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Background: Quercetin (QT) is a potential bioflavonol and antioxidant with poor
bioavailability and very low distribution in the brain. A new oral delivery system comprising
of poly(n-butylcyanoacrylate) nanoparticles (PBCA NPs) was introduced to improve the oral
bioavailability of QT and to increase its distribution in the brain. Physicochemical characteristics,
in vitro release, stability in simulated gastric fluid and intestinal fluids, and pharmacokinetics and
biodistribution studies of QT-PBCA NPs coated with polysorbate-80 (P-80) were investigated.
Obijective: This study aimed to investigate the physicochemical characteristics, in vitro release,
stability in simulated gastric fluid and intestinal fluids, and pharmacokinetics and biodistribution
studies of QT-PBCA NPs coated with polysorbate-80 (P-80).

Results: The results showed that QT-PBCA NPs and QT-PBCA NPs coated with P-80 (QT-
PBCA+P-80) had mean particle sizes of 161.1+0.44 nm and 166.6+0.33 nm respectively, and
appeared spherical in shape under transmission electron microscopy. The mean entrapment
efficiency was 79.86%10.45% for QT-PBCA NPs and 74.58%=1.44% for QT-PBCA+P-80. The
in vitro release of QT-PBCA NPs and QT-PBCA+P-80 showed an initial burst release followed
by a sustained release when compared to free QT. The relative bioavailability of QT-PBCA NPs
and QT-PBCA+P-80 enhanced QT bioavailability by 2.38- and 4.93-fold respectively, when
compared to free QT. The biodistribution study in rats showed that a higher concentration of
QT was detected in the brain after the NPs were coated with P-80.

Conclusion: This study indicates that PBCA NPs coated with P-80 can be potential drug
carriers for poorly water-soluble drugs. These NPs were observed to improve the drugs’ oral
bioavailability and enhance their transport to the brain.

Keywords: bioavailability, biodistribution, nanoparticles, pharmacokinetics, poly
(n-butylcyanoacrylate), quercetin

Introduction

Quercetin (QT) (3,3",4’,5,7-pentahydroxyflavone) is a potential flavonoid and is
generally found in fruits, vegetables, leaves, and grains."? QT, due to its high anti-
oxidant activity, acts as a free radical scavenger and protects the cells from oxidative
stress generated as an outcome of reactive oxygen species.® It delivers a low intrinsic
toxicity and has a surprisingly wide range of beneficial actions, such as antiplatelet,
antiradical, anti-inflammatory, antimutagenic, anticarcinogenic, anti-angiogenic,
antibacterial, antitumor, antiviral, antianxiety, and cognitive-enhancing effects on
the central nervous system.*® However, despite the wide spectrum of pharmaco-
logical properties, the use of QT in the pharmaceutical field is obstructed due to its
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hydrophobic nature, physiological medium instability,” and
limited consumption in the brain.>® These properties of QT
result in low oral bioavailability and restrict its permeabil-
ity through the blood—brain barrier (BBB). Addressing this
problem continues to be spotlighted as a major task while
developing formulations for clinical efficacy.

In the past few decades, many pharmaceutical companies
have shifted their focus to the formulation of polymeric
nanoparticles (NPs) as controlled drug delivery systems
in order to improve the oral bioavailability of lipophilic
and hydrophobic drugs. This has been achieved through
specialized uptake mechanisms, increased half-life (t,,),
minimized toxicity, and increased ability of NPs to cross
the physiological barriers such as the BBB.>!° To improve
the oral bioavailability of QT, various attempts have been
made by many researchers to formulate various drug delivery
systems of current drug therapy, such as poly(D,L-lactide)
(PLA) NPs,” solid lipid NPs,® lecithin-based novel cationic
nanocarriers (LeciPlex),'' chitosan NPs,'? liposomes,"* and
poly(D,L-lactide-co-glycolide) (PLGA) NPs,' but all with
limited effects. However, no detailed study has been reported
on improving the brain permeability of the drug.

In contrast, poly(n-butylcyanoacrylate) (PBCA) has
received considerable attention in recent years due to its
ability to overcome the limitations of previous colloidal
carriers.”” PBCA is a biodegradable, biocompatible, mini-
mally toxic, bioabsorbable, and bioadhesive polymer that
has been extensively investigated in the past few years for
controlled and targeted drug delivery.'® A recent study has
shown that PBCA NPs have been widely investigated to
enhance the oral absorption of poorly soluble polyphenols
and isoflavones such as curcumin and puerarin.'”'® Most
interestingly, PBCA NPs have been employed as effective
delivery systems in the brain because the particles entrap the
compounds and prevent rapid elimination or degradation as
well as promote penetration through the BBB and distribution
in the brain tissue when coated with polysorbate-80 (P-80)
on their surfaces.'® There have been several reports of PBCA
NPs coated with P-80 that could significantly improve the
delivery to the brain of anticancer agents,” antifungal drugs,”'
peptides,”> MRZ 2/576 (N-methyl-D-aspartate receptor
antagonists),? antibiotics,?* nonsteroidal anti-inflammatory
drugs,” and antiviral drugs.?® However, till date QT-PBCA
NPs coated with 1% P-80 have not been reported to have
improved their bioavailability and enhanced the distribution
of QT in the brain via oral administration. In this study, QT-
PBCA NPs were prepared by the anionic emulsion polym-
erization method and the physicochemical characteristics of
NPs, in vitro release, and stability of NPs were investigated.

Additionally, pharmacokinetics and biodistribution studies
of QT-PBCA NPs and QT-PBCA+P-80 (coated with P-80)
after oral delivery to male Wistar rats were evaluated with
free QT solution.

Materials and methods

Materials

QT was obtained from Sigma-Aldrich (St. Louis, MO,
USA), and Pluronic® F-68 was provided by the HiMedia
Labs (India). The monomer, n-butylcyanoacrylate (n-BCA)
was a generous gift sample from Tong Shen Enterprise
Co., Ltd (Taiwan) and was utilized without any further
purification. P-80, acetonitrile high-performance liquid
chromatography (HPLC) grade, and methanol HPLC grade
were purchased from S.D. Fine-Chem Ltd., (Mumbeai,
India). All other reagents used in the study were of analyti-
cal regent grade.

Preparation of QT-PBCA NPs

QT-PBCA NPs were prepared according to the anionic emul-
sion polymerization method with some modifications.?’?
Briefly, 1% (w/v) of Pluronic F-68 was dissolved in the
acidic medium containing 0.01 N HCI (pH 2-3) at room
temperature. QT (0.1% w/v) powder was then added to
the above system after dissolving the powder separately
in a minimum quantity of ethanol. Finally, the monomer
n-BCA (1% w/v) was injected drop by drop into the stirred
medium under continuous magnetic stirring. Polymeriza-
tion reaction was carried for 4 hours with constant stirring
at 400 rpm, under room temperature. 0.1 N NaOH was used
to adjust the pH of the resulting suspension to 6.8+0.1. The
polymerization reaction mixture was stirred for an additional
2 hours to ensure complete removal of ethanol in the mix-
ture under constant stirring, and the reaction was gradually
completed. The QT-PBCA suspension was obtained after
the above system was filtered through a 0.2 pm syringe filter
membrane (HiMedia Labs) to remove the aggregates. The
NPs were separated by ultracentrifugation at 16,000 rpm
for 60 minutes and rinsed with distilled water at least three
times. The formed pellets were resuspended in distilled
water and lyophilized with trehalose dihydrate (1%) acting
as cryoprotectants,? using a lyophilizer (Lark, India). Drug-
free NPs (blank PBCA NPs) were made in the same method
as that for preparing QT-containing NPs except that in the
former the drug was absent.

Later, for coating the lyophilized powder of QT-PBCA
NPs were resuspended in phosphate buffered saline (PBS),
containing 1% P-80 solution at a final concentration of
20 mg/mL. Subsequently, the NPs were incubated for
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30 minutes at 20°C under constant stirring, and were finally
lyophilized.*

Analysis of particle size, zeta potential,
and morphology

Particle size and surface charges (zeta potential) of the QT-
PBCA NPs and QT-PBCA+P-80 were determined by light scat-
tering based on laser diffraction using the Malvern Zetasizer
(Nano Sizer ZS90; Malvern Instruments, Inc., Malvern, UK)
after suitable dilution. Analysis (n=3) was carried out for
120 seconds at room temperature at a 90° angle of detection.
The apparatus consisted of a He—Ne laser (5 mW) and a
sample-holding cell of S mL capacity. The values of the particle
sizes and zeta potential were presented as mean + standard
deviations (SDs) from three replicate samples.

The morphologies of QT-PBCA NPs and QT-PBCA+P-80
were observed under a transmission electron microscope
(TEM) (JEOL JEM-1200EX; Tokyo, Japan) using the nega-
tive staining method. The sample was made by dispersing
the NPs in distilled water, and one drop was added to a
copper grid to make a thin liquid film. Later, the film was
negatively stained by adding 2% (w/v) phosphotungstic
acid (pH 7.0). The grid was dried at room temperature and
the morphology of NPs was examined under TEM. Subse-
quently, photographs were taken at 30,000 magnification
and 80 kV voltage.

Determination of drug entrapment

efficiency of QT-PBCA NPs
The amount of QT entrapped in the PBCA NPs and coated
with 1% P-80 was measured by the ultracentrifugation
method (C-24 BL; Remi Laboratory Instruments, India), in
accordance to the previous reports.’! The freshly prepared NP
suspension was centrifuged at 20,000 rpm for 60 minutes at
4°C to obtain pellets of NPs and the supernatant was placed
in a separate tube. The obtained pellet was dissolved in
methanol to extract QT that was diluted appropriately. The
concentration of QT was measured by UV-VIS absorbance
spectroscopy at 374 nm by using a double-beam UV-VIS
spectrophotometer (AU-2700; Systronics, India). Drug
entrapment efficiency (DEE) was calculated as DEE (%) =
(amount of QT in NPs/initial amount of QT) x100.
Additionally, for the spectroscopic scan analysis from 200
to 700 nm, 1 mL each of free QT solution and QT-PBCA
NP suspension were used.

Fourier transform infrared spectral study
Fourier transform infrared (FTIR) spectra (Spectrum RX-1;
PerkinElmer, Waltham, MA, USA) were taken to investigate

the possible chemical interactions between QT after conjugating
with PBCA NPs. Free QT, QT-PBCA NPs, and blank PBCA
NPs were crushed with KBr to obtain the pellets by applying
a pressure of 300 kg/cm?. FTIR spectra of the above sample
were obtained by averaging 32 interferograms with a resolu-
tion of 2 cm™! in the range of 1,000-4,000 cm™.

Differential scanning calorimetry

The physical state of QT entrapped in PBCA NPs was
characterized using differential scanning calorimetry (DSC)
thermogram analysis (Mettler Toledo DSC 822e; India).
Each sample (10-20 mg of free QT, QT-PBCA NPs, and
blank PBCA NPs and n-BCA) was sealed separately in stan-
dard aluminum pans. The samples were purged in the DSC
with pure dry nitrogen gas set at a flow rate of 40 mL/min.
The change in temperature was set at 20°C/min, and the heat
flow was recorded from 0°C to 350°C.

X-ray diffraction

X-ray diffraction (XRD) patterns of free QT, QT-PBCA
NPs, and blank PBCA NPs were obtained using an XRD
instrument (D8 ADVANCE; Bruker, India). Measurements
were carried out at a voltage of 40 kV and current of 20 mA.
The diffractograms were performed with a scanning rate of
2°/min over a range of 4°-40°(20).

Drug stability study of simulated gastric

fluid and simulated intestinal fluid

The stabilities of QT-PBCA NPs and QT-PBCA+P-80 were
evaluated in simulated gastric fluid (SGF) and simulated
intestinal fluid (SIF).*? Briefly, 1 mL of QT-PBCA and
QT-PBCA+P-80 (equivalent to 20 mg) was suspended in
10 mL of both SGF and SIF. This mixture was incubated for
3 hours in the case of SGF (pH 1.2), while for SIF (pH 6.8)
the time interval was 6 hours. The tubes were placed in an
orbital shaker and were maintained at 37°C and at 100 rpm.
At different time intervals, a known volume of suspension
was taken out and centrifuged at 5,000 rpm for 15 minutes.
The supernatant was separated to quantify the amount of
the drug by UV-VIS spectroscopy at 374 nm. Later, the
amount of the remaining drug after the incubation for
3 hours in SGF and 6 hours in SIF from each formulation
was determined.

In vitro release studies

The in vitro release of QT from QT-PBCA NPs and
QT-PBCA+P-80 was carried out in PBS (0.01 M PBS,
pH 7.4) medium using a dialysis bag method.’>** Briefly,
lyophilized NPs equivalent to 2 mg of QT (QT-PBCA NPs
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and QT-PBCA+P-80) or free QT were suspended in 2 mL
of PBS (pH 7.4) using cellulose dialysis tube bags (with
molecular weight cut-off size 12,000 Da). The bags were
dipped into 200 mL PBS (pH 7.4) containing 0.01% (v/v)
Polysorbate-80 to maintain the sink condition. Dialysis was
carried out at 37°Cx1°C with magnetic stirring at 300 rpm.
Atregular time intervals, 1 mL of the sample was withdrawn
and the same volume of fresh PBS was added to maintain
a constant volume. The amount of QT in the medium was
analyzed by using the HPLC-based method mentioned below.
The release from each formulation was estimated at triplicate
and the results were expressed as mean + SD.

Formulation stability studies

Formulation stability upon storage at room temperatures
was studied to evaluate the stability of the NP formulation
containing QT. After the freeze drying process, the QT-
PBCA NPs were stored in desiccators under vacuum at room
temperature over a period of 180 days. The sampling time
points were 0, 30, 60, 120, and 180 days. The formulations
were studied for their particle size, polydispersity index, zeta
potential, entrapment efficiency, as well as for any changes
in the physical appearance of the NPs.

In vivo oral pharmacokinetics and
biodistribution studies in rats

Animals

The study was performed in male Wistar albino rats, hav-
ing a mean weight of 180-220 g, procured from the animal
house facility at VIT University, Vellore, Tamil Nadu,
India. The animal experiments were duly approved by the
Institutional Animal Ethics Committee (IAEC) of VIT Uni-
versity, Vellore, Tamil Nadu, India (VIT/IAEC/VIIth/32).
The rats were housed four per cage under standard condi-
tions at a temperature of 25°C+2°C and relative humidity
of 50%—-60% under natural light. They had free access
to standard rodent diet of commercial pelleted feed from
Hindustan Lever Ltd (Mumbai, India) and water ad libitum
prior to each experiment. The animals were fasted overnight
before the start of the experiment and allowed free access
of water ad libitum.

Dosing and sampling

QT-PBCA NPs and QT-PBCA+P-80 were freshly prepared
for oral administration. The rats were allocated randomly in
four groups (n=5). Group I was administered with a free QT
solution (50 mg/kg). Group II was treated with QT-PBCA
NPs, and group Il received QT-PBCA+P-80, whereas group

IV served as control. All formulations were given orally at
a dose of 50 mg/kg body weight via oral feeding cannula
(16 no).*> Blood samples (approximately 0.3 mL) were taken
from the tail vein under mild anesthesia and withdrawn into
heparinized centrifuge tubes at predetermined time inter-
vals. Plasma was immediately separated by centrifuging the
blood samples at 3,000 rpm for 10 minutes at 4°C and stored
at —80°C until analysis. To determine the organ distribution
of the drug at distinct time points, the animals were sacrificed
(n=5) by cervical dislocation. Tissue samples from the brain,
liver, heart, spleen, and kidney were quickly removed and
stored at —80°C before analysis.*

Plasma and tissue sample preparation

The plasma sample of 100 pL was extracted with 1 mL of
methanol on a vortex mixer for 5 minutes. The tubes were then
centrifuged at 10,000 rpm for 10 minutes at 4°C. The clear
supernatant was collected and filtered (0.20 um syringe filters).
Twenty microliter of the sample was injected into the HPLC
system for determination of QT in plasma. Tissue samples
(not more than 100 mg) were homogenized with 500 pL in
1x PBS (pH 7.4). The tissue homogenates were centrifuged
at 10,000 rpm for 10 minutes at 4°C and the clear supernatant
thus obtained was used further. Then, 200 UL aliquots of the
clear tissue homogenates with 300 UL of methanol were added
and the dispersion was vortexed for 2 minutes. The samples
were later centrifuged at 10,000 rpm for 10 minutes at 4°C.
The clear supernatant was filtered (0.20 um syringe filters)
and was injected into the HPLC system for determining QT
in tissue samples.

Pharmacokinetics analysis

The pharmacokinetics analysis of plasma concentration—time
profile was carried out by a noncompartmental model using
Kinetica software, version 5.2 (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). All data were expressed as mean + SD
and the level of significance was taken as P<<0.05.

HPLC analysis of QT

QT content was analyzed by reverse phase-HPLC with a
UV detector and a vacuum degasser run by Autochro-3000
software (Acme 9000 series; Young Lin, USA). Chromato-
graphic separation was achieved by using a reverse-phase
C18 column (150 mm x4.6 mm, pore size 5 um, Kromasil).
The mobile phase was made up of methanol and water
(70:30 v/v) (pH adjusted to 3.64 with glacial acetic acid). The
separation was performed under an isocratic condition with
a constant flow rate 1.0 mL/min, injection volume 20 pL,
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column temperature 25°C, and a detection wavelength of
374 nm.* The calibration curve for QT was linear within the
range of 0.2—-100 pg/mL concentrations in the mobile phase
with correlation coefficients of R?=0.9996. The detection
limit (signal-to-noise ratio of 3:1) and the quantification limit
(signal-to-noise ratio of 10:1) were found to be 0.05 pg/mL
and 0.1 pg/mL, respectively. The mean recovery of QT in
plasma and tissue homogenates were within the range of
94.72%—104.54% at the present assay condition. The preci-
sion of QT calculated as relative SD was lower than 10% for
intra- and inter-day assays.

Results and discussion

Preparation and physicochemical
characterization of QT-PBCA NPs

The schematic illustration of the fabrication of QT-PBCA
NPs is shown in Figure 1. Based on the anionic emulsion
polymerization process, the swollen structures formed by the
micelles were taken up by the BCA monomer.*” Throughout
the polymerization process, hydroxyl ions in the medium ini-
tiated the reaction of monomeric units to form oligomers that
were stabilized by the surfactant.’”* The freshly formed par-
ticles further absorbed monomer molecules until the mono-
mer completely disappeared and gradually polymerized into
nanosized particles. The hydroxyl ions present in the aque-
ous solution promoted the polymerization of the remaining
monomers.* Concurrently, QT is a hydrophobic drug, which
might have gradually dispersed in the hydrophobic part of the
swollen micelles. It might have further been incorporated in

. Pluronic F-68

® Quercetin

Pluronic F-68

Monomer

polymer NPs by emulsion during the polymerization.'® This
rapid polymerization reaction occurred gradually when the
pH was adjusted stepwise (pH >5.0).%°

Based on previous studies, Pluronic F-68 (triblock copoly-
mer poloxamer 188) is biocompatible, has low toxicity effect,
and is approved for pharmaceutical applications.** Recent
studies have suggested that drug formulations of Pluronic
F-68 have a potential for improving the pharmacokinetics of
orally administered P-glycoprotein (P-gp) and/or CYP3A4
substrates in vivo.*! The findings show that Pluronic F-68
produces a protective hydrophilic coating that preserves the
structural integrity of the PBCA NPs by protecting them from
chemicals and enzymatic degradation until absorption. It also
increases the encapsulation of QT-PBCA NPs, which in turn
increases the bioavailability of QT and gives longer persis-
tence due to sustained release. Pluronic F-68 was also used
as a steric stabilizer for covering the surface of particles after
the polymerization reaction was complete. In addition, it was
used for obtaining a stable NP form that would increase the
size of the NPs when its percentage was more than 3%.3

Figure 2A and B show the particle size distribution pat-
tern of QT-PBCA NPs and QT-PBCA+P-80 with an average
size of 161.120.44 nm and 166.6+0.33 nm, respectively.
Particle size distribution is an important parameter for a drug
delivery system and the particles in the nanometer range
can go through capillary distribution.*> This also leads to
uniform perfusion at the preferred targeted site.*>** It could
be concluded that the larger particle size is due to the higher
dehydration of propylene oxide and ethylene oxide.?” Since
the NP diameter did not change significantly after coating,

. Monomer " P-80

P-80

Figure | Schematic illustration of encapsulation of QT-PBCA NPs by emulsion polymerization.
Abbreviations: QT-PBCA NPs, quercetin-loaded poly(n-butylcyanoacrylate) nanoparticles; P-80, polysorbate-80.

International Journal of Nanomedicine 2015:10

submit your manuscript

3925

Dove


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

Bagad and Khan

Dove

A

Size distribution by intensity

Intensity (%)

10 100 1,000 10,000

Size (d.nm)

Figure 2 Morphology of encapsulated QT-PBCA NPs and QT-PBCA+P-80.

" Size distribution by intensity

12

10
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Notes: Typical particle size distribution graph shows sharp, narrow area peaks indicating the homogeneity of QT-PBCA NPs at 161.1+0.44 nm (A) and QT-PBCA+P-80 at
166.610.33 nm (B); Transmission electron microscopy images of QT-PBCA NPs (C) and QT-PBCA+P-80 (D) at 30,000x.
Abbreviations: QT-PBCA NPs, quercetin-loaded poly(n-butylcyanoacrylate) nanoparticles; P-80, polysorbate-80.

the exact nature of orientation of P-80 upon naked PBCA
NPs needs to be further investigated. However, it can be
assumed that P-80 did not interact with porous, polymeric
PBCA NPs, which could have brought about a deviation from
the constant size ranges of all PBCA NPs.*

The zeta potential of optimized QT-PBCA NPs and QT-
PBCA+P-80 was approximately —7.28+0.60 mV and —25.57+
0.81 mV (n=3), respectively. A higher magnitude of zeta
potential in PBCA NPs indicates that the strong electrostatic
repulsion prevents particle aggregation and gives good stabil-
ity to the NPs’ suspension.* The P-80 coating reduced the zeta
potential significantly, suggesting a possible masking effect.

The QT-PBCA NPs and QT-PBCA+P-80 NPs were
spherical or ellipsoidal in shape with a smooth surface and
was slightly aggregated under TEM as shown in Figure 2C

and D. The aggregation could be due to the inherent adhesive
property of PBCA.*

The mean entrapment efficiency was 79.86%%0.45%
for QT-PBCA NPs and 74.58%+1.44% for QT-PBCA NPs
coated with P-80. Our finding suggests that the higher the
entrapment efficiency, the better the interaction of QT with
PBCA NPs. An increase in the content of monomer (with a
constant amount of initial drug) enhanced the drug encapsu-
lation efficiency.* In contrast, coating QT-PBCA NPs with
1% P-80 slightly reduced the DEE of the NPs. This may be
due to the drug escaping into the medium during the process
of coating.

Additionally, the confirmation of the encapsulation as
well as binding of QT-PBCA NPs formulation was carried out
by using a UV—Vis spectrophotometer. The free QT powder
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Figure 3 (A) Absorption spectrum of free QT and QT-PBCA NPs; (B) Visual observation of prepared QT-PBCA NPs suspended in water (a) and free QT solution

suspended in water (b).

Abbreviations: QT, quercetin; QT-PBCA NPs, quercetin-loaded poly(n-butylcyanoacrylate) nanoparticles.

in ethanolic solution showed two absorption peaks at 254 nm
and 374 nm related to the conjugation in the B-ring and A-ring
respectively.*® The absorbance of QT-PBCA NPs showed the
characteristic peak of turbidity, which is indicative of NPs’
formation. These results support the successful entrapment
of QT into the PBCA NPs as presented in Figure 3A. The
prepared QT-PBCA NPs were able to be homogenously
dispersed into aqueous media without apparent drug aggre-
gates. In comparison, free QT dispersed in water, presented
in bulk, and attached on the surface of the container showed
poor water solubility as shown in Figure 3B.

Figure 4 shows the FTIR spectrum of n-BCA monomer,
blank PBCA NPs, QT-PBCA NPs, and free QT. It con-
firms drug encapsulation in the NPs and a possible reaction
between QT and the polymer during the preparation of NPs.
For free QT, major characteristic broader bands correspond-
ing to the OH phenolic stretch at 3,385.07 cm™ (shown by
arrows marked in Figure 4D), to C=0 absorption band at
1,666.5 cm™, bands of the C—C stretches at 1,612.49 cm™, C-H
bending at 1,433.11 cm™, and the region for C—O stretches
at 1,244.09 cm™'. These results are similar to the previous
report.'* The absorbance bands of the n-BCA monomer are

Transmittance (%)

2,000
Wavenumbers (cm™)

1,500

Figure 4 FTIR spectrum of n-BCA monomer (A), blank PBCA NPs (B), QT-PBCA NPs (C), and free QT (D).

Notes: A,B and C arrow indicates a C=N peak at 2,249.83 cm™' on n-BCA is also present in the spectra of blank PBCA NPs and QT-PBCA NPs, indicating that C=N did
not take part in the polymerization reaction; D arrow indicates a major characteristic broader bands corresponding to the OH phenolic stretch at 3,385.07 cm™'.
Abbreviations: FTIR, Fourier transform infrared spectroscopy; n-BCA, n-butylcyanoacrylate; PBCA, poly(n-butylcyanoacrylate); NPs, nanoparticles; QT-PBCA NPs,

quercetin-loaded poly(n-butylcyanoacrylate) nanoparticles; QT, quercetin.
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C—H stretching at 2,962.66 cm™', C=N stretch at 2,249.83 cm™,
C=0 absorbance at 1,751.36 cm™, and C-O stretch was
observed at 1,255 cm™. The QT-PBCA NPs and blank PBCA
NPs of spectrum exhibit the broader peak at 3,410.15 cm™
(OH stretching) corresponding to hydroxyl radicals and
is slightly shifted or enlarged during the term of energy
absorption. This shift in the peak of QT-PBCA NPs has been
stronger than that of free QT. The C=N peak at 2,249.83 cm™!
on n-BCA is also present in the spectra of blank PBCA NPs
and QT-PBCA, indicating that C=N did not take part in the
polymerization reaction® (arrows marked in Figure 4A—C).
In short, the characteristic bands of QT (1,600-1,400 cm™)
were observed in loaded NPs and did not participate in the
polymerization reaction. This indicated the presence and
encapsulation of QT into PBCA NPs by possible intermo-
lecular forces such as the hydrogen bond.

The DSC curves of the QT-PBCA, blank PBCA NPs, and
free QT are presented in Figure 5. The free QT showed two
endothermic peaks at 112.80°C and at 323.63°C respectively.
These results are in agreement with previously published
data.!* The DSC thermogram of QT-PBCA NPs shows
a sharp endothermic peak at 168.08°C. However, blank
PBCA NPs exhibit two endothermic peaks at 94.47°C and
192.6°C, respectively. It was suggested that the QT peak
at 323.63°C was not visible in QT-PBCA NPs, possibly

due to the entrapment of drug molecules into PBCA NPs
via molecular dispersion form.*” It is also summarized that
QT-PBCA NPs were in the noncrystalline state, but in high-
energy amorphous form that supports the entrapment of QT
in PBCA NPs. These results indicate that the hydrophobic
drug strongly interacted with the PBCA NPs and may be
potentially released slowly in vivo.

X-ray powder diffraction data of free QT, QT-PBCA
NPs, and blank PBCA NPs are shown in Figure 6. The XRD
pattern of free QT showed a number of distinct peaks char-
acteristic of high crystalline nature.'* In short, no diffraction
peaks were observed in QT-PBCA NPs compared to free
QT. This finding is consistent with the result given above
from the DSC analysis, providing evidence that free QT in
the QT-PBCA NPs was indeed converted from a crystal to
an amorphous state.

The stability in SGF and SIF of QT-PBCA NPs was
developed for oral administration. It was important to
estimate the protective effect of P-80 coating on the poorly
water soluble QT drug. The free QT was evaluated after
3 hours of incubation in SGF (pH 1.2). The percentages
of drug remaining for pure QT, QT-PBCA NPs, and QT-
PBCA+P-80 in SGF were 45.79%+4.41%, 68.33%%2.51%,
and 81.38%13.55% respectively as shown in Figure 7A.
This result suggested that QT protection had been increased
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Figure 5 DSC curves of free QT (A), QT-PBCA NPs (B), and blank PBCA NPs (C).

Abbreviations: DSC, differential scanning calorimetry; QT, quercetin; QT-PBCA NPs, quercetin-loaded poly(n-butylcyanoacrylate) nanoparticles; PBCA, poly(n-

butylcyanoacrylate); NPs, nanoparticles.
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Abbreviations: QT, quercetin; QT-PBCA NPs, quercetin-loaded poly(n-butylcyanoacrylate) nanoparticles; PBCA, poly(n-butylcyanoacrylate); NPs, nanoparticles.

by 35.59% due to NPs’ coating with P-80. Likewise, free
QT was evaluated after 6 hours of incubation in SIF. The
percentages of the drug remaining for pure QT, QT-PBCA
NPs, and QT-PBCA+P-80 in SIF were 39.66%%1.52%,
64.38%14.16%, and 71.33%=5.13%, respectively, as shown
in Figure 7B. Hence, it can be hypothesized that the long
chains of P-80 could have also organized such a protective
brush, preventing the degradation of the drug and exerting
a protective effect upon the QT-PBCA NPs from gastroin-
testinal (GI) fluids. Therefore, in both simulated gastric and
intestinal fluids, there was an increased protection of QT by
1.8-fold with the use of QT-PBCA+P-80 NPs. These results
are in agreement with the previously reported studies.*

In vitro drug release study
The results of drug release profiles of free QT, QT-PBCA
NPs, and QT-PBCA+P-80 NPs into PBS (pH 7.4), are

100

| -= Quercetin —= QT-PBCANPs -+ QT-PBCA+P-80 |
= 2

903
804
704
60 1

501

Drug remaining (%) >

40

Time (h)

shown in Figure 8. The release of QT from the solution was
found to be an initial burst release of nearly 83.66%=%1.51%
within 8 hours. In contrast, the release profile of QT from
QT-PBCA NPs exhibited an initial burst release during the
first 6 hours of the experiment. It was further revealed that
some of the drug molecules entrapped near the surface of
PBCA NPs were released first. This was accompanied by a
slower and more sustained release of QT from NPs at the rate
of 66.38%14.58% over the period of 48 hours. Therefore,
the release profile of QT-PBCA+P-80 was 57.33%14.11%
within 48 hours. Both the formulations revealed that the
entrapment of QT into PBCA NPs exhibited a biphasic
release pattern with an initial burst effect followed by a
sustained and controlled release.!” The results showed that
coating PBCA NPs with P-80 slightly decreased the release of
QT from the NPs (9.05%) compared to that from QT-PBCA
NPs (P<<0.05). This result was in agreement with earlier
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Figure 7 Stability study of free QT, QT-PBCA NPs, and QT-PBCA+P-80 in SGF (A) and SIF (B).

Note: Data are represented as mean * SD (n=3).

Abbreviations: QT, quercetin; QT-PBCA NPs, quercetin-loaded poly(n-butylcyanoacrylate) nanoparticles; P-80, polysorbate-80; SGF, simulated gastric fluid; SIF, simulated

intestinal fluid; SD, standard deviation; h, hours.
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Figure 8 Cumulative release profiles of QT from QT-PBCA NPs and QT-PBCA+P-80 in comparison with the free drug.

Note: Results are presented as mean + SD (n=3).

Abbreviations: QT, quercetin; QT-PBCA NPs, quercetin-loaded poly(n-butylcyanoacrylate) nanoparticles; P-80, polysorbate-80; SD, standard deviation; h, hours.

reports that stated that drug-loaded PBCA NPs provided a
controlled and sustained release pattern.’’

Stability studies

Table 1 shows a slight variance in the particle size, poly-
dispersity index, zeta potential, and entrapment efficiency
of QT-PBCA NPs after a storage period of 180 days at
room temperature. The results related to the particle size,
polydispersity index, zeta potential, and entrapment effi-
ciency showed that at storage conditions in amber vials
at room temperature, QT-PBCA NPs were stable as there
was no significant change (P<<0.05) after 30, 60, 120, and
180 days compared to initial results. There was no change
in the physical appearance of QT-PBCA NPs after 30, 60,
120, and 180 days.

In vivo pharmacokinetics and
biodistribution studies in Wistar rats

The mean QT concentration—time profiles in the plasma
after oral administration of a single dose of 50 mg/kg of
QT in different formulations are shown in Figure 9, and the
corresponding pharmacokinetics parameters are summarized
in Table 2.

Table | Stability study of QT-PBCA NPs

After oral administration of free QT solution in rats,
the maximum plasma concentration (C_ ) achieved
was 11.2610.09 pug/mL in 6 hours. Plasma concentra-
tion declined rapidly after 6 hours, indicating that the
drug was distributed and metabolized rapidly. Else-
where, it is reported that QT is quickly metabolized by
the intestinal enzymes.*® A complete lack of QT and its
metabolites implies that the metabolism of QT seems to
occur primarily in the enterocyte.*® An earlier hypothesis
suggests that the QT metabolites are strongly bound to
albumin, which could delay their evacuation, and that
they are preferentially excreted in bile.*” The C__of QT-
PBCA NPs and QT-PBCA+P-80 were 15.30+0.12 and
19.11£0.25 pg/mL respectively. The C__ of QT-PBCA NPs
and QT-PBCA+P-80 were increased ~1.4- and ~1.7-fold
respectively and were significantly different (P<<0.05) from
that of free QT. The small size of QT-PBCA NPs causes
a high amount of QT in plasma. The coating of P-80
on the surface QT-PBCA helps in keeping the formulation
in the circulation for a prolonged period.!”?*° The area under
the concentration—time curve (AUC ) of QT-PBCA NPs
was 248.6316.82 ug-h/mL; for QT-PBCA+P-80, it was
313.97+7.88 nug-h/mL. The areas were ~2.4- and 4.1-fold

Days Physical appearance Particle Polydispersity Zeta Drug entrapment
size (nm) index (PDI) potential (mV) efficiency (%)

0 Yellowish white 161.1910.44 0.289+0.017 —27.28+0.60 79.8610.45

30 Yellowish white 161.88+0.18 0.287+0.041 —27.231+0.89 79.44+0.71

60 Yellowish white 164.53+0.73 0.298+0.023 —27.04+0.36 78.91+0.56

120 Yellowish white 166.9+0.45 0.307+0.03 1 —26.59+0.78 78.02+0.33

180 Yellowish white 169.32+0.31 0.312+0.025 —26.88+0.49 78.75+0.68

Note: Data are mean + SD (n=3).

Abbreviations: QT-PBCA NPs, quercetin-loaded poly(n-butylcyanoacrylate) nanoparticles; SD, standard deviation.
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Figure 9 In vivo mean plasma drug concentration—time profiles of quercetin in rats after oral administration in Wistar rats of free QT, QT-PBCA NPs, and QT-PBCA+P-80.

Note: All values reported are mean * SD (n=5).

Abbreviations: QT, quercetin; QT-PBCA NPs, quercetin-loaded poly(n-butylcyanoacrylate) nanoparticles; P-80, polysorbate-80; SD, standard deviation; h, hours.

higher than the AUC,_ of free QT (104.2242.05 pg-h/mL)
(P<0.05). The mean residence time (MRT) of QT-
PBCA NPs and QT-PBCA+P-80 were 23.01+7.52 and
30.2617.78 hours, respectively and they were higher when
compared to the MRT of free QT (11.72+1.75 hours).
Therefore, t,, of QT from the PBCA NPs increased to
~14 hours, and that from the QT-PBCA+P-80 enhanced
to ~19 hours; for free QT, t,,
study, the difference in pharmacokinetics results and the

was 6 hours. In the present

in vitro release profile of QT-PBCA NPs may be caused
by the possible enterohepatic recirculation.'®

The result indicated that the relative bioavailability of
QT-PBCA NPs and QT-PBCA+P-80 enhanced the QT bio-
availability by 2.38- and 4.93-fold respectively as compared
to that of free QT. The increased bioavailability of PBCA
NPs may be a co-work of direct uptake of NPs through the
GI tract. This is due to the increased permeability of the
GI mucous membrane through surfactants. The decreased
degradation and clearance for QT is due to the encapsulation
by PBCA NPs. The plasma drug profiles of QT-PBCA NPs
and QT-PBCA+P-80 showed an increase in oral bioavail-
ability, exhibiting more sustained release when compared
with free QT.

According to a recent study,* oral administrations of QT
self-emulsifying drug delivery systems showed a 4.95-fold
increase in the AUC when compared to the AUC for a free
QT solution. A previous report on the relative bioavailability
of co-encapsulated QT showed that the oral bioavailability
of QT increased 2.9-fold in comparison with free QT and its
combination with free Tamoxifen-citrate.*” Elsewhere in the
literature, puerarin-PBCA NPs caused a significant enhance-
ment in oral bioavailability of puerarin by more than 5.5-fold
to overcome enterohepatic recirculation.'® Other research
groups have reported an improvement in bioavailability of
both oral and intravenous administration by NP coupled to
QT that has shown promising results.®

Figure 10 shows the QT concentration found in differ-
ent tissues of rats after oral administration of free QT, QT-
PBCA NPs, and QT-PBCA+P-80 over a period of 24 hours.
The values for pharmacokinetics constants are tabulated in
Table 3. The maximum concentrations of QT in the heart,
liver, kidney, and spleen were 18.88%2.09, 21.44£3.97,
43.6742.28, and 19.44+1.35 ng/mL respectively. However,
the concentration of QT-PBCA NPs and QT-PBCA+P-80
in the heart, liver, kidney, and spleen were 17.45+3.71
and 15.76+0.43, 25.884+3.00 and 27.11£1.91, 32.49+2.81

Table 2 Plasma pharmacokinetics parameters of free QT solution, QT-PBCA NPs, and QT-PBCA+P-80, after single oral administration

of 50 mg/kg body weight in rats

Pharmacokinetics parameter Free QT QT-PBCA NPs QT-PBCA+P-80
C... (ug/mL) 11.26+0.09 15.3040.12%# 19.11£0.25*%

T .. (hours) 6 8* 8*

t,, (hours) 6.09£1.71 14.31£5.91*# 18.84+5.14*
AUC__ (ugh/mL) 104.22+2.05 248+6.82*# 313.97+7.88*

Notes: Data represented as mean + SD (n=5); *significantly different of free QT (P<<0.05); *significantly different of QT-PBCA NPs from QT-PBCA+P-80 (P<<0.05).

Abbreviations: C__, maximum plasma concentration; t

‘max’ 12’

half-life; AUC, area under the concentration time curve; QT, quercetin; QT-PBCA NPs, quercetin-loaded poly(n-

butylcyanoacrylate) nanoparticles; P-80, polysorbate-80; SD, standard deviation; T__, time to reach C__ .
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and 30.95+2.31, and 26.21+1.17 and 25.83£2.67 pg/mL
respectively. QT-PBCA NPs and QT-PBCA+P-80 show
higher concentrations of QT in the liver and the spleen
than in the case of free QT alone. This was caused by the
reticuloendothelial system well known for the accumulation

and metabolism of NPs with a sustained release of the drug
from tissues. This result is in agreement with the data already
reported.?** QT-PBCA NPs and QT-PBCA+P-80 were dis-
tributed less to the heart and kidney, resulting in their signifi-
cantly lower concentration than that of free QT in this entire
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Figure 10 In vivo biodistribution studies on Wistar rats.
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Notes: Tissue concentration—time profiles of QT after oral administration of free QT solution (A), QT-PBCA NPs (B), and QT-PBCA+P-80 (C). Data represented as mean =

SD (n=5).

Abbreviations: QT, quercetin; QT-PBCA NPs, quercetin-loaded poly(n-butylcyanoacrylate) nanoparticles; P-80, polysorbate-80; SD, standard deviation; h, hours.
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Table 3 Pharmacokinetics parameters of tissue distribution of
QT after oral administration of QT solution, QT-PBCA NPs, and
QT-PBCA+P-80 to rats with dose of 50 mg/kg

Tissue C...(ug/mL) AUC_  (ug-h/mL)
Free QT
Brain 22.91£3.35 201.76143.63
Heart 18.88+2.09 124.29+60.40
Liver 21.44£3.97 248.91t11.36
Kidney 43.67+2.28 603.66135.23
Spleen 19.44+1.35 284.09+27.66
QT-PBCA nanoparticles
Brain 33.28+1.27%# 298.661+25.44*#
Heart 17.45+3.7 | %# 92.85+1.81*#
Liver 25.88+3.01* 214.74+23.21*
Kidney 31.65+2.81* 397.75£17.98*
Spleen 26.21+£1.17* 208.27+44.51*
QT-PBCA+P-80
Brain 37.43+1.53* 386.47171.41*
Heart 15.761+0.43* 104.79+9.21*
Liver 27.11£1.91* 236.08+54.35
Kidney 30.04£2.31* 362.40+29.16*
Spleen 25.8312.67* 190.70+60.28

Notes: Data represented as mean + SD (n=5); *significantly different of free QT
(P<<0.05); “significantly different of QT-PBCA NPs from QT-PBCA+P-80 (P<<0.05).
Abbreviations: C__, maximum plasma concentration; AUC, area under the
concentration time curve; QT, quercetin; QT-PBCA NPs, quercetin-loaded poly(n-
butylcyanoacrylate) nanoparticles; P-80, polysorbate-80; SD, standard deviation.

study. In addition, the most interesting observation was that
the C___and AUC_  of QT-PBCA NPs and QT-PBCA+P-80
NPs were significantly different (P<<0.05) from that of free
QT (Table 3). During the study period, no systemic toxicity,
loss of body weight, fatalities, or other adverse effects were
observed after the oral administration of QT-PBCA NPs and
QT-PBCA+P-80 NPs in rats.

The AUC  andC__ of QT in the brain delivered by QT-
PBCA NPs and QT-PBCA+P-80 NPs were about 1.4- and
1.9-folds, and 1.5- and 1.7-folds higher respectively when
compared to that of free QT. It indicates that polysorbate-
coated NPs were able to deliver QT to the brain. According
to the literature, the size (nm) of NPs plays an important role
in drug delivery to the brain and it (especially the particle
size ranging from 70 to 345 nm) might be able to overcome
BBB.? From this observation, QT-PBCA NPs coated with
P-80 were able to enhance the biodistribution of drugs
into the brain when compared to free QT and uncoated
QT-PBCA NPs. Previous reports show that P-80, coated
with PBCA NPs that mimic low-density lipoprotein, may
absorb apolipoproteins such as apolipoproteins B and E
or apolipoproteins A-I and IV after being injected into the
blood stream.!”!*?2 As far as the mechanism is concerned,

receptor-mediated endocytosis P-80 acts mainly as an anchor
for apolipoprotein-overcoated NPs. QT-PBCA would mimic
the lipoprotein particles and interact with the brain capillary
endothelial cells and later be taken up by the same endothelial
system.'>!” PBCA NPs have been intensively investigated
for decades, showing that coating the NPs with a nonionic
surfactant such as P-80 makes them cross the BBB.?? It has
been reported that the drug methotrexate, bound to 1% P-80
coated NPs, could significantly increase the drug levels in
the brain.?>*! Based on the above results, it can be concluded
that QT levels, due to PBCA NPs coated with P-80, are
significantly higher than that of the free QT solution at all
the time points in the plasma and the brain.

Conclusion

In the present study, QT was successfully entrapped in
PBCA NPs for oral delivery by using an anionic emulsion
polymerization method with an entrapment efficiency of
79.86%10.45% and 74.58%=1.44% for QT-PBCA and
QT-PBCA+P-80 respectively. The particle size distribution
pattern of QT-PBCA NPs and QT-PBCA+P-80 indicated
an average size of 161.1£0.44 nm and 166.61£0.33 nm
respectively, and the particles were spherical in shape under
TEM. It could be concluded from FTIR, DSC, and XRD anal-
yses that QT-PBCA NPs were in an amorphous form. The in
vitro release of QT from QT-PBCA NPs and QT-PBCA+P-80
NPs showed a sustained release when compared with free
QT. The plasma pharmacokinetics data of C__, AUC_ .t .
and MRT values of QT-PBCA NPs and QT-PBCA+P-80 NPs
on rats were higher than those of free QT. The relative bio-
availabilities of QT-PBCA and QT-PBCA+P-80 NPs were
enhanced by more than 2.38- and 4.93-folds respectively
when compared to free QT. The biodistribution study in rats
showed that a higher concentration of QT was found in the
brain when NPs are coating with P-80. It can be concluded
that PBCA NPs coated with P-80 show the potential drug
carrier ability of poorly water soluble drugs by improving
their oral bioavailability and by enhancing the transportation
ability of the drug to the brain that in turn may prove to be
a promising aspect in clinical application.
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