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Background: The aim of this study was to improve the drug loading, encapsulation efficiency, 

and sustained-release properties of supercritical CO
2
-based drug-loaded polymer carriers via a 

process of suspension-enhanced dispersion by supercritical CO
2
 (SpEDS), which is an advanced 

version of solution-enhanced dispersion by supercritical CO
2
 (SEDS).

Methods: Methotrexate nanoparticles were successfully microencapsulated into poly 

(L-lactide)-poly(ethylene glycol)-poly(L-lactide) (PLLA-PEG-PLLA) by SpEDS. Methotrexate 

nanoparticles were first prepared by SEDS, then suspended in PLLA-PEG-PLLA solution, and 

finally microencapsulated into PLLA-PEG-PLLA via SpEDS, where an “injector” was utilized 

in the suspension delivery system.

Results: After microencapsulation, the composite methotrexate (MTX)-PLLA-PEG-PLLA 

microspheres obtained had a mean particle size of 545 nm, drug loading of 13.7%, and an 

encapsulation efficiency of 39.2%. After an initial burst release, with around 65% of the total 

methotrexate being released in the first 3 hours, the MTX-PLLA-PEG-PLLA microspheres 

released methotrexate in a sustained manner, with 85% of the total methotrexate dose released 

within 23 hours and nearly 100% within 144 hours.

Conclusion: Compared with a parallel study of the coprecipitation process, microencapsula-

tion using SpEDS offered greater potential to manufacture drug-loaded polymer microspheres 

for a drug delivery system.

Keywords: drug loading, encapsulation efficiency, methotrexate, nanoparticles, poly(L-lactide), 

supercritical CO
2
 sustained release

Introduction
Incorporating pharmaceutical compounds into a biodegradable polymer carrier is an 

effective strategy for forming a drug delivery system and has been given increasing 

attention.1–5 Yin and Yates reported that drug-entrapped biodegradable microcap-

sules, with sustained drug release, were prepared by spraying a suspension of hollow 

poly(DL-lactide) particles in procaine hydrochloride aqueous solution into plasticizing 

solvents.6 A further report by Zvonar et al described use of a self-microemulsifying 

system to fabricate Ca-pectinate microcapsules to improve the release and perme-

ability of furosemide.7

Drug-loaded polymer microspheres have been variously prepared by phase 

separation,8 interfacial polymerization,9 spray-drying,10 freeze-drying,11 and emul-

sion evaporation.12 However, these conventional strategies always either involve an 
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intense operating process or preparation of particles with a 

wide  particle size distribution and a relatively large amount 

of organic solvent residue. Compared with these traditional 

methodologies, supercritical CO
2
-based technology offers 

a number of advantages, including mild critical conditions 

(Tc = 304.1 K, Pc = 7.38 MPa), no toxicity, a nonorganic 

residue, are not flammable, and all at a relatively lower 

price.13–15

The supercritical antisolvent process has been widely 

utilized to fabricate drug-loaded polymer microparticles.16–18 

In the supercritical antisolvent process, an organic solution 

is sprayed into supercritical CO
2
 to effect immediate con-

tact between the two media. Extremely rapid extraction of 

the organic solvent into supercritical CO
2
 leads to higher 

supersaturation of the solution, creating fast nucleation and 

growth, and finally micronization of the solute. Similarly, 

when the drug and polymer are both dissolved to obtain a 

homogeneous organic solution and sprayed into supercritical 

CO
2
, the drug and polymer are coprecipitated due to a higher 

supersaturation caused by diffusion of the organic solvent 

into the supercritical CO
2
 and vice versa,19,20 known as the 

“coprecipitation” process. However, the coprecipitation 

process generates drug-loaded polymer microspheres accom-

panied by relatively low drug loading, low encapsulation 

efficiency, and no sustained release of the drug, which can 

be partially explained by the fact that the drug is precipitated 

onto or just loosely attached to the surface of the polymer 

microspheres.19,21

To overcome the drawbacks of the coprecipitation pro-

cess, ie, low drug loading and low encapsulation efficiency, 

the microencapsulation process was developed19 whereby 

nanoparticles of a drug are first prepared, suspended in an 

organic polymer solution, and then sprayed into supercriti-

cal CO
2
 using a high-performance liquid chromatography 

(HPLC) pump. Due to precipitation of the polymer from the 

sprayed suspension, drug nanoparticles are entrapped by the 

polymer with a matrix or core-shell structure.19,22

In order to strengthen mutual diffusion between the 

sprayed solution and the supercritical CO
2
, a solution-

enhanced dispersion by supercritical fluid (SEDS) process 

was developed and has been widely used in supercritical 

fluid techniques.23 During this process, the substrate(s) 

solution and supercritical CO
2
 are copulverized through 

a coaxial nozzle, in which supercritical CO
2
 acts as an 

antisolvent and spraying enhancer.24–27 However, when 

SEDS is used in the microencapsulation process, ie, driv-

ing, delivering, and spraying the suspension into the high-

pressure reaction vessel, the delivery system, especially 

the one-way valve, is easily damaged or obstructed by the 

suspended particles.

To tackle this problem, a suspension-enhanced dispersion 

by supercritical fluid (SpEDS) process was developed in the 

present study based on SEDS. With SpEDS, supercritical 

CO
2
 and a suspension consisting of drug nanoparticles and 

polymer solution are simultaneously sprayed through a stain-

less steel coaxial nozzle, whereby spraying and dispersion of 

the suspension is enhanced by spraying of supercritical CO
2
. 

To avoid obstruction and guarantee smooth delivery of the 

suspension, a stainless steel cylindrical container equipped 

with a piston working like an injector was introduced and 

added into the previous SEDS apparatus.

This study attempted to prepare drug-loaded polymer 

microspheres using a supercritical microencapsulation pro-

cess with improved drug loading, encapsulation efficiency, 

and sustained release, compared with the coprecipitation 

process. Methotrexate is an antifolate drug which is nearly 

insoluble in water, is effective in the treatment of a range of 

malignant and autoimmune diseases,28 and was selected as the 

drug model in this study. The drug was micronized by SEDS, 

suspended in a PLLA-PEG-PLLA solution containing dichlo-

romethane, and microencapsulated by PLLA-PEG-PLLA 

via SpEDS. For the purpose of comparison, a parallel study 

involving the coprecipitation process was carried out. The 

products were characterized by scanning electron microscopy 

(SEM) and Fourier transform infrared spectroscopy (FTIR). 

Drug loading, encapsulation efficiency, and drug release 

profiles as well as release kinetics were also studied.

Materials and methods
Materials
The PLLA-PEG-PLLA triblock polymer with a gross 

molecular weight of 77 kDa and 8% (w/w) PEG (6000 kDa) 

was obtained from Jianbaokaiyuan Biomaterials Co, Ltd 

(Jinan, China). Methotrexate was sourced from Surui Medi-

cine Co, Ltd (Suzhou, China). Dichloromethane and dimethyl 

 sulfoxide were purchased from Sinopharm Chemical Reagent 

Co, Ltd (Beijing, China). CO
2
 (purity 99.9%) was provided by 

Rihong Industrial Development Co, Ltd (Xiamen, China). All 

other reagents were of analytical reagent grade.  Chemicals 

were used as received without further purification.

Preparation of methotrexate 
nanoparticles by SEDS
Methotrexate nanoparticles were prepared according 

to a method used in our previous study.29 Specifically, 

 methotrexate was first dissolved in dimethyl sulfoxide, and 
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acetone was then added to obtain a homogeneous solution 

in which acetone acted as an organic nonsolvent for metho-

trexate and thus increased the saturation ratio and reduced 

its concentration. The final concentration of methotrexate 

was 0.5% (w/v); the dimethyl sulfoxide to acetone ratio 

was 1:4 (v/v).

The methotrexate nanoparticles were micronized by 

SEDS, whereby the pressure and temperature of CO
2
 were 

stabilized at the desired levels, the solution of methotrexate 

in dimethyl sulfoxide and acetone began being delivered 

by a HPLC pump to the coaxial nozzle and sprayed simul-

taneously with the supercritical CO
2
, and methotrexate 

nanoparticles were generated due to extremely rapid pre-

cipitation of methotrexate. In the preparation process, the 

operating pressure, temperature, flow rate of CO
2
, and flow 

rate of the methotrexate solution were stabilized at 12 MPa, 

306 K, 2000 standard liters per hour, and 1 mL per minute, 

respectively.

Microencapsulation of methotrexate  
into PLLA-PEG-PLLA by SpEDS
Figure 1 is a schematic diagram of the SpEDS apparatus for 

microencapsulating methotrexate into PLLA-PEG-PLLA. 

The apparatus comprised three main sections, ie, a CO
2
 

delivery system, a particle suspension delivery system, and 

a high pressure reaction vessel, the volume of which was 

500 mL. An “injector” was used to avoid obstruction of the 

pump used for suspension delivery.

The SEDS apparatus has all the same components 

as those for SpEDS, except for the injector. The injector 

consists of three stainless steel components, ie, a cylinder 

(inside diameter 25.0 mm, outside diameter 35.0 mm, length 

155.0 mm), an inbuilt columnar piston (height 20.0 mm) 

girdled by a rubber ring, and two nuts (outside diameter 

50 mm, insider diameter 35.0 mm, depth 18 mm), one of 

which is connected to the coaxial nozzle with a stainless 

conduit and the other with an HPLC pump. The stainless 

steel cylinder is divided into two chambers by the piston. 

For our experiment, the front chamber was filled with a 

suspension consisting of methotrexate nanoparticles and a 

solution of PLLA-PEG-PLLA containing dichloromethane, 

and the back chamber was filled with water. When the HPLC 

pump was turned on, the piston started to be driven by water 

from the HPLC pump, pushing the suspension smoothly 

forward through the stainless conduit to the stainless steel 

coaxial nozzle.

The suspension placed in the front chamber of the injector 

was obtained by suspending methotrexate nanoparticles in the 

PLLA-PEG-PLLA solution containing dichloromethane by 

ultrasonic dispersion, with a final methotrexate  concentration 

Water Piston High pressure vessel

Suspension

Water
One-way valve

Cooler

Pump

Vent

Nozzle

Filter

CO2

Heat
exchanger

Gas bath

Supercritical CO2 Droplet with entrapped particles

Expanded by supercritical CO2
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PLLA-PEG-PLLA
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T

Figure 1 Schematic diagram of SpEDS apparatus and brief mechanism for the microencapsulation process. 
Abbreviations: HPLC, high-performance liquid chromatography; MTX, methotrexate; SpEDS, suspension-enhanced dispersion by supercritical fluid.
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of 0.5% (w/v) and a methotrexate to PLLA-PEG-PLLA ratio 

of 1:9 (w/w).

In the microencapsulation experiment, the chosen pres-

sure and temperature were first achieved and kept stable, 

and the methotrexate nanoparticle suspension was then 

driven by the designed injector and sprayed into the high-

pressure vessel through a stainless steel coaxial nozzle. 

The operating pressure, temperature, flow rate of CO
2
, and 

flow rate of the methotrexate solution were stabilized at 

12 MPa, 306 K, 2000 standard liters per hour, and 1 mL 

per minute, respectively. After spraying on the suspension, 

fresh CO
2
 was continuously poured in, with the operating 

conditions unchanged, to wash the products for 30 minutes 

and completely remove the residual organic solvent. When 

washing was completed, the high-pressure vessel was 

slowly depressurized and the products were collected for 

subsequent analysis.

In order to make comparisons, a coprecipitation  process 

involving methotrexate and PLLA-PEG-PLLA was  carried 

out in parallel under the same operating conditions  (pressure 

12 MPa, temperature 306 K, CO
2
 flow rate 2000 standard 

liters per hour, and a 1 mL per minute flow rate for the 

methotrexate solution). Briefly, methotrexate was first 

dissolved in dimethyl sulfoxide, and PLLA-PEG-PLLA 

solution containing dichloromethane was then added homo-

geneously, with a final PLLA concentration of 0.5% (w/v), 

methotrexate to PLLA-PEG-PLLA ratios of 1:19, 1:9, and 

3:17 (w/w), and a dimethyl sulfoxide to dichloromethane 

ratio of 1:4 (v/v). Finally, the solution obtained was sprayed 

into supercritical CO
2
.

Surface morphology and particle  
size distribution
The surface morphology of the samples was investigated by 

SEM (Hitachi S-4800, Tokyo, Japan). Before observation, 

the sample was directly absorbed onto a piece of carbon film 

that was self-adhered on an aluminum stub. The particle size 

and particle size distribution were measured by analyzing the 

micrographs with Image-ProPlus 6.0 and Origin 8.5.

FTIr analysis
Sample powders and KBr were mixed gently to prepare 

KBr pellets. FTIR spectra of the original methotrexate and 

PLLA-PEG-PLLA, and the methotrexate (MTX)-PLLA-

PEG-PLLA microspheres prepared by the microencapsula-

tion and coprecipitation processes were performed using an 

FTIR spectrometer (FTIR 8400S, Hitachi) in transmission 

mode, with a wavenumber range of 4000–400 cm−1.

Drug loading and encapsulation efficiency
Drug loading and encapsulation efficiency are both signifi-

cant factors when evaluating the properties of drug-loaded 

polymer microspheres. To determine drug loading, 10 mg 

of MTX-PLLA-PEG-PLLA microspheres was dissolved 

in 5 mL of dichloromethane; 30 mL of phosphate-buffered 

solution buffer (pH 7.4) was added, and the solution was 

gently heated with magnetic stirring to evaporate the 

 dichloromethane. The solution obtained was filtered through 

a 0.22 µm membrane, and the concentration of methotrexate 

was measured using an ultraviolet spectrophotometer (Unic 

UV-2800, Culver City, CA) at 302.8 nm and comparing this 

with a standard concentration curve. For calculating the 

encapsulation efficiency, another 10 mg of MTX-PLLA-

PEG-PLLA microspheres was dispersed in 10 mL of a dilute 

aqueous solution of sodium hydroxide (0.1 mol/L) to wash off 

the unencapsulated and loosely surface-bound  methotrexate; 

the resulting suspension was filtered through a 0.22 µm 

membrane and the amount of methotrexate was determined 

using the ultraviolet spectrophotometer at 302.8 nm and 

calculating according to the standard concentration curve. 

Drug loading and encapsulation efficiency were calculated 

using the following two equations:

 Drug loading = W
1
/W

2
 × 100% (1)

 Encapsulation efficiency = W
3
/W

1
 × 100% (2)

where W
1
, W

2
, and W

3
 represent the weight of methotrexate 

in the microspheres, the gross weight of the microspheres, 

and the weight of methotrexate in the microspheres with the 

unencapsulated methotrexate washed off, respectively. Each 

experiment was performed in triplicate.

Drug release studies
To simulate and monitor the sustained release of methotrex-

ate in the microspheres, release studies were carried out as 

follows. First, 10 mg of MTX-PLLA-PEG-PLLA micro-

spheres was placed in a pretreated dialysis bag. The bag was 

tied tightly, inserted in a sealed bottle containing 50 mL of 

phosphate-buffered solution (pH 7.4), and incubated in a 

shaking waterbath at 310 K and 60 rpm. At preset time points 

(hours 0.5, 1, 2, 3 onwards), 5 mL of the incubated solution 

was periodically removed, with subsequent  addition of 5 mL 

of fresh phosphate-buffered solution (pH 7.4). The concentra-

tion of methotrexate in the aqueous solution was measured 

using the ultraviolet spectrophotometer at 302.8 nm and 

calculating according to the standard concentration curve. 
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The sustained-release profiles of methotrexate were cal-

culated in terms of the cumulative release percentage of 

methotrexate (w/w) with incubation time. Each experiment 

was carried out in triplicate.

Results and discussion
Preparation of methotrexate nanoparticles
Using the optimized operating parameters, together with 

addition of acetone as a nonsolvent to enhance the degree 

of saturation and reduce the methotrexate concentration in 

the initial solution, nanoparticles of methotrexate were suc-

cessfully fabricated by SEDS. The surface morphology seen 

on SEM is shown in Figure 2, in which methotrexate nano-

particles can be observed to have a smooth surface. When 

observed by the human eye, the methotrexate nanoparticles 

had a fluffy and soft appearance resembling cotton-candy. 

This macroscopic surface morphology can be explained 

by the fact that methotrexate when processed by SEDS 

exists not in the form of connected aggregates but as free 

 nanoparticles.30 Furthermore, methotrexate nanoparticles 

prepared by SEDS were shown to have a spherical shape 

with a relatively narrow particle size distribution, ie, a span 

of 0.73 and an average size of 86 nm, as shown in Table 1.

Surface morphology and particle  
size of MTX-PLLA-PEG-PLLA
During the microencapsulation process, a suspension con-

sisting of methotrexate nanoparticles and PLLA-PEG-PLLA 

in dichloromethane solution was driven by an injector and 

sprayed into a high-pressure vessel through a coaxial nozzle, 

where the jet stream of supercritical CO
2
 strengthened spray-

ing of the suspension. When the droplets of  suspension 

came into contact with supercritical CO
2
, a nonsolvent for 

PLLA-PEG-PLLA, extensive mutual diffusion into and 

out of the suspension droplets occurred due to the high 

solubility of dichloromethane in supercritical CO
2
. With 

regard to the PLLA-PEG-PLLA dichloromethane solution, 

the crystallization pathway shifted from the liquid-solution 

region into the solid-liquid region, via the liquid-solid and 

liquid-fluid two-phase region and the solid-liquid-fluid 

three-phase region, thus crossing a series of tie lines. When 

supersaturation of the PLLA-PEG-PLLA dichloromethane 

solution was approached, extraction of dichloromethane 

from the suspension droplet led to an extremely rapid phase 

change, with formation of a solid phase and precipitation 

of PLLA-PEG-PLLA onto the surface of the methotrex-

ate nanoparticles. This encapsulation mechanism is briefly 

described in Figure 1.

Figure 3A and B illustrate the surface morphology of 

MTX-PLLA-PEG-PLLA microspheres manufactured by the 

microencapsulation process and the coprecipitation process, 

respectively. The corresponding particle size and particle size 

distribution are shown in Table 1. The particle size of the 

MTX-PLLA-PEG-PLLA microspheres, prepared by either 

the coprecipitation process or the microencapsulation process, 

appeared much larger than that of the methotrexate nanopar-

ticles, indicating that most of the methotrexate nanoparticles 

were successfully encapsulated by PLLA-PEG-PLLA. The 

particle size of the MTX-PLLA-PEG-PLLA composite 

microspheres prepared by the  microencapsulation process 

was somewhat larger than that of the composite micro-

spheres generated by the  coprecipitation process. This is 

because, in the microencapsulation process, not one but two 

or more methotrexate nanoparticles were encapsulated into 

PLLA-PEG-PLLA, generating relatively larger microspheres 

in which PLLA-PEG-PLLA acted as a matrix to entrap 

methotrexate nanoparticles, ie, the composite microspheres 

obtained in the microencapsulation process have an inlay-

matrix structure rather than a typical core-shell structure. 
Figure 2 Scanning electron micrograph of methotrexate nanoparticles prepared by 
the solution-enhanced dispersion by supercritical fluid process.

Table 1 Particle size and particle size distribution of (A) 
methotrexate nanoparticles prepared by SEDS, and MTX-PLLA-
PEG-PLLA microspheres from (B) microencapsulation process 
and (C) coprecipitation process with a drug dose of 10%

Samples D10 (nm) D50 (nm) D90 (nm) Span Mean size  
(nm)

A 52 79 110 0.73 86
B 329 520 807 0.92 545
C 245 361 583 0.94 389

Abbreviations: SEDS, solution-enhanced dispersion by supercritical fluid process; 
MTX-PLLA-PEG-PLLA, methotrexate-poly(L-lactide)-poly(ethylene glycol)-poly 
(L-lactide).
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MTX-PLLA-PEG-PLLA microspheres prepared by the 

two different processes. In the MTX-PLLA-PEG-PLLA 

microsphere spectrum, a weak peak of PLLA-PEG-PLLA at 

1620 cm−1 was considerably enhanced due to the existence 

of characteristic peaks of methotrexate at 1718 cm−1 and 

1604 cm−1, representing C=O stretching vibration and C=C 

benzene backbone stretching vibration, respectively. This 

result again confirms that methotrexate was encapsulated 

into or absorbed onto the microspheres.

Apart from that, no significant difference and no new 

peaks were found in the FTIR spectrum of the composite 

microspheres prepared by either the microencapsulation pro-

cess or the coprecipitation process, ie, no chemical reaction 

occurred in the two kinds of process. This all demonstrates 

that SpEDS modified on the basis of SEDS is a typically 

physical process causing microencapsulation of drug nano-

particles via a biodegradable polymer, and that this process 

is favorable for drugs, because chemical interaction may alter 

the properties of drugs and reduce their effectiveness.

Drug load and efficiency of encapsulation
Figure 5 illustrates the drug loading and encapsulation effi-

ciency of MTX-PLLA-PEG-PLLA microspheres prepared 

by the microencapsulation process and by the coprecipitation 

process. When the drug dose was set at 10% (w/w), drug 

loading of MTX-PLLA-PEG-PLLA microspheres prepared 

by the microencapsulation process was 13.7% ± 1.8%, which 

was higher than the theoretical drug loading (10%, w/w), 

whereas drug loading (8.3% ± 2.4%) was lower than the 

theoretical one for the coprecipitation process. This phe-

nomenon indicates that PLLA-PEG-PLLA was partially 

dissolved in supercritical CO
2
 and flushed out by running 

fluid in the microencapsulation process, and methotrexate 

nanoparticles were hardly lost. However, more methotrexate 

than PLLA-PEG-PLLA was lost during the coprecipitation 

process, which could be explained by the fact that precipita-

tion of PLLA-PEG-PLLA was faster and easier than that of 

methotrexate.

Furthermore, the encapsulation efficiency of MTX-PLLA-

PEG-PLLA microspheres prepared by the microencapsulation 

process was 39.2% ± 5.9%, indicating that more methotrexate 

was encapsulated in the composite microspheres. A relatively 

lower encapsulation eff iciency of 20.4% ± 6.3% was 

obtained in the coprecipitation process, indicating that more 

 methotrexate was precipitated and absorbed or combined 

loosely onto the surface of the composite microspheres.

Apart from that, when different drug doses were used 

in the coprecipitation process, drug loading increased and 

Figure 3 Scanning electron micrograph of MTX-PLLA-PEG-PLLA microspheres 
from (A) the microencapsulation process and (B) the coprecipitation process.
Abbreviation: MTX-PLLA-PEG-PLLA, methotrexate-poly(L-lactide)-poly(ethylene 
glycol)-poly(L-lactide).

Judging from the span, MTX-PLLA-PEG-PLLA composite 

microspheres prepared by the microencapsulation and copre-

cipitation processes both had a narrow particle size distribu-

tion and there was no significant difference between them.

FTIr analysis
FTIR is a widely used and very useful tool in chemistry for 

analyzing chemical components and identifying characteristic 

groups. As shown in the FTIR spectra of Figure 4, there are 

three major regions of the FTIR spectra for PLLA-PEG-PLLA, 

ie, a C=O stretching vibration region at 1820–1700 cm−1, 

a region at 1500–1000 cm−1 attributable to CH
3
, CH bending, 

and C–O–C stretching vibration, and a region at 980–820 cm−1 

for C–C backbone stretching vibration.

Among these three regions, the major peak at 1759 cm−1 

is due to the stretching vibration of the carbonyl group 

in PLLA-PEG-PLLA and can be used to identify PLLA-

PEG-PLLA; this major peak can also be observed in the 

submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

3018

Chen et al

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2012:7

Original MTX
MTX-PLLA-PEG-PLLA by co-precipitation
MTX-PLLA-PEG-PLLA by microencapsulation
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Figure 4 Fourier transform infrared spectra of methotrexate, PLLA-PEG-PLLA, and MTX-PLLA-PEG-PLLA microspheres from the microencapsulation process and the 
coprecipitation process. 
Abbreviations: MTX, methotrexate; PLLA-PEG-PLLA, poly(L-lactide)-poly(ethylene glycol)-poly(L-lactide).
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Figure 5 Drug loading and encapsulation efficiency of MTX-PLLA-PEG-PLLA microspheres from the microencapsulation process and the coprecipitation process, with 
different drug doses. 
Abbreviation: MTX-PLLA-PEG-PLLA, methotrexate-poly(L-lactide)-poly(ethylene glycol)-poly(L-lactide).
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encapsulation efficiency decreased with the increase in 

drug dose. When drug doses were set at 5%, 10%, and 

15%, the corresponding drug loading was 6.1% ± 0.1%, 

8.3% ± 0.4%, and 13.1% ± 1.4%, together with an encap-

sulation efficiency of 51.3% ± 3.0%, 20.4% ± 6.3%, and 

16.6% ± 8.0%,  respectively. When the drug dose was larger, 

more methotrexate would be precipitated at any given time 

point. Furthermore, the precipitation speed of methotrexate 

was lower than that of PLLA-PEG-PLLA in supercritical 

CO
2
, ie, the precipitated PLLA-PEG-PLLA acted as a crystal 

nucleus and in turn induced coprecipitation of methotrex-

ate and PLLA-PEG-PLLA. These both contributed to the 

precipitation of more methotrexate on the surface of the pre-

existing MTX-PLLA-PEG-PLLA composite microspheres, 

generating microspheres with higher drug loading and lower 

encapsulation efficiency.

Drug release profiles
Methotrexate is a poorly water-soluble drug with a short 

half-life in vivo. An effective way to lengthen its half-life and 

enhance its therapeutic efficacy is to entrap it with biodegrad-

able polymers to supply a sustained-release effect. Figure 6 

illustrates the release profiles of MTX-PLLA-PEG-PLLA 

microspheres manufactured by the microencapsulation 

 process and by the coprecipitation process using different 

drug doses. When the drug dose was set at 10% (w/w), in the 

first 30 minutes, 39.7% of the total methotrexate was released 

from the microspheres prepared by the microencapsulation 

process, while microspheres fabricated by the coprecipita-

tion process released 42.3% of its methotrexate, both with 

an initial burst release. The methotrexate released rapidly at 

an early stage was unencapsulated or loosely adhered onto 

the microsphere surface and thus easily extracted, which 

again confirmed the result obtained by measurement of 

drug loading and encapsulation efficiency. After 30 hours, 

the cumulative percentage of the methotrexate released 

from the corresponding two kinds of microspheres went up 

to 86.0% and 89.8%, respectively. In the following hours, 

there was a typical plateau period. At that time, the amount 

of drug remaining was rather limited, with sustained and 

slow drug release. When the plateau period was extended 

to 144 hours, the cumulative drug release percentage of the 

two kinds of composite microspheres rose to 91.7% and 

94.1%, respectively.

With regard to the coprecipitation process, samples with 

a drug dose of 5% (w/w) released methotrexate more slowly 

and showed more desirable sustained release at the late stage, 

compared with the other two samples containing drug doses 

0

0 20 40 60 80

Time (h)

Time (h)

R
el

ea
se

 o
f 

M
T

X
 (

%
)

R
el

ea
se

 o
f 

M
T

X
 (

%
)

100 120 140 160

20

40

60

80

100

0

0 2 4 6

5% by co-precipitation

7.5% by co-precipitation

10% by co-precipitation

10% by microencapsulation

5% by co-precipitation

7.5% by co-precipitation

10% co-precipitation

10% by microencapsulation

8 10 12

20

40

60

80

100

120

Figure 6 Drug release profiles of MTX-PLLA-PEG-PLLA microspheres from (A) the microencapsulation process and (B) the coprecipitation process with different drug doses. 
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of 10% (w/w) and 15% (w/w), between which there was no 

significant difference.

It can also be seen in Figure 6 that drug release within 

12 hours is a first-order process (correlation coefficient 

0.99011, standard deviation 1.4709) for the MTX-PLLA-

PEG-PLLA microspheres prepared by the microencapsula-

tion process,31 and after 12 hours, methotrexate started to be 

released in a zero-order kinetics manner, with the correlation 

coefficient and standard deviation being 0.97960 and 0.3393, 

respectively. This result demonstrates that drug release 

from MTX-PLLA-PEG-PLLA microspheres prepared by 

the microencapsulation process was dominated by drug dif-

fusion for the first 12 hours and mainly by polymer erosion 

thereafter, which can be explained by the fact that relatively 

large quantities of methotrexate nanoparticles had been 

encapsulated by PLLA-PEG-PLLA.

Methotrexate is an antimetabolite and antifolate drug 

than can prevent formation of thymine within the cell by 

inhibiting dihydrofolate reductase, rendering it incapable 

of DNA replication. Methotrexate has been widely used as 

a chemotherapy agent for cancer and arthritis. As shown 

in Figure 6, MTX-PLLA-PEG-PLLA prepared by the 

microencapsulation process can provide desirable sustained 

in vitro release of methotrexate, which can be used in the 

treatment of ectopic pregnancy32 and leukemia33 by intra-

venous injection, in breast cancer34 by pulmonary delivery, 

and in psoriasis35 and rheumatoid arthritis36 by percutaneous 

administration.

First-order kinetics are obeyed for drug release from 

MTX-PLLA-PEG-PLLA microspheres prepared by the 

coprecipitation process (the corresponding correlation coef-

ficients and standard deviations for different drug doses are 

shown in Table 2). This indicates that drug release from 

MTX-PLLA-PEG-PLLA microspheres prepared by the 

coprecipitation process is dominated by drug diffusion, con-

firming that most methotrexate nanoparticles are absorbed or 

combined into the microsphere surface. Overall, cumulative 

release of MTX-PLLA-PEG-PLLA microspheres prepared 

by the microencapsulation process appeared to be more 

smooth and slower than that of microspheres prepared by 

the coprecipitation process.

Conclusion
With the addition of an injector in the suspension delivery 

system, SpEDS was effective in preventing damage to the 

HPLC pump and obstruction of the one-way valve, and was 

shown to be a successfully modified version of the original 

SEDS procedure. By suspending methotrexate nanopar-

ticles in an PLLA-PEG-PLLA solution containing dichlo-

romethane, composite microspheres were manufactured by 

a microencapsulation process, with higher drug loading and 

encapsulation efficiency and more desirable sustained release 

than those produced by the coprecipitation process. This 

research demonstrates that microencapsulation of drugs with 

a biodegradable polymer via SpEDS affords great potential 

for designing a controlled-release drug system.
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