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Abstract: Docetaxel (DTX) has excellent efficiency against a wide spectrum of cancers. 

 However, the current clinical formulation has limited its usage, as it causes some severe side 

effects. Various polymeric nanoparticles have thus been developed as alternative formulations 

of DTX, but they have been mostly fabricated on a laboratory scale. Previously, we synthesized 

a novel copolymer, poly(lactide)-D-α-tocopheryl polyethylene glycol 1000 succinate (PLA-

TPGS), and found that it exhibited great potential in drug delivery with improved properties. 

In this study, we applied the Shirasu porous glass (SPG) membrane-emulsification technique 

to prepare the DTX-loaded PLA-TPGS nanoparticles on a pilot scale. The effect of several 

formulation variables on the DTX-loaded nanoparticle properties, including particle size, zeta 

potential, and drug-encapsulation efficiency, were investigated based on surfactant type and 

concentration in the aqueous phase, organic/aqueous phase volumetric ratio, membrane-pore size, 

transmembrane cycles, and operation pressure. The DTX-loaded nanoparticles were obtained 

with sizes of 306.8 ± 5.5 nm and 334.1 ± 2.7 nm (mean value ± standard deviation), and drug-

encapsulation efficiency of 81.8% ± 4.5% and 64.5% ± 2.7% for PLA-TPGS and poly(lactic-

co-glycolic acid) (PLGA) nanoparticles, respectively. In vivo pharmacokinetic study exhibited 

a significant advantage of PLA-TPGS nanoparticles over PLGA nanoparticles and Taxotere. 

Drug-loaded PLA-TPGS nanoparticles exhibited 1.78-, 6.34- and 3.35-fold higher values for 

area under the curve, half-life, and mean residence time, respectively, compared with those of 

PLGA nanoparticles, and 2.23-, 13.2-, 8.51-fold higher than those of Taxotere, respectively. In 

vivo real-time distribution of nanoparticles was measured on tumor-bearing mice by near-infrared 

fluorescence imaging, which demonstrated that the PLA-TPGS nanoparticles achieved much 

higher concentration and longer retention in tumors than PLGA nanoparticles after intravenous 

injection. This is consistent with the pharmacokinetic behavior of the nanoparticles. The tumor-

inhibitory effect of DTX-loaded nanoparticles was observed in vivo in an H22 tumor-bearing 

mice model via intravenous administration. This indicated that PLA-TPGS nanoparticles are 

a feasible drug-delivery formulation with a pilot fabrication technique and have superior phar-

macokinetic and anticancer effects compared to the commercially available Taxotere.

Keywords: SPG membrane emulsification, nanoparticles, docetaxel, pharmacokinetics, 

 antitumor activity

Introduction
Docetaxel (DTX), well known for its anticancer properties for over a decade, has excel-

lent therapeutic efficiency against a wide spectrum of cancers.1,2 However, its poor 

water solubility limits its clinical use.3 The currently available dosage formulation is as 

an injection with Tween 80 and anhydrous ethanol as the cosolvents, which have been 

proved to cause some severe side effects.1,4 It is essential to develop a drug-delivery 
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system (DDS) that will reduce the side effects and improve 

its therapeutic efficiency. Nanotechnology is being widely 

applied, and the nanocarriers for drug can not only increase 

drug solubility but also accumulate in tumor tissue through 

the well-known enhanced-permeability-and-retention effect.5 

As a result, the therapeutic effects can be greatly improved. 

Many nanosized DTX formulations, such as liposomes, 

prodrugs, polymeric nanoparticles, and micelles, have been 

investigated and shown improved therapeutic efficiency.3,6–12 

Among these, polymeric nanoparticles have been found to 

offer better stability, high drug-loading efficiency (DLE), 

small particle size, and preferable in vivo pharmacokinet-

ics/pharmacodynamics.13,14 Poly(lactic acid) (PLA) and 

poly(lactide-co-glycolide) (PLGA) have been widely used in 

DDS because they are approved as good biodegradability and 

biocompatibility agents by the US Food and Drug Administra-

tion (FDA).15,16 However, the disadvantages of hydrophobicity 

and fast clearance after injection have limited their applica-

tions in vivo.17 To overcome these drawbacks, we designed 

a novel biodegradable copolymer: PLA-D-α-tocopheryl 

polyethylene glycol 1000 succinate (PLA-TPGS).13 TPGS 

has been widely investigated for its emulsifying, dispersing, 

gelling, and solubilizing effects on poorly water-soluble 

drugs. It can also act as a P-glycoprotein inhibitor, and has 

served as an excipient for overcoming multidrug resistance 

and for increasing the oral bioavailability of many antican-

cer drugs. Since TPGS has been approved by the FDA as a 

safe pharmaceutic adjuvant, many TPGS-based DDSs have 

been developed. The PLA-TPGS copolymer brings the 

special properties of TPGS, and the resultant PLA-TPGS 

nanoparticles have exhibited superiority over ordinarily used 

PLGA nanoparticles, eg, long circulation time in vivo after 

intravenous administration, enhanced oral bioavailability, and 

increased cellular uptake by cancer cells.18,19

Although PLA-TPGS nanoparticles are reported to possess 

many advantages and have shown great potential in clinical 

use, their fabrication methods have been based on lab-scale 

methods, such as solvent extraction/evaporation, nanopre-

cipitation, and dialysis.18,20,21 This limits their applications in 

clinical therapy, due to the nonreplicability on the pilot scale. 

Recently, some new methods have been developed, including 

a newly upgraded microfluidic method,17,18 particle replica-

tion in nonwetting templates,19 and membrane- emulsification 

techniques20 to produce a uniform and controlled-size 

nanoparticle and show potential in pilot-scale production. 

The membrane-emulsification technique, also called the 

Shirasu porous glass (SPG) membrane-emulsification tech-

nique, which was proposed by Nakashima et al,22 has been 

widely used to produce  microcapsules/microspheres,23,24 

 nanocapsules/nanoparticles,23,25 nanoemulsions,26 and 

 liposomes27 with sharp size  distribution. SPG membrane 

is more effective than classical membranes because of its 

material and regenerative properties.28 It is also feasible for 

more advanced preparation of nanoparticles, with reduced 

cost and good productivity and reproducibility.29

In this study, the aim was to bring DTX-loaded PLA-

TPGS nanoparticles from the lab scale to the pilot scale by 

SPG membrane emulsification. Variable parameters have 

been investigated on optimization, including surfactant type 

and concentration in the aqueous phase, organic/aqueous 

phase volumetric ratio, membrane-pore size, transmembrane 

cycles, and operation pressure. Optimized lab-scale formu-

lation parameters would be used to produce PLA-TPGS 

and PLGA nanoparticles on a large scale for animal tests. 

Particle size, polydispersity index (PDI), encapsulation 

efficiency (EE) of the drug, and in vitro drug release of the 

nanoparticles were characterized. The antitumor efficiency, 

in vivo pharmacokinetics, and distribution of DTX-loaded 

PLA-TPGS nanoparticles were also measured in comparison 

with DTX-loaded PLGA nanoparticles and commercial drug 

formulations of Taxotere.

Materials and methods
Materials
DTX (.99.9%, Figure 1) was supplied by Jinhe Biotechnology, 

Hohhot, People’s Republic of China, PLGA (Resomer 

RG503H) was procured from Boehringer Ingelheim, 

Ingelheim, Germany. Pluronic F68, TPGS, polyvinyl alco-

hol (PVA; molecular weight 30,000–70,000), DIR iodide 

(1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine 

iodide, an insoluble near-infrared fluorescence dye; Figure 1), 

and dichloromethane (DCM) were purchased from Sigma-

Aldrich, St Louis, MO, USA. Methanol and acetonitrile 

of high-performance liquid chromatography (HPLC) 

grade were supplied by Tang Ying (Fairfield, OH 50372, 

Japan). SPG membrane was bought from SPG Technology 

(Miyazaki, Japan). The SPG membrane device was supplied 

by the Institute of Process Engineering, Chinese Academy 

of Sciences.

Murine hepatic carcinoma cell line H22 was purchased 

from the Shanghai Institute of Cell Biology (Shanghai, 

People’s Republic of China). Male Sprague Dawley rats of 

weight 200 ± 20 g and Kunming mice of weight 20 ± 2 g were 

purchased from the laboratory animal center of Huazhong 

University of Science and Technology (Wuhan, People’s 

Republic of China). They were kept at a temperature of 
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25°C ± 1°C, relative humidity of 50%–60% and in 12-hour 

light–dark cycles. All the animals were starved for 12 hours 

before the experiment. All animal tests were performed in 

accordance with the institutional ethics committee regula-

tions and guidelines on animal welfare.

Synthesis of PLA-TPgS copolymer
PLA-TPGS copolymer was synthesized by ring-opening 

synthesis of lactide monomer and TPGS with stannous 

octoate as the catalyst (Figure 2). The selected weight ratio 

of lactide:TPGS was 15:85. Lactide (10.2 g), TPGS (1.8 g), 

and 0.5% stannous octoate (0.06 g) were added to a 20 mL 

ampoule. The mixture was evacuated and sealed off in a 

nitrogen atmosphere. Then, the ampoule was heated in a 

silicone-oil bath for 12 hours at 145°C. The reacted product 

was dissolved in DCM and precipitated in cold methanol to 

remove the unreacted lactide and TPGS. The final products 

were vacuum-dried at 45°C for 2 days and characterized by 

hydrogen-1 nuclear magnetic resonance (1H-NMR) (ACF300; 

Bruker, Billerica, MA, USA) analysis. Yield was 74.1%.

Preparation of DTX-loaded nanoparticles 
by SPG emulsification technique
The experimental setup of SPG membrane emulsifica-

tion includes an inlet orifice, premix reservoir, a pressure 

 vessel, SPG membrane, and an outlet orifice (Figure 3A). 

The membrane was ultrasonicated in deionized water for 

30 minutes before operation. DTX-loaded nanoparticles 

were prepared by combining pre-emulsification and SPG 

membrane- emulsification methods. The organic phase con-

taining polymer (15 mg/mL) and DTX (5 wt%) was added 

into the aqueous phase with a certain amount of surfactant 

by magnetic stirring to get the coarse emulsions. Then, the 

premix emulsions were poured into the membrane apparatus. 

By virtue of the extra nitrogen pressure, the emulsions passed 

through the membrane to form homogeneous droplets. The 

flow of the emulsions across the membrane is described in 

Figure 3B.

The nanoparticle suspension was collected from the dis-

charge orifice and then stabilized overnight under magnetic 

stirring. The suspension was centrifuged at 11,500 rpm for 

30 minutes and washed three times by continuous centrifuga-

tion to remove the surfactant and free drug. The channel and 

membrane were washed using ethyl acetate and deionized 

water after the process. The SPG membrane can be further 

regenerated under ultrasonication and high temperature. 

The preparation of nanoparticles was repeated three times. 

The SPG membrane dimensions were as follows: 0.125 m 

in length, 10 m−2 in inner diameter, and 10 m−3 in thickness. 

The nanoparticles were prepared under different conditions, 
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used in the fabrication. DLE was also considered, as shown 

in formula (2). EE is a good index on drug encapsulation in 

nanoparticles on the lab scale. DLE exhibits good indication 

on drug recovery from fabrication for the pilot scale.

EE
Amount of drug loaded in nanoparticle

Theoretical amount of drug
=

iin nanoparticle
×100%

 
(1)

DLE
Total amount of drug re ered in nanoparticles

Total amount of
=

cov

ddrug in feeding

× 100% (2)

In vitro release behavior

To determine the in vitro drug-release behavior, 15 mg of 

the DTX-loaded nanoparticles was dispersed into 5 mL of 

phosphate-buffered saline (PBS) solution of pH 7.4 to form 

a suspension. The suspension was then put into a dialysis bag 

(molecular weight cutoff 3,500 Da) containing 50 mL PBS 

as dialysis solution and transferred into a 37.2°C water bath 

shaking at 120 rpm. At allocated time intervals, 10 mL of 

dialysis solution was withdrawn, and this volume replaced by 

the addition of fresh PBS into the setup. The DTX concentra-

tion was determined by the same procedure as EE.13

Pharmacokinetic study
The pharmacokinetics of Taxotere- and DTX-loaded nano-

particles was studied using male Sprague Dawley (SD) rats 

weighing 200 ± 20 g. The SD rats were divided into three 

groups (n = 4). The rats were injected intravenously with 

 Taxotere, DTX-loaded PLGA, and PLA-TPGS nanopar-

ticles, at a dose of DTX 10 mg/kg each. Blood samples 

were collected into Eppendorf tubes with heparin at 

30 minutes and 1, 2, 4, 8, 12, and 24 hours for the Taxotere 

group and further collected for DTX-loaded nanoparticle 

groups after 2, 3, 5, 7, 10, and 14 days. The collected 

blood samples were centrifuged to obtain the plasma and 

stored at −20°C until analysis. The DTX concentrations 

in plasma were analyzed by HPLC with norethindrone as 

the internal standard added to the plasma sample. Then, 

the mixture was extracted by 1 mL methyl tertiary butyl 

ether and vortexed for 5 minutes. Upon centrifugation 

at 11,000 rpm for 5 minutes, the supernatant was col-

lected and dried at 37°C using a N-EVAP MTN-2800D 

(AutoScience,  Tianjin, People’s Republic of China). The 

residue was dissolved in the mobile phase (acetonitrile/

water solution, 50/50, v/v), and centrifuged at 11,000 

rpm for 5 minutes. Twenty microliters of supernatant was 

SPG
membrane

High pressure

Porous membranePre-emulsification

B

A

Premix reservoir

Inlet valve

Vent valve

Inlet orifice

Figure 3 (A and B) Schematic diagram of Shirasu porous glass (SPg) membrane 

emulsification. (A) SPG membrane-emulsification apparatus; (B) membrane-

emulsification principle.

being: kinds of surfactant (PVA, TPGS, and F68), the volu-

metric ratio of organic phase to aqueous phase (1:10, 1:15, 

and 1:20), transmembrane cycles (1, 2, 3, 4, and 5), operation 

pressure (0.6, 1.0, and 1.2 MPa), and pore sizes of membrane 

(0.5 µm, 0.8 µm, 1.0 µm, and 1.5 µm).

Nanoparticle characterization
Particle size, size distribution, and zeta potential

The prepared nanoparticles were measured by laser light 

scattering (DB-525 ZetaPALS; Brookhaven Instruments, 

Holtsville, NY, USA) for particle size, size distribution, 

and zeta potential. A typical result was obtained based on 

the average from three runs, and the measurement was per-

formed at 20°C.

Drug-encapsulation efficiency
The quantitative analysis of DTX was done by HPLC 

(L-2000; Hitachi, Tokyo, Japan). A reverse-phase Inertsil 

ODS-3 C
18

 column (150 × 4.6 mm, pore size 5 µm; Agilent 

Technologies, Santa Clara, CA, USA) was used. The flow 

rate of the mobile phase was 1 mL/minute, and the column 

effluent was detected at 227 nm with an ultraviolet  detector. 

Three milligrams of nanoparticles were dissolved in 1 mL 

DCM, and then volatilized in a fume hood overnight. Two 

milliliters of mobile phase (acetonitrile/water solution  

50/50, v/v) was added to reconstitute the sample. The solu-

tion was centrifuged at 11,500 rpm for 5 minutes, and the 

supernatant was further filtered through a 0.22 µm membrane 

before HPLC analysis. EE was obtained from the weight 

ratio between the drug entrapped in nanoparticles and that 
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used for the analysis. The standard curve was linear and 

ranged from 0.05 to 50 µg/mL (R2 = 0.9991). The analysis 

was operated by an Agilent system with a Hypersil ODS 

column (5 µm, 4.6 × 150 mm) at 30°C with the wave-

length set at 227 nm. The mobile phase was acetonitrile 

and water (50/50, v/v) at a rate of 1.0 mL/minute. The 

pharmacokinetic parameters were calculated by the drug 

and statistics (DAS) software (version 2.1.1; Mathematical 

Pharmacology Professional  Committee, Shanghai, People’s 

Republic of China).

In vivo biodistribution
DIR-loaded nanoparticles were fabricated by a similar proce-

dure as DTX-loaded nanoparticles and used to investigate the 

biodistribution in the armpit of tumors of H22 cell-bearing 

male mice. The H22 hepatic cancer cells (2 × 106 cells/

mouse) were subcutaneously transplanted into the right axilla 

of mice. When the tumor volume reached a size of about 

150 mm3, the mice were injected with physiological saline, 

DIR-loaded PLGA, and PLA-TPGS nanoparticles at a dose 

of DIR 0.1/kg body weight via the tail vein. The animals 

were anesthetized by isoflurane inhalation. Fluorescence 

of injected DIR-loaded nanoparticles was visualized using 

Caliper IVIS in vivo fluorescence imaging system (Lumina 

XR; PerkinElmer, Waltham, MA, USA) with an excitation 

filter at 704 nm and an emission filter at 750 nm. Scans were 

conducted at 1, 2, 4, 6, 8, and 24 hours after intravenous 

administration. Exposure time was 1,000 milliseconds per 

cube. After in vivo imaging, the mice were killed at 24 hours, 

and heart, liver, spleen, lungs, kidneys, and tumors were 

excised. The near-infrared fluorescence-signal intensities in 

different tissues were obtained.

Tumor-growth inhibition
The animal model used was H22-transplanted solid tumor-

bearing mice (5–7 weeks old, 18–20 g). The mice were 

subcutaneously injected at the lower right axilla with 0.1 mL 

H22 cell suspension containing 107 cells. After inoculation, 

the tumor volume in each mouse was closely watched and 

measured by vernier calipers every day and calculated as 

L × W2/2, where W is the width and L is the tumor length. 

The mice were randomly divided into four groups (n = 7) 

after the tumor volume grew to 100–150 mm3. This was noted 

as day 1. The mice were injected intravenously through the 

tail vein with saline, Taxotere, and DTX-loaded PLA-TPGS 

and PLGA nanoparticles at a dose of 10 mg/kg on days 1, 

3, 5, and 7. Tumor size was measured every day to evalu-

ate antitumor efficiency. To monitor potential toxicity, the 

body weight of each mouse was also measured every day. 

For humane reasons, mice were killed when tumor length 

increased beyond 20 mm.

Statistical analysis
Data were expressed as means ± standard deviation. Paired 

two-tailed Student’s t-tests were used to compare quantitative 

data. Tumor growth was statistically evaluated by repeated 

measures. If the P-value was less than 0.05, the differences 

were considered significant.

Results and discussion
The synthesis and characterization  
of PLA-TPgS copolymer
The synthesized PLA-TPGS copolymer was characterized 

by 1H-NMR (Figure 4). The signals at 5.2, 1.69, and 3.65 

ppm were assigned to the −CH protons, methyl proton −CH
3
 

of PLA, and −CH
2
 protons of the polyethylene glycol part of 

TPGS, respectively. The other peaks of TPGS could be also 

noted in the spectrum. The average molecular weight calculated 

from NMR was 11,000, which was a little higher than the 

theoretical Mn of PLA-TPGS (10,013). This may have been 

caused by the existence of di-TPGS (~10%) in commercial 

TPGS, which could not induce ring-opening polymerization.

Effects of process variables on 
preparation of DTX-loaded nanoparticles
Effects of surfactant quantity and type
The emulsif ier is vital to the preparation of nanopar-

ticles by the SPG membrane technique, as it affects 
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the viscosity of the formulation and interfacial tension 

between the organic phase and aqueous phase.26,30 A typi-

cal surfactant, PVA, was used to investigate the effects 

of surfactant concentrations in the aqueous phase. The 

results are shown in Table 1. With the increase in PVA 

concentration, the nanoparticles became smaller and 

more homogeneous.31 This is because the surfactant was 

able to form a molecular layer in the oil–water interface, 

which protected the nanoparticles from aggregation. 

However, sizes increased again if the concentration was 

higher than 1%. PVA concentration that is too high may 

increase the viscosity of preemulsion and diff iculty in 

passing through the membrane pores. This increases by 

two- to fivefold the duration required to prepare a similar 

amount of nanoparticle emulsion. Furthermore, the DLE 

values signif icantly decreased from 48.4% ± 3.3% for 

0.5% PVA-emulsif ied nanoparticles to 32.7% ± 2.8% 

and 29.3% ± 3.1% for 1% and 2% PVA-emulsif ied 

nanoparticles, respectively. EE also decreased from 

81.8% ± 4.5% for 0.5% PVA-emulsif ied nanoparticles 

to 49.7% ± 8.2% for 2% PVA-emulsif ied nanopar-

ticles. Therefore, the optimized PVA concentration was 

f ixed at 0.5% in the aqueous phase in our consecutive 

experiments.

Three principally used surfactants – PVA, TPGS, 

and Pluronic F68 – were investigated on fabricating 

nanoparticles. Surfactant concentrations chosen were 0.5%, 

1% and 2%, respectively, according to our preliminary 

tests. The effects of the different surfactants on size, PDI, 

and EE are shown in Table 1. The nanoparticles prepared 

with TPGS and F68 as emulsifier had larger particle sizes 

with lower EE and DLE compared with PVA at the same 

concentration. PVA 0.5% in aqueous solution was selected 

as the preferred emulsifier.

Effects of the volumetric ratio of organic phase  

to aqueous phase
The results of PLGA nanoparticles prepared by different 

volumetric ratios are shown in Table 2. It is evident that the 

PDI and size reduced at higher volumetric ratios of organic 

phase to aqueous phase. This means that an increase in the 

volume of the water phase corresponded with a decrease in 

the concentration of emulsion. This prevents the nanopar-

ticles from cracking and aggregation.32 Although particle 

size increased from 259.5 ± 3.1 nm at a w/o ratio of 1:10 up 

to 306.8 ± 5.5 nm at a w/o ratio of 1:15, EE and DLE were 

significantly enhanced from 53.0% ± 3.7% and 29.9% ± 4.8% 

to 81.8% ± 4.5% and 48.4% ± 3.3% at a ratio of 1:15, 

respectively. Furthermore, nanoparticles fabricated under 

the higher w/o ratio of 1:20 yielded the largest particle sizes 

and decreased DLE. Therefore, the optimized w/o ratio was 

chosen as 1:15 to get the highest EE and DLE and appropri-

ate particle size.

Effects of transmembrane cycles

The effects of the transmembrane cycles are displayed in 

Table 3. At constant pressure, the most important factor in 

the determination of size and DLE was the transmembrane 

cycle. When the preemulsion passed through the membrane 

fewer than three times, the size would be more than 300 nm 

and the PDI above 0.1. When the preemulsion passed through 

the membrane more than three times, more homogeneous 

Table 1 Effects of surfactant type and surfactant concentration in aqueous phase in fabricating DTX-loaded PLA-TPGS nanoparticles 
on size, PDI, EE, and DLE

Surfactant Concentration  

(wt%)

Mean diameter 

(nm)

PDI EE (%) DLE (%)

PVA 0.1 387.8 ± 6.7 0.210 ± 0.340 80.3 ± 8.9 17.1 ± 2.1

0.5 306.8 ± 5.5 0.098 ± 0.064 81.8 ± 4.5 48.4 ± 3.3

1 250.6 ± 15.7 0.078 ± 0.018 63.8 ± 7.1 32.7 ± 2.8

2 237.6 ± 13.5 0.104 ± 0.023 49.7 ± 8.2 29.3 ± 3.1

F68 0.5 435.8 ± 15.0 0.162 ± 0.061 30.9 ± 3.3 2.2 ± 1.0

1 397.0 ± 5.0 0.195 ± 0.020 21.8 ± 1.6 5.6 ± 4.8

2 346.8 ± 4.9 0.235 ± 0.072 11.9 ± 4.9 3.9 ± 2.3

TPgS 0.5 306.8 ± 6.3 0.125 ± 0.076 33.2 ± 5.7 3.2 ± 1.8

1 275.1 ± 4.5 0.005 ± 0.002 27.4 ± 1.7 7.2 ± 1.5

2 256.1 ± 8.7 0.004 ± 0.003 16.9 ± 2.2 4.9 ± 1.3

Notes: The volumetric ratio of organic phase to aqueous phase was 1:15 (v/v), the membrane-pore size was 1.0 µm, and the transmembrane pressure was 1.0 MPa in three 

cycles.

Abbreviations: PLA-TPgS, poly(lactide)-d-α-tocopheryl polyethylene glycol 1000 succinate; DTX, docetaxel; PVA, polyvinyl alcohol; PDI, polydispersity index; 
EE, encapsulation efficiency; DLE, drug-loading efficiency; F68, pluronic; TPGS, d-α-tocopheryl polyethylene glycol 1000 succinate.
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cause small droplets to be destroyed, resulting in low 

recovery. The highest EE and DLE values obtained were 

81.8% ± 4.5% and 48.4% ± 3.3% for 1.0 MPa. Therefore, 

1.0 MPa was selected to be the optimized transmembrane 

pressure.

Effects of membrane pore

The SPG membrane is the unit of breakup in the extrusion 

technique. When a marginal distribution of membrane 

pore sizes is used, uniform sized nanoparticles can be 

produced.31 A difference in membrane-pore size may affect 

the emulsion-disruption process and yield nanoparticles 

with nonuniform sizes. The experiment was conducted with 

four mean sizes of SPG membranes: 0.5 µm, 0.8 µm, 1 µm, 

and 1.5 µm. The particles fabricated after passing through 

different pore-size membranes are shown in Table 5. It 

is obvious that smaller nanoparticles were obtained with 

decreased membrane-pore sizes.30,34 Exceedingly small pore 

size of 0.5 µm increased the duration of time to produce a 

similar amount of nanoparticles. On the other hand, a very 

large pore size caused larger and nonuniform particles. 

Table 2 Effects of volumetric ratio of organic to aqueous phase 
in fabricating DTX-loaded PLA-TPgS nanoparticles on size, PDI, 

EE, and DLE

Ratio Mean  

diameter (nm)

PDI EE (%) DLE (%)

1:10 259.5 ± 3.1 0.121 ± 0.018 53.0 ± 3.7 29.9 ± 4.8

1:15 306.8 ± 5.5 0.098 ± 0.064 81.8 ± 4.5 48.4 ± 3.3

1:20 335.8 ± 3.7 0.029 ± 0.009 80.7 ± 5.4 27.2 ± 3.5

Notes: The concentration of PVA was 0.5%, the membrane-pore size was 1.0 µm, 

and the pressure was 1.0 MPa in three cycles.

Abbreviations: PLA-TPgS, poly(lactide)-d-α-tocopheryl polyethylene glycol 1000 

succinate; DTX, docetaxel; PVA, polyvinyl alcohol; PDI, polydispersity index; EE, 
encapsulation efficiency; DLE, drug-loading efficiency.

Table 3 Effects of the transmembrane cycles in fabricating DTX-

loaded PLA-TPgS nanoparticles on size, PDI, EE, and DLE

Cycles Mean  

diameter (nm)

PDI EE (%) DLE (%)

1 461.9 ± 10.6 0.223 ± 0.029 18.9 ± 3.0 13.0 ± 3.1

2 384.8 ± 9.8 0.134 ± 0.012 47.1 ± 5.7 28.6 ± 2.6

3 306.8 ± 5.5 0.098 ± 0.064 81.8 ± 4.5 48.4 ± 3.3

4 247.7 ± 4.7 0.005 ±฀0.003 70.6 ± 9.1 31.9 ± 3.0

5 236.1 ± 2.0 0.005 ±฀0.002 71.8 ± 7.7 20.7 ± 6.1

Notes: The concentration of polymer in the organic phase was 15 mg/mL with 

5% drug loading, the concentration of PVA was 0.5%, the membrane-pore size was 

1.0 µm, and the transmembrane pressure was 1.0 MPa in three cycles.

Abbreviations: PLA-TPgS, poly(lactide)-d-α-tocopheryl polyethylene glycol 1000 

succinate; DTX, docetaxel; PVA, polyvinyl alcohol; PDI, polydispersity index; EE, 
encapsulation efficiency; DLE, drug-loading efficiency.

Table 4 Effects of the transmembrane pressure in fabricating 

DTX-loaded PLA-TPgS nanoparticles on size, PDI, EE, and DLE

Pressure  

(MPa)

Mean  

diameter (nm)

PDI EE (%) DLE (%)

0.6 339.1 ± 5.1 0.137 ± 0.051 62.0 ± 6.8 40.4 ± 2.9

1.0 306.8 ± 5.5 0.098 ± 0.064 81.8 ± 4.5 48.4 ± 3.3

1.2 257.8 ± 3.6 0.012 ± 0.031 71.9 ± 8.5 28.8 ± 3.3

Notes: The concentration of polymer in the organic phase was 15 mg/mL and volumetric 

ratio of organic to aqueous phase was 1:15 with 5% drug loading, the concentration of 
PVA was 0.5%, and the membrane-pore size was 1.0 µm in three cycles.

Abbreviations: PLA-TPgS, poly(lactide)-d-α-tocopheryl polyethylene glycol 1000 

succinate; DTX, docetaxel; PVA, polyvinyl alcohol; PDI, polydispersity index; EE, 
encapsulation efficiency; DLE, drug-loading efficiency.

nanoparticles formulated. This may be attributed to the fact 

that every time the emulsion passes through the membrane, 

the big liquid drops get crushed into smaller drops by the 

shearing force between the liquid drops and pores. The more 

times the emulsion passed through the membrane, the smaller 

the sizes obtained. However, particle recovery decreased 

sharply after the preemulsion passed though the membrane 

more than three times. The DLE also significantly decreased 

from 48.4% ± 3.3% for three cycles to 20.7% ± 6.1% for five 

cycles. This shows a similar trend to previous work.33 Based 

on size, particle uniformity, and DLE, three transmembrane 

cycles were applied in preparing the nanoparticles.

Effects of transmembrane pressure

The effect of transmembrane pressure was investigated by 

applying different pressures, as shown in Table 4. The pres-

sure exhibited little effect on the PDI, but affected particle 

size and DLE. The higher the pressure, the smaller the 

particles obtained.26 High pressure causes a strong shear 

force and breaks preemulsion drops into smaller particles. 

 However, exceedingly high transmembrane pressure may 

Table 5 Effects of membrane-pore size in fabricating DTX-loaded 

PLA-TPgS nanoparticles on size, PDI, EE, and DLE

Pore  

size (μm)

Mean  

diameter (nm)

PDI EE (%) DLE (%)

0.5 ND ND ND ND

0.8 272.8 ± 4.8 0.009 ± 0.003 60.4 ± 6.3 36.7 ± 2.0

1.0 306.8 ± 5.5 0.098 ± 0.064 81.8 ± 4.5 48.4 ± 3.3

1.5 437.1 ± 18.5 0.237 ± 0.102 77.9 ± 6.7 30.3 ± 1.9

Notes: The concentration of polymer in the organic phase was 15 mg/mL with 5% drug 

loading, the volumetric ratio of organic to aqueous phase was 1:15, the concentration 
of PVA was 0.5%, and the transmembrane pressure was 1.0 MPa in three cycles.

Abbreviations: ND, not determined (the small pore size of the membrane caused 

long duration to produce nanoparticles); PLA-TPGS, poly(lactide)-d-α-tocopheryl 

polyethylene glycol 1000 succinate; DTX, docetaxel; PVA, polyvinyl alcohol; PDI, 
polydispersity index; EE, encapsulation efficiency; DLE, drug-loading efficiency.
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When compared, the particles obtained using a pore size 

of 0.8 µm achieved higher EE than particles for 1.0 µm 

pore size (81.8% ± 4.5% vs 60.4% ± 6.3%) and DLE 

(48.4% ± 3.3% vs 36.7% ± 2.0%), with acceptable particle 

size (306.8 ± 5.5 nm vs 272.8 ± 4.8 nm). The optimal pore 

size was selected as 1.0 µm.

Comparisons of PLgA and PLA-TPgS polymers  

in fabricating nanoparticles

Based on these results, the optimized experimental para-

meters were chosen as follows: volumetric ratio of organic 

to aqueous phase of 1:15, concentration of PVA of 0.5%, 

membrane-pore size of 1.0 µm, and transmembrane pres-

sure of 1.0 MPa in three cycles. The copolymer PLA-TPGS 

was compared with PLGA in fabricating DTX-loaded 

nanoparticles, as shown in Table 6. The PLA-TPGS nano-

particles exhibited higher EE and DLE values than PLGA 

nanoparticles, with relatively smaller particle size and uni-

formity due to their amphipathic property and large surface 

area of TPGS.35 EE and DLE reached 81.8% ± 4.5% and 

48.4% ± 3.3%, respectively. This showed a similar tendency 

to the PLA-TPGS nanoparticles fabricated by dialysis and 

the solvent extraction-emulsion method,10,11 and was also 

close to other reported DTX-loaded nanoparticles, such as 

PEG-PLA nanoparticles (90.0% EE),36 PEG-PLGA nanopar-

ticles (80.0% EE),3 PEG-poly(ε-caprolactone) (PEG-PCL) 

nanoparticles (80.7%),14 and PCL-Tween 80 nanoparticles 

(82.0%).11 Other formulations, such as liposome and micelle, 

were also reported with similar EE levels (70%–90%31,37 and 

60%–90%,32,33 respectively). Scanning electron microscopy 

also showed that PLA-TPGS nanoparticles had a uniform 

shape (Figure 5). On the other hand, the productivity of this 

method was about 2 g PLA-TPGS (or PLGA) nanoparticles 

per hour, with high EE and reproducibility. As seen in 

Table 7, particle size, EE, and DLE exhibited similar values 

among different batches. The SPG membrane-emulsification 

technology is thus a suitable way to raise production of 

nanoparticles.

Table 6 Effects of PLgA and PLA-TPgS copolymer in fabricating DTX-loaded nanoparticles on size, PDI, EE, and DLE

Polymer Mean  

diameter (nm)

PDI EE (%) DLE (%) Zeta  

potential (mv)

PLgA 334.1 ± 2.7 0.013 ± 0.005 64.5 ± 2.7 38.8 ± 5.6 −16.4 ± 1.0

PLA-TPgS 306.8 ± 5.5 0.098 ± 0.064 81.8 ± 4.5 48.4 ± 3.3 −22.8 ± 0.7

Notes: The concentration of polymer in the organic phase was 15 mg/mL with 5% drug loading, the volumetric ratio of organic to aqueous phase was 1:15, the concentration 
of PVA was 0.5%, the membrane-pore size was 1.0 µm, and the transmembrane pressure was 1.0 MPa in three cycles.

Abbreviations: PLA-TPgS, poly(lactide)-d-α-tocopheryl polyethylene glycol 1000 succinate; PLGA, poly(lactic-co-glycolic acid); DTX, docetaxel; PVA, polyvinyl alcohol; 
PDI, polydispersity index; EE, encapsulation efficiency; DLE, drug-loading efficiency.

In vitro release behavior
The cumulative release profiles of DTX-loaded PLGA and 

PLA-TPGS nanoparticles are shown in Figure 6. The TPGS 

component affected release behavior in vitro. The initial burst 

release emerged after the first 24 hours, and maintained a 

relatively slow rate to the balance stage. In the first 24 hours, 

DTX-loaded PLGA nanoparticles released 68.0% ± 2.1% of 

entrapped drug, which was twice as fast as that of PLA-TPGS 

nanoparticles. After 7 days, PLGA and PLA-TPGS nano-

particles released nearly 79.1% ± 2.3% and 64.5% ± 1.3% 

of entrapped drug, respectively. PLA-TPGS nanoparticles 

exhibit slower release rates and much lower burst release, 

which may decrease drug leakage from nanoparticles during 

nanoparticle circulation in the blood and reduce side effects. 

PLA-TPGS nanoparticles may cover the surface of nano-

particles by TPGS with their amphiphilic structure, which 

prevents water from getting into the nanoparticles.

Pharmacokinetic study
DTX-loaded polymeric nanoparticles and Taxotere were 

administered to mice at a dose of DTX 10 mg/kg by tail-vein 

injection. Blood samples were withdrawn at selected time 

intervals and analyzed for DTX concentration. The plasma 

concentration–time profiles are shown in Figure 7, and the 

corresponding pharmacokinetic parameters are summarized 

in Table 8. All plasma profiles were found to be in line with 

the two-compartment model. The blood-circulation time of 

PLA-TPGS nanoparticles was significantly extended com-

pared to that of Taxotere, with a 13.2-fold longer half-life 

(t
½
), 8.51-fold higher mean residence time (MRT), 2.23-fold 

higher area under the curve (AUC
0–72

), and substantially 

lower values of clearance (41.9%). These results indicated 

that the plasma pharmacokinetics of DTX given in the PLA-

TPGS nanoparticle formulation were different from those of 

Taxotere. Compared with PLGA nanoparticles, PLA-TPGS 

nanoparticles also exhibited 1.78-, 6.34-, and 3.35-fold 

increases for AUC
0–72

, t
½
, and MRT, respectively. In Taxotere 

treatment, high levels of free DTX were measured at reduced 
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Table 7 Properties of PLA-TPgS nanoparticles on a pilot scale

Batch Mean  

diameter (nm)

PDI EE (%) DLE (%)

1 295.7 ± 6.1 0.047 ± 0.005 83.2 ± 4.3 44.5 ± 2.4

2 301.9 ± 5.8 0.056 ± 0.018 85.7 ± 3.8 46.1 ± 3.1

3 306.8 ± 5.5 0.098 ± 0.064 81.8 ± 4.5 48.4 ± 3.3

Abbreviations: PLA-TPgS, poly(lactide)-d-α-tocopheryl polyethylene glycol 1000 

succinate; PDI, polydispersity index; EE, encapsulation efficiency; DLE, drug-loading 
efficiency.

Figure 5 Scanning electron microscopy image of poly(lactide)-d-α-tocopheryl 

polyethylene glycol 1,000 succinate nanoparticles.
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Figure 6 Cumulative release profiles of docetaxel-loaded poly(lactide)-d-α-

tocopheryl polyethylene glycol 1,000 succinate (PLA-TPgS) nanoparticles (NPs) in 

phosphate-buffered saline (pH = 7.4) at 37°C.

Abbreviation: PLgA, poly(lactic-co-glycolic acid).

Table 8 Pharmacokinetic parameters in rats after iv injecting 

of Taxotere and DTX-loaded nanoparticles at a dose of 10 mg 

DTX/kg (n = 4)

Parameters Unit Taxotere® PLA-TPGS  

NP

PLGA NP

AUC
0–t

mg/L*h 23.4 ± 4.2 49.9 ± 16.11 28.0 ± 4.3

AUC
0–∞

mg/L*h 23.5 ± 4.2 57.9 ± 14.0 35.1 ± 14.8

MRT
0–t

h 1.6 ± 0.4 13.6 ± 2.12 4.1 ± 1.73

MRT
0–∞

h 1.7 ± 0.5 29.4 ± 20.4 8.0 ± 7.8

t
½

h 2.1 ± 1.2 27.9 ± 14.91 4.4 ± 3.64

CL L/h/kg 0.4 ± 0.1 0.2 ± 0.12 0.3 ± 0.1

V L/kg 1.4 ±1.0 7.8 ± 5.3 1.6 ± 0.8

T
max

h 0.5 0.5 0.5

C
max

mg/L 15.9 ± 4.9 11.0 ± 2.4 10.2 ± 1.6

Notes: 1P ,฀0.05 vs Taxotere; 2P ,฀0.01 vs Taxotere; 3P ,฀0.01 vs PLA-TPgS 

nanoparticles; 4P ,฀0.05 vs PLA-TPgS nanoparticles.

Abbreviations: AUC
0–t

, area under the plasma concentration time curve from time 

0 to t; MRT
0–t

, mean residence time from time 0 to t; t
½
, the elimination half-life; 

CL, total body clearance; V, volume of distribution; C
max

 and T
max

 are the maximum 

docetaxel concentration and the corresponding. time, respectively; DTX, docetaxel; 
PLA-TPgS, poly(lactide)-D-α-tocopheryl polyethylene glycol 1000 succinate; PLGA, 
poly(lactic-co-glycolic acid); NP, nanoparticle.

time intervals, up to 3 hours. The remaining DTX could not 

be detected, as the plasma concentration became less than 

0.035 µg/mL (which was considered as the minimum effec-

tive concentration of DTX38) in Taxotere within 24 hours. The 

DTX content was rapidly washed out or metabolized. It was 

reported that the uptake of nanoparticles by reticuloendothe-

lial system organs following intravenous injection might take 

between a few minutes to hours, depending on particle size 

and  composition. The PLA-TPGS nanoparticles exhibited a 

significantly longer retention time in the blood compared to 

Taxotere and PLGA nanoparticles. The results are of a similar 

tendency as previously reported.18,21,38

In vivo biodistribution
Biodistribution of the PLA-TPGS and PLGA nanopar-

ticles were studied by molecular imaging and shown in 

Figure 8. Figure 8A represents the real-time distribution 

and tumor-accumulation ability of fluorescence DIR-loaded 

nanoparticles in the armpit tumors of mice. Visible fluores-

cence accumulation was found in tumor-bearing mice of 

the PLA-TPGS nanoparticle-treated group from 4 hours 

Figure 7 Pharmacokinetic behavior after intravenous injection at a dose of docetaxel 

(DTX) 10 mg/kg to Sprague Dawley rats of Taxotere and DTX-loaded poly(lactic-

co-glycolic acid) (PLgA) and poly(lactide)-D-α-tocopheryl polyethylene glycol 1000 

succinate (PLA-TPgS) nanoparticles (n =฀4).

Abbreviation: NPs, nanoparticles.
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Abbreviation:  NPs, nanoparticles.

post injection, while limited fluorescence was observed in 

those of the PLGA group. The fluorescence signals of DIR-

loaded PLA-TPGS nanoparticles were clearly observed on 

the abdomen in the first 4 hours, and even increased as time 

elapsed. After 30 hours, the DIR accumulation in tumors of 

the PLA-TPGS nanoparticle-treated group was still higher 

than that of the PLGA nanoparticle-treated group. This also 

demonstrated that DIR-loaded PLA-TPGS nanoparticles 

have a better tumor distribution than PLGA nanoparticles. 

The ex vivo image of excised organs  (Figure 8B) confirmed 
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the higher fluorescence accumulation in the tumors of the 

PLA-TPGS nanoparticle-treated group compared with that 

of the PLGA nanoparticle group. These results further proved 

the selective accumulation of PLA-TPGS nanoparticles in 

hepatic cancer. The highest fluorescence intensity of liver 

and spleen was also observed for PLA-TPGS nanoparticles 

in 30 hours.

Tumor-growth inhibition
It has been clarified that DTX-loaded PLA-TPGS nanopar-

ticles can prolong the blood circulation time of DTX. The 

antitumor efficacy of nanoparticles was further explored on 

H22 cell-bearing mice, as shown in Figure 9. Although all 

the groups showed tumor inhibition as opposed to the saline 

control group (at days 2, 3, 4, and 6, P , 0.01 for Taxotere, 

DTX-loaded PLA-TPGS NPs, and PLGA NPs versus saline), 

DTX-loaded PLA-TPGS nanoparticles exhibited the best 

effect on tumor inhibition and safety, with minimal change 

in body weight during treatment. Taxotere-treated mice 

exhibited a significant loss in body weight. DTX-loaded 

PLA-TPGS nanoparticles showed a better effect than that of 

PLGA nanoparticles on day 9 (P , 0.05). Furthermore, the 

mean survival rate increased remarkably with DTX-loaded 

PLA-TPGS nanoparticle treatment compared to that of 

the DTX-loaded PLGA nanoparticle- and Taxotere-treated 

groups. These results confirmed that DTX-loaded PLA-

TPGS nanoparticles exhibited potential for tumor-growth 

inhibition. The inhibition is nevertheless not as efficient as 

previously demonstrated on HT-29 human colon cancers.18 

This may be attributed to the fact that DTX is not especially 

efficient in treating hepatic cancers.39,40 It still demonstrated 

that DTX-loaded PLA-TPGS nanoparticles can be used in 

treating hepatic cancer. It was also worth noting that although 

DTX-loaded PLA-TPGS nanoparticles showed a higher phar-

macokinetic property than Taxotere, their tumor-inhibition 

result was not statistically significant.

Conclusions
In this paper, DTX-loaded PLGA and PLA-TPGS nano-

particles were fabricated with SPG membrane technology 

by optimization of various parameters, including surfactant 

type and concentration in aqueous phase, the volumetric 

ratio of organic to aqueous phase, transmembrane cycles and 

pressure, membrane-pore size, and polymer type. EE and 

DLE reached 64.5% ± 2.7% and 38.8% ± 5.6% for PLGA 

nanoparticles and 81.8% ± 4.5% and 48.4% ± 3.3% for 

PLA-TPGS nanoparticles, respectively. Particle sizes were 

around 300 nm with uniform structures. This demonstrated 

that the SPG membrane emulsification technique can be 

used in pilot studies of polymeric nanoparticles with good 

drug-entrapment efficiency and recovery. It can also be 

used to improve the preparation of nanoparticles in further 

experiments. The nanoparticles obtained by this method 

can realize a sustained release of entrapped drug. The anti-

tumor activity, pharmacokinetics, and molecular imaging 

results showed the advantages of PLA-TPGS nanoparticles 

compared to the normally used PLGA nanoparticles. The 

PLA-TPGS nanoparticles increased the distribution of 

loaded drug in the tumor and extended drug-circulation 

time to more than 72 hours. This demonstrated the great 

potential of mass production of PLA-TPGS nanoparticles 

and antitumor treatment as a drug-delivery system.
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