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ABSTRACT: Many pharmaceuticals are formulated as powders to aid drug delivery. A major
problem is how to produce powders having high purity, controlled morphology, and retained
bioactivity. We demonstrate the use of supercritical carbon dioxide as an antisolvent for meeting
this need for two model drug systems, quercetin, a sparingly soluble antioxidant, and short
interfering RNA (siRNA), which can silence genes. In both cases we achieve retention of bio-
activity as well as a narrow particle size distribution in which the particles are free of impurities.
� 2009 Wiley-Liss, Inc. and the American Pharmacists Association J Pharm Sci 99:2750–2755, 2010
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INTRODUCTION

Many drugs exhibit poor solubility in water (<1 mg/
mL), which leads to extremely low oral bioavailability
in humans.1 The absorption of these drugs is
especially affected by particle size because the
bioavailability is, in most cases, dissolution-rate
controlled. In the pharmaceutical industry several
conventional techniques have been utilized for
particle size reduction, such as spray drying, freeze
drying, and liquid antisolvent precipitation.2 Further
micronization is then achieved by processes such as
jet milling, pearl-ball milling, or high-pressure
homogenization. When working with biologically
active compounds many of these processing steps
can cause loss of bioactivity caused by shock and heat
sensitivity. Another drawback has been residual
organic solvent that can be trapped inside the
particles after drying, a major issue for pharmaceu-
tical manufacturing.3

Supercritical fluids (SCFs) have become an alter-
native to both organic and aqueous solvents where it
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is highly desirable to avoid toxic organic solvents and/
or higher temperatures.4 Owing to the high compres-
sibility of SCFs, the physical properties, such as
density and viscosity, can be controlled by manip-
ulating the pressure and temperature of the fluid.
Further modifications are possible by judicious choice
of additives in low concentration, such as acetone,
water, and methanol (MeOH). The use of an SCF as a
drying agent or antisolvent in nanoparticle formation
has been shown to overcome most of the above-
mentioned challenges in drug formulations.5 The
most commonly used SCF is carbon dioxide. It has the
advantage of having an easily attained critical point
(31.58C and 75.8 bar). Supercritical carbon dioxide
(SC-CO2) is also nonflammable and inexpensive.6 It
leaves no toxic residue and is considered safe by
the US Food and Drug Administration (FDA).
The supercritical antisolvent is completely removed
by pressure reduction, eliminating the need for
additional post-treatment steps. Also, the high
diffusivity of SCFs allows much faster diffusion into
the liquid solvent and formation of supersaturation of
the solute. This, in turn, allows for much smaller
nanoparticles to be formed as well as control of the
size distribution.7 Moreover, SC-CO2 antisolvent
precipitation is highly scalable so that kilogram
amounts can be readily achieved, if desired. It
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remains to be demonstrated that this process
preserves the biological activity of the compound
that has been transformed into nanoparticles.

In this paper we describe the nanoparticle forma-
tion of two bioactive compounds, quercetin and
siRNA, using SC-CO2 as an antisolvent. Both
compounds represent model drug systems that
present challenges typically found in the preparation
of numerous other drugs, wherein the solubility and/
or stability limit their use. All experiments were run
using the solution-enhanced dispersion in super-
critical solvents (SEDS) process.8 We also show
retained activity of the compound of interest after
SCF processing.

Quercetin (Fig. 1) is a flavonoid that is widely
distributed in vegetables and plants.9 This compound
has been demonstrated to possess a wide array of
biological effects that are considered beneficial to
health, including antioxidative, free radical scaven-
ging, and anticancer activity. However, quercetin is
sparingly soluble (<0.01 mg/mL)10 in water, which
has limited its absorption upon oral administration.11

Attempts to increase the solubility and oral adsorp-
tion has been investigated using both microemul-
sions12 and lipid nanocapsules.13 By generating
nanoparticles of querctin, we can enhance the
in vivo biodistribution of quercetin by making either
a suspension of particles in solution or by further
encapsulating them into a biodegradable polymer for
slow release. The stability of quercetin was measured
using a colorimetric radical scavenger method.14

RNA interference (RNAi) has rapidly become one of
the most promising therapeutics for selectively
targeting, in theory, any disease by silencing the
messenger RNA (mRNA) of a gene.15 One great
challenge in using short interfering RNAs (siRNA) as
therapeutics is their delivery to the cytoplasm of the
target cell without degradation.16 Several approaches
are currently being investigated to stabilize and
target siRNA to the delivery site, including conjuga-
tion, complexation, and lipid- or polymer-based
nanoparticles. We are interested in using SCF
processing for these types of siRNA-formulations
and therefore investigated the stability of siRNA
to SC-CO2 processing. The functional activity of
siRNA was measured using an in vitro transfec-
tion assay using reporter bioluminescence for rapid
readout.17
Figure 1. Molecular structure of quercetin.
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Materials

1,1-Diphenyl-2-picrylhydrazyl (DPPH), quercetine
dihydrate, MeOH, isopropanol (IPA), ethyl acetate,
dimethyl sulfoxide, and acetone were purchased from
Sigma–Aldrich (St. Louis, MO) and used as received.
All solvents were of analytical grade. Molecular
grade RNAse-free water was purchased from Fisher
(Pittsburgh, PA). Medical-grade CO2 with siphon
tubes was purchased from PraxAir (Oakland, CA).
The K6a 513a.12 siRNA was supplied by Dharmacon
(Lafayette, CO) Products, Thermo Scientific, Lafay-
ette, CO. D-Luciferin was purchased from Biosynth
(Itasca, IL) International.

SEDS

The SEDS equipment was based on a modified
instrument (SAS50, Thar Technologies (Pittsburgh,
PA)) originally set up for running the supercritical
antisolvent (SAS) process. The CO2 inlet tubing to the
particle vessel has been reduced to a 1/1600 tubing with
250mm i.d. and connected to a tee to allow premixing
with the cosolvent before exiting the nozzle into the
particle vessel (see Fig. 2). The system was initially
conditioned by running CO2 at the desired tempera-
ture, pressure, and flow rate. The injection pump was
then started and allowing for the premixed quercetin
or siRNA solution to be injected into the particle
vessel. After turning off the injection pump the
precipitated particles were additionally dried by
continuing to flow CO2 for an additional 30 min.
After depressurizing the system the nanoparticles
were scraped from the filter.

Particle Analysis

The process yield for both quercetin and siRNA was
calculated in weight percent, based on the amount of
each compound injected into the SEDS and how much
Figure 2. Schematic of the SEDS setup: A, CO2 pump; B,
cooling bath; C, heat exchanger; D, cosolvent pump; E,
particle vessel; F, automatic back-pressure regulator; G,
coalescer; TC, temperature controller.
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was collected on the filter after the SEDS process. For
the smaller batches run in these experiments (10 mg
for siRNA, 20–200 mg for quercetin) it is more difficult
to collect all the NPs off the filter, and therefore this
affects the yield. This is especially true for siRNA
because only 10 mg was injected in each experiment
owing to its high cost.

Scanning electron microscope (SEM) images were
acquired using an FEI XL30 Sirion SEM with FEG
source and EDX detector. Dry samples on carbon
sticky tape were sputter-coated for 45 s at 40 mA with
Pd/Au. Dynamic light scattering (DLS) measure-
ments were performed on a Malvern Zetasizer Nano
ZS90. PSD for siRNA was determined by both SEM
and DLS (dispersed in DCM and sonicated for 30 s).
PSD of quercetin samples were only determined by
SEM due to the needle like structure which are not
suitable for accurate DLS analysis. In this case, 200
well-separated particles from each SEM image were
measured in zoom-in mode using Matlab, and the
longest distance observed across each particle was
taken as the particle diameter for simplicity. Particle
sizes were calculated based on the ratio of their
diameters to the SEM magnification scale in Matlab.

Free Radical Scavenging Method

The antioxidant activity of quercetin was estimated
according to the procedure described by Brand-
Williams et al.14 A 100mL aliquot of quercetin in
ethyl acetate solution was added to 3.9 mL of a
60mmol/L DPPH in ethyl acetate solution (made fresh
daily). The reaction was found to plateau after 4 h and
this time was used to measure the decrease in DPPH
absorbance at 517 nm on a UNICAM 5625UV/VIS
spectrometer. Aluminum foil was used to protect the
samples against the possible photochemical degrada-
tion. The DPPH concentration in the reaction
medium was calculated from a DPPH ethyl acetate
calibration curve.

Luciferase Reporter Assay

siRNA activity was measured by cotransfection with a
bioluminescent reporter expression plasmid as pre-
viously described.17,18 Briefly, human 293FT embryo-
nic kidney cells (Invitrogen (Carlsbad, CA)), were
maintained in DMEM (CAMBREX/BioWhittaker,
Walkersville, MD) with 10% fetal bovine serum
(HyClone, Logan, UT), supplemented with 2 mM
L-glutamine and 1 mM sodium pyruvate. The day
prior to transfection, 293FT cells were seeded at
8� 104 cells in 500mL/well in a 48-well plate resulting
in 80% cell confluency at the time of transfection.
Expression plasmid (40 ng) was cotransfected with
0.25–4mM siRNA (as received or SEDS processed)
using Lipofectamine 2000 according to the manufac-
ture’s instructions. To measure firefly luciferase
expression, 48 h following transfection, 50 mL of
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 99, NO. 6, JUNE 2010
3 mg/mL luciferin (in PBS) was added to each well
and incubated at room temperature for 3–5 min. The
entire plate was imaged for 20 s using the IVISTM50
in vivo imaging system (a Xenogen product from
Caliper Life Sciences, Alameda, CA).
RESULTS AND DISCUSSION

All particle formation experiments were run using the
SEDS process, which is illustrated in Figure 2.
Several process parameters were investigated to
study the effect on both particle size and morphology
of quercetin and siRNA, using SEM imaging and DLS
methods. Decreased particle size was found by
optimizing several process parameters for each choice
of compound and cosolvent mixture, as described
below.

Quercetin

The choice of cosolvent is based on the solubility of the
compound of interest as well as its compatibility with
SC-CO2. The cosolvent must initially solubilize the
compound, and as it is sprayed into the particle vessel
the process conditions must allow for complete
solubility with SC-CO2, allowing for the precipitation
of the compound, which is not soluble in SC-CO2

(a prerequisite for using SEDS). There are several
options of cosolvents for quercetin, as it is highly
soluble in many organic solvents that are miscible
with SC-CO2. We investigated the use of dimethyl
sulfoxide (DMSO), MeOH, IPA, acetone, ethyl acet-
ate, and acetonitrile.

The process temperature and pressure was chosen
to allow for complete miscibility of the cosolvent
with CO2. A variable volume view cell was used to
determine the phase diagram of each cosolvent
mixture to ensure a supercritical phase in the
process.19 The effect of temperature and pressure
parameter variation on yield and particle size was
determined in a set of SEDS process experiments;
while keeping constant the CO2 flow rate (150 g/min),
cosolvent injection rate (1 mL/min), and quercetin
concentration (0.5 mg/mL), the temperature and
pressure were varied from 40, 60, and 808C and 90,
100, 200, and 300 bar. For all cosolvents studied, a
higher pressure gave the smaller particle size as well
as increased yield. In each case, the effect of
temperature was not significant.

Increasing the CO2 flow rate and decreasing the
injection flow rate will increase the ratio of SC-CO2 to
cosolvent at the point of injection, allowing for smaller
particle size. The CO2 flow rate was varied from 50 to
150 g/min and the injection rate from 1 to 5 mL/min.
These are the limits of the experimental SEDS
equipment used. The optimal process conditions
for our equipment were found to be 150 g/min
DOI 10.1002/jps



Figure 4. DPPH data showing EC50 of quercetin before
and after SEDS.
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of CO2 and 1 mL/min injection rate, that is, at the
highest attainable ratio of CO2 to cosolvent. The
concentration of quercetin dissolved in cosolvent
was varied from 0.2 to 2.0 mg/mL, with the smaller
particles resulting from the lower concentrations. The
yield on the other hand increased with increasing
quercetin concentration.

With all cosolvents studied at any given process
condition, the morphology of quercetin particles was
needle-like. The choice of cosolvent did affect the yield
and size of the particles, MeOH and IPA yielding the
smallest particles (10–30 nm wide, 1–10mm long) and
the others larger, thick, rod-like particles. MeOH and
IPA also gave higher yields, in the range of 75–80% as
compared to the other solvents where the yields
ranged from 50% to 70%. This behavior is explained
by the decreased solubility of quercetin in the
alcohols, allowing for faster supersaturation when
mixed with SC-CO2. Figure 3 shows an example of
SEM images of quercetin before and after the SEDS
process.

The antioxidant activity of quercetin before and
after SEDS was estimated according to the procedure
described by Brand-Williams et al.14 DPPH is a stable
free radial with maximum absorbance at 517 nm, and
is commonly used to measure antioxidant activity
of compounds.20 Figure 4 shows the percentage of
residual DPPH at steady state (after 4 h reaction at
room temperature) as a function of the molar ratio of
quercetin to DPPH for quercetin before and after
SEDS, respectively. The percentage of remaining
DPPH (% DPPHREM) was calculated from

DPPHREMð%Þ ¼ ½DPPH�T=½DPPH�T¼0 � 100

The EC50 value is extrapolated from each plot,
which is the amount of quercetin needed to decrease
the absorbance of DPPH by 50%. The EC50 value for
unprocessed (0.1436) and processed (0.1392) querce-
tin particles are within the same range. The slightly
decreased EC50 value after SEDS processing is likely
caused by extraction of impurities from the unpro-
cessed quercetin. The results show that the SC-CO2

antisolvent precipitation process retains the antioxi-
dative activity of quercetin.
Figure 3. SEM image of quercetin before and after
SEDS. Process conditions: 408C, 100 bar, 140 g/min CO2,
1 mL/min injection flow, 1 mg/mL quercetin in methanol.

DOI 10.1002/jps
siRNA

The siRNA (K6a 513a.12) used in this study was a
21 nucleotide, double-stranded siRNA targeting the
single-nucleotide keratin 6a (K6a) N171K mutation
responsible for the rare skin disorder pachyonychia
congenita (PC).17 PC is caused by mutations in one of
the inducible keratin genes; however, most patients
carry K6a mutations. Previous studies of this siRNA
targeting the K6a gene17 allowed us to use it as a
positive reference to its compatibility with our SEDS
process. This siRNA is the non-GMP version of TD101
siRNA, which was recently used in a Phase 1b clinical
trial for PC.21

siRNA belongs to a broad class of water-soluble
compounds with low or insignificant solubility in most
organic solvents. This presents a challenge when
choosing a cosolvent for the SEDS process, because
pure water has extremely low solubility in SC-CO2.22

siRNA was solubilized in a small amount of water and
diluted 1:100 with MeOH to increase the solubility of
the water in SC-CO2. The temperature and pressure
were varied between 40–808C and 100–300 bar. The
trend in particle size and yield was mostly the same
as for quercetin, with higher CO2 flow rate, lower
injection flow rate, and higher pressure yielding
smaller particles. The temperature on the other hand
had a markedly greater affect on the siRNA process,
with an increase in yield from 15% to 58% when
increasing the temperature from 40 to 608C. This
behavior is most likely explained by the increased
solubility of water in SC-CO2 at higher temperatures.
Figure 5 shows SEM images of siRNA after SEDS,
Figure 5. SEM image of siRNA before and after SEDS.
Process conditions: 608C, 100 bar, 150 g/min CO2, 1 mL/min
injection flow, 0.5 mg/mL siRNA in 100mL water, diluted
with 10 mL methanol.

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 99, NO. 6, JUNE 2010
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run at 150 g/min, 1 mL/min injection, 608C, 100 bar
and an siRNA concentration of 0.5 mg/mL in water.
The particle size ranged from 20 to 40 nm as
determined by both SEM and DLS.

The activity of the siRNA before and after the SEDS
process (100 bar, 808C, 150 g/min CO2, 1 mL/min
1:100 H2O/MeOH, 10 mg siRNA in 100mL H20 and
10 mL MeOH) was tested using a functional activity
assay. The mutant and wild-type K6a coding regions
were individually linked to the firefly luciferase (fLuc)
gene as a reporter to rapidly reveal activity of siRNA
with a rapid assay using bioluminesence.17 This assay
allows the activity of the siRNA to be measured by
observing a decrease in the reporter bioluminescent
signal upon transfection with increasing amounts of
siRNA. K6a 513a.12 targets the K6a N171K single
nucleotide mutation but does not affect wild-type
expression.16 Figure 6 shows the results of the in vitro
assay, where the wild-type gene is used as the control.
It can be seen that the siRNA both before and after
SEDS shows the same activity. NPs made by SEDS at
both 40 and 808C have been tested with this assay, all
showing retained biological activity. The pure K6a
siRNA was also heated to 808C and tested to show the
stability of the siRNA at these temperatures using the
same assay.

siRNA NPs alone are not suitable for direct in vivo
delivery due to water solubility in the aqueous buffer
phase, which would be used for IV injection, as well as
rapid degradation in vivo by macrophages before
reaching the target site. These active siRNA nano-
particles can now be embedded into biodegradable
Figure 6. In vitro assay showing functional activity of
siRNA after SEDS as compared to unprocessed. siRNA
targets only the mutant K6a mRNA and not wild-type
expression shown below as control. 293FT cells were
cotransfected in triplicate with the indicated amounts of
unprocessed (pre-SEDS) or processed (post-SEDS) siRNAs
and wild-type or mutant (N171K) fLuc/K6a expression
constructs in a 48-well plate format. After transfection
(48 h), luciferin substrate was added and light emitted
was visualized using the Xenogen IVISTM50 in vivo imaging
system.
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nanopolymers using the same SEDS process, which is
work currently in progress in our laboratory. The MW
and chemical structure of the polymers can be
optimized to attain the desired release time, and
the attachment of targeting moieties on the NP
surface will allow for more targeted delivery to
specific sites.23
CONCLUSIONS

Nanoparticles of the antioxidant quercetin and the
siRNA (K6a 513.a.12) were formed by injecting
solutions of these two compounds into supercritical
carbon dioxide, which acts as an antisolvent to cause
precipitation. The particle size and particle size
distribution could be controlled by optimizing mainly
the flow rates, temperature, and pressure, as well as
the cosolvent choice and concentration of drug in the
cosolvent. Most importantly, bioassays performed on
the nanoparticles showed that they retained their
activity under these rather mild processing condi-
tions. We suggest that this behavior is general, which
opens the possibility of processing both hydrophilic
and hydrophobic pharmaceuticals into nanoparticles
with maintained desired activity in a wide number
of instances. We are currently in the process of
embedding these nanoparticles in biodegradable
polymers for sustained release or to use them directly,
either by aerosolization of inhalation or by putting
them into creams for transdermal delivery.
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