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ARTICLE INFO ABSTRACT

Keywords: In this study, the ability of zein nanospheres (NS) and zein nanocapsules containing wheat germ oil (NC) to
Nanospheres enhance the bioavailability and efficacy of quercetin was evaluated. Both types of nanocarriers had similar
Nanocapsules physico-chemical properties, including size (between 230 and 250 nm), spherical shape, negative zeta potential,
é(::rcetin and surface hydrophobicity. However, NS displayed a higher ability than NC to interact with the intestinal
Antihyperlipidemic effect epithelium, as evidenced by an oral biodistribution study in rats. Moreover, both types of nanocarriers offered
Bioavailability similar loading efficiencies and release profiles in simulated fluids. In C. elegans, the encapsulation of quercetin in

nanospheres (Q-NS) was found to be two twice more effective than the free form of quercetin in reducing lipid
accumulation. For nanocapsules, the presence of wheat germ oil significantly increased the storage of lipids in
C. elegans; although the incorporation of quercetin (Q-NC) significantly counteracted the presence of the oil.
Finally, nanoparticles improved the oral absorption of quercetin in Wistar rats, offering a relative oral
bioavailability of 26% and 57% for Q-NS and Q-NC, respectively, compared to a 5% for the control formulation.
Overall, the study suggests that zein nanocarriers, particularly nanospheres, could be useful in improving the
bioavailability and efficacy of quercetin.

1. Introduction

Quercetin (3,3,4,5,7-pentahydroxyflavone) is a dietary flavonoid
present in some fruits and vegetables, such as tomato, lettuce, onion,
black chokeberry, or apples (Luca et al., 2020). In fruits and vegetables,
quercetin appears as quercetin glycoside, in which the aglycone is bound
to sugar moieties, such as rutin and quercetrin (quercetin esterified with
rutinose and rhamnose, respectively), being the first the most common
and important glycoside form found in plants (Nabavi et al., 2015). The
diet daily intake of quercetin varies greatly depending on the country
and the diet followed. Using food consumption data from the European
Food Safety Authority (EFSA) and the FLAVIOLA Food Composition

Database, the daily intake in the EU would be between 9 and 21 mg
quercetin per day (Vogiatzoglou et al., 2015). In other interesting
studies, quercetin intake would be about 18 mg/day for Chinese healthy
young males, whereas in US adults, the average intake would be of about
10 mg/day (Li et al., 2016).

A number of studies have shown that quercetin has multiple bio-
logical activities, including anti-inflammatory (Li et al., 2016), antihy-
pertensive (Serban et al., 2016), antihyperglycemic (Dhanya, 2022) or
antihyperlipidemic properties (Abdel-Raouf et al., 2011). Thus, quer-
cetin would reduce the levels of triglycerides, total cholesterol, serum
low-density lipoprotein cholesterol (LDL-C), and increased serum high-
density lipoprotein cholesterol (HDL-C) in hyperlipidemic animals
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(Braun et al., 2017; Shao et al., 2016). This antihyperlipidemic effect of
quercetin would be related to a specific inhibition of the intestinal ab-
sorption of cholesterol mediated by the epithelial cholesterol transporter
Niemann-Pick Cl-like 1 (NPC1L1) (Nekohashi et al., 2014). However,
other mechanisms that may be involved would be the capacity of
quercetin to reduce oxidative stress (Yang et al., 2019) and/or the up-
regulation of some genes related to lipid metabolism (Mzhel skaya
et al., 2019). In humans, the lipid-lowering potential of quercetin have
been evidenced with the oral administration of dietary supplements at
daily doses higher than 400 mg/day and for at least 10 days (Mazza
et al., 2021; Nishimura et al., 2019).

However, the oral bioavailability of quercetin remains a challenge.
In fact, the aglycone shows a very poor aqueous solubility and it suffers
for an extensive metabolism in the gastrointestinal tract. As conse-
quence, the oral bioavailability is quite low (below 10%) (Kandemir
et al., 2022). In the last years, different attempts and formulation stra-
tegies have been evaluated in order to improve quercetin absorption and
bioavailability, including the use of complex with cyclodextrins
(Basaran et al., 2022), micelles (Lu et al., 2018), nanoemulsions
(Mahadev et al., 2022), or nanoparticles (Barbosa et al., 2019). In some
cases, good oral bioavailability results have been obtained by including
pharmaceutical excipients with inhibitory properties of esterases and/or
intestinal P-gp (i.e., hydroxypropil-p-cyclodextrin (Penalva et al., 2019),
sodium oleate (Li et al., 2021) or Cremophor (Tran et al., 2014)) in the
formulation of nanoemulsions or nanoparticles. Another interesting
strategy has been the use of zein nanoparticles as oral carriers to
improve the oral bioavailability of quercetin (Moreno et al., 2017;
Penalva et al., 2017; Yang et al., 2022). Zein, the major storage protein
of corn, is a prolamin insoluble in water with a GRAS (Generally
Recognized as Safe) status. This protein has been proposed as excipient
for the preparation of swelling matrix formulations (Bouman et al.,
2015), and colonic delivery systems (Amidon et al., 2015), or film-
coating agent for dragées (Winters and Deardorff, 1958) and tablets
(Yin et al., 2015). Moreover, zein can be easily transformed into nano-
particles by different techniques, including electrospinning and des-
olvation based methods (Martinez-Lopez et al., 2020).

Caenorhabditis elegans (C. elegans) is a powerful model for studying
the effects and mechanisms of bioactive compounds, as polyphenols
(Aranaz et al., 2020), as it harbours regulatory pathways highly
conserved with mammals, including glucose homeostasis. As a result,
under high glucose conditions, the worm shows shorter lifespan,
increased oxidative stress and fat accumulation, mimicking changes
observed in metabolic syndrome in mammals, and thus becoming a
useful and cost-effective model for studying the effect of drugs or
nutraceuticals (Kaletta and Hengartner, 2006; Zhu et al., 2016). More-
over, C. elegans is being used for initial screening of drugs delivery
through nanocarriers, as it also shows similarities to the mammalian
intestinal barrier, including transport of biomolecules, the presence of
tight junctions and efflux pumps such as P-glycoproteins (Martinez-
Lopez et al., 2021).

The aim of this work was to gain insight in the capability of zein
nanoparticles to promote the oral bioavailability of quercetin and its
antihyperlipidemic effect. For this general purpose, two different zein-
based nanoparticles were evaluated: zein nanospheres (NS) and zein
nanocapsules (NC). The main difference between both nanocarriers was
the presence of wheat germ oil in NC. This oil was selected because of its
good solvent properties for quercetin.

2. Materials and methods
2.1. Materials

Quercetin, zein, L-lysine, 2-hydroxypropyl-p-cyclodextrin (HP-
$-CD), trifluoroacetic acid, Rose Bengal, sodium chloride, dipotassium

hydrogen phosphate, magnesium chloride, sodium phosphate dibasic
heptahydrate, Orlistat, glucose, sterile DMSO, Nile Red, Kollisolv® PEG
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400, and sulfadimetoxine were purchased from Sigma-Aldrich (Saint
Louis, MO, USA). Wheat germ oil and mannitol were obtained from
Guinama (La Pobla de Vallbona, Spain). Absolute ethanol and iso-
propanol were from Scharlab (Sentmenat, Spain). Acetonitrile (ACN,
HPLC grade), methanol (HPLC grade), calcium chloride, and
EMPLURA® Sodium hypochlorite solution (6-14% active chlorine)
were purchased from Merck (Darmstadt, Germany). Lumogen® Red 305
was provided by BASF (Ludwigshafen am Rhein, Germany). Hydro-
chloric acid 37%, formaldehyde 3.7-4.0 % w/v buffered to pH = 7 and
stabilized with methanol, and UHPLC grade ACN were acquired from
Panreac AppliChem (Castellar del Valles, Spain). Phosphate Buffered
Saline (PBS) was obtained from Gibco (Thermo Fisher Scientific, Wal-
tham, MA, USA). Magnesium sulphate heptahydrate and formic acid
were purchased from VWR Chemicals (Radnor, PA, USA). Potassium
phosphate monobasic was from Acofarma (Madrid, Spain), and sodium
hydroxide from Honeywell (Charlotte, NC, USA). European bacterio-
logical agar, peptone, LB Broth, and agarose were provided by Condalab
(Torrejon de Ardoz, Spain). Isoflurane (IsoVet®) was acquired from B.
Braun Vetcare (Rubi, Spain). Tissue-Tek® O.C.T. Compound was pur-
chased from Sakura Finetek Europe (Alphen aan den Rijn, The
Netherlands), and commercial rat plasma was obtained from Envigo
(Indianapolis, IN, USA).

2.2. Preparation of nanoparticles

2.2.1. Zein nanospheres (NS)

Zein nanospheres (empty or loaded with quercetin) were prepared
by a previously reported desolvation method with some modifications
(Penalva et al., 2017). Thus, 200 mg zein and 30 mg L-lysine were mixed
in 20 mL of a hydroalcoholic solution (ethanol 70% v/v) with magnetic
stirring and nanospheres were formed by the slow addition of 20 mL
purified water. Then, 2 mL of an aqueous solution of mannitol (200 mg/
mL) were added and the suspensions were dried in a mini Spray Dryer B-
290 (Biichi Labortechnik AG, Flawil, Switzerland). Quercetin-loaded
nanospheres (Q-NS) were prepared and dried, in the absence of
mannitol, as described above after the addition of 20 mg quercetin in the
initial hydroalcoholic solution of zein and lysine.

2.2.2. Zein nanocapsules (NC)

NC were obtained in a similar way as described for the preparation of
nanospheres, with the difference of the incorporation of an oily com-
pound. Briefly, 200 mg zein and 30 mg L-lysine were mixed in 17 mL of a
hydroalcoholic solution (ethanol 65% v/v) with magnetic stirring. In
parallel, 22 uL of wheat germ oil were dissolved in 3 mL ethanol and
added to the initial solution of zein and lysine. Then, 20 mL water were
added to induce the formation of the nanocapsules. Finally, after the
addition of a solution of mannitol (400 mg in 2 mL water), nanocapsules
were dried in the mini Spray Dryer B-290. For the preparation of
quercetin-loaded nanocapsules (Q-NC), 20 mg quercetin were added to
the initial mixture of zein, oil, and lysine before the formation of
nanocapsules. Then, the nanocapsules were dried, in the absence of
mannitol, as described above.

2.2.3. Lumogen® Red-loaded nanoparticles

Lumogen® Red was loaded in zein nanospheres and nanocapsules.
For this purpose, 2.7 mL of a solution of Lumogen® Red in ethanol was
added to the initial mixture of zein, oil and lysine, before the addition of
water to form the nanoparticles. The resulting nanodispersions were
dried, in the absence of mannitol, as described above.

2.2.4. Technetium-labelled nanoparticles (9 9"‘Tc—nanoparticles)

The radiolabelling was performed in a direct way by reduction and
reaction of a solution of technetium-99 m (°°™Tc) with the nano-
particles. For that purpose, 2.5 mg nanoparticles were dispersed in 100
uL water, and 50 pL of a solution of SnCly-2H50 (0.05 mg/mL) were
added, purging afterwards the dispersion with Ny for 5 min. Then, 111
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+ 11 MBq of a solution of [99mTc]Tc02; was added, obtained from a
PMo/*°MTc generator (8,6 GBq Drytec, General Electric, Boston, MA,
USA), in a volume lower than 200 pL. After incubation for 10 min, the
radiolabelling was verified by radio-TLC, using iTLC-SG paper (Agilent
Technologies, Santa Clara, CA, USA) as stationary phase and 2-butanone
as mobile phase, where **™Tc-nanoparticles remain in the origin and
free [99mTc]TcOZ1 moved forward. Finally, the sample was mixed with
7.5 mg of non-modified nanoparticles.

2.3. Characterization of nanoparticles

2.3.1. Size, zeta potential and morphology

The size and zeta potential of the nanoparticles was measured in a
ZetaPlus Analyzer (Brookhaven Instrument Corporation, Holtsville, NY,
USA), by dynamic light scattering (DLS) and electrophoretic light scat-
tering (ELS), using a dispersion of the formulations in water. The content
of zein in the nanoparticles was quantified using a MicroBCA Protein
Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA), following the
instructions of the manufacturer.

The morphology of nanoparticles was analyzed by scanning electron
microscopy (SEM) in a FE-SEM Sigma 500 (Zeiss Microscopy, Jena,
Germany). For the preparation of the samples, mannitol-free nano-
particles were redispersed in 1 mL water before mounted in SEM grids
and coated with a gold layer using an Emitech K550 sputter coater
(Quorum Technologies, Laughton, UK).

2.3.2. Fourier Transform infrared spectroscopy (FTIR) analysis

Dry powder of nanoparticles was placed in the diamond crystal of a
Fourier Transform spectrophotometer IR Affinity-1S (Shimadzu, Kyoto,
Japan) equipped with a MKII Golden-Gate single reflection ATR system
(Specac, Orpington, UK), and spectra were collected from 600 to 4,000
cm ! with a resolution of 2 em ™! and 50 scans per spectrum. Data were
then analyzed with Labsolution IR software (Shimadzu, Kyoto, Japan).

2.3.3. Hydrophobicity assay

The hydrophobicity of the nanoparticles was analyzed using the Rose
Bengal method previously described (Reboredo et al., 2021). Briefly,
samples of nanoparticles were incubated with an aqueous solution of
Rose Bengal (100 ug/mL) before centrifugation 30 min (13500 g at 4 °C)
in a Mikro 220R Hettich centrifuge (Hettich, Tuttlingen, Germany).
Then the absorbance of supernatants was measured at 548 nm in a
BioTek PowerWave XS microplate spectrophotometer (BioTek In-
struments Inc, Winooski, VT, USA).

2.3.4. Diffusion of nanoparticles in pig intestinal mucus by multiple particle
tracking (MPT)

Fluorescently labelled nanoparticles with Lumogen® Red were used
to analyse the diffusion of nanoparticles through pig intestinal mucus,
based on the multiple particle tracking technique (Abdulkarim et al.,
2015). For this purpose, 4 mg of formulation powder were dispersed in
1 mL water, and 25 pL of this suspension was incorporated in approxi-
mately 0.5 mL pig intestinal mucus. The sample was incubated for 2 h in
a Labnet Vortemp 56 EVC incubator (Labnet International Inc., Edison,
NJ, USA) at 37 °C and 300 rpm before visualization in a Confocal Mi-
croscope Cell Observer Z1 (Zeiss Microscopy, Jena, Germany) equipped
with a Plan-Apochromat 63x/1.4 Oil objective and using the rhodamine
filter. Videos of 15 s and a total of 378 frames were captured and
analyzed using Fiji ImageJ. The diffusion coefficient of the nanoparticles
in water (D°) was estimated by the Stokes-Einstein equation (Reboredo
et al., 2021), whereas the “Effective Diffusion Coefficient” (<Deff > )
was calculated as follows:

< MSD >

< Deff >:4-4At 1)

in which < MSD > is the mean square displacement of 100
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trajectories and 4 is a constant related to the 2-dimensional mode of
video capture.

The diffusion of the particles was also expressed as the ratio < Deff>/
D° (%).

2.3.5. Quercetin content

The payload of quercetin in the nanoparticles was quantified in an
Agilent 1200 Series HPLC System with an UV-Vis detector (Agilent
Technologies, Santa Clara, CA, USA), using a Kinetex C18 column (5 pum,
100 A, 100 x 4.6 mm) and a C18 SecurityGuard™ ULTRA Cartridge
precolumn for 4.6 mm ID columns (Phenomenex, Torrance, CA, USA).
An isocratic mobile phase of 0.1% trifluoroacetic acid (TFA) in water
and 0.1% TFA in acetonitrile (ACN) (60:40) was used, with a flow rate of
0.7 mL/min, an injection volume of 10 pL, and a column temperature of
40 °C. Quercetin was detected at a wavelength of 370 nm, and the
retention time (RT) was 2.3 min. Calibration curves were prepared from
2 to 100 pg/mL in ethanol (R > 0.9997). The limit of detection was
calculated to be 0.5 ug/mL and the limit of quantification was 1.6 pg/
mL.

For the preparation of the samples, 5 mg of each formulation were
dissolved in ethanol 75% (v/v) and vortexed for 1.5 min to break the
nanoparticles. A dilution with absolute ethanol (0.4 mL to 2 mL) was
made before injecting the samples in the chromatograph. Samples were
prepared in triplicate and data were expressed as pg of quercetin loaded
by milligram nanoparticles. The encapsulation efficiency (expressed in
percentage) was calculated as the quotient between the payload of
quercetin in the nanoparticles and the quantity initially added.

2.4. Invitro release studies

In vitro release studies of quercetin from nanoparticles were carried
out in simulated gastric (SGF, pH 1.2) and intestinal fluids (SIF, pH 6.8)
containing 1% (w/v) of 2-hydroxypropyl-p-cyclodextrin (HP-B-CD) as a
solubilizing agent in order to offer sink conditions. Experiments were
carried out at 37 °C in an Unitronic 320 OR bath (P Selecta, Barcelona,
Spain) with stirring (300 rpm) using a Cimarec™ i Telesystem Multi-
point Stirrer (Thermo Fisher Scientific, Waltham, MA, USA). Thus,
amount of nanoparticles equivalent to 250-300 ug quercetin (12.1 mg of
each formulation approximately) was dispersed in 5 mL water and
introduced in a Float-A-Lyzer®G2 Dialysis Device with a molecular
weight cut-off of 300 kD (Spectrum Laboratories, Inc., Rancho Domi-
nguez, CA, USA). Immediately, the devices were immersed in 47 mL of
SGF and after 2 h, changed to 47 mL of SIF. At different time points, 500
uL of external media was taken, replacing the extracted volume with
new media, and immediately analyzed by HPLC. Quercetin was quan-
tified using the chromatographic method previously described. In this
case, calibration curves were prepared in ethanol ranging from 0.3 pg/
mL to 12 ug/mL (R2 > 0.998). The limit of detection was calculated to be
0.3 ng/mL and the limit of quantification 0.9 pg/mL.

2.5. Biodistribution of nanoparticles within the gut

In order to evaluate the biodistribution in vivo, nanoparticles were
labelled with either ™ Tc or with Lumogen® Red. In the former, radi-
olabeling ®°™Tc-nanoparticles were employed to gain insight about their
gastro-intestinal transit, whereas fluorescently labelled nanoparticles
were employed to evaluate their biodistribution at the microscopical
level. Experiments were approved by the Ethical and Biosafety Com-
mittee for Research on Animals of the University of Navarra (protocol
number 066-16 and 045-18).

For radiolabeled °°™Tc-nanoparticles, animals (approx. 250 g;
Envigo, IN, USA) were slightly anesthetized with 2% isoflurane gas
before receiving by gavage 1 mL of nanoparticles in water. Animals were
scanned by single photon emission computed tomography (SPECT) in a
U-SPECT6/E-class (MILabs, Houten, The Netherlands) using a UHR-RM-
1 mm multi-pinhole collimator. After 4 h of the administration, rats were
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placed prone on the scanner bed under continuous anesthesia with
isoflurane (2% in 100% O gas) to acquire a whole-body scan over 15
min. Following the SPECT acquisition, CT scans were performed to
obtain anatomical information using a tube setting of 55 kV and 0.33
mA. The SPECT images were reconstructed using the **™Tc photopeak
centered at 140 keV with a 20% energy window width and using a
calibration factor to obtain the activity information (MBq/mL). Finally,
attenuation correction was applied using the CT attenuation map.
Studies were visualized using PMOD software (PMOD Technologies Ltd.,
Adliswil, Switzerland).

For nanoparticles fluorescently labelled with Lumogen® Red, the
animals also received orally 1 mL of either NS or NC dispersed in water
(approx. 10 mg). After 4 h post-administration, animals were sacrificed
and different parts of the gastrointestinal tract were extracted (portions
of around 1 cm), washed with PBS, collected in Tissue-Tek® O.C.T. and
frozen at —80 °C until analysis. The samples were sliced, fixed with
formaldehyde and washed before treatment with DAPI (2.5 pg/mL) for
15 min (Inchaurraga et al., 2015). Pictures were taken in an Automated
Microscope Zeiss Axio Imager M1 with an Axiocam MRm camera (Zeiss
Microscopy, Jena, Germany) using the DAPI filter.

2.6. In vivo studies in Caenorhabditis elegans

2.6.1. C. Elegans strains and maintenance

Wild-type N2 Bristol strain was obtained from the Caenorhabditis
Genetics Center (CGC, University of Minnesota, MN, USA) and grown in
Nematode Growth Medium (NGM) at 20 °C, using Escherichia coli OP50
as normal diet. For the following experiments, the nematodes were age-
synchronized by standard sodium hypochlorite treatment. Finally, eggs
were incubated in M9 medium for at least 18 h to promote the hatching.

2.6.2. Intake of nanoparticles

To evaluate the ingestion of nanoparticles by the worms, L1/L2
larvae were grown to L4 larvae in NGM. Treatment plates were prepared
as a mixture of NGM and Lumogen® Red-loaded nanospheres, adding
E. coli on the surface of the dry media. At L4 stage, worms were put in
these plates and two hours later, they were collected with PBST (0.01%
Triton X-100 in Phosphate Buffered Saline) and placed in a 2% agarose
pad with 1% of sodium azide (w/v). Samples were visualized using an
Automated Microscope Zeiss Axio Imager M1 with an Axiocam MRm
camera (Zeiss Microscopy, Jena, Germany), using the rhodamine filter
to visualize the Lumogen® Red-loaded nanospheres and the DAPI filter
to see the autofluorescence of the worms. The photographs were taken
with ZEN software (Zeiss Microscopy, Jena, Germany) and processed
with ImageJ.

2.6.3. Evaluation of fat accumulation

The evaluation of the accumulation of fat in the body of the nema-
tode C. elegans was performed by the Nile Red method, as previously
described (Navarro-Herrera et al., 2018; Martinez-Lopez et al., 2021).
For this purpose, glucose-supplemented NGM (0.5% w/v glucose) was
used to evaluate the effect of the nanoencapsulated quercetin on the
accumulation of fat, at a concentration equivalent to 50 M quercetin.
Orlistat was used as a positive control of fat reduction (6 pg/mL in
DMSO). Once the plates were prepared, dried, and E. coli was added,
between 300 and 500 L1/L2 larvae per well were transferred. After 46 h,
L4 worms were collected in 1 mL PBST for each well, centrifuged for 4
min at 263 g in a Microfuge® 16 centrifuge (Beckman coulter, Brea, CA,
USA), and the supernatant was eliminated. Worms were redispersed in
PBST and put in ice for 15 min before eliminating supernatants. Then,
200 pL isopropanol 40% (v/v) were added to the pellet and, after 3 min
of incubation, the samples were centrifuged. The supernatant was
eliminated, 150 L of Nile Red staining (3 pug/mL in isopropanol 40%
vol.) was added, and the mixture was incubated at 20 °C for 25-30 min
in an orbital shaker at 60 rpm. Then, samples were centrifuged, the
supernatant was again removed, and the obtained pellet was washed
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with 1 mL PBST. Finally, the pellet containing the worms were mounted
in a 2% agarose pad and visualized in a fluorescent microscope. Images
were taken at 100x magnification in a Nikon SMZ18 stereomicroscope
equipped with an epi-fluorescence system with a DS-FI1C refrigerated
color digital camera (Nikon Instruments Inc., Tokyo, Japan), using a
GFP filter (Ex 480-500; DM 505; BA 535-550), and fat was quantified
using the software ImageJ.

2.7. Pharmacokinetic study

For the pharmacokinetic assay, Wistar rats were purchased from
Envigo (Indianapolis, IN, USA) and acclimated at least for a week, in 12
h dark/light cycles at 23 + 2 °C, with free access to food and water. All
the experiments were approved by the Ethical and Biosafety Committee
for Research on Animals of the University of Navarra (protocol number
056-19).

Rats were fasted overnight and an oral single dose of quercetin (15
mg/kg), either as an aqueous formulation (Q) or loaded in nanoparticles
dispersed in water, was administered by oral gavage. Q was prepared by
incorporating 6.25 mg/mL quercetin and 30.2 mg/mL HP-B-CD in pu-
rified water (Penalva et al., 2017). At different times, animals were
anesthetized with inhaled isoflurane and blood samples were extracted
from the tail vein and added to EDTA tubes. As intravenous control, a
solution of quercetin in a mixture of PEG 400 and water for injection
(6:4 by vol.) was employed (Penalva et al., 2017). All blood samples
were centrifuged for 10 min at 2,500 g and 4 °C, and supernatants were
collected and frozen at —80 °C for further quantification.

For quercetin extraction, 100 uL of each plasma sample was mixed
with 600 pL of cold 0.95% (v/v) HCl in methanol. Samples were vor-
texed at 2,500 rpm in a DXV-2500 Multi-Tube Vortexer (VWR Interna-
tional, Radnor, PA, USA) for 15 min to induce the precipitation of
proteins and centrifuged at 10,000 rpm for 10 min in a Mikro 220R
Hettich centrifuge (Hettich, Tuttlingen, Germany). Supernatants were
collected and dried under nitrogen atmosphere using a TurboVap® LV
Evaporator (Caliper Life Sciences, Waltham, MA, USA) at 45 °C for 1 h.
The dried samples were dispersed with 200 pyL methanol, shaken in the
multivortex for 5 min and centrifuged. Supernatants were collected,
dried again under nitrogen and frozen until the quantification.

Samples were quantified by UHPLC-Q Exactive Orbitrap High-
Resolution Mass Spectrometry (Thermo Fisher Scientific, Waltham,
MA, USA), using a Thermo Hypersil GOLD column (1.9 ym, 100 x 2.1
mm, Thermo Fisher Scientific, Waltham, MA, USA). The mobile phase
was constituted by 0.1% of formic acid in water (mobile phase A) and
0.1% of formic acid in ACN (mobile phase B), at a flow rate of 0.25 mL/
min. The gradient conditions are summarized in Table 1. The injection
volume was 2 pL, the column temperature 30 °C, and the samples were
maintained at 10 °C. A negative ionization mode was used, with the
following conditions: sheath gas flow rate: 40 (arbitrary units); auxiliary
flow rate: 10 (arbitrary units); sweep gas flow rate: 1 (arbitrary units);
spray voltage: 2.5 kV; capillary temperature: 320 °C; S-lens RF level:
55%; aux gas heater temperature: 320 °C.

For the quantification of the quercetin extracted, samples were

Table 1

Gradient conditions used for the quantification of plasma quercetin by UHPLC
mass spectrometry. A: 0.1% of formic acid in water; B: 0.1% of formic acid in
ACN.

Time (min) A (%) B (%)
0 99 1

1 99 1

5 92 8

15 60 40
17 4 96
19 4 96
20 99 1

22 929 1
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redissolved in 160 pL of mobile phase (0.1% formic acid in water and
0.1% formic acid in ACN, 50:50 v/v) with 1 ug/mL of sulfadimethoxine,
centrifuged at 15,000 rpm for 10 min, and supernatants were injected in
the UHPLC. To prepare the calibration curves, standard solutions were
prepared in a range from 0.25 to 1 pyg/mL of quercetin in methanol.
Different volumes of these standards were mixed with 100 pL of com-
mercial rat plasma to form the calibration curve ®R? > 0.99; LOQ: 0.25
pug/mL), and the same extraction procedure was followed.

Finally, pharmacokinetic parameters (Tmax, Cmax, t1/2, AUC, and
MRT) were calculated using the Excel complement PKSolver (Zhang
et al., 2010), and the relative oral bioavailability was calculated as the
ratio between the areas under the plasma curve for the oral and the
intravenous treatment, and expressed in percentage.

2.8. Statistical analysis

For the statistical analysis, Mann-Whitney test was used for the
characterization of the nanoparticles. In the case of the analysis of fat
accumulation in C. elegans, a one-way ANOVA was performed, followed
by Tukey’s multiple comparison test. For pharmacokinetic analysis,
Kruskal-Wallis test was applied, followed by Dunn’s multiple compari-
son test. All tests were done with GrapPad Prism v9.4 (San Diego, CA,
USA) and data was plotted using Origin 8.6 (OriginLab, Northampton,
USA).

3. Results
3.1. Comparative of empty zein nanoparticles

3.1.1. Physico-chemical and biopharmaceutical characteristics

Zein nanospheres (NS) displayed a mean size of about 230 nm and a
negative zeta potential of —41 mV (Table 2). When the wheat germ oil
was incorporated in hydroalcoholic solution of zein, the resulting
nanocapsules (NC) presented a slightly higher size (close to 250 nm)
with a similar negative zeta potential than NS. For both NS and NC, the
polydispersity index was always below 0.2, evidencing a high homo-
geneity of the formulations, and the yield content of the preparative
process of the dried powder of nanoparticles was similar (between 61
and 64%).

Fig. 1 shows the morphology and shape of NS and NC. In both cases,
nanoparticles presented a spherical shape of about 250 nm. NS were
visualized as compact spheres (Fig. 1A), while in the microphotograph
of NC (Fig. 1B) it was possible to observe hemispheres characterized by
an apparently viscous and sparse nucleus covered by a solid layer of
approximately 40 nm.

Fig. 2 shows the FTIR spectra of zein nanoparticles and the different
components employed in their preparation (zein, mannitol, and wheat
germ oil). Both NS and NC, displayed the characteristic absorption vi-
brations corresponding to the amide groups of zein: 1653, 1531, and
1238 cm™}, for C = O stretching vibration of amide I, N-H bending
coupled to -C-N stretching vibration of amide II, and N-H in plane
bending and C-N vibration of amide III, respectively. In addition, the
double signal at 3248 and 3190 cm ! corresponded to N-H vibration
band, whereas the C-N stretching vibration appeared at 1448 cm ..
Regarding the wheat germ oil, the stretching vibrations associated to

Table 2
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Fig. 1. Scanning electron microscopy (SEM) of zein nanospheres (NS; A) and
nanocapsules (NC; B).

—CH3 and —-CH, appeared at 2950-2920 and 2850 cm ™!, respectively,
whereas the signal observed at 3007 cm ™! was attributed to the presence
of linoleic acid. One of the most characteristic absorption peaks
appeared at 1741 cm ™! which is associated to -C = O stretching vibra-
tion of fatty acids. It is noticeable that in the IR spectrum of NC, the
presence of the oil is detected since a weak intensity signal appears at
1743 cm ™! with a shoulder associated at 1726 cm ' that can be
attributed to carbonyl group (-C = O) of wheat germ oil interacting with
the zein. Finally, mannitol displayed a broad band around 3400 cm™?
(OH) and two intense peaks at 1076 and 1016 cm™! corresponding to
OH stretching vibrations of alcoholic groups. In the case of the nano-
particles, both showed the two strongest mannitol peaks corresponding
to OH stretching vibrations slightly shifted to a higher frequency (1082
and 1022 em ™).

The surface properties of NS and NC were evaluated by calculating
their surface hydrophobicity and their capability to diffuse in pig in-
testinal mucus by multiple particle tracking (Table 3). Both types of
nanocarriers displayed a similar hydrophobicity value. However, the
effective diffusion coefficient (<Deff > ) was slightly higher for NS than

Physico-chemical characteristics of quercetin-loaded nanospheres (Q-NS) and nanocapsules (Q-NC). Data are expressed as mean + SD (n > 3). PDI: polydispersity

index; EE: encapsulation efficiency.

Size PDI Zeta potential Quercetin loading EE
(nm) (mV) (ng/mg NP) (%)
NS 228 + 6 0.08 £+ 0.05 —40.6 + 1.6 - -
NC 247 +5 0.11 £+ 0.02 —42.1 £ 0.9 - -
Q-NS 226 +2 0.08 £ 0.04 —41.8 £ 4.0 74.8 £ 0.8 82.3 + 0.5
Q-NC 254 +5 0.12 £ 0.01 —44.5 + 2.1 741 +7.8 82.3 +8.3
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Fig. 2. FTIR spectra of zein nanospheres (NS) and nanocapsules (NC), zein,
wheat germ oil, and mannitol. Dashed lines correspond to wheat germ oil
(1741 ecm™Y) and mannitol bands (1076 and 1016 cm™1).

Table 3

Relative hydrophobicity and diffusivity of zein nanoparticles. Data are expressed
as mean + SD (n = 3). For hydrophobicity, values are normalized to the hy-
drophobicity of NS. < Deff>: Effective Diffusion Coefficient in pig intestinal
mucus; D° (water): diffusion coefficient in water; <Deff>/D°: quotient between
the diffusion coefficients of nanoparticles in mucus and water (expressed in
percentage); R: ratio between < Deff>/D° of NC and the value for NS.

Relative <Deff> - D° (water) - <Deff>/ R
hydrophobicity 107 10° D°
(crn2 . s’l) (cm2 . s’l) (%)
NS 1 0.063 + 18.1 0.35 + 1.00
0.036 0.12
NC 0.99 0.046 + 18.0 0.26 + 0.74
0.028 0.10

for NC (0.063 and 0.046 x 10 cm?/s, respectively). The diffusivity of
the nanoparticles in pig intestinal mucus, compared to their ability to
move in water, was very low with a value of only 0.35% for NS and
0.26% for NC.

3.1.2. Biodistribution of NS and NC in rat

The biodistribution of NS and NC in the gastrointestinal tract of rats
was performed after labelling of nanoparticles with either *°™Tc or
Lumogen® Red. The supplementary material section includes images
obtained during the biodistribution study with radiolabeled nano-
particles (Fig. 15), as well as the distribution of an aqueous suspension of
Lumogen® red used as a control for comparison purposes (Fig. 2S). In all
cases, nanoparticles were dispersed in water and orally administered to
animals. Fig. 3 shows the results obtained 4 h post administration. For
NS radiolabeled with technetium, radioactivity was mainly visualized in
the stomach, small intestine and cecum. On the contrary, the radioac-
tivity associated to NC appeared to be concentrated in the stomach,
cecum and ascending colon. Leaving aside the significant presence of
radioactivity observed in the stomachs of the animals (associated with
the high binding affinity of pertechnetate for the stomach mucosa
(Kiratli et al, 2009)), it seemed that NS displayed a longer
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gastrointestinal residence than NC. This evidence was corroborated
when nanoparticles were labelled with Lumogen® Red. In this case,
fluorescence associated to NS was mainly observed in the jejunum and
ileum of animals forming like a continuous layer in the mucus covering
the epithelial surface. On the contrary, for fluorescently labelled NC, no
evident signal was observed in the small intestine of animals; although
its presence was detected in the cecum of the animals (Fig. 3), con-
firming their more rapid transit along the gut of animals.

3.2. Comparative of quercetin-loaded zein nanoparticles

3.2.1. Physico-chemical characteristics and in vitro release

Table 2 summarizes the main physico-chemical characteristics of
quercetin-loaded nanoparticles. Both formulations, Q-NS and Q-NC,
displayed similar mean size, negative zeta potential and PDI values than
the non-loaded particles. The quercetin payload was around 75 pg per
milligram nanoparticles and the encapsulation efficiency was around
80%.

The in vitro release profiles of quercetin (Fig. 4) presented a similar
shape for both types of nanoparticles, being capable of releasing a
similar amount of quercetin (about 70% of the payload). For both
nanoparticles, ca. 30% of the flavonoid content was released after 2 h of
incubation in SGF and about an additional 35-40% in the following 4-5
h when they were incubated in SIF. These results suggest that the release
of quercetin from the studied zein-based nanoparticles is independent of
the pH conditions and the structure of nanoparticles.

3.2.2. In vivo studies in Caenorhabditis elegans

In order to assess the intake of nanoparticles by the nematode
C. elegans, L4 larvae were put in contact with Lumogen® Red-loaded
nanospheres and pictures were taken. Fig. 5A shows the presence of
the fluorescent marker encapsulated in nanoparticles all along the
gastrointestinal lumen of C. elegans, evidencing that nanoparticles enter
the worm by the oral route.

In a preliminary study, the effect of free quercetin on the accumu-
lation of fat by C. elegans was evaluated. Free quercetin significantly
decreased the fat accumulation in C. elegans by, at least 5%, compared to
the non-treated group of worms (p < 0.001). Then, the effect of
encapsulated quercetin (at a dose of 50 uM) was analyzed in glucose-
supplemented NGM (0.5% (w/v)), using Orlistat as positive control
(Fig. 5B). The supplementation with Q-NS significantly decreased the
accumulation of fat, ca. 12% (p < 0.0001) compared to NGM. This effect
was more intense that the effect observed for free quercetin (a 7% more,
p < 0.0001).

On the contrary, both free zein and empty nanospheres increased the
fat content of worms (compared with NGM group). On the other hand,
NC supplementation also increased the amount of fat in C. elegans,
compared with NGM group (ca. 13%; p < 0.0001). This effect was
similar to that observed when worms were treated with either wheat
germ oil or the mixture between zein and the oil. On the contrary, when
quercetin was encapsulated (Q-NC), the fat accumulation in the worms
was similar to that of control worms (NGM group), demonstrating again
the potent effect of quercetin against the accumulation of fat.

3.2.3. Pharmacokinetic assay in rats

For the pharmacokinetic study, Q-NS and Q-NC were orally admin-
istered as single oral dose of 15 pg/kg. In all cases, the pharmacokinetic
profiles of quercetin presented a similar profile (Fig. 6), characterized by
an initial rapid increase of quercetin plasma levels, followed by a plateau
up to 8 h post-administration, and finally a slow decrease during the
following hours. Overall, the encapsulation of quercetin in nanoparticles
increased the amount of the flavonoid quantified in plasma, compared to
the oral control formulation.

The pharmacokinetic parameters, calculated from the plasma quer-
cetin levels vs time curve, are summarized in Table 4. For comparisons,
the intravenous profile of the quercetin solution in PEG400 and water
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Fig. 3. Biodistribution of NS and NC in the gastrointestinal tract of animals. Images were taken 4 h post-administration. Nanoparticles were either radiolabeled with
99mTe or fluorescently labelled with Lumogen® Red. Longitudinal slices are also shown. s: stomach; si: small intestine; cc: cecum; ac: ascending colon.
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Fig. 4. In vitro release profile of quercetin-loaded nanospheres (Q-NS) and
quercetin-loaded nanocapsules (Q-NC). Data are expressed as mean + SD (n
=3).

was employed (data not shown). The quercetin control formulation (Q)
displayed the lowest plasma profile, with a Cyax of 358 ng/mL. On the
contrary, Q-NS offered a 6-times higher Cpax than Q (ca. 1925 ng/mL),
whereas, for Q-NC, the Cyax was found to be three times higher than for
the control formulation. In a similar way, the AUC obtained with Q-NC
and Q-NS were 5-times and 11-times higher than the control formula-
tion, respectively. Finally, the relative oral bioavailability of quercetin
when formulated in zein nanospheres was of about 57%, approx-
imatively two-times higher than when encapsulated in zein nano-
capsules (ca. 26%) or>10-fold the value obtained for the conventional
control formulation.

4. Discussion

In this work, a comparison between the capability of zein nano-
spheres and nanocapsules to carry and promote the bioavailability and

efficacy of quercetin has been evaluated. The main difference between
both types of carriers was that zein nanocapsules included wheat germ
oil at an oil-to-zein ratio of 0.1 w/w. In principle, the rationale to include
an oil was to increase the payload, to modify the in vitro release profile of
the loaded flavonoid and to promote quercetin absorption. In this work,
and under the experimental conditions tested, zein nanospheres and
nanocapsules presented similar physico-chemical characteristics, in
terms of size, shape, zeta potential, and surface hydrophobicity (Fig. 1,
Table 2 and Table 3). These results were in line with the similar diffu-
sivity calculated for both types of nanocarriers in pig intestinal mucus
(Table 3). All of these findings evidenced that the oil, detected by FTIR
(Fig. 2), was effectively encapsulated in the nanocapsules. In addition,
SEM images show a less robust structure in nanocapsules than in zein
nanospheres, coherent with a hollow structure (Fig. 1).

The oral biodistribution in Wistar rats with radiolabeled nano-
particles, NC showed a faster movement along the gastrointestinal tract
than NS. In fact, 4 h post-administration, radioactivity associated with
NC was observed in the ascending colon, while NS were still in the
cecum (Fig. 3). This result would be due to a low capacity of the
nanocapsules to interact with the protective mucus layer covering the
intestinal epithelium, as it was shown with Lumogen® red labeling. On
the contrary, NS displayed a higher ability than NC to interact with in-
testinal epithelium (Fig. 3). This finding is in agreement with previous
reports describing the mucoadhesive behavior of zein nanospheres in
vivo (Esposito et al., 2020; Penalva et al., 2015). This different behavior
of NC, compared to NS, could be due to a relative fragility of their
structure against enzymatic degradation. Thus, the action of the pro-
teases on the thin wall of nanocapsules would facilitate their degrada-
tion and elimination.

It has been described that nanocapsules, compared with nano-
spheres, can effectively increase drug-loading efficiency, particularly of
highly lipophilic compounds (Deng et al., 2020; Raffin Pohlmann et al.,
2002). Nevertheless, in our case, both types of nanocarriers displayed
similar physico-chemical values with quercetin contents of about 7.5%
and entrapment efficiencies of 82% (Table 2). Although the flavonoid
payload was in line with previous values reported in the literature (Ersoz
et al.,, 2020; Li et al., 2019; Zhou et al., 2021), nanocapsules did not
show a superior capability to load quercetin than nanospheres. On the
other hand, both Q-NS and Q-NC displayed similar in vitro release ki-
netics, characterized by a quasi-linear profile (during the first 4 h)
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Fig. 5. Evaluation of quercetin formulations in C. elegans. (A) Fluorescent
image of a worm growth in NGM containing Lumogen® Red-loaded nano-
spheres. The bar represents 200 ym. (B) Evaluation of the fat accumulation in
C. elegans cultured on NGM supplemented with glucose (0.5% w/v) and con-
taining the different treatments tested. Data are represented as the mean fat
content normalized to control NGM + SD (n > 92, ****p < 0.0001 compared to
NGM; ####p < 0.0001). Not all the significances are shown. NS, Q-NS: empty
and quercetin-loaded nanospheres; NC, Q-NC: empty and quercetin-loaded
nanocapsules. Orlistat was employed as a positive control. Quercetin dose:
50 uM.

independent of the pH conditions, to later reach a plateau (Fig. 4).
The antihyperlipidemic effect of quercetin was evaluated in
C. elegans growth in NGM supplemented with glucose (Fig. 5B). Under
these experimental conditions, and in agreement with previous results
by Lin and co-workers (Lin et al., 2020), quercetin inhibited lipid
accumulation in worms. This reducing effect on fat accumulation of
quercetin was found to be approximately two-times more intense for
nanoencapsulated quercetin (Q-NS) than for the free form. This obser-
vation may be explained by a combination of different factors. First, the
digestion of zein may generate peptides and hydrolysates with antioxi-
dant activity (Esfandi et al., 2019; Tang and Zhuang, 2014) and, thus,
protect quercetin against its oxidative inactivation. Second, the nano-
encapsulation of quercetin would offer protection against degradation
by E. coli (Zhang et al., 2014), used as diet for C. elegans. Third, the gut of
C. elegans is covered by a fuzzy layer of material encasing the microvilli
and extending into the intestinal lumen, similar to the mucus layer in the
mammals (Everman et al., 2015; Maduro, 2017). The mucoadhesive
properties of zein nanoparticles might increase the residence time in
close contact with this peritrophic matrix, facilitating quercetin ab-
sorption. Comparing with NS, NC significantly increased the storage of
lipids in C. elegans (Fig. 5B; p < 0.0001). This effect can be mainly
attributed to the presence of wheat germ oil in the composition of
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Fig. 6. Pharmacokinetic profile of oral administered free quercetin formula-
tions (free or nanoencapsulated) at a single dose of 15 mg/kg. Data are
expressed as mean + SD (n > 5). Q: quercetin formulation in an aqueous so-
lution of HP-B-CD; Q-NS: quercetin-loaded nanospheres; Q-NC: quercetin-
loaded nanocapsules.

nanocapsules, as empty NC increased significantly fat accumulation
(Fig. 5B). Nevertheless, the incorporation of quercetin in nanocapsules
(Q-NC) significantly counteracted this deleterious effect, decreasing fat
accumulation compared to NC to levels similar to NGM group (Q-NC vs
NC, p < 0.0001).

Finally, quercetin was orally administered as a single dose of 15 mg/
kg to Wistar rats as a conventional aqueous formulation (Q) or loaded in
zein-based nanoparticles (Q-NS and Q-NC; Fig. 6). In all cases, the
plasma profiles were similar; although higher levels of the flavonoid
were observed for the nanoencapsulated quercetin than for the control
formulation, particularly for Q-NS. The relative oral bioavailability (Fr)
of quercetin in the control formulation (Q) was 5% (Table 4), in
agreement with previously published data, ranging from 3.6% to 5.3%
(Chen et al., 2005; Li et al., 2021). For nanoencapsulated quercetin, Q-
NS displayed the highest relative oral bioavailability (about 57%), two-
fold higher than for Q-NC (approx. 26%), evidencing that the former
formulation is a better alternative for the formulation of this flavonoid.

This finding seems to be in contradiction with the general idea that
nanocapsules (and other types of lipid vesicles) may be an adequate
strategy to promote the oral bioavailability of lipophilic compounds,
promoting their absorption by the lymphatic system and, at the same
time, minimizing its pre-systemic metabolism (Garg et al., 2016; Patel
et al., 2019; Pinheiro et al., 2021). In our case, this evident better per-
formance of nanospheres over nanocapsules may be explained by a
reduced mechanical strength and a faster transit into the gut (Fig. 3) of
the latter. This faster gastrointestinal transit might comparatively diffi-
cult the release of quercetin, giving place to a lower relative oral
bioavailability. In any case, more experiments would be necessary to
confirm this lesser capacity of the nanocapsules and if the phenomenon
could be extended to other lipophilic compounds.

In summary, zein-based nanospheres and nanocapsules with similar
physico-chemical characteristics can be successfully prepared by des-
olvation method. Both types of nanoparticles offer a similar capability to
encapsulate quercetin, yielding a payload of about 7.5%. Moreover, the
nanoencapsulation of quercetin in zein-based nanoparticles improved its
efficacy as lowering fat agent in C. elegans; although this effect was
significantly higher for nanospheres than for nanocapsules, in which the
presence of the oil would be deleterious. In a similar way, the nano-
encapsulation of quercetin in zein-based nanoparticles improved the
relative oral bioavailability of this flavonoid. Nevertheless, again,
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Table 4
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Pharmacokinetic parameters obtained for the administration of free and nanoencapsulated quercetin at 15 mg/kg. Data are expressed as mean + SD (n > 5, *p < 0.05,
**p < 0.01, nanoparticles compared to Q). i.v.: intravenous administration of quercetin; Q: quercetin formulation in an aqueous solution of HP-B-CD; Q-NS: quercetin-
loaded nanospheres; Q-NC: quercetin-loaded nanocapsules. Tp,ax: time to reach maximum plasma concentration; Cyay: maximum plasma concentration; t; »: half-life;
MRT: mean residence time; AUC: area under the curve; Fr: relative oral bioavailability.

Timax Cnax ti/2 MRT AUC . o Fr

(h) (ng/mL) (h) (h) (ng h/mL) (%)
iv. 0 69494 + 13067 4.0+21 3.5+ 2.0 97524 + 34067 100
Q 0.5 358 + 128 8.2+1.7 12.3 +2.3 4790 + 1478 4.9
Q-NS 0.5 1925 =+ 561** 11.5 + 4.2 16.7 + 6.4 56019 + 44131%* 57.4
Q-NC 0.5 955 + 400 20.1 + 4.8%* 30.5 + 7.1%* 24986 + 8860* 25.6

nanospheres showed better performance than nanocapsules.
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