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Abstract: Bubble formulations have both diagnostic and therapeutic applications. However,
research on nanobubbles/nanodroplets remains in the initial stages. In this study, a nanodroplet
formulation was prepared and loaded with a novel class of chemotherapeutic drug, ie, quercetin,
to observe its pharmacokinetic properties and ultrasonic bioimaging of specific sites, namely
the abdominal vein and bladder. Four parallel groups were designed to investigate the effects of
ultrasound and nanodroplets on the pharmacokinetics of quercetin. These groups were quercetin
alone, quercetin triggered with ultrasound, quercetin-encapsulated in nanodroplets, and quer-
cetin encapsulated in nanodroplets triggered with ultrasound. Spherical vesicles with a mean
diameter of 280 nm were formed, and quercetin was completely encapsulated within. In vivo
ultrasonic imaging confirmed that the nanodroplets could be treated by ultrasound. The results
indicate that the initial 5-minute serum concentration, area under the concentration—time curve,
elimination half-life, and clearance of quercetin were significantly enhanced by nanodroplets
with or without ultrasound.

Keywords: nanodroplets, quercetin, ultrasonic pharmacokinetics, ultrasonic imaging,
ultrasound

Introduction

The development of nanomedicine arose from a combination of nanotechnology and
medicine, and due to the special properties of nanosized particles, nanomedicine
provides potential encapsulation systems for medical agents used in both diagnostic
and therapeutic applications.'? In the field of therapeutic applications, nanomedicines
offer advantages over conventional medicines, including improvement of poor drug
solubility, increased bioavailability,>* and targeted delivery of chemotherapeutic
drugs.>® Application of nanotechnology to imaging methodologies is paving the way
for diagnostic medicine. Nanoparticles have been designed and used as detectors
for diagnostic application in clinical and basic medical research, including magnetic
resonance imaging,’” positron emission tomography,® IVIS® spectrum imaging,’ and
ultrasonic imaging.'!! Ultrasonic imaging, a noninvasive and real-time procedure,
is often used. Compared with other imaging techniques, ultrasound systems are cost-
effective, portable, easy to use, and safe for both clinical staff and patients over repeated
use due to lack of ionizing radiation.'

Bubble formulations represent a new class of encapsulation systems with both
diagnostic and therapeutic applications.!! They can transport drugs or genes to a specific
location, at which point ultrasound is applied, causing the formulations to burst and
leading to site-specific delivery of bioactive materials.” In addition to targeted drug
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delivery, bubble formulations have also received attention
as ultrasonic imaging agents. Micron-scale (WLm) bubbles
(microbubbles) can become trapped in the blood pool after
intravenous injection. The reported use of microbubbles has
largely been limited to research involving cardiovascular dis-
eases, including inflammation, arteriosclerosis, and thrombus
formation.'*! In addition, microbubbles are often restricted
in their utility for tissue-targeted imaging due to their large
diameters.'>!® Therefore, nanoscale bubbles (nanobubbles)
and nanodroplets have been developed and studied as con-
trast agents and drug carriers for diagnostic and therapeutic
application due to their particle size.!"!>!7

A large number of polymeric nanoparticles have been
evaluated when applied in basic and clinical medical studies.
Many of these particles were able to alter the distribution pro-
files of encapsulated drugs."!® However, previous literature
reports have indicated that these nanobubbles/nanodroplets
are still in the early stages of development,'*?° whether in
ultrasonic imaging or therapeutic applications.

Generally, the shells of nanobubbles are composed of
nontoxic biodegradable materials (such as albumin or lipids),
and encapsulated with poorly soluble and nonreactive gases
(such as inert air or perfluorocarbon).?! Perfluoropentane
(C,F,) is a liquid at room temperature, boils at 28.5°C, and
is generally used to generate nanobubbles as gas. When
these shells were filled with perfluoropentane to form
nanodroplets,? they can be activated by heat or other energy
to form nanobubbles.*

To our knowledge, there are no studies that have inves-
tigated the pharmacokinetics of drug-loaded nanobubbles/
nanodroplets with ultrasound treatment. Additionally, the
applications of nanobubble/nanodroplet ultrasound imaging
are currently limited to observing tumor tissue.'>* In this
study, we designed perfluoropentane nanodroplets to investi-
gate ultrasound-induced pharmacokinetics and development
of novel diagnostic applications to improve our understanding
of and ability to accurately predict the clinical applications
and efficacy of echogenic bubbles.

Querecetin is a plant-derived bioflavonoid that is found in
naturally occurring products. Pharmacological reports have
demonstrated that quercetin has pronounced pharmaceutical
effects, including anti-inflammatory, antioxidant, and antiviral
activity.” In addition, quercetin is included in a novel class of
chemotherapeutic drugs for the treatment of various cancers?
and can also be combined with ultrasonic pretreatment to
increase the concentration of quercetin to inhibit the growth
of the prostate and skin cancer cell lines.”’” However, quer-
cetin has low aqueous solubility, poor absorption, and rapid

metabolism (bioavailability approximately 1%—5%),?® all of
which can generate in vivo results that differ from the powerful
in vitro efficacy of quercetin. Thus, encapsulation of quercetin
in nanodroplets may improve its pharmacokinetic profile, and
with the use of ultrasound-triggered rupturing, enable effective
drug delivery to provide anticarcinogenic effects.?**

The current study aimed to: design lipid-coated nano-
droplets containing quercetin; evaluate the functions of the
formulations in terms of their physicochemical characteristics
after in vitro release of quercetin; assess their potential diag-
nostic applications by in vivo ultrasonic imaging of topical
tissue (bladder) and the vascular system; and investigate the
pharmacokinetic profile of quercetin loaded into nanodroplets
and of ultrasound-triggered quercetin-loaded nanodroplets.

An improved understanding of the effect of combining
quercetin-loaded nanodroplets with ultrasonic treatments on
bioimaging and pharmacokinetics may help to better predict
the clinical applications of nanodroplets and lead to more
effective design preparation.

Materials and methods

Materials and experimental animals
Perfluoropentane (96%, boiling point 28.5°C) was purchased
from Strem Chemicals (Newburyport, MA, USA). Choles-
terol, coconut oil, quercetin, heparin, a-chloralose urethane,
and polyethylene glycol (PEG) 400 were obtained from
Sigma-Aldrich Co. (St Louis, MO, USA). Hydrogenated
soybean phosphatidylcholine (Phospholipon® 80H) was
supplied by American Lecithin Company (Oxford, CT,
USA). Distearoyl phosphatidyl ethanolamine-PEG with a
mean molecular weight of 5,000 (DSPE-PEG 5000) was
obtained from Nippon Oil & Fats Co., Ltd (Tokyo, Japan).
The cellulose membrane (Cellu-Sep® T2, molecular weight
cut-off 6,000-8,000 Da) was obtained from Membrane
Filtration Products Inc. (Seguin, TX, USA). Ethanol,
chloroform, ethyl acetate, methanol, and acetonitrile were
purchased from EMD Millipore (Billerica, MA, USA).
Triply deionized water from EMD Millipore) was used in
the preparation of all aqueous solutions.

Adult male Sprague-Dawley rats (200130 g body weight)
were obtained from the National Yang-Ming University
Animal Center, Taipei, Taiwan. The animals were specifi-
cally pathogen-free and had free access to food (Laboratory
Rodent Diet 5001, PMI Nutrition International LLC, St Louis,
MO, USA) and water. All experimental protocols involving
animals were performed and approved by the Institutional
Animal Care and Use Committee (1010613) of National
Yang-Ming University.
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HPLC analysis of quercetin

The high-performance liquid chromatography (HPLC)
system was composed of a chromatographic pump
(LC-20AT, Shimadzu, Kyoto, Japan), an autosampler (SIL-
20AT, Shimadzu), a diode array detector (SPD-M20A,
Shimadzu), and a degasser (DGU-20A5). A reversed-phase C18
column (250x4.6 mm, particle size 4 wm, Synergi Fusion RP
80, Phenomenex, Torrance, CA, USA) was used. The mobile
phases consisted of acetonitrile 10 mM KH,PO, (47:53, v/v) at
pH 3.0, and the flow rate was 1 mL per minute. The ultravio-
let wavelength was set to 370 nm and the sample injection
volume was 20 pL. The limits of detection and quantification
were defined as a signal-to-noise ratio of 3 and the lowest
concentration from the linear regression, respectively.

Preparation of the nanodroplet-

encapsulated quercetin formulation

Soybean phosphatidylcholine (4.0%, w/v of the final product),
cholesterol (1%, w/v), and DSPE-PEG 5000 (1%, w/v) were
dispersed in 5 mL of a chloroform-methanol (2:1) solution.
The organic solvent was evaporated in a rotary evaporator at
50°C, and the solvent traces were removed by maintaining the
lipid film under a vacuum overnight. The film was hydrated
with triply deionized water containing quercetin (solubil-
ity approximately 60 mg/L) using a probe-type sonicator
(VCX600, Sonics and Materials, Newtown, CT, USA) at35 W
for 10 minutes at 60°C. Coconut oil 3.0% was then added to
the mixture, followed by high-shear homogenization (Pro250,
Pro Scientific, Monroe, CT, USA) for 5 minutes. The semi-
finished product was cooled to 0°C. Finally, perfluoropentane
(10%, w/v) was incorporated into the system, followed by
homogenization (for 5 minutes at 0°C) and sonication (35 W
for 5 minutes at 0°C). The total volume of the resulting product
was set at 5 mL. After the formulations were prepared, they
were left to stand for 1 day at 0°C degassed.

Determination of particle size and zeta

potential

The mean particle size and polydispersity index of the for-
mulations were measured by dynamic light scattering (90
Plus, Brookhaven Instruments Corporation, Holtsville, NY,
USA). The zeta potential of the formulations was deter-
mined using a zeta potential analyzer (90 Plus, Brookhaven
Instruments Corporation). The dispersion of the prepared
formulations was diluted tenfold with triply deionized water
for measurement of both size and surface charge. Particle
characterizations were repeated three times per sample for
three independent batches.

Encapsulation of quercetin in nanodroplets
Entrapment capacity was used to determine the amount
of drug in the nanodroplet-encapsulated quercetin (NQ)
formulation. The NQ formulations were centrifuged at
48,000 g at 4°C for 30 minutes in an Optima Max® ultra-
centrifuge (Beckman Coulter, Brea, CA, USA) to separate
the incorporated drug from the free form. The samples were
collected from the supernatant at top of the tube. The amount
of quercetin in the formulation was analyzed using the HPLC
system. The entrapment capacity of NQ was calculated as
follows: ([total amount of drug — amount of drug detected
only in the supernatant]/total amount of drug) x100.3! Three
formulations was tested, and the data are expressed as the
mean + standard deviation (n=3).

Morphological observations by TEM

The characteristic microstructure of NQ was assessed by
transmission electron microscopy (TEM) as follows. First,
a drop of a formulation (the formulation was diluted tenfold
by triply deionized water) was applied to a 400-mesh carbon
film-covered copper grid to form a thin film specimen, which
was stained with 2% phosphotungstic acid (40 seconds).
After the stained samples were allowed to dry in air, TEM
samples were obtained. The samples were prepared at room
temperature (about 22°C-24°C). The sample was then exam-
ined and photographed by TEM (JEM-1400EXII, JEOL,
Tokyo, Japan).

In vitro drug release study

The drug release profile for the NQ formulation was measured
using a Franz diffusion cell. A cellulose membrane (molecu-
lar weight cut-off 6,000-8,000 Da) was mounted between
the donor and acceptor compartments, acting as a barrier in
the experiments to examine drug release from the NQ. The
donor medium consisted of 0.5 mL of vehicle containing
the drug and a 0.5 mL sample of rat plasma and was added
(ornot added) to the donor compartment. The receptor medium
consisted of 5.5 mL of ethanol with pH 7.4 buffer (3:7 ratio)
to maintain physiological conditions. The practical diffusion
area between the cells was 0.785 cm?. The stirring rate and
temperature of the receptor were maintained at 600 rpm
and 37°C, respectively. At each time point, 0.3 mL
aliquots of the receptor medium were removed and imme-
diately replaced by equal volumes of blank buffer. The
concentration of quercetin released was determined using
the HPLC system. In the study exploring the release of
drug from NQ with or without ultrasound, the donor phase
was exposed to ultrasound using a 1 MHz probe (Rich-Mar
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Sonitron 2000, Inola, OK, USA) with a 2.0 W/cm? intensity
and a 20% duty cycle.

In vivo ultrasonic imaging

To evaluate in vivo ultrasonic imaging of nanodroplets, the
femoral vein was catheterized with polyethylene tubing for
intravenous administration under anesthesia (urethane 1.0 g/kg
and o~chloralose 0.1 g/kg). Ultrasonic scanning was performed
by means of an Acuson S2000TM ultrasound system (Siemens,
Washington, DC, USA) with a 9 MHz linear array probe. An
initial baseline B-mode survey and a color/power Doppler
analysis were performed. Ultrasound scan parameters, such
as focal zone, persistence, linear gray-scale map, time-gain
compensation curve, and focal settings, were fixed throughout
the experiment. Next, the ultrasound device was set to cadence
contrast pulse sequencing mode with a transmission frequency
of 7 MHz and a mechanical index of 0.18 to avoid destruc-
tion of the formulation. About 1 minute after injection, the
mechanical indices (MI) was manually adjusted and fixed to
1.0 for destruction of the formulation. Each examination lasted
approximately 6 minutes after the bolus injection.

Surgical procedures

The rats were initially anesthetized using a mixture of urethane
1.0 g/kg and a-chloralose 0.1 g/kg. A polyethylene tube was
implanted into the right external jugular vein and femoral vein
to collect blood and for drug administration, respectively.
Subsequently, for the groups receiving ultrasound treatment,
the hilum of the liver was gently exposed through a midline
incision so that the hepatic portal vein could be accessed. Three
minutes after drug administration then treated with ultrasound
for 1 minute using a | MHz probe with a 2.0 W/cm? intensity
and a 20% duty cycle.

Drug administration and sampling

Quercetin (dissolved in PEG 400 with 20% ethanol) or an
equal quercetin dose in NQ (3 mg/kg) was intravenously
injected via the femoral vein. A 500 pL aliquot of the blood
sample was withdrawn from the jugular vein into a heparin-
rinsed vial using a fraction collector set to a programmed
schedule at 5, 10, 20, 30, 45, 60, 90, and 120 minutes.

Sample preparation

The blood samples were centrifuged at 16,000x g for 10
minutes at 4°C for plasma preparation. The supernatant was
collected for plasma samples and preserved at —20°C before
further sample analysis. A 50 puL aliquot of the plasma sample,
5 uL of internal standard apigenin (10 pg/mL), and 1,000 uL

of ethyl acetate were added, and the mixture was vortexed
for 30 seconds. The mixture was centrifuged at 16,000x g
for 10 minutes at 4°C. The supernatant (950 uL) was trans-
ferred to tubes and dried under vacuum at room temperature.
Finally, the samples were reconstituted in 50 uL of 50%
acetonitrile, and 20 pUL of the mixture was injected into the
HPLC system.

Statistical analysis

All pharmacokinetic analyses were carried out using
WinNonlin Standard Edition version 1.1 (Scientific
Consulting Inc, Apex, NC, USA). A noncompartmental
model was utilized for the data fitting and parameter esti-
mation. The pharmacokinetic results are represented as the
mean =+ standard error of the mean. Statistical significance
was determined using one-way analysis of variance, followed
by a Schiff post-test using Statistical Package for the Social
Sciences version 10 software (SPSS Inc., Chicago, IL, USA),
with P<<0.05 accepted as the minimal level of significance.

Results
Physicochemical characteristics
of nanodroplets and NQ

These formulations were prepared using the conventional thin
film hydration technique, and the lipid film was prepared by
modifying previous experimental methods, including modi-
fying the evaporation temperature and vacuum time.2%-3234
Therefore, the organic solvents could be completely removed
under these conditions, and even if there were slight solvent
residues, they did not affect the subsequent experiments.
Because perfluorocarbon-loaded nanodroplets are satis-
factorily stable when circulating in the vasculature as blood
pool agents, they act as carriers of these agents until the site
of interest is reached.'? In this study, the formulation system
containing perfluoropentane (with a boiling point 0f 28.5°C)
was designed with soybean phosphatidylcholine, cholesterol,
and DSPE-PEG 5000. The use of DSPE-PEG 5000 in nano-
droplets can aid in increasing the circulation time in vivo and
for sustained drug release.> Coconut oil is extracted from
coconut (kernel or meat), and was used as the oil phase due
to its superiority in enhancing flavonoid solubility compared
with other 0ils.3*3” Perfluoropentane is a nonpolar and hydro-
phobic substance, which can disperse in aqueous solution
by surfactants.*® Cholesterol is an amphipathic compound
containing both a water-soluble region and a fat-soluble
region, regulating the lipid structure to improve the stability
of formulations.** Therefore, the core of the formulation
was loaded with perfluoropentane, which was surrounded
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by coconut oil. Soybean phosphatidylcholine, DSPE-PEG
5000, and cholesterol, which functioned as emulsifiers, were
located at the oil/water interface as a phospholipid membrane
surrounding the quercetin-containing core.

To evaluate the physicochemical properties of the formu-
lations, the particle size and zeta potential were examined.
Table 1 summarizes the physicochemical characteristics of
the nanodroplets and the NQ formulation. Dynamic light
scattering indicated that the size of the nanodroplets and the
NQ formulation was approximately 280 nm with a polydis-
persity index <<0.35, suggesting that the particle formulations
were quite homogeneous. The zeta potentials of the nano-
droplets and NQ were —42.18 and —34.66 mV, respectively.
To calculate the loading of quercetin in the nanocomplex,
nanoparticle counting instruments (such as Q-Nano) may be
used to estimate the number of NQ particles. However, this
method provides only a rough estimate due to the potential
for errors associated with sample preparation (filtering of the
sample may cause errors in number of particles counted).
Therefore, we used encapsulation efficiency as an acceptable
alternative. The entrapment capacity of NQ was calculated
as follows: ([total amount of drug — amount of drug detected
only in the supernatant]/total amount of drug) x100.3! The
encapsulation efficiency of NQ was 99% (about 2.97x10%
molecules of quercetin were encapsulated).

Stability of NQ formulation

Loss of gas is the main reason for destruction of bubble
formulations.” To assess the stability of NQ in the body
and during storage in a freezer, the NQ formulation was
evaluated using a 37°C oven and a 4°C freezer. As shown in
Figure 1, NQ evaporated rapidly within 10 hours at 37°C and
completely evaporated after 24 hours; however, the weight
of NQ did not change significantly over 0—24 hours at 4°C.
The size and zeta potential of the NQ formulation was also
measured at 4°C after 24 hours, and the results indicated no
significant differences from values recorded at 0 hours.

TEM of NQ formulation

TEM with a multifunctional nanosensor was used to image and
quantify the mechanical properties of the NQ formulation.*!
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Figure | Percentage weight remaining in the NQ formulation as a function of time
in the stability experiment in a 37°C oven and 4°C freezer. Each value represents
the mean = standard deviation (n=4).

Abbreviation: NQ, nanodroplet-encapsulated quercetin.

Figure 2 shows the microscopic structures of the spherical NQ
formulation. A narrow size distribution was observed for the
NQ groups, indicating the presence of a quite homogeneous
particle population. The polydispersity index also exhibited
a low value of 0.34, as determined by laser scattering. These
results demonstrate good agreement between the laser scat-
tering method and TEM.

In vitro drug release study
To examine the performance of the nanodroplets loaded with
quercetin, an in vitro drug release test was performed. The in
vitro release profiles of quercetin alone and NQ are presented
in Figure 3. Release of quercetin from PEG 400 with 20%
ethanol was used as the control. As shown in Figure 3, free
quercetin in solution showed the highest release, and the
NQ formulation showed suppressed and sustained release
of quercetin compared with the control group.
Furthermore, to evaluate the release profile after injec-
tion, plasma was added to the donor phase and mixed with
the test substances to simulate in vivo conditions. The
amount of quercetin released from the NQ formulation
(in the absence of plasma) showed no significant differ-
ence (P>0.05) in comparison with NQ mixed with plasma
(Figures 3 and 4). To investigate the influence of this novel

Table | Characterization of nanodroplets without drug loading and the nanodroplet-encapsulated quercetin formulation by particle

size, zeta potential, polydispersity index, and drug encapsulation

Size (nm) Zeta potential (mV) PDI Encapsulation (%)
Nanodroplets (no drug) 270.1+£24.01 —42.18+7.64 0.21+0.01
NQ 278.6+10.18 —34.66+2.18 0.34+0.01 99.41+0.20
Note: The data are expressed as the mean + standard deviation (n=3).
Abbreviations: NQ, nanodroplet-encapsulated quercetin; PDI, polydispersity index.
International Journal of Nanomedicine 2015:10 submit your manuscript 3035
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Figure 2 Transmission electron microscopic micrograph of the nanodroplet-
encapsulated quercetin formulation. Original magnification 60,000x.

use of ultrasound on drug delivery, the amount of quercetin
released under ultrasound treatment was examined. Figure 4
shows that ultrasound treatment of 1 MHz (1 minute)
produced an increase in drug release from the NQ formu-
lation (P<<0.05). The percentage of drug released after
24 hours from the NQ formulation with insonation showed
a 2.19-fold and 9.07-fold increase in comparison with the
nonultrasound group in the absence and presence of plasma,
respectively.

In vivo ultrasonic imaging

To investigate the potential use of nanodroplets for diag-
nostic application, ultrasonic imaging was used to moni-
tor the appearance of particles in topical (bladder) tissue
and the vasculature in rats. No significant difference in

80, —o— Quercetin (3 mg/mL)
—o— Quercetin (3 mg/mL) in plasma
—e— NQ (3 mg/mL)

601 | ——NQ (3 mg/mL) in plasma

Release (%)
5

20

* *
Y Py PY

0 5 10 15 20 25
Time (hours)

Figure 3 In vitro release profiles for quercetin over time across a cellulose
membrane for a control solution of PEG 400 +20% ethanol and perfluorocarbon
nanodroplets. A 0.5 mL plasma aliquot was added to the donor compartment of
a Franz diffusion cell. Each value represents the mean * standard deviation (n=3).
*P<0.05 versus the quercetin group.

Abbreviations: NQ, nanodroplet-encapsulated quercetin; PEG, polyethylene glycol.
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Figure 4 Effect of ultrasound at | MHz with an intensity of 2.0 W/cm? and a duty
cycle of 20% on in vitro release of quercetin from perfluorocarbon nanodroplets
across a cellulose membrane. A 0.5 mL plasma aliquot was added to the donor
compartment of the Franz diffusion cell. Each value represents the mean = standard
deviation (n=3). *P<<0.05 versus the value for the NQ sample.

Abbreviation: NQ, nanodroplet-encapsulated quercetin.

the ultrasonographic images was observed between the
preinjection time point and injection of double-distilled
H,0, but many bubbles appeared in the bladder tissue
after injection of the NQ formulation (Figure 5). The boil-
ing point of perfluoropentane is 28.5°C. The increase in
the temperature-induced droplet-to-bubble conversion is
impeded by the high Laplace pressure inside the nanodrop-
lets. However, nanodroplets are easily converted into bubbles
under ultrasonication.*** The in vivo ultrasonic imaging
data provided additional confirmation of droplet-to-bubble
conversion.

Figure 6 illustrates the effect of ultrasound-targeted
nanodroplets. Figure 6A represents the abdominal vein before
NQ injection, which was a blank area. For NQ administration,
the femoral vein was catheterized with polyethylene tubing
for intravenous administration under anesthesia. Figure 6B
shows that some bubbles appeared in the abdominal vein
30 seconds after intravenous administration of nanodroplets
via the femoral vein. Ideally, the NQ formulation should be
applied for site-specific delivery to areas where selective
enhancement of activity by ultrasound is required.* For the
next step, to assess the ability of ultrasound-controlled tar-
geted drug delivery, ultrasound-triggered drug-loaded nano-
droplets were used. Figure 6C demonstrates that the NQ could
be readily directed to specific sites for ultrasonic treatment.
After ultrasound triggering, the number of bubbles appeared
to decrease, which was confirmed in Figure 6D. These results
suggest that the NQ formulation could potentially be used
for clinical application to simultaneously enable ultrasound
diagnostic imaging and drug targeted delivery.
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Figure 5 Ultrasonograph of the bladder in the normal rats.
Notes: (A) Preinjection, (B) injection of double-distilled H,O, and (C) injection of nanodroplets. Red-circled areas indicate monitoring region.

Figure 6 Ultrasonograph of nanodroplets inside the abdominal vein in a rat model.
Notes: (A) Before and (B) after intravenous administration of nanodroplets at 30 seconds. (C) nanobubbles triggered by ultrasonic treatment and (D) after triggering of
nanobubbles. Red-circled areas indicate monitoring region.

International Journal of Nanomedicine 2015:10 submit your manuscript 3037
Dove,


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

Chang et al

Dove

Pharmacokinetics

To investigate the effects of ultrasound and nanodroplets with
regard to the pharmacokinetics of quercetin, the portal vein
was used as a topical target for ultrasonic treatment. Four par-
allel experimental groups were evaluated, ie, quercetin alone,
quercetin triggered with ultrasound (quercetin + U), NQ,
and NQ triggered with ultrasound (NQ + U). The quercetin
concentration-time curves after intravenous administration
in the four groups are shown in Figure 7. Quercetin could
be detected in plasma up to 45 minutes after administration
(3 mg/kg, intravenously), while this time was prolonged
to 120 minutes for the NQ groups. The pharmacokinetic
parameters were calculated using WinNonlin software ver-
sion 1.1, and the comparative pharmacokinetic parameters
for the four groups are reported in Table 2.

Figure 7 demonstrates that the quercetin concentration-
time curves for the free drug and NQ were not significantly
affected by ultrasonic treatment. The initial serum concen-
tration (C, ) was significantly lower (P<<0.05) for the
quercetin group than for the nanodroplet formulations (NQ
and NQ + U) following intravenous administration.

Table 2 shows a significant increase (P<<0.05) in the area
under the concentration—time curve (AUC) for the NQ and
NQ + U groups (60.5+£5.9 pug/mL per minute and 67.616.8
pg/mL per minute, respectively) compared with the quercetin
alone group (18.4%7.0 ug/mL per minute). These results
indicate that the absorption of quercetin increased when
the drug was encapsulated in the formulation, regardless of

10

0.1+

Quercetin concentration (ug/mL)

0.01 T T T

whether NQ was combined with ultrasonic treatment. These
data suggest that the quercetin group was rapidly eliminated
from the plasma, whereas the nanodroplet formulations
were able to significantly improve the pharmacokinetics of
the drug by increasing the AUC, elimination half-life, and
C

5 min’

and by reducing (P<<0.05) clearance.

Discussion

Physical and chemical properties, such as particle size and zeta
potential, can affect the pharmacokinetic profile and ultra-
sonic imaging of nanodroplets.!'*® First, we designed and
modified quercetin-loaded nanodroplets, which included an
evaluation of factors such as dosage, encapsulation, and
pharmacokinetic profile. For the conventional mode of injec-
tion, the typical injection volume is 1 mL/kg, with a dosage
of 1 mg/kg, 3 mg/kg, 5 mg/kg, or 10 mg/kg. We therefore
selected 1 mg/mL, 3 mg/mL, and 5 mg/mL quercetin loaded
in nanodroplets to assess the feasibility of our experiments.
The results showed that 1 mg/kg (1 mg/mL, injection volume
1 mL/kg) of quercetin could not be detected. We ultimately
decided that quercetin 3 mg/mL loaded into nanodroplets
was suitable for our in vitro and vivo studies.

As shown in Table 1, the particle sizes of the nanodrop-
lets and the NQ formulation were approximately 280 nm,
with a low polydispersity index. Small size is an important
characteristic for nanodroplets and increases the efficacy
of intravenous administration. For example, Ferrara et al
reported that the resonance frequency is strongly dependent

—a— Quercetin (3 mg/kg, iv)
—o— Quercetin (3 mg/kg, iv) + U
—¥— NQ (3 mg/kg, iv)

—— NQ (3 mglkg, iv) + U

60

80

100 120 140

Time (minutes)

Figure 7 Concentration curve of quercetin in rat plasma after intravenous administration of quercetin 3 mg/kg, quercetin triggered with ultrasound at 3 minutes (quercetin + U,
3 mg/kg), NQ 3 mg/kg, and NQ triggered with ultrasound (NQ + U, 3 mg/kg) at 3 minutes, respectively (mean + standard error of the mean; n=6).
Abbreviations: iv, intravenously; U, treatment with ultrasound; NQ, nanodroplet-encapsulated quercetin.
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Table 2 Pharmacokinetic parameters of quercetin 3 mg/kg and the equivalent quercetin dose for the nanodroplet-encapsulated

quercetin formulation in rat plasma after administration of an intravenous bolus

Pharmacokinetic parameters Quercetin Quercetin + U (3 min) NQ NQ + U (3 min)
C, .. (ug/ml) 0.5£0.1 0.9+0.2 2.3+0.3* 2.8+0.3*

AUC (ug/mL per minute) 18.4£7.0 37.0£10.5 60.5+5.9* 67.616.8*
Elimination half-life (minutes) 32+19 29+18 135+43* 72+10%*
Clearance (mL/minute per kg) 281481 183196 51.6+4.2% 46.1£3.5%

Notes: The data are expressed as the mean + standard error of the mean (n=6). *P<<0.05 versus the quercetin group. C

s o IS 5-minute serum concentration after quercetin

administration; Quercetin + U (3 min) is ultrasound treatment after 3 minutes quercetin administration; NQ + U (3 min) is ultrasound treatment after 3 minutes NQ

administration.

Abbreviations: AUC, area under the concentration—time curve; U, treatment with ultrasound; NQ, nanodroplet-encapsulated quercetin.

on the diameter of the formulation, and specific ultrasound
frequencies require a narrow size distribution.?! Quercetin is
a lipophilic molecule (logP 2.16), and may be encapsulated
in a matrix of nanodroplets; however, the structure of quer-
cetin contains many OH groups, so may also be encapsulated
within the surface of the shell. As shown in Table 1, the zeta
potential decreased from —42.18+7.64 mV to —34.66+2.18
mV when quercetin was loaded into nanodroplets. In theory,
quercetin was neutral in the NQ formulation (the pKa of quer-
cetin was 6.44, and the pH value of NQ was 5.5); therefore,
some quercetin molecules interacting with the surface of
NQ may shield some negative charges, resulting in reduced
surface charges being present on NQ.347

The uniformity of the particles was confirmed based on
the polydispersity index. Our results show that the particle
formulations were quite homogeneous (polydispersity index
<0.35), and TEM showed that the NQ groups had a narrow
size distribution. Previous studies also used similar materials
(coconut oil, perfluoropentane, and cholesterol) to produce
nanodroplets, and the physical and chemical properties of the
nanodroplets are consistent with our data.?**¢ The suitability
of a formulation for clinical application depends on several
conditions, and the development of formulations capable of
efficiently carrying a payload is one of the most important
goals of research.®® Our data demonstrate that the NQ for-
mulation achieved a near complete encapsulation efficiency
0f 99%. The small size and high encapsulation efficiency of
this formulation may have a positive effect with regard to
pharmacokinetic information.

The morphological characterization of NQ was done
using SEM. However, NQ may have undergone structural
degradation during preparation of samples for SEM, so
disintegration was observed in the images of the NQ formula-
tion. Atomic force microscopy was also used to assess the
appearance of NQ, but the apparent dimensions of the NQ
were altered during preparation of the sample for processing
by atomic force microscopy.* Therefore, we used TEM to

confirm the morphology of NQ. We optimized the method
used for TEM sample preparation, including the dye concen-
tration, formulation concentration, and dye settling time, and
obtained a clean TEM image (Figure 2).

Release of NQ was preliminarily evaluated in the in vitro
study under different conditions and including various fac-
tors that may affect the release profiles in this model. The in
vitro release rate of quercetin over 24 hours from the control
solution of PEG 400+20% ethanol was rapid but could not
achieve complete release. This limited amount released may
be due to use of an in vitro Franz cell. Because the drug is
released into the restricted space of the receptor chamber
(5.5 mL) and because of the diffusion area is small (0.785
cm?), the amount of the drug that can be loaded into the recep-
tor compartment is limited, so the concentration gradient
between the donor and receptor may have been lost. Never-
theless, this experimental design is still useful for assessing
drug release capabilities under different conditions.® An
incorporated drug appears to be released in a sustained
manner, which is an important characteristic that is often
correlated with improved pharmacokinetics and efficacy.”!
Our results indicate that quercetin loaded into nanodroplets
was released more slowly than free quercetin, suggesting
that release of quercetin can be effectively controlled by use
of nanodroplets.

Plasma is a viscous fluid composed of approximately
91% water and 9% other substances, such as proteins, ions,
nutrients, and waste products. In this study, plasma was
added to the formulation of the NQ to mimic actual in vivo
conditions for the release test with ultrasonic treatment.
According to the release profiles in the presence of plasma,
drug release might be decreased due to increased viscosity
and path lengths for drug diffusion.’® Another explanation
may be that quercetin binds strongly to albumin and other
proteins in plasma.® Previously, ultrasound has been used as
an external trigger to induce drug release from drug-loaded
carriers. When treated with ultrasound pressure waves,
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bubble formulations start to break down and provide a surge
in drug release.”® An increase in the amount of quercetin
released after ultrasound exposure was observed for the NQ
group. When quercetin was encapsulated in nanodroplets,
a change in the amount of quercetin released was observed
after ultrasound exposure.

Figure 6 confirms that the nanodroplets have features
similar to those of microbubbles and have potential for use as
vascular contrast agents. Intravesical chemotherapy is a con-
ventional treatment for nonmuscle-invasive urinary bladder
cancer.> However, intravesically administered drugs can be
eliminated by voiding, and are unable to target certain areas
of the bladder. In such situations, use of drug-loaded nano-
droplets with ultrasound-triggered disruption is a promising
strategy to increase local drug concentrations at the site of
pathology while reducing systemic toxicity. Therefore, the
results demonstrate the potential applications of nanodroplets
for diagnostic imaging and therapy, including the treatment
of bladder cancer and imaging of the vasculature.

Although some studies have explored the pharmacological
activity of quercetin metabolites (such as the ability of quercetin-
3-0O-B-glucuronide and quercetin-3-O-B-glucoside to prevent
the damage to red blood cell membranes done by smoking),*
most studies have focused on the substantial pharmaceutical
effects of quercetin. In this experiment, we focused on improv-
ing the therapeutic effect and applications of quercetin via
encapsulation into nanodroplets and ultrasound activation.

To investigate the pharmacokinetics of ultrasound-
activated, quercetin-encapsulated nanodroplets, a suitable
assay system for preparation of samples needed to be devel-
oped and optimized. Several methods for sample preparation,
such as protein precipitation and liquid—liquid extraction, have
been examined. Background interference was observed in the
blank plasma extract generated using protein precipitation,
whereas no background was observed with the liquid-liquid
extraction process. Therefore, ethyl acetate was selected as
the liquid solvent for liquid—liquid extraction.

To assess the effects of formulation used and ultrasonic
treatment on the pharmacokinetics of quercetin, the phar-
macokinetics of four parallel groups (quercetin, quercetin +
U, NQ, and NQ + U) were evaluated. Pharmacokinetic stud-
ies must take into account the physical welfare of animal
subjects. Previous reports have indicated that repeated blood
sampling influences the normal physiological conditions of
rats and determination of pharmacokinetic profiles.* Thus, the
volume of the blood sample and frequency of sampling must
be selected carefully, and consequently the time points of the
in vivo test can be used as a reference for the in vitro test.

The results indicate that nanodroplets could prolong
the elimination time to achieve a sustained-release effect,
which increased both the AUC and elimination half-life
and thus reduced drug clearance. Liposomes are composed
of phosphatidylcholine-enriched phospholipids and contain
mixed lipid chains with surfactant.”” The characteristics of the
outer shells of our lipid nanodroplets were similar to those of
liposomes. Our data are consistent with previous reports,>®
which also found an increased AUC and elimination half-
life, as well as reduced clearance for drug-loaded liposomes
compared with free drugs. This finding can be attributed to
the protection provided by the lipid membranes and slow
drug release from the formulation.*

A previous in vitro report by Paliwal et al indicated
that pretreatment of cells with ultrasound may change
the concentration of quercetin in treated cell lines.”” Our
in vivo experiment demonstrated that the C, . increased
from 0.51£0.1 pg/mL to 0.91£0.2 pug/mL after treatment
with ultrasound (Table 2). This observation suggests that
treatment with ultrasound may cause the concentration of
analyte to increase over a short period of time and have an
acute effect. In recent years, many studies have confirmed
the efficacy of ultrasound-triggered destruction of bubble
formulations for drug delivery, both in vitro and in vivo.!3¢
However, inconsistencies between in vitro and in vivo tests
are not unexpected because pharmacokinetic profiles are
affected by many factors, including route of administration,
the macroenvironment or microenvironment in vivo, and
protein binding.

Although no statistically significant difference was
observed between the pharmacokinetic parameters of NQ
and NQ + U, the initial (C; ) concentration for NQ + U was
slightly higher than that in the NQ group. The elimination half-
life of NQ + U was 72£10 minutes, which was between that of
the quercetin alone (32119 minutes) and NQ (135+43 minutes)
groups, indicating that destruction of NQ during exposure to
ultrasound may have caused some drug to be released from the
nanodroplets,'>°! which slightly affected the pharmacokinetic
profile. However, while ultrasound may induce a transient
change in pharmacokinetics, encapsulation of quercetin in
nanodroplets significantly altered the pharmacokinetic profile
of quercetin.

In summary, the results of the in vitro tests provided an
initial demonstration of the release capability of NQ in the
absence of interfering factors, while the in vivo tests enabled
a complete evaluation of the pharmacokinetic profile of NQ
with ultrasound activation, providing a foundation for future
clinical application.
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Conclusion

In conclusion, we developed quercetin-loaded, lipid-coated
nanodroplets and investigated the efficacy of these particles
for ultrasound diagnostic imaging of the bladder and vas-
culature, and ultrasound-triggered drug delivery in rats.
To our knowledge, this is the first study of nanodroplets loaded
with quercetin that has evaluated their ultrasound-induced
pharmacokinetics and potential bioimaging applications. The
in vitro and in vivo tests demonstrated that nanodroplets have
potential application in simultaneous ultrasonic imaging and
drug delivery, and the results and evaluation process could
be useful for future preclinical studies.
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