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Effects of processing parameters on the properties of amphiphilic block
copolymer micelles prepared by supercritical carbon dioxide evaporation
method
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The operation parameters for the supercritical carbon dioxide (ScCO2) evaporation method greatly affect
the properties of the prepared drug-loaded micelles. In this study, the effects of those key parameters
on the drug-loading content (LC) and drug entrapment efficiency (EE) are discussed. It is observed
that EE and LC of the micelles are slightly increased with the enhancing temperature and the copolymer molecular ratio of hydrophilic/hydrophobic segment, while decreased with the enhancing ScCO2
evaporation rate. The pressure and volume ratio of ScCO2 to H2O are observed the optimum condition.
In addition, the verification experiment is carried out under the obtained optimizing parameters. The
prepared micelles exhibit relatively regular spherical shape and narrow size distribution with the EE and
LC value of 70.7% and 14.1%, respectively.
Keywords: supercritical carbon dioxide, amphiphilic block copolymer, drug-loaded micelles, processing
parameters, optimization.
INTRODUCTION
Cancer is considered as one of the most lethal diseases in the world. The development of theranostics
technique for cancer has been paid great attention1.
Paclitaxel (PTX) is recognized as an efficient anticancer
drug and demonstrated to have the inhibition of tumors2. In clinical trials, PTX shows significant activities
against various tumors including head and neck cancer,
refractory ovarian cancer, metastatic breast cancer and
non-small cell lung cancer3, 4. However, the biological
application of PTX is limited due to its poor solubility,
low bioavailability and problems on internal release5. In
order to enhance the solubility and decrease its adverse
effect, multifunctional drug delivery systems based on
nanoparticles and polymers have been developed in the
recent years6.
Owing to its unique and advanced features (e.g. easily available structure modification, effective targeting
ability, retention effect and high permeability, as well
as the ability of bypassing the detection of immune
system), amphiphilic block copolymer micelles are
demonstrated as the ideal drug delivery system7, 8. In
aqueous solution, amphiphilic block copolymers can
self-assemble into polymeric micelles with hydrophobic
core and hydrophilic shell. The lipophilic drugs can be
effectively assembled in the hydrophobic core, while the
hydrophilic shell enhancing the stability in vivo by making
particles “invisible” after intravenous injection. A lot
of literatures report that amphiphilic block copolymers
have been successfully used as drug delivery systems. For
example, Luo and Gu’s group prepared a series of smart
nanoparticles based on the self-assembly of amphiphilic
block copolymers for cancer therapy9–13.
Emulsion solvent evaporation method is one of the
most popular processes to prepare drug-loaded micelles
using amphiphilic block copolymers. The most commonly
used solvents are ethanol, chloroform, etc. However, the

residual organic solvents in the micelles might cause
serious side effects14–18.
Due to their low viscosity, high diffusivity, easily available critical point and low surface tension, supercritical
fluids (SCFs) have been attached much attention19–22.
Specially, supercritical carbon dioxide (ScCO2) as a green solvent has been applied in a lot of processes23–26.
In our previous study, the amphiphilic block copolymer
micelles loaded PTX have been successfully prepared
through solvent evaporation method using supercritical
carbon dioxide instead of traditional organic solvents27.
The drug loading content and encapsulation efficiency
of the micelles prepared by this method are similar to
those of the organic solvent-based method. It reveals
that the supercritical carbon dioxide evaporation method
is a novel way to prepare micelles and this approach is
much friendly comparing to traditional ones.
Although the previous work successfully prepares the
drug-loaded micelles by evaporation method using supercritical carbon dioxide, the effects of processing conditions
on the prepared micelles is not discussed. In order to
gain a deeper understanding of the characteristics of this
process, the effects of the condition parameters including
the temperature, pressure, copolymer molecular ratio of
hydrophobic segment and hydrophilic one, evaporation
rate, volume ratio of ScCO2 and H2O on the drug loading content(LC) and drug entrapment efficiency(EE)
of the PTX-loaded micelles are discussed in details.
Afterwards, the verification experiment is carried out
under the optimizing parameters. The properties of the
prepared micelles are determined to verify the obtained
optimal conditions.
EXPERIMENTAL
Material
Vinyl acetate with a purity of 97% was purchased from
Sinopharm Chemical Reagent Co. Ltd, China and used
Unauthentifiziert | Heruntergeladen 18.01.20 20:13 UTC

82

Pol. J. Chem. Tech., Vol. 20, No. 1, 2018

before passing through an alumina column to remove
inhibitor. Ethyl 2-bromopropionate with A.R. grand and
poly(ethylene glycol) methyl ether methacrylate (average
Mn = 300) was purchased from Aldrich. 2,2-Azobisisobutyronitrile was obtained from Aldrich and used before
recrystallizing three times using ethanol. Paclitaxel with
a purity of 99.8% was obtained from Jiangsu Yew Pharmaceutical Co. Ltd, China. Carbon dioxide (99.99% purity)
was supplied by Nanjing Special Gases factory Co. Ltd.
Synthesis of poly(vinyl acetate)-b-poly(ethylene glycol)
methyl ether methacrylate
The amphiphilic block copolymer, poly(vinyl acetate)-b-poly(ethylene glycol) methyl ether methacrylate
(where poly(vinyl acetate) acts as CO2-philic block and
poly(ethylene glycol) methyl ether methacrylate acts as
hydrophilic one), is synthesized by RAFT polymerization
via a three-step procedure. First, the selected RAFT
agent for the preparation of VAc macroRAFT agent,
(S)-2-(ethyl propionate)-(O-ethyl xanthate), is synthesized
according to the work by Patel et al.28. Second, vinyl
acetate, AIBN and (S)-2-(ethyl propionate)-(O-ethyl
xanthate) are mixed to prepared VAc macroRAFT agent.
The molecular weight of the product is determined by
GPC. Third, VAc macroRAFT agent, AIBN and poly(ethylene glycol) methyl ether methacrylate (PEGMA)
are reacted to form the final product. The molecular
ratio of hydrophobic segment and hydrophilic one of the
amphiphilic block copolymer, poly(vinyl acetate)-b-poly(ethylene glycol) methyl ether methacrylate (PVAC-b-PEGMA), is calculated by 1HNMR, which are recorded
in CDCl3 on a Bruker AVANCE300 MHz spectrometer
using tetramethylsilane (TMS) as an internal reference
at room temperature.
Preparation of the drug-loaded micelles by supercritical
carbon dioxide evaporation method
A schematic representation of the apparatus used for
the preparation of drug-loaded micelles by supercritical
carbon dioxide evaporation method is shown in Figure 1.
The setup consists mainly of nitrogen cylinder (A),
carbon dioxide cylinder (B), high-pressure pumps (C),
dissolution cell (D), micelle formation cell (E), water
bath (F), flowmeter (G), control valves (V) and pressure
gauges (P). The dissolution cell and micelle formation
cell are produced by Haian Petroleum Technology Co.,
Ltd and their working pressure rang is 0–16 MPa. The
high pressure pump is purchased from Beijing Xingda
Technology Co., Ltd. The pressure of the system is
monitored using a pressure transducer purchased from

Nanjing Keda Technology Co., Ltd. with 0.1% accuracy
in the pressure of 0–30 MPa. The temperature of the
water bath is controlled by an input type thermostat
purchased from Beijing Changliu Scientific Instrument
Co., Ltd and its accuracy is ±0.1oC.
During an experiment, paclitaxel is loaded into the
dissolution cell. Copolymer and water are added into
the micelle formation cell. The water bath is kept at
a certain temperature during the preparation process.
Then nitrogen from a cylinder is introduced into the
system to control the added amount of CO2 in the next
step. After that, carbon dioxide from another cylinder is
pumped to the dissolution cell using the high pressure
pump. After stirring for 4 hours to dissolve paclitaxel,
the mixture in the dissolution cell is added to the micelle formation cell through valve 5. The mixture in the
micelle formation cell is stirred vigorously for 8 hours,
then valve 6 is opened to evaporate the carbon dioxide
and the drug loaded micelles are formed in the system.
During the evaporation process, carbon dioxide evaporation rate is controlled by the flowmeter. Finally, the
solution is centrifuged and is filtered to remove the
unloaded drugs.
Table 1. Standard preparation parameters and their investigated
range

In this study, the effects of processing parameters include temperature, pressure, copolymer molecular ratio of
hydrophobic segment and hydrophilic one, evaporation
rate of CO2, volume ratio of ScCO2 and H2O on LC and
EE of the micelles are studied. The standard conditions
for the micelle preparation and the investigated ranges
are summarized in Table 1.
Determination of drug-loading content(LC) and drug
entrapment eﬃciency(EE)
The drug-loading content (LC) and drug entrapment
efficiency (EE) of the micelles are determined using
UV spectrophotometer. Specifically, the different concentration of paclitaxel ethanol solution is measured by
UV spectrophotometer at the wavelength of 228 nm to
obtain a calibration curve. Then, the drug-loaded micelle
solution is filtered to collect the unloaded paclitaxel and
dissolved it in ethanol. The content of this solution is
calculated by the calibration curve and used to determine
the entrapped amount of drug. The LC and EE of the
micelles are calculated by the following equations:

Figure 1. A schematic representation of the ScCO2 evaporation
apparatus (A: nitrogen cylinder; B: carbon dioxide
cylinder; C: high-pressure pumps; D: dissolution
cell; E: micelle formation cell; F: water bath; G:
flowmeter; V: control valves; P: pressure gauges)
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Morphology measurements of the micelles
A JEOL JEM-200CX transmission electron microscope
(TEM) is used to observe the morphology of the drug-loaded micelles. The detailed experimental process can
be found in our previous manuscript29.
RESULTS AND DISCUSSION
Device repeatability veriﬁcation
Verifying the repeatability of the process is quite prerequisite. Therefore, the verification experiment under
the standard conditions is carried out before optimization determination. The results show that the difference
of EE of the prepared micelles is within ±0.5% in 5
repeated experiments, indicating a good repeatability
of the process.
Eﬀect of block copolymer compositions
Table 2 indicates that the EE and LC of the micelles
are decreased with the increasing ratio of the hydrophilic
segment of the copolymer. For the drug-loaded micelles,
the drug is aggregated in the core by the interaction
between the hydrophobic segment and the drug. The
higher ratio of the hydrophobic segment in the copolymer motivates the drug aggregation in the micelles and
employs the higher EE and LC of the micelles. The
same conclusion can be found in the literatures which
reported the preparation of the drug-loaded micelles
using amphiphilic block polymer by organic solvent
evaporation method29–31.
EFFECT OF TEMPERATURE
The experiments are determined at the temperature
of 35, 40 and 45oC. It can be observed from Figure 2
that the LC and EE are slightly increased with the enhancing temperature. For the traditional organic solvent
evaporation method, the effect of temperature on the
properties of the micelles is reflected in two aspects.
On one hand, temperature can affect the physical and
chemical properties of the solution. On the other hand,
the evaporation rate of the organic solvent is depended
on the system temperature. For ScCO2 evaporation
method, the evaporation rate of CO2 is controlled by
the flowmeter. Thus the temperature of the system
only affects the physical and chemical properties of the
solution system. Specifically, the increased temperature
can improve the solubility of drug and the hydrophilic
segment of the copolymer in ScCO2. That could improve
the stability of the micelles in the system and promote
the aggregation of the drug in the nucleus of the micelle, resulting in the slightly increasing EE and LC of
the prepared micelles.

Figure 2. Effect of temperature on drug entrapment efficiency(EE) and drug-loading content(LC) of the micelles

Eﬀect of pressure
The preparation pressures are selected from 9.5 to
14.5 MPa and the results are illustrated in Figure 3. It
can be observed that the increasing pressure from 9.5
to 11.5 MPa leads to higher EE and LC, while further
increase shows the opposite trend. To our knowledge,
higher pressure can increase the solubility of drug and
the hydrophilic segment of the copolymer in ScCO2,
which leads to the higher EE and LC. At the same
time, the higher pressure means that more amount of
carbon dioxide exists in the system to the same volume
of ScCO2. As the release of carbon dioxide may bring
a little amount drug out of the micelles, the increased
release mass of carbon dioxide will cause a decrease of
EE and LC. With the contribution of the two aspects,
EE and LC of the micelles prepared in this study are
observed the optimal values under the pressure of about
11.5 MPa.

Figure 3. Effect of pressure on drug entrapment efficiency(EE)
and drug-loading content(LC) of the micelles

Figure 4 shows the effect of evaporation rate on EE
and LC of the micelles. The experimental range is from
10 to 40 L min–1. It is observed that the EE and LC
decrease with the faster evaporation rate within the
experimental range. During the evaporation process, the

Table 2. Effect of copolymer compositions on EE and LC of the micelles
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EE and LC of the prepared micelles. In summary, these
reasons lead to the optimum volume ratio of ScCO2 to
H2O as 1:3. The similar results are found by the literature, which prepares polyester microspheres containing
somatostatin acetate by solvent evaporation method using
methylene chloride as solvent32.

Figure 4. Effect of ScCO2 evaporation rate on drug entrapment
efficiency(EE) and drug-loading content(LC) of the
micelles

CO2 mass transfer procedure from the core of micelles
may take some drug out of the micelles and the faster
evaporation rate may lead to the enhanced drug escaping
amount from the micelles. This can explain the results
that the EE and LC of the micelles decrease with the
increased evaporation rate. Remarkably, when the evaporation rate is faster than 40 L min–1, the air-aqueous
solution interface of the system is very unstable during
the evaporation process. Some water ever spills out of
the solution at the fast evaporation rate. Therefore, the
preparation process should be controlled under a suitable
CO2 evaporation rate.

Veriﬁcation experiment under the optimizing parameters
In short, the optimizing parameters of the process
are determined as follows: the temperature is 45oC, the
pressure is 11.5 MPa, the block copolymer is PVAC67-b-PEGMA18, the evaporation rate of CO2 is 10 L min–1
and the volume ratio of ScCO2 to H2O is 1:3. The verification experiment is carried out under the optimizing
parameters. The EE and LC of the prepared micelles
are 70.7% and 14.1%, which is obviously enhanced
compared with the results of our previous paper (EE is
61.0% and LC is 12.2%)27. Figure 6 shows the morphology
of the micelles prepared under optimizing parameters.
The TEM image clearly shows that the micelles exhibit
a narrow size distribution and relatively regular spherical
shape. These results further verify that the drug loaded
micelles are successfully prepared with fine morphology
as well as the acceptable EE and LC.

Eﬀect of volume ratio of ScCO2 and H2O
The effect of the volume ratio of ScCO2 and H2O
is shown in Figure 5. The observed optimum volume
ratio of ScCO2 and H2O is 1:3. This parameter plays
a complicated effect on the EE and LC of the micelles.
Specifically, more ScCO2 in the system can effectively
improve its solubility capacity of the drug and the
hydrophilic segment of copolymer, which leads to the
higher EE and LC. However, the improved evaporation
mass of carbon dioxide will cause a decreasing EE and
LC because the evaporation process may bring a little
amount of drug out of the micelles.
In addition, the properties of the system (e.g. viscosity
and stability of the emulsion) are also changed with the
different volume ratio. Those differences also affect the
Figure 6. TEM image of drug-loaded micelles prepared under
optimizing parameters

CONCLUSION

Figure 5. Effect of volume of ScCO2 phase on drug entrapment
efficiency(EE) and drug-loading content(LC) of the
micelles

The amphiphilic block copolymer drug-loaded micelles
are successfully prepared using the system, in which water
acts as the continuous phase and supercritical carbon
dioxide (ScCO2) as the dispersed one. The effects of
processing parameters on the properties of the prepared
micelles are studied. The experimental results indicate
that EE and LC slightly increase with the enhancing
temperature and copolymer molecular ratio of hydrophilic
segment to hydrophobic one in the experimental range,
while decrease with the enhancing ScCO2 evaporation
rate. The results also reveal that pressure and volume
ratio of ScCO2 and H2O obtain the optimum point.
The optimal EE and LC are observed at the conditions
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that the temperature is 45oC, the pressure is 11.5 MPa,
evaporation rate of CO2 is 10 L min–1, the volume ratio
of ScCO2 to H2O is 1:3 and the used block copolymer
is PVAC67-b-PEGMA18. The verification experiment is
carried out under the obtained optimizing parameters.
The prepared micelles exhibit relatively regularly spherical shape and a narrow size distribution. The EE and
LC of the micelles are 70.7% and 14.1%.
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