 solution was added
to each well of the 96-well plate and incubated for 2 h at 37
◦C in 5% CO2. Cell viability was calculated from the rela-
tive absorbance at 450 nm using a microplate reader (Syn-
ergy H1, Biotek, Beijing, China).

3.9.3 Intracellular reactive oxygen species (ROS) level

Intracellular ROS levels were assessed based on
the increased fluorescence values of the DCF cell dye. To
reduce errors due to loss of cell numbers during exposure
to PTX-loaded particles, Hoechst 33342 (YeaSen Biotech-
nology, Shanghai, China), a fluorescent dye used to stain
DNA, was employed to measure the number of HeLa cells
remaining in each well and normalize the DCF fluorescence
value. After PTX exposure, DCF (final concentration: 10
µM) was added to each well of a 96-well plate. After incu-
bation for 25 min, the cells were washed with phosphate-
buffered saline (PBS). Next, Hoechst 33342 (final concen-
tration: 5 µg/mL) was added, and the cells were incubated
for 15 min. The fluorescence values of DCF and Hoechst
33342 were measured using a microplate reader [39, 40].
The excitation and emission wavelengths for DCFwere 485
and 530 nm, respectively, and 350 and 460 nm for Hoechst
33342.

3.9.4 Cell apoptosis

Mitochondrial membrane potential, an early indi-
cator of cell apoptosis, was measured using a JC-1 detection
kit [41]. After exposure to PTX for 24 h, JC-1 solution (fi-
nal concentration: 20 nM) was added to each well of a 96-
well plate, and the plate was incubated for 25min. The fluo-
rescence intensity of JC-1 was measured using a microplate

reader. Two fluorescence values were observed for JC-1.
The excitation and emission wavelengths for green fluores-
cence were 485 and 530 nm, respectively, and those for red
fluorescence were 530 and 590 nm, respectively. The ra-
tio of red to green fluorescence was used to determine the
mitochondrial membrane potential.

3.9.5 Cell uptake of drugs

Lysosomes in HeLa cells were determined us-
ing LysoTracker Deep Red (Molecular Probes)( Thermo
Fisher Scientific, Shanghai, China), which indirectly indi-
cates the cellular uptake of PTX [42]. Similar to the DCF
assay, Hoechst 33342 was used to normalize the fluores-
cence value of LysoTracker. After exposure to PTX for
24 h, LysoTracker solution (final concentration: 50 nM)
was added to each well, and the cells were incubated for
30 min. Hoechst 33342 was added and the cells were in-
cubated as described above. Finally, the cells were ana-
lyzed using a microplate reader. The excitation and emis-
sion wavelengths for LysoTracker were 647 nm and 668
nm, respectively.

3.9.6 Membrane transporter activity

CAM was used to assess ABC transporter activity
using a dye accumulation assay [43, 44]. After exposure
to PTX for 24 h, CAM at a final concentration of 0.25 µM
was added to each well of a 96-well plate. After incubation
for 2 h, the cells were washed with Hanks’ buffer. Hoechst
33342 was used to normalize the CAM fluorescence values
to the cell number. Fluorescence values were measured us-
ing a microplate reader. The excitation and emission wave-
lengths of CAM were 485 and 530 nm, respectively.

4. Results and discussion

4.1 Characterization of MPEG-PLLA,
PTX-PDLA-PTX, and MPEG-SCPLA-PTX

In the present study, MPEG reacted completely
without residual monomers, as the characteristic MPEG
peak was not observed in the GPC traces (Fig. 2a,b). A
single peak with a relatively narrow distribution indicates
the successful synthesis of MPEG-PLLA, DI-PDLA, and
PTX-PDLA-PTX (Fig. 2).

The 1H-NMR spectra of MPEG, PLLA, and
MPEG-PLLA are shown in Fig. 3. The existence of the
characteristic peak of MPEG (a, b), as well as the character-
istic peak of PLLA (c, d), indicate the successful synthesis
of copolymers.

The 1H-NMR spectra of PDLA and DI-PDLA
were compared, as shown in Fig. 4. The characteristic
peaks of hydrogen atoms on the CH of the repeating struc-
tural units (c’ δ = 2.65 ppm) in DI-PDLA revealed that the
terminal hydroxyl group of PDLA was converted to car-
boxyl, and polymer DI-PDLA was obtained. Supplemen-
tary Fig. 1 shows the1H-NMR spectra of DI-PDLA, PTX,
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Fig. 2. GPC traces of (a) MPEG2000 and MPEG2000-PLLA6000; (b) MPEG5000, MPEG5000-PLLA2000, and MPEG5000-PLLA6000; (c)
PDLA and its derivative. Abbreviation: GPC, gel permeation chromatography.

Fig. 3. 1H-NMR spectra of PLLA, MPEG and MPEG-PLLA.

and PTX-PDLA-PTX. Characteristic peaks of both PTX
and DI-PDLA were observed in the 1H-NMR spectrum of
PTX-PDLA-PTX, indicating the formation of PTX-PDLA-
PTX.

The specific molecular weights and distribution
coefficients of PDLA and its derivatives are listed in Sup-
plementary Table 2. For the molecular weight, a specific
difference can be observed between the results calculated
from 1H-NMR and the measured values from GPC. This

could be attributed to the hydrodynamic gap between PDLA
and its derivatives and the GPC standard polystyrene.

The thermodynamic properties of the micelle-like
particles andMPEG-PLLAweremeasured byDSC (Fig. 5),
and the results confirmed the self-assembly of enantiomeric
PLA-based copolymers. The peak at a relatively high tem-
perature corresponds to the melting point of the PLA chain.
Owing to the formation of SCPLA, the melting point of
the PLA chain in 5-6 particles and 2-6 particles increased
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Fig. 4. 1H-NMR spectra of PDLA and DI-PDLA.

from 151.6 ◦C to 191.3 ◦C and from 143.0 ◦C to 189.0 ◦C,
respectively, after MPEG5000-PLLA6000 andMPEG2000-
PLLA6000 self-assembled with PTX-PDLA-PTX (Fig. 5a-
b). As shown in Fig. 5c, when MPEG5000-PLLA2000 re-
actedwith PTX-PDLA-PTX to obtain the SCPLA structure,
the melting point of the MPEG segment decreased from
56.7 ◦C to, 53.2 ◦C , as the PLLA chain hindered the crystal-
lization process of the MPEG chain. The PLA segment had
no melting peak because the PLA segment was markedly
short. These results are consistent with previously reported
results [45]. For comparison, after MPEG5000-PLLA6000

reacted with DI-PDLA without PTX, the melting point in-
creased from 142.4 ◦C to 189.4 ◦C (Fig. 5d), whichwas also
a great improvement, eliminating the possibility of PTX en-
hancing the melting point. These results demonstrate that
the structure of MPEG-SCPLA-PTX was obtained through
the reaction of MPEG-PLLA and PTX-PDLA-PTX or DI-
PDLA, linked via the structure of SC in the PLA segment.
Polymer particles with a hydrophilic shell were obtained
following the solution reaction.

The particle size and distribution of the drug-
loaded and blank copolymer particles were investigated by
DLS, as shown in Table 1 and Fig. 6. The DLS results
of drug-loaded and blank copolymer particles all displayed

narrow, single peaks and a normal distribution at a concen-
tration of 0.5 mg/mL, indicating that the particle size dis-
tribution was relatively concentrated. The average particle
size of 5-6 blank particles, 2-6 particles, 5-6 particles, and
5-2 particles was 78.8 nm, 141.3 nm, 111.4 nm, and 132.4
nm, respectively. The mean particle size of 5-6 blank parti-
cles was substantially smaller than that of the other particles
owing to a lack of PTX.

The relative molecular ratio of the components in
the copolymer demonstrated a marked impact on the mi-
cellar size. Comparing 5-6 particles with 2-6 particles, the
length of PLA at the hydrophobic end was consistent, and
accordingly, the hydrophobic core of the micellar particles
was equally large. The 5-6 particles presented a longer
MPEG chain that greatly improved the particle hydrophilic-
ity; hence, the particle size was less than that of 2-6 particles
(111.4 nm < 141.3 nm). Comparing 5-2 particles with 5-6
particles, the lengths of MPEG at the hydrophilic end were
similar. The 5-6 particles had a longer PLA chain where
more SCPLA was formed; accordingly, the particle size of
5-6 particles was less than that of 5-2 particles owing to the
curling of the chain segments (111.4 nm < 132.4 nm).

TEM images of 5-6 particles, 2-6 particles, 5-2
particles, and 5-6 blank particles are shown in Fig. 7a–d,
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Fig. 5. DSC curves of (a) MPEG5000-PLLA6000 and 5-6 particles; (b) MPEG2000-PLLA6000 and 2-6 particles; (c) MPEG5000-PLLA2000

and 5-2 particles; (d) MPEG5000-PLLA6000 and 5-6 blank particles. Abbreviation: DSC, differential scanning calorimetry.

Table 1. Particle size and distribution of drug-loaded and blank copolymer particles.
5-2 particles 5-6 particles 2-6 particles 5-6 blank particles

Average size 132.4 nm 111.4 nm 141.3 nm 78.8 nm

and the SEM images are shown in Fig. 7e–h. The as-formed
particles have a spherical morphology with an approximate
diameter of 100 nm. The size measured by DLS analysis
was slightly larger than that determined by TEM and SEM
images, and some particles with diameters larger than 200
nm were observed in the SEM images (Fig. 7g). This could
be attributed to the dehydration of the samples during the
preparation. Dehydration of the hydrophilic MPEG shell
particles resulted in smaller particles. However, micellar
aggregation resulted in several larger particles.

4.2 Drug loading analysis of particles

Based on these calculations, the PTX loading ef-
ficiencies for different particles are listed in Table 2. The
physical loading of PTX in 5-6 particles, 2-6 particles, and
5-2 particles is shown in Table 3. The loading content of

PTX in 2-6 particles reached 20.11%. Drug loading ratio
of the chemical method On comparing 5-6 particles with
5-2 particles, it was observed that the larger the molecular
weight of PLA, the higher the drug loading content of PTX.

4.3 CMC of particles

The fluorescence emission spectra of the pyrene
probe in 5-6 particles, 2-6 particles, 5-2 particles, and 5-
6 blank particles at different polymer solution concentra-
tions are shown in Supplementary Fig. 3. The maximum
peak intensity ratio I335/I333 in the excitation spectrum
was plotted against the logarithm of the polymer concen-
tration, and each sample exhibited an S-shaped curve, as
shown in Fig. 8.

The CMC of drug-loaded 5-6 particles, 2-6 parti-
cles, 5-2 particles, and 5-6 blank particles were 1.4× 10−3
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Fig. 6. Particle size and distribution of drug-loaded and blank copolymer particles.

Fig. 7. TEM a-d and SEM e-h images of particles. (a,e) 5-6 particles; (b,f) 2-6 particles; (c,g) 5-2 particles; (d,h) 5-6 blank particles. Abbreviation:
TEM, transition electron microscopy; SEM, scanning electron microscopy.

g/L, 1.0 × 10−3 g/L, 2.1 × 10−3 g/L, 2.5 × 10−3 g/L, re-
spectively. The CMC values of the PTX-loaded particles
were lower than those of the blank particles. This could be
attributed to the hydrophobicity of PTX, which helps sta-
bilize the particles. 5-6 particles and 2-6 particles with the
same PLA segment length were compared, and the CMC
value of 5-6 particles (1.4 × 10−3 g/L) was higher than

that of 2-6 particles (1.0 × 10−3 g/L). This is because 5-6
particles have a higher molecular weight of MPEG, indicat-
ing stronger hydrophilicity. The stronger the hydrophilicity
of the chain segment, the more difficult it is to form mi-
celles. On comparing the CMC value of 5-6 particles (1.4
× 10−3 g/L) with 5-2 particles (2.1 × 10−3 g/L), particles
with longer PLA segments have smaller CMC values when
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Table 2. Theoretical total drug loading efficiency (TTLE) of PTX for the three particles.
2-6 particles 5-2 particles 5-6 particles 5-6 blank particles

TTLE (%) 20.11 11.65 17.22 0.0

Table 3. Physical loading and chemical loading of drug-loaded particles.
Drug loading ratio 5-6 particles 5-2 particles 2-6 particles

Physical embedding method (%) 5.94 4.89 5.74
Chemical embedding method (%) 94.06 95.11 94.26

Fig. 8. Curves of maximum excitation peak intensity ratio I335 nm/I333 nm of micellar aqueous solution on the logarithm of concentration. (a)
5-6 particles. (b) 2-6 particles. (c) 5-2 particles. (d) 5-6 blank particles.

the length of the MPEG hydrophilic segment is the same.
Longer PLA segments lead to enhanced hydrophobicity of
particles, and hydrophobic interactions facilitate the forma-
tion of particles and decrease the CMC.

4.4 In vitro release studies of particles

As shown in Fig. 9 and Table 4, 5-2 particles had
the largest cumulative PTX release percentages of 52.0%
at 216 h. The cumulative release rate reached 20%–30%
of the drug-loaded particles in the first 50 h, meeting the
clinical need for achieving an effective blood concentration
of 0.01 µM–0.1 µMwithin a short period, ranging between

8.54 µg/L and 85.4 µg/L in the present study. The drug
showed a sustained and approximately linear release dur-
ing subsequent release experiments, with a cumulative re-
lease of 37%–52% at 216 h. The release process was grad-
ual with no sudden release. This controlled release effect
can be attributed to the chemical linking between PTX and
PLA, indicating that PTX can be released only through hy-
drolysis and the rupture of chemical bonds. Furthermore,
the low CMC, based on the analysis in Section 4.3, renders
the particles more stable, and the drug release is more sus-
tained.
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Fig. 9. Cumulative release percentage-release time curve of the in vitro release of 5-2, 5-6, and 2-6 particles at 216 h.

Table 4. Cumulative PTX release percentages at 216 h.
5-6 particles 5-2 particles 2-6 particles

Release 51.5% 52.0% 37.7%

By comparing 5-6 particles with 2-6 particles, we
observed that 5-6 particles presented a faster release of PTX
than 2-6 particles. This may be attributed to the improved
hydrophilicity of micellar nanospheres with longer MPEG
segments. Improved hydrophilicity promotes hydrolysis of
ester bonds between PTX and PDLA, facilitating the re-
lease of PTX. On comparing 5-6 particles with 5-2 parti-
cles, we found that the molecular weight of PLA minimally
influenced the release rate. Thus, increasing the molecular
weight of MPEG promoted the release of PTX.

The performances of the different types of PTX-
loaded particles are listed in Table 5 (Ref. [30, 32, 46–49])
[46–51]. In the present study, relatively high loading ef-
ficiency and controlled release of PTX were achieved by
preparing biodegradable PLA-based particles. Moreover,
the amount of PTX loaded can be adjusted by modulating
the PLLA chain length, and the release rate can be adjusted
by adjusting the chain length of the MPEG in the MPEG-
PLLA segment.

4.5 Tumor cell inhibition tests

Cell viability, excessive ROS generation, increase
in mitochondrial depolarization, and cellular uptake of
drugs were used to characterize the tumor cell inhibitory
effects of PTX and PTX-loaded particles (Fig. 10).

4.5.1 Cell viability

As shown in Fig. 10a, PTX significantly decreased
cell viability at 0.05 mg/L and higher concentrations. And
5-6 particles, 2-6 particles, and 5-2 particles decreased cell
viability at 0.1 mg/L, 0.5 mg/L and 0.2 mg/L, respectively.
At a concentration of 0.6 mg/L and lower, PTX induced
greater cytotoxicity than the drug-loaded particles due to
its burst release effect, which is undesirable in clinical ap-
plications. 5-6 particles and 5-2 particles induced higher
cytotoxicity than PTX and 2-6 particles at concentrations
above 0.8 mg/L with increasing exposure concentrations,
demonstrating the controlled release process of drug-loaded
particles.

4.5.2 Intracellular reactive oxygen species (ROS) level

Excessive ROS generation, an important indica-
tor for monitoring cancer cells, can induce cell damage by
destroying cellular proteins, lipids, and nucleic acids, af-
fecting normal cellular signaling pathways and gene reg-
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Table 5. Performance comparison of PTX-loaded particles formulated in the present study and PTX particles in the literature.
PTX loading method Particle size (nm) CMC (g/L) Release rate Maximum drug load (%)

Chemical methods
Click chemistry of azide-alkynyl groups 10–100 / 65% at 72 h 23.2 [32]

Ester bond 180–210 2.5 × 10−3 / 16.0 [46]
Ester bond 130 6.3 × 10−4 50–55% at 216 h 10.0 [47]

Physical methods
Lipophilicity of PTX 2–3 × 103 / / 10.8 [48]
Lipophilicity of PTX 96 0.8 × 10−3 95–100% at 45 h 10.6 [30]
Lipophilic of PTX / / 74–88% at 24 h 4.6 [49]

Particles in this paper Ester bond 110–130 1.0–2.5 × 10−3 37–52% at 216 h 20.11

Fig. 10. (a) Cell viability, (b) normalized DCF fluorescence values, (c) mitochondrial membrane potential, and (d) normalized LysoTracker
fluorescence values after 24 h exposure to PTX, 5-6 particles, 2-6 particles, and 5-2 particles.

ulation [50]. Intracellular ROS generation was measured
using DCF fluorescence (Fig. 10b). Following exposure to
PTX and PTX-loaded particles, intracellular ROS genera-
tion significantly increased. The lowest effective concen-
tration of ROS generation for PTX and three drug-loaded
particles were 0.05 mg/L and 0.5 mg/L.

4.5.3 Cell Apoptosis

The increase in mitochondrial depolarization was
determined by the decrease in the red/green fluorescence
intensity ratio (Fig. 10c). PTX and other particles all indi-
vidually decreased the red/green ratio of JC-1 value ratio at
0.01 mg/L, 0.5 mg/L, and higher concentrations, indicating
the occurrence of mitochondrial depolarization and poten-
tial cell apoptosis.
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Fig. 11. Cell viability comparison with and without positive inhibitors. (a) MK571 as a positive inhibitor; (b) psc833 as a positive inhibitor.

4.5.4 Cell uptake of drugs

The cellular uptake of drugs was measured using
the cell dye LysoTracker, which can indirectly determine
the number of lysosomes (Fig. 10d). The results showed
that exposure to PTX and drug-loaded particles signifi-
cantly increased the number of lysosomes in HeLa cells.
For PTX, the lowest effective concentration was 0.2 mg/L.
For 5-6 particles, 2-6 particles, and 5-2 particles, the lowest
effective concentrations were 0.6 mg/L, 0.5 mg/L, and 0.5
mg/L, respectively.

Generally, the lowest effective concentrations for
the three particles are 0.5 mg/L, approximately. Further-
more, 2-6 particles caused lower cytotoxicity than 5-6 parti-
cles and 5-2 particles, whichmight be attributed to the lower
release percentage (Table 4) and larger size (Fig. 6), which
limits the number of drugs that enter the cell.

4.5.5 Membrane Transporter Activity

In the present study, MK571 and psc833, in-
hibitors of MRPs and P-gp transporter activity, were se-
lected as positive controls. According to the significance
test results (P < 0.001), the addition of MK571 did not in-
fluence the cytotoxicity of PTX alone (Fig. 11a). Moreover,
PTX altered cell viability by inhibiting P-gp, whereas the
three PTX-loaded micelles inhibited P-gp and MRP, indi-
cating that P-gp is a transporter for PTX and drug-loaded
micelles (Fig. 10b). However, MRP is not a PTX trans-
porter.

CAM is a substrate of ABC transporters [51] and
can be metabolized into calcein, which is not an ABC trans-
porter substrate and is fluorescent; thus, it gets trapped in
the cytoplasm. If the activity of ABC transporters is in-
hibited, calcein tends to accumulate, increasing the fluores-
cence values. The results of CAM accumulation induced

by carrier material of PTX, PTX, 5-6 particles, 2-6 parti-
cles, and 5-2 particles exposure in HeLa cells are shown in
Fig. 12.

When the carrier material is exposed to cells alone,
CAM accumulation does not occur (Fig. 12a). Exposure of
HeLa cells to PTX, 5-6 particles, 2-6 particles, and 5-2 par-
ticles increased the fluorescence values of CAM (Fig. 12c–
e), indicating inhibition of ABC transporter activity. Fur-
thermore, PTX, 5-6 particles, 2-6 particles, and 5-2 parti-
cles showed highly statistically significant differences (P
< 0.001) at 0.8 mg/L, 0.8 mg/L, 0.5 mg/L, and 0.8 mg/L,
respectively, meaning the lowest concentrations at which
CAM accumulated was 0.8 mg/L, 0.8 mg/L, 0.5 mg/L, and
0.8 mg/L.

It could be postulated that when the drug-loaded
particles enter cells, they are engulfed by lysosomes
(Fig. 13), releasing PTX from the loading materials. The
drug and drug-loaded particles entering cells induce oxida-
tive stress by disturbing the balance between oxidant and
antioxidant processes, such as the glutathione system. Sub-
sequently, the generated ROS destroy the mitochondria and
stimulate the production of lysosomes, inhibit cancer cell
proliferation, and promote apoptosis.

5. Conclusions

This is the first study to propose a method for
combining PTX-PDLA-PTX and MPEG-PLLA to prepare
MPEG-SCPLA-PTX drug-loaded particles via a combina-
tion of chemical embedding and stereocomplexation. The
average particle size was approximately 100 nm, which is
suitable for human administration. Its low CMC (1.0–2.5×
10−3) rendered it more stable and long-lasting in body fluid
post dilution. In the simulated human environment, the cu-
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Fig. 12. Relative CAM fluorescence of (a) carrier material; (b) PTX; (c) 5-6 particles; (d) 2-6 particles; and (e) 5-2 particles. Abbreviation: CAM,
calcein-AM; PTX, paclitaxel.

Fig. 13. Controlled release of PTX by MPEG-SCPLA-PTX particles in HeLa cells.

mulative release percentages of PTX from 5-6 particles, 2-
6, and 5-2 particles were 51.5%, 37.7%, and 52.0% in 216
h, respectively. The entire release process was relatively
gentle without burst release, meeting the requirements for
sustained release. Moreover, the drug loading rate of 2-
6 was 20.11%, which was as high as those observed with
other methods. The PTX loading rate can be regulated by

changing the lengths of PDLA and PLLA in the copolymer.
Moreover, the tumor inhibition effect was better than that
of PTX alone. In summary, the bio-based MPEG-SCPLA-
PTX exhibiting a high PTX loading rate and controlled re-
lease performance is a promising macromolecular carrier
for PTX.
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