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In this work, drug-loaded polymer microparticles were prepared by a supercritical solution impregnation

(SSI) process with nitrendipine as the model drug and PLLA–PEG–PLLA as the drug carrier. The

morphology, size, distribution and functional groups of the drug-loaded microparticles were

characterized by scanning electron microscopy (SEM), laser particle size analyzer and fourier transform

infrared analysis (FTIR). The effects of pressure, temperature and cosolvent concentration on the drug

loading and release property of the microparticles prepared with and without cosolvent were

investigated. The in vitro drug release kinetics of drug-loaded microparticles was studied with five

models. The results indicated that the morphology of the drug-loaded polymer microparticles was not

influenced by the SSI process. And the addition of ethanol cosolvent could significantly improve the drug

loading of the microparticles. The most satisfied drug loading and the release properties of the

microparticles were achieved under 55 �C, 13 MPa and cosolvent ethanol concentration of 3%. The drug

could be released for more than 140 h. The analysis of the drug release kinetics showed that the

experimental data fitted with Ritger–Peppas model were optimal. According to the release exponent

value, the in vitro release process of the nitrendipine-loaded microparticles was controlled by Fickian

diffusion, which can provides a theoretical basis for drug release of this type of experiment.
1 Introduction

Nitrendipine (NTR) is a calcium channel blocker belonging to
the dihydropyridine class of compounds, and it can relax blood
vessels and decrease the heart's pumping strength.1 It has
similar effects on blood pressure and heart rate as nifedipine,
and can also signicantly reduce myocardial oxygen consump-
tion and ameliorate myocardial ischemia at the same time.
Fig. 1 shows the molecular structure of nitrendipine. However,
nimodipine is a poorly water-soluble drug. The solubility of the
drug at room temperature in the water is only 2.2 mg ml�1, and
the utilization rate of the conventional preparation of the drug
is very low. The preparations of the general sale display low oral
bioavailability and large drug concentration uctuation, so that
the frequent administration is needed. Aer the drug was
encapsulated with biodegradable polymer particles, the drug in
the drug-loaded polymer microparticles could be released
slowly with the degradation and swelling of the polymer at the
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specied site, which ensure the continuous therapeutic effect of
the drug, reduce the frequency of drug administration, and
improve the utilization rate of the drug.

With the rapid development of life sciences in recent years,
the control-released drug delivery system in the eld of modern
pharmaceutics has become more and more important and
urgent.2 The system based on biodegradable microparticles has
been received much attention, especially the biodegradable
drug-loaded polymer microparticles have attracted growing
interest because of their potential application in medicine and
pharmacy due to the advantages of sustained release, high
bioavailability and low side effects. When nitrendipine is
prepared into sustained-release formulations, its dose and
Fig. 1 Chemical structure of nitrendipine.
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frequency of administration, as well as side effects could be
reduced.

The traditional processes for preparing the biodegradable
drug-loaded polymer microparticles generally suffer either from
high processing temperatures, which can deteriorate thermo-
sensitive drugs, or from the use of organic solvents, which must
be removed through numerous purication steps to meet FDA's
requirements. In order to tackle these two recurrent drawbacks,
the supercritical CO2 (ScCO2) process has been developed and
got more and more attention.3–5 ScCO2 is inexpensive and
environment friendly, and has low critical coordinates, which
allows to process thermosensitive drugs and makes the prod-
ucts separated from CO2 by simply depressurization, so that the
cost for the products purication can be reduced.6–8

In recent years, supercritical uid has been proved to be an
alternative green process for pharmacy and pharmaceutics.9,10

Drugs could also be impregnated into polymer matrices by
dissolving them in supercritical uid (usually ScCO2), in which
the binary mixture of drug and ScCO2 could facilitate the mass
transfer in the drug loading process. Aer depressurization, the
drug was entrapped inmatrices, and nally homogeneous drug-
loaded polymer composite would be obtained.11 This process,
known as supercritical solution impregnation (SSI), has been
reported to be successfully implemented in fabricating several
polymer-based drug-loaded formulations. Fig. 2 is the sche-
matic diagram of SSI process. The SSI technology has several
advantages over traditional methods. One of them is that the
drug loading can easily controlled by adjusting the operating
conditions to change the distribution coefficient between the
polymer phase and supercritical uid phase. In addition, it is
suitable for both the preparation of water-soluble and lipid-
soluble drug-loaded microparticles. The morphology of drug-
loaded microparticles could be determined by the morphology
of polymer matrix, and the SSI process has no effect on it, so
that the morphology and drug loading can be very well
controlled separately.

Due to the advantages of SSI process, many researchers had
carried out a lot of work in this eld by using the process of SSI
to prepare the drug-loaded polymer microparticles. Meanwhile,
the drug release properties of drug-loaded microparticles were
also extensively studied. Bao et al.12 prepared avermectin-loaded
porous hollow silica microparticles by using SSI process. The
effects of various cosolvents on the drug loading were investi-
gated. It was found that more drug could be loaded into the
Fig. 2 Schematic diagram of immersion drug process.
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microparticles if a cosolvent with stronger polarity was used,
which was mainly due to the effect of the cosolvent on the
interaction between the solute and the solvent molecules.13 And
the drug loading was also affected by the cosolvent viscosity,
because it was not conducive to the diffusion of the drug into
the polymer matrix when the viscosity of cosolvent was relatively
large. In addition, an appropriate amount of cosolvent was
required to achieve the maximum drug loading. Giufrida et al.14

studied the synthesis of microparticles based on poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) polymer that
were impregnated with progesterone. The PHBV microparticles
were obtained by ScCO2 anti-solvent expansion. ScCO2 was also
used at a high pressure (25 MPa) and moderate temperature
(323 K) for the impregnation of progesterone into the PHBV
microparticles at different impregnation times. In vitro release
tests showed that the half-time of progesterone release in
a hydro-alcoholic medium, for the samples produced with
impregnation times of 2–32 h, was 3–5 h. Costaa et al.15

impregnated successfully acetazolamide and timolol maleate
into silicone-based hydrogel contact lenses by SSI process. The
effects of temperature, pressure, impregnation time, release
rate, cosolvent type and other factors on the impregnation
efficiencies and the properties of the contact lenses were
studied. Glass transition temperature, oxygen permeability,
contact angle, apparent morphological changes and in vitro
drug release kinetics were studied in detail. The results
demonstrated the feasibility of preparing acetazolamide and
timolol maleate impregnated contact lenses using CO2 + EtOH
and CO2 + H2O solvent mixtures. Ji et al.16 prepared successfully
the stable formulations of poorly water-soluble anticancer
drugs such as camptothecin and griseofulvin into a chitosan
matrix by SSI process. The amount of drug impregnated was
measured by UV spectrophotometry and gravimetric tech-
niques. Pore characteristics and the crystallinity of the drugs in
the impregnated chitosan were measured. The results
measured showed that both camptothecin and griseofulvin
were in amorphous forms aer processed. The dissolution rate
of griseofulvin processed was increased due to the hydrophilic
properties of chitosan and its interaction with the drug. Üzer
et al.17 prepared the sustained and controlled release drugs
composite with PMMA as the carrier under 8–15 MPa and 35–
45 �C by SSI process. The effects of temperature and pressure on
the swelling and permeability of system were studied. Swelling
experiments resulted in 9–25% volume expansion in ScCO2. The
effect of pressure and temperature on the extent of volume
increase was directly related to the solvent density, for both
swelling and impregnation. The extent of swelling and the
amount of solute impregnated increased with the increase of
pressure and temperature. López-Periago research group18

prepared triusal-loaded PMMA composite with PMMA as the
carrier by SSI process. The additives were impregnated into
nonporous polymeric substrates. Chemical and H-bonding
interactions between the matrix and the infused drug were
evaluated together with the impregnated drug stability. The
results showed that the samples impregnated had an excellent
potential for the preparation of pharmaceutical formulations.
The delivery proles obtained were consistent with keeping
This journal is © The Royal Society of Chemistry 2019
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stable levels of the drug dissolved over a long period of time,
reducing the number of administrations and avoiding the
initial sharp increase in drug concentration. Unagolla et al.19

prepared chitosan–alginate polyelectrolyte microparticles con-
taining the antibiotic, vancomycin chloride by using the iono-
tropic gelation (coacervation) technique. In vitro release and
drug transport mechanisms were studied. According to the in
vitro release data, alginate only and chitosan only microparti-
cles showed burst release and prolonged release respectively.
Chitosan–alginate lyophilized microparticles showed the best-
controlled release of vancomycin with the average release of
22 mg per day for 14 days. The best t was observed with Peppas–
Sahlin model, indicating that the drug transport mechanism
was controlled by both Fickian diffusion and Case II relaxations.

In this work, the drug-loaded polymer microparticles were
prepared by supercritical solution impregnation (SSI) process
with hydrophobic nitrendipine (NTR) as model drug and PLLA–
PEG–PLLA as the amphiphilic polymer matrix. Themorphology,
microparticle size and distribution and functional groups of
drug-loaded microparticles were characterized respectively. The
effects of operating conditions such as temperature and pres-
sure on the drug loading efficiency and the physical properties
of the drug-loaded microparticles prepared with and without
cosolvent were investigated. The drug loading and release
property of the microparticles prepared with and without
cosolvent were estimated. In vitro drug release kinetics of drug-
loaded microparticles was studied with ve models. The tting
results of Ritger and Peppas model were the best, and the drug
release type belonged to Fickian diffusion, which can provides
a theoretical basis for drug release of this type of experiment.
2 Experimental
2.1 Materials

Nitrendipine (CAS 39562-70-4, 99%) was purchased from
Alpenglow Chemical Industrial Co.,Ltd (Jinan, China). PLLA–
PEG–PLLA (90PLLA : 10PEG wt%, 40 kDa) was synthesized by our
research team. Carbon dioxide (99.9%) was purchased from the
Credit Co. (Dalian, China). Ethanol (99.5%) was obtained from
Tianjin Damao Chemical Reagent Factory (Tianjin, China).
Fig. 3 Schematic drawing of the experimental apparatus for SSI proces
cooler; 6-plunger pump; 9-temperature controller; 10-thermoelement;
vessel; 15, 21-fine tuning valve; 16-heater band; 17-primary absorber; 18
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Phosphate buffer saline (PBS) particles (pH 6.86) used as the
drug release medium were obtained from Shanghai Hongbei
Chemical Reagent Factory (Shanghai, China). All the materials
were used as received.

2.2 Microparticles characterization

The structure of drug-loaded microparticles was determined by
a fourier transform infrared (FT-IR) spectrometer (Nicolet 560,
America). Scanning electron microscopy (SEM; QUANTA-450,
FEI, America) was used for the observation of the morphology
of nitrendipine-loaded PLLA–PEG–PLLA microparticles. The
size distribution of nitrendipine-loaded PLLA–PEG–PLLA
microparticles was determined by using the laser particle size
analyzer (LPSA, BT-9300H, Dandong Bettersize Instruments co.,
Ltd, Dandong, China).

2.3 Fabrication of drug-loaded microparticles

The experimental apparatus for SSI process is shown in Fig. 3. It
mainly consisted of four parts: CO2 supply and pressurization
system, the equilibrium autoclave system, temperature control
system and depressurized system. Among the four systems, the
equilibrium autoclave system was the most important part. The
equilibrium autoclave with a volume of 500 ml was consisted of
a polymer-loaded vessel and drug-loaded vessel. A 5-layer-
sintered wire mesh (SWM) with the precision of 20 mm was
located at the bottom of drug-loading vessel to separate the drug
particles, polymer particles and gas–solid mixtures effectively.
The measurement errors of the experimental apparatus for the
temperature and the pressure were �0.1 K and �0.1 MPa
respectively. Fig. 4 is the principle schematic drawing that
illustrates the SSI process.

Firstly, the polymer microparticles (0.05–0.08 g) were loaded
in the polymer-loaded vessel, and the packed nitrendipine drug
(1 g, excess) mixed with glass beads and glass cotton were
regularly tiled in drug-loaded vessel, which could effectively
guarantee the smooth passing of CO2. While in the presence of
cosolvent, a certain quantity of cosolvent would be placed in the
bottom of this equilibrium autoclave in advance. Aer the
autoclave with drug and polymer was sealed well and preheated
to a certain temperature, the cooled CO2 was pumped into the
s. 1-CO2 cylinder; 2, 5, 7, 11, 20-pressure gauge; 3, 8-stop valves; 4-
12-drug-loading vessel; 13-polymer-loading vessel; 14-high pressure
-two stage absorber; 19-silica gel desiccator; 22-mass flowmeter.
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Fig. 4 Schematic drawing for illustrating the SSI process.
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equilibrium autoclave by a plunger metering pump. The inlet
valve should keep open until the temperature and pressure had
reached to the set condition. Then the drug microparticles
could establish the dissolution equilibrium between ScCO2 and
polymer over enough time (2 h). Finally, the ne tuning valve
was opened, and the autoclave was depressurized slowly. The
microparticles of drug impregnated in the polymer-loaded
vessel were collected carefully and the wet microparticles
(when the cosolvent was used) should be dried in a vacuum
drying box.
2.4 Determination of drug content in the microparticles

The content of nitrendipine in the drug-loaded microparticles
were detected by UV-visible spectroscopy (UNICO, model UV-
2100, USA), using phosphate buffer solution (PBS) as the
release medium. Nitrendipine (10 mg) was dissolved in 0.1 mol
l�1 PBS (pH 6.86) and diluted to 500 ml. 2.0, 3.0, 4.0, 5.0 and
6.0 ml solution were used and diluted to 10ml, respectively. The
absorbance frequency was measured at 236 nm by UV-vis
spectra and a standard curve was painted.
2.5 In vitro release kinetics of drug

The drug loading of the samples was measured by UV spectro-
photometry, and the in vitro release properties of the drug were
observed by the dialysis using a shaking incubator (SHZ-82;
Fig. 5 SEM image and PSD of drug-loaded microparticles prepared by S
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FeiPu Experimental Instrument Factory, Changzhou, China)
under 37 �C and atmospheric pressure.

To study the nitrendipine release mechanism from the
different of the cosolvent concentration, ve kinetic models
were considered to t the experimental data. These models
included that the zero order drug delivery model (mt/mN ¼ kt),
the rst order drug delivery model (mt/mN ¼ 1 � exp(�kt)),
Higuchi model20 (mt/mN¼ kt1/2), Peppas–Sahlinmodel21 (mt/mN

¼ k1t
n + k2t

2n) and Ritger–Peppas model22 (mt/mN ¼ k1t
n). In

these equations,mt/mN is the percentage of drug release at time
t, k is the kinetic constant and n is the diffusion exponent.

3 Results and discussion
3.1 Morphology and size distribution of drug-loaded
microparticles

Fig. 5 shows the SEM photographs and the particle size distri-
bution of the nitrendipine-loaded microparticles prepared by
SSI process. The preparation conditions were 55 �C, 13 MPa and
the cosolvent ethanol fraction of 3% (mol). By comparing with
the electron microscopy and particle size of the polymer black
particles prepared by supercritical antisolvent process (SAS),23 it
can be seen that the morphology and particle size of the drug-
loaded microparticles by the SSI process were almost
unchanged, which meant that the SSI process could be applied
to prepare the drug-loaded microparticles and maintains the
original morphology of microparticles. SAS and SSI process
SI process.

This journal is © The Royal Society of Chemistry 2019
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could be conducted respectively, which was benecial to control
the particle size and drug loading. And the addition of the
cosolvent did not affect the basic morphology and particle size
of the microparticles. Form Fig. 5, it can be seen that the size
distribution of the drug-loaded microspheres was relatively
uniform and the particle diameter was approximately 1 mm. It
was closed to the result of the electron microscope observed.
3.2 Structure of drug-loaded microparticles

The FTIR spectra of nitrendipine, blank polymer microparticles
and nitrendipine-loaded polymer microparticles are shown in
Fig. 6. In the spectrum of nitrendipine (Fig. 6a), the character-
istic peaks at 1687 cm�1 and 1529 cm�1 were attributed to
stretching vibration of C]O and C–N groups. They shied to
1704 cm�1 and 1533 cm�1 in the spectrum of nitrendipine-
loaded microparticles (Fig. 6c). And the peak at 3338 cm�1

(Fig. 6a) corresponded to N–H stretching vibrations of nifedi-
pine, and it was consistent with the position of the peaks in
Fig. 6c. The above evidences indicated substantially that the
drug was been loaded into the polymer microparticles. From
Fig. 6b, it can be seen that the characteristic peaks at 2876 cm�1,
1742 cm�1 and 1186–1093 cm�1 were attributed to stretching
vibration of C–H, C]O and C–O–C groups, respectively, and the
peaks were basically consistent with the position of the peaks in
Fig. 6c, which showed that the chemical structure of micro-
particles carrier aer the drug-loaded was basically unchanged.
3.3 Drug loading without cosolvent

Fig. 7 shows the effects of the temperature and pressure on drug
loading of nitrendipine in polymer matrix. As displayed in
Fig. 7, the drug loading increased with the increase of temper-
ature. This could be explained from two aspects. First, the
swelling of polymers was in favor of the nitrendipin penetration
into polymer matrix and the more swelling degree, the more
permeation quantity of the drug. Moreover, the swelling degree
Fig. 6 FTIR spectras of nitrendipine-loaded microparticles: (a)
nitrendipine, (b) polymer blank microparticles and (c) nitrendipine-
loaded microparticles.
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of the polymer in ScCO2 increased with the increase of
temperature, so the increase of temperature under given
conditions was benecial for the increase of drug loading.24 And
the drug molecules could show the relatively stronger diffusion
ability with the increase of temperature,25 so more drug mole-
cules could be loaded into the polymer matrix, which would
eventually lead to the increase of drug loading.

The effect of pressure on drug loading of nitrendipine was
more complicated. It can be seen clearly form Fig. 7 that with
the increase of pressure under isotherm conditions, the drug
loading of microparticles appeared to increase at rst and then
decrease gradually aer reaching its peak value (at about 13
MPa). This was because that both the swelling of polymers and
the solubility of drugs in ScCO2 had effects on drug loading. At
rst, the two factors both showed a tendency of increase with
the increase of the pressure, which could enhance the partition
coefficient of the drug in polymer phase, so the drug loading
increased with the increase of the pressure. When the pressure
reached to a certain degree, the changes of polymers swelling
was not obvious, while the solubility of drugs in ScCO2 was
continuously increase with the pressure, which led to a decrease
of partition coefficient of the drug in polymer phase.26,27
3.4 Accumulated drug release rates without cosolvent

Generally, drug loading of the polymeric microparticles contained
three parts: rstly, the drug in the high pressure vessel was crys-
tallized out and adsorbed on the surface of the polymeric matrix in
the process of depressurization; secondly, the drug located in
polymer was formed into microcrystalline during the process of
depressurization; thirdly, the drug molecules permeated into the
polymer matrix were adsorbed on the surface of the polymer
molecules by the intermolecular forces. In the process of drug
release, the rst part was oen represented by sudden-release,
while the other two parts were represented by sustained-release,
which resulted two different releasing patterns: the molecule
diffusion pattern and the sustained-release pattern.28

3.4.1 Effect of pressure on accumulated drug release rates.
Fig. 8 shows the drug release curves of the drug-loaded
Fig. 7 Effects of pressure on drug loading under different
temperatures.
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Fig. 8 Drug release curves of the drug-loaded microparticles under
different pressure.
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microparticles prepared under the temperature of 55 �C and
various pressures (10 MPa, 13 MPa, 16 MPa and 20 MPa). The
drug release rate reached to about 20% aer an hour, which
mainly showed the phenomenon of sudden release, and the
phenomenon tended to be more obvious for the drug-loaded
microparticles which were prepared at 20 MPa. This relatively
short time of drug release was probably caused by the weak
interactions between polymer molecules and drug molecules
which could eventually lead to the loose binding forces. Aer
about 30 h, the drug release rate was basically unchanged and
the drug release rate all reached over 90%.

3.4.2 Effect of temperature on accumulated drug release
rates. In order to explore the effects of the temperature on the
nitrendipine accumulated drug release rates without cosolvent,
the pressure was xed at 13 MPa and the temperature was set at
35 �C, 45 �C and 55 �C respectively. Fig. 9 shows the drug release
curves of the drug-loaded microparticles prepared under
different conditions. It can be seen that the nitrendipine release
rate showed an increasing trend with increase of temperature.
When the temperature increased to 55 �C, the drug showed
Fig. 9 Drug release curves of the drug-loaded microparticles under
different temperature.
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a good release performance with a relatively large drug loading,
while the microparticles prepared without cosolvent all showed
poor drug loading and release performance, which severely
limited their biomedical applications.

3.5 Drug loading with cosolvent

Nitrendipine belongs to polar material, while ScCO2 is
a nonpolar solvent, so there is a weak interaction between the
solute and solvent, which results in a relatively low solubility of
nitrendipine in ScCO2 and low drug loading. Therefore, it is
necessary to improve the drug solubility, and thus improve its
productivity and quality. Generally, through the addition of
small amounts of polar cosolvents to nonpolar ScCO2, a higher
polarity mixed supercritical solvent is created, and the solubility
of polar solutes in the mixed solvent is higher than that in pure
nonpolar ScCO2.27,29,30 This is mainly because the addition of
polar cosolvents could arouse specic interactions such as
hydrogen bonding between the solute and cosolvent molecules,
resulting in larger enhancement of solubility.31 In this work,
ethanol was chosen as cosolvent because of its low cost, non-
toxicity and polarity.

Fig. 10 shows the cosolvent concentration effects on
impregnation efficiency of nitrendipine in polymer micropar-
ticles prepared under a xed pressure of 13 MPa and the
different temperatures (35–55 �C). As seen in Fig. 10, the drug
loading increased rst and then decreased with the increase of
cosolvent concentration, and when the cosolvent concentration
was 3% (mol), the drug loading reached a maximum (0.105 mg
mg�1). This trend was also found in the impregnation efficiency
of nitrendipine in polymer matrix with the change of nitrendi-
pine solubility in mixed SCF. With the increase of cosolvent
concentration from 0.5% up to 3%, the addition of cosolvent
could effectively improve the drug solubility. Consequently,
there would be a relatively large partition coefficient in polymer
phase and ScCO2 phase, and the efficiency of impregnation was
improved eventually.32 However, the drug loading did not pro-
portionally increase with the sustained increase of the cosolvent
concentration. On the contrary, it decreased with the increase of
Fig. 10 Effects of cosolvent concentration on drug loading under
different temperatures.

This journal is © The Royal Society of Chemistry 2019



Fig. 12 Drug release curves of the drug-loaded microparticles under
different cosolvent concentration and different pressure.
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cosolvent concentration from 4% to 6%. The most likely reason
was that the continuously increasing cosolvent concentration
could result in the enhancement of intermolecular forces
between drug molecules and mixed ScCO2, and decrease the
amount of drug molecules into polymer phase. From above
discussions, it could be concluded that the drug loading was not
only inuenced by the solubility of the drug in ScCO2, but also
by the partition coefficients of the drug in the polymeric phase
and the uid phase.33,34

3.6 Accumulated drug release rates with cosolvent

3.6.1 Effect of cosolvent concentration on accumulated
drug release rates. Fig. 11 shows the nitrendipine release curves
from polymer microparticles under 55 �C and 13 MPa with
different cosolvent concentrations. It can be seen that the addi-
tion of ethanol cosolvent could signicantly improve the drug
loading, as well as the release time. Actually, the preparation
process of drug-loaded microparticles with or without cosolvent
had a signicant effect on drug release rates from the in vitro
release experiments. The microparticles without cosolvent
showed much higher initial release rates than the one with
cosolvent, resulting in that the accumulated drug release rates of
the microparticles without cosolvent had passed 50% aer 2 h
during the in vitro release experiments, while the condition could
be well managed when the cosolvent was added. Compared with
the accumulated drug release rates of drug-loadedmicroparticles
prepared without cosolvent, the accumulated drug release rates
of the microparticles with cosolvent had been basically
unchanged aer 150 h, which was much longer than the release
time without cosolvent. The main reason was that the addition of
cosolvent ethanol could increase the interaction between the
drug and the polymer, which made the drug release rates slow
down. It can be seen from Fig. 11 that by adding the cosolvent of
3%, the accumulated drug release rates was the maximal.

3.6.2 Effect of pressure on accumulated drug release rates.
Fig. 12 shows the nitrendipine release curves from polymer
microparticles under different pressures (the other conditions
being xed at the temperature of 55 �C and the cosolvent
Fig. 11 Drug release curves of the drug-loaded microparticles under
different cosolvent concentration.

This journal is © The Royal Society of Chemistry 2019
concentration of 3%). It can be seen that the accumulated drug
release rates changed more evidently with the increase of
pressure in the case with the cosolvent than that without
cosolvent. The pressure had two contrary effects on the accu-
mulated drug release rates. On one hand, it was favorable for
the impregnation process that the drug loading and the accu-
mulated drug release rates both increased with the increase of
pressure within a certain range. This was because that the
polymer swelling could increase with the increasing of pressure,
which allowed more drugs to diffuse into the polymer matrix. In
addition, the increase of pressure resulted in the increase of the
solute solubility, and it would be expected that some reasonable
amount of drug could be loaded into polymer matrix. However,
on the other hand, the constantly rising pressure had a certain
impact on the accumulated drug release rates, which could be
observed in Fig. 12 and well explained with partition coefficient.
The polarity of ScCO2 could be effectively adjusted by adding
cosolvent, resulting in a higher solubility of drug in mixed
Fig. 13 Drug release curves of the drug-loaded microparticles under
different cosolvent concentration and different temperature.

RSC Adv., 2019, 9, 16167–16175 | 16173



Table 1 Results of fitting the experimental data with five kinetic models

C/mol%

Zero-order First-order Higuchi Peppas–Sahlin Ritger and Peppas

k R2 k R2 k R2 n k1 k2 R2 n k R2

6 0.38 0.79 0.20 0.81 0.11 0.52 0.35 0.33 �0.03 0.94 0.29 24.4 0.99
5 0.40 0.75 0.23 0.81 0.12 0.43 0.36 0.35 �0.03 0.95 0.29 25.7 0.98
4 0.36 0.77 0.15 0.87 0.12 0.63 0.41 0.29 �0.02 0.97 0.33 21.4 0.99
3 0.38 0.75 0.12 0.86 0.12 0.55 0.39 0.32 �0.03 0.96 0.31 23.3 0.99
2 0.39 0.75 0.22 0.85 0.12 0.52 0.37 0.34 �0.03 0.96 0.32 23.3 0.98
1 0.12 0.88 0.07 0.87 0.11 0.86 0.42 0.20 �0.01 0.96 0.36 16.4 0.98
0.5 0.32 0.83 0.12 0.84 0.11 0.71 0.38 0.27 �0.02 0.96 0.33 20.3 0.99
0 0.32 0.87 0.12 0.81 0.11 0.73 0.35 0.28 �0.02 0.95 0.31 21.1 0.99
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ScCO2, and when interaction between drug and ScCO2 phase
was stronger than interaction between drug and polymer phase,
there would be more drugs choosing to stay in ScCO2,35 so
a proper pressure was another critical factor to the drug release
rates. The most suitable pressure for this experiment was
13 MPa.

3.6.3 Effect of temperature on accumulated drug release
rates. Fig. 13 shows the nitrendipine release curves from poly-
mer microparticles under different temperatures (the other
conditions being xed at the pressure of 13 MPa and the
cosolvent concentration of 3%). It can be seen that when
ethanol cosolvent was not added, it did not appear to have
much difference of the accumulated drug release rates under
different temperatures, and in the case with cosolvent there was
a signicantly higher accumulated drug release rates than that
without cosolvent. Similarly to the effect of temperature on drug
release rates in the case without cosolvent, the accumulated
drug release rates increased with the increase of temperature.
However, in order to keep the drug stability, the operation
temperature should not select too high.36
3.7 Drug release kinetics of drug-loaded microparticles

The parameters values obtained by tting experimental data
from the different of the cosolvent concentration with ve
Fig. 14 Linear regressions of fitting the experimental data with Ritger–
Peppas model.
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different kinetics models are shown in Table 1. According to
Table 1, it can be found that Ritger–Peppas model was the best
tting model for the experimental data of each sample type by
comparing the correlation coefficient (R2). Higuchi model was
a relatively simple model and oen used in swellable polymer
systems. The difference between the Ritger–Peppas model and
the Higuchi model was the exponent (n), so the application
scope of the Higuchi model was not as extensive as that of the
Ritger–Peppas model. Peppas–Sahlin model took into account
the effects of Fickian diffusion (item 1) and Case II transport
(item 2) at the same time. From Table 1 k2 was much smaller
than k1, which meant that the release was mainly controlled by
Fickian diffusion. The tting errors of zero-order model and
rst-order model were larger because both were mainly appli-
cable to the reservoir type drug delivery system.

The Ritger–Peppas model was usually applied to the matrix
type drug delivery system in which the mechanisms of sus-
tained release were oen relatively complicated (such as diffu-
sion, swelling and corrosion).37 For the delivery system of the
monodisperse spherical microparticles, when the diffusion
exponent (n) was equal to 0.43, the drug release mechanism was
the Fickian diffusion. When the diffusion exponent (n) was
equal to 0.85, the drug release mechanism was completely Case
II transport. When value of n was between 0.43 and 0.85,
anomalous (non-Fickian) transport was observed for a mono-
disperse system. However, for a polydispersed spherical system,
the values were 0.30 and 0.45, respectively.38

Fig. 9 illustrates the line regressions results tted with the
Ritger–Peppas model by using the least-squares method. As
shown in Fig. 14, R2 obtained from the tting experimental data
with this model were all greater than 0.98 under the experiment
conditions and the diffusion exponent (n) were all around 0.30.
Because the test samples belonged to a polydispersed system,
the release type was considered as Fickian release behavior.
4 Conclusions

In this work, the drug-loaded polymer microparticles were
prepared by supercritical solution impregnation (SSI) process
with nitrendipine as model drug and PLLA–PEG–PLLA as the
polymer matrix. The drug loading and release rate of the
microparticles prepared with and without cosolvent were
studied. The results indicated that the addition of ethanol
This journal is © The Royal Society of Chemistry 2019
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cosolvent could signicantly improve the drug loading of
microparticles, in addition, the drug loading of microparticles
appeared to increase at rst and then decrease gradually aer
reaching its peak value with the increase of cosolvent concen-
tration. When ethanol with the mole fraction of 3% was added
into ScCO2, the drug loading reached a maximum (0.105 mg
mg�1). When a poorly water-soluble nitrendipine was impreg-
nated into the amphipathic polymer matrix in ScCO2, the drug
loading and the release rate of the drug-loaded polymer
microparticles increased signicantly under the function of
cosolvent. The release kinetics of drug-loaded polymer micro-
particles was studied. Five release models were used to t the
experimental data with the different cosolvent concentration.
The tting results of Ritger and Peppas model were the best,
and the drug release type belonged to Fickian diffusion.
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