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KEY WORDS Abstract Our previous study introduced a barley protein microparticle for encapsulation of hydrophobic
drug/nutraceutical, which could release nanoparticles upon gastric digestion and deliver encapsulated

Barley protein; . . . ; . . ; .
compound to a simulated intestinal environment intact. This work focused on evaluating the potential of

Nanoparticles;

Hydrophobic; liberated nanoparticles to improve the absorption of encapsulated compounds (e.g., f-carotene) using
Caco-2 cell; in vitro Caco-2 cell and ex vivo small intestine models. Nanoparticles obtained from gastric digestion of
Intestinal transport barley protein microparticles had a spherical shape and an average size of 351 nm. Nanoparticles showed

low cytotoxicity in Caco-2 cells and their cellular uptake was dependent on time, concentration and
temperature. In a Caco-2 cell monolayer model, significantly greater uptake and transport of f-carotene
were observed when it was delivered by nanoparticles (15%), compared to free f-carotene suspension
(2.6%). In an ex vivo rat jejunum model, nanoparticles showed the capacity to retain in small intestinal
tissue. Approximately 2.24 and 6.04 pg nanoparticle were able to permeate through each cm? intestinal
tissue and translocate to the serosal side after 60 and 90 min, respectively. Results from this study
demonstrated the absorption improving effect of the barley protein nanoparticles and suggested their
potential as vehicles for hydrophobic compounds.
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1. Introduction

Oral ingestion of drug is the most preferred route for drug delivery
because of its convenience and high patient compliance. However,
the bioavailability of many orally administered drugs can be
compromised due to their poor solubility and/or low permeability
in gastrointestinal tract'>. Encapsulation of these drugs in nano-
particle carriers is one of the most promising strategies to improve
their bioavailability due to the unique physicochemical properties
of nanomaterials. The mechanisms by which this occurs involve
increasing solubility of hydrophobic ingredients, protecting drugs
from degradation in gastrointestinal environment, prolonging
retention time against intestinal clearance mechanism, direct
uptake of nanoparticles and eliminating first pass effect’.

Proteins have excellent gelation, foaming and emulsification
properties, which provide opportunities to make protein based
nanoparticles for hydrophobic drug delivery*°. Moreover, protein
based nanoparticles showed many advantageous characteristics,
like controlled release behavior’, mucoadhesive propenys,
enhanced intestinal permeability’, which potentially enhance the
absorption of orally administered drug.

Microparticles based on barley protein have been developed in our
group by an emulsification—homogenization process'’. Microparticles
exhibited high encapsulation efficiency (over 92%) and loading
efficiency (46.5%-50.1%) for hydrophobic compounds. They could
also protect encapsulated compounds from environment stress
(like oxidation) during storage, leading to increased shelf life. More
interestingly, research found that nanoparticles were liberated from
barley protein microparticle bulk matrix after enzymatic digestion in
simulated gastric environment''. Such nanoparticles could resist
gastric digestion and delivery encapsulated compounds to intestine
intact for absorption, which provide a new strategy for controlled
delivery of nanoparticles in the human gut. The in sifu synthesis of
nanoparticles in stomach also prevent nanoparticles from aggregation
and degradation during storage. Nevertheless, information regarding
the biological effects of the liberated nanoparticles remains unclear.
This research aimed to investigate the potential of such nanoparticles
to improve the absorption of encapsulated compounds using in vitro
Caco-2 cell and ex vivo small intestine models. Nile red and
p-carotene were used as indicators to evaluate the performance of
nanoparticles. Nile red is a hydrophobic fluorescent dye which has
been widely used in cell imaging to study the nanoparticle-cell
interactions'>'°.  f-Carotene has numerous biological functions
including antioxidant activity, prevention of cancer, heart disease
and ocular disorders, and provitamin A activity'®'”. Low stability and
poor bioaccessibility represent two major challenges in the application
of f-carotene. f-Carotene is unstable in the present of light, heat, and
oxygen'’. Barley protein microencapsulation can insulate encapsu-
lated compounds from outside environment'” therefore could increase
the stability of f-carotene. The poor bioaccessibility of f-carotene is
mainly attributed to its low solubility in aqueous environment'®'°.
Nanoparticle encapsulation can improve the bioaccessibility of
p-carotene by increasing its dispersibility. The direct uptake of
nanoparticles by intestine can also potentially enhance the absorption
of p-carotene™.

In this study, nanoparticles were prepared in a simulated gastric
fluid by proteolysis of barley protein microparticles with pepsin.
Then the effects of temperature, time and nanoparticle concentra-
tion on nanoparticle uptake were systematically investigated using
Caco-2 cells. The permeability of nanoparticles was further
explored using Caco-2 cell monolayers and rat jejunum tissues.

Positive results will provide justification for further research effort
to test in vivo efficacy of barley protein-based nanoparticles.

2. Materials and methods

2.1. Materials

Barley grain (Falcon) was provided by Dr. James Helm, Alberta
Agricultural and Rural Development, Lacombe, Alberta. Human
colorectal adenocarcinoma cell line Caco-2 was purchased from
American Type Culture Collection (ATCC, Manassas, VA, USA).
Cell culture reagents including Dulbecco's modified Eagle's
medium (DMEM), fetal bovine serum (FBS), non-essential amino
acids (NEAA), HEPES solution, trypsin-EDTA, Hank's balanced
salt solution (HBSS), Dulbecco's phosphate-buffered saline
(DPBS), phosphate buffered saline (PBS), Alexa Fluor dyes,
DAPI and mounting medium were from Life Technologies
(Burlington, ON). Cell culture flasks and multi-well plates were
purchased from Corning (Tewksbury, MA, USA). Pepsin, Nile red
and f-carotene were from Sigma—Aldrich (St. Louis, MO, USA).
All other reagents and chemicals were purchased from Fisher
Scientific (Waltham, MA, USA).

2.2.  Preparation of nanoparticles

Barley protein microparticles (BMPs) were prepared using a high
pressure homogenizing method reported by Wang et al.'” Briefly,
barley protein (hordeins:glutelins =1:1) was dispersed in water at
a percentage of 15% (w/v). A coarse emulsion was prepared by
mixing barley protein dispersant with canola oil at the protein/oil
ratio of 1:1 using a homogenizer (30,000 rpm, PowerGen 1000,
Fisher Scientific Inc., CA, USA). Microparticles were then formed
by passing the coarse emulsion through a high pressure homo-
genizer operated at 5000 psi (NanoDeBee, BEE International, Inc.,
MA, USA). Nile red-labeled BMPs and f-carotene-loaded BMPs
were prepared by using canola oil dissolved with 0.025% (w/v)
Nile red and 0.14% (w/v) p-carotene following the same
procedure above.

2.3. Invitro digestion of microparticles

Nanoparticles (BNPs) were freshly prepared from BMPs before
experiments' . Briefly, BMP dispersion was diluted to 10 mg/mL
with acidic phosphate buffer (pH 2.0) and incubated with pepsin
(1 mg/mL) at 37 °C for 15 min. The reaction was terminated by
boiling the mixture for 5min in water bath and then pH was
adjusted back to 7 using 1 mol/L NaOH. Nile red-labeled BNPs
(NR-NPs) and f-carotene loaded nanoparticles (BC-NPs) were
prepared by using Nile red-labeled BMPs and fp-carotene loaded
BMPs following the same procedure above.

2.4.  Characterization of nanoparticles

The size, size distribution (PdI), and zeta potential of BNPs were
measured by dynamic light scattering using a zetasizer (Nano-ZS,
Malvern Instruments Ltd., UK) at room temperature (22 °C). The
refractive index of the nanoparticle and dispersion medium was set
at 1.45 and 1.33, respectively. For size determination, BNPs were
diluted to an appropriate concentration using distilled water to
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avoid multiple scattering. For zeta potential determination, BNPs
were diluted with phosphate buffer solution (10 mmol/L, pH 7)
before measurement. The morphology of nanoparticles was
examined by transmission electron microscopy (TEM). Briefly,
one drop of BNP dispersion was placed onto a 300-mesh copper
grid coated with carbon and let stand for 5 min. Then the excess
water was removed by gently tapping filter paper at the edge of the
grid without disturbing the surface. The grid was then stained with
phosphotungstate (PTA) for 30 s and examined under Philips-FEI
transmission electron microscope (Morgagni 268, FEI Co.,
Hillsboro, OR, USA) operated at 80 kV.

The encapsulation efficiency (EE) and loading capacity (LC) of
p-carotene-loaded BNPs were determined by the equations below.
For total f-carotene quantification, 1 mL. BNP dispersant was
mixed with 3 mL ethanol, sonicated for 15 min and extracted twice
with hexane (4 mL). The hexane was then pooled and evaporated
under nitrogen stream with f-carotene residue left in the vial. For
free f-carotene quantification, 1 mL BNPs dispersant was mixed
with 3 mL phosphate buffer solution (0.1 mol/L, with 0.9% NaCl,
pH 5), and followed by centrifugation (4000 x g, 15min) to
separate BNPs from aqueous phase. The free p-carotene in
aqueous phase was then extracted with hexane and dried. The
extracted residues were reconstituted with 300 pL acetonitrile/
ethanol (v/v = 65/35) and analyzed using the method described in
Section 2.8.

Free f3-carotene
vy=(1—
EE (0) = (l Total ﬂ-carotene) x 100 )
LC (%) = Mass of f3-carotene in BNPs « 100 @)

Mass of BNPs

2.5. Cell culture

Human colon carcinoma cell line Caco-2 was cultured in T-75
flasks at 37 °C in a humidified atmosphere of 95% air and 5%
CO,. High glucose (4500 mg/L) DMEM with sodium pyruvate
(110 mg/L) and L-glutamin was used with supplementation of 20%
FBS (v/v), 1% NEAA and 25 mmol/L HEPES. The medium was
changed every other day and the cell morphology was monitored.
Upon reaching 80% confluence, cells were detached with 0.25%
trypsin in 1 mmol/L. EDTA solution, gently centrifuged, resus-
pended and transferred to new flasks. Cells between passage 30
and 50 were used for experiments.

2.6.  Cytotoxicity assay

The cytotoxicity of BNPs was examined by simultaneous staining
with fluorescein diacetate (FDA) and propidium iodide (PD)>1 723,
Caco-2 cells were seeded onto 24-well plates at a density of
2.4 x 10* cells per well. After allowing the cells to grow for 24 h
for attachment, BNPs were added to each well at sublethal
concentrations and incubated with cells for 20 h. Upon removal
of BNPs, cells were stained (8 pg/mL FDA and 20 pg/mL PI in
PBS) and observed using a confocal laser scanning microscopy
(CLSM, 510 Meta, Carl Zeiss, Jena, Germany). The living/dead
cells in 3 fields (>300 cells) were counted in each well and the
experiment was conducted in triplicate. Cell viability was
expressed by the percentage of living cells in the test wells as a
ratio to living cells in the control wells.

2.7.  In vitro uptake study

2.7.1.  Confocal laser scanning microscopy

The uptake of the nanoparticles was firstly studied using CLSM. Cells
were seeded onto glass bottom microwell dishes (P35G-1.5-14-C,
MatTek Corp., USA) at the density of 1x 10° cells per dish and
cultured for 5-7 days until reaching full confluency. On the day of
experiment, the medium was replaced with HBSS (supplemented
with 25 mmol/L. HEPES, without phenol red) and cells were allowed
to equilibrate at 37 °C for 30 min. Then HBSS was replaced with NR-
NP dispersion (0.02 and 0.2 mg/mL in HBSS) and incubated with the
cells for 0.5-6 h at 37 and 4 °C. At each endpoint, cells were gently
rinsed with HBSS 3 times and fixed with 4% paraformaldehyde for
15min at 37 °C. The cell membrane and nuclei were stained with
WGA-Alexa Flour 488 conjugate and DAPI, respectively. Cells were
further mounted with Prolong Gold Antifade Reagent, sealed with
coverslips and observed using CLSM. Images were processed with
ZEN 2009LE software (Carl Zeiss Microlmgaing GmbH, Germany).

2.7.2.  Flow cytometry

The uptake of nanoparticle was further quantified by flow
cytometry. Cells were seeded onto 6-well plates at the density of
1 x 10° cells per well and cultured for 5-7 days until reached a
confluent monolayer. The cells were incubated with NR-NP
dispersion at various concentration for 0.5-6h at 37 and 4 °C.
At each endpoint, cells were trypsinized, washed and resuspended
in DPBS. The fluorescence associated with cells was measured
with a flow cytometer (B.D. Biosciences FACSort, CA, USA)
using FL2 detector at the wavelength of 580 nm. 10,000 cells were
analyzed for each sample and mean fluorescence intensity (MFI)
was evaluated.

In order to understand the uptake mechanism, three inhibitors,
chlorpromazine hydrochloride (CPZ, 5 pg/mL), filipin III (FLI,
5 pg/mL) and cytochalasin D (CyD, 10 pg/mL) were used”’. The
cells were incubated with different inhibitors for 30 min then
treated with NR-NP dispersion (0.2 mg/mL) by the same method
mentioned above. The change of MFI at 2h suggested possible
uptake pathways.

2.8.  In vitro transport efficiency study

Nanoparticles used in transport study were further processed using an
in vitro digestion model™. Briefly, BC-NPs were equilibrated at room
temperature for 1h before adjusting the pH to 2.0 by drop-wise
adding 1 mol/L HCI. Pepsin was added to a final concentration of
1 mg/mL and the mixture was incubated on a shaker (95 rpm, Model
2314, Barnstead international, IA, USA) at 37 °C for 1 h. After gastric
digestion, 0.9 mol/L sodium bicarbonate solution was added to the
sample to raise the pH to 5.3. Next, pancreatin and bile extract was
added to the solution and reached final concentrations of 0.4 and
2.4 mg/mL, respectively. The pH was then increased to 7.4 by the
addition of 1 mol/L. NaOH followed by incubating the mixture on a
shaker (95rpm) at 37°C for a further 2.5h. The reaction was
terminated by boiling the solution for 5 min in water bath. Sample
vials were blanketed with nitrogen at all incubation stages to avoid
oxidation. Samples obtained from this process were referred as BC-
NP digesta.

Caco-2 cells were seeded onto 12-well polyester clear Trans-
well™ inserts (pore size 3 um) at 2.6 x 10° cells/em® *°. The
medium in apical and basolateral compartments was changed
every other day for at least 21 days to allow the cells to
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differentiate and form a confluent monolayer. The integrity of the
cell monolayer was measured by routinely monitoring the TEER
using an epithelial tissue voltohmmeter (EVOM?2, World Precision
Instruments, Saratosa, FL, USA). Monolayers with TEER values
higher than 500 Q- cm? were used for transport study. On the day
of experiment, Caco-2 cell monolayers were washed 3 times with
HBSS and pre-incubated at 37 °C for 1 h to reach equilibrium. BC-
NP digesta (0.5 mg/mL in HBSS) were applied to apical compart-
ments and equivalent amount of free f-carotene in Tween 40
suspension was used as control’’. HBSS in basolateral compart-
ments was replaced with HBSS containing 0.5 mmol/L taurochlo-
rate, 1.6 mmol/L oleic acid and 45 mmol/L glycerol*®. After a 16 h
incubation at 37 °C, solutions in apical and basolateral compart-
ments were collected and the cells were removed from the inserts
for f-carotene extraction.

Method for p-carotene extraction from solutions in apical
and basolateral chamber was adopted from Barba et al.*’ and
Alheme et al.*° Briefly, samples were extracted twice with hexane/
ethanol/acetone (v/v/v=50/25/25). The supernatant was pooled
and evaporated under nitrogen stream with f-carotene residue left
in the vial. p-Carotene extraction from the cells was performed
using the method described by Peng et al.>' Cells were pipetted off
the inserts, pelleted by spinning at 800 x g for 10 min at 4 °C,
resuspended with 1 mL of PBS containing 0.5 g/l butylated
hydroxytoluene (BHT) and 2% (w/v) pronase E, and incubated
at 37 °C for 45 min. Then cells were lysed by adding 1 mL of
ethanol containing 0.5 g/LL BHT and 10 g/L sodium dodecyl sulfate
(SDS). After cell lysis, f-carotene in solution was extracted with
hexane/ethanol/acetone (v/v/v=>50/25/25) and dried. The extracted
residues from all samples were dissolved in 300 pL acetonitrile/
ethanol (v/v=65/35) and analyzed using a high performance liquid
chromatography (HPLC) system (1200 series, Agilent Technolo-
gies, Inc., Santa Clara, CA, USA)“’. Separation was carried out on
a C18 column (150 mm x 4.6 mm, 2.6 pm, Kenitex, Phenomenex,
Inc., Torrance, CA, USA) with a mobile phase of acetonitrile/
ethanol (65:35, v/v) at the flow rate of 1 mL/min. p-Carotene was
measured at the wavelength of 450 nm and quantified employing
an external calibration. The transport efficiency was expressed as
the amount of f-carotene in the basolateral media (ng) for unit area
(cm?) of Caco-2 cell monolayer.

2.9.  Ex vivo intestinal transport of nanoparticles using rat
Jjejunum

The animal care and experimental procedures were conducted in
accordance with Canadian Council on Animal Care and approved
by the University of Alberta Animal Care and Use Committee
(Livestock). The ex vivo study was performed on a modified
Ussing chamber model*”. Male 10-week old Sprague-Dawley rats
were purchased from Charles River Laboratories (Wilmington,
MA, USA) and given free access to food and water. On the day of
experiment, animals were anesthetized with isoflurance—oxygen
mix (3.5%) and euthanized by exsanguination. The jejunum was
removed distal to the ligament of the Treitz and immediately
placed in ice-cold Krebs buffer supplemented with sodium
L-glutamate (4.9 mmol/L), disodium fumarate (5.4 mmol/L),
sodium pyruvate (4.9 mmol/L) and p-glucose (11.5 mmol/L) and
continuously bubbled with O,/CO, (95%/5%). Individual seg-
ments were cut from the jejunum and mounted in modified Ussing
chambers (Harvard Apparatus Inc, Holliston, MA, USA). Each
mounted area available for permeation was 1.15 cm®.

NR-NP digesta was prepared using the same method for BC-NP
digesta in previous section and added to the mucosal chamber to a
final concentration of 0.5 mg/mL. After incubating for 60 and 90
min, solutions from mucosal and serosal chambers were collected
and tissues were carefully removed. A small piece was cut from
each segment and immediately mounted in embedding medium
(Lamb-OCT, Thermo Scientific) on dry ice. Upon frozen, tissue
blocks were stored at —20 °C until cryosection. Tissues were
mounted on glass slides using Prolong®™ Gold Anitfade reagent
without staining and examined with CLSM.

Solutions from each chamber were used to extract total lipid for
Nile red quantification. Hexane/ethanol/acetone (50:25:25, v/v/v)
was added to all solutions followed by centrifuge at 10,000 x g for
15 min. The hexane supernatant was pooled and dried under
nitrogen stream. The residue was redissolved in 300 pL methanol
and measured by SpectraMax M3 microplate reader (Molecular
Devices, Sunnyvale, CA, USA) with the excitation and emission
wavelength at 552 and 636 nm for Nile red fluorescence intensity.
A standard curve indicating the quantitative relationship between
Nile red intensity and NR-NP concentration was created by linear
regression (R*=0.9994). The standard was used to estimate the
NR-NP digesta concentration in each chamber. The permeation
was expressed as the amount of NR-NPs (pg) in the serosal side
for unit area (cm®) of jejunum tissue.

2.10.  Statistical analysis

Data were expressed as mean + SEM. Student's #-test was used for
comparisons between two samples. The significant level was set as
P <0.05. Statistical analyses were performed using SAS 9.0 for
Windows (SAS Institute Inc., Cary, NC, USA).

3. Results and discussion

3.1.  Characterization of nanoparticles from in vitro digestion of
microparticles

One of the most challenging issues in protein based oral delivery
systems is their instability in gastric environment. A low pH
environment and pepsin can denature and degrade protein nano-
particles, leading to burst leakage of encapsulated compounds
in the stomach before reaching the small intestine, where
most of drug/nutraceutical are absorbed. Barley protein micro-
particles were also digestible under pepsin proteolysis. However,

Figure 1 TEM micrographs of barley protein nanoparticles.
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nanoparticles liberated from microparticles showed much
improved stability in stomach. B-hordein was the major fraction
stabilizing liberated nanoparticles after peptic digestion''. Pressure
treatment can enhance the intermolecular f-sheets in B-hordein,
resulting in solid interfacial network that could better stabilize
nanoparticles in gastric environment than other proteins®’. Mean-
while, major hydrophobic sections of B-hordein are protected
under the compact interfacial network. This changes make
B-hordein less vulnerable under the enzymatic hydrolysis from
pepsin, which prefers to attack a hydrophobic/aromatic residue of
protein®*,

In this study, nanoparticles were prepared by digesting micro-
particles with pepsin in a simulated gastric environment, rather
than de novo synthesis using B-hordein. This was intended to
mimic a natural digestion process, which allowed us to better
understand the characteristics of nanoparticles in gastrointestinal
track after being liberated from microparticles. The digestion
process can also make the result from in vifro evaluation of
nanoparticles more correlated with their in vivo performance. The
p-carotene-loaded nanoparticles had an encapsulation efficiency of
90.7+1.4% and a loading capacity of 0.069+0.001%. The
dynamic light scattering results showed that nanoparticles had an
average size of 351+4 nm and zeta potential of —-19.2+1.9mV.
The polydispersity index (PdI) of nanoparticles was 0.33+0.04,
indicating relatively heterogeneous size distribution. The TEM
image of obtained nanoparticles was shown in Fig. 1. Nanopar-
ticles are spherical in shape and most of them have a size around
200 to 300 nm in diameter, although larger (500 nm) or smaller
(50 nm) nanoparticle were also observed. This was in correspon-
dence with the particle size variety observed in dynamic light
scattering. The formation of nanoparticles was resulting from
unrestricted proteolytic reaction of the protein matrix of micro-
particles, which made particle size hard be precisely controlled.
Increasing the amount of B-hordein in microparticle preparation
might be a strategy to obtain nanoparticles with better defined size,
as it decreased the effect of proteolysis on formation of nanopar-
ticles. However, this needs to be proven in the future experiment.

3.2.  Cytotoxicity of nanoparticles

The cytotoxicity of BNPs was examined by FDA/PI staining. FDA
can be taken up by live cells and hydrolyzed into the green fluorescent
metabolite by intracellular esterase. While PI only passes through
damaged cell membrane and intercalates with DNA/RNA, resulting in
red fluorescence in injured or dead cells®'. Compared to cells without
BNPs exposure (control group), more than 80% cells were viable
throughout 20 h exposure at a BNP concentration of 0.4 mg/mL and
over 90% viability was observed at a BNP concentration range
of 0.02-0.2mg/mL (Fig. 2). Therefore, BNPs concentration of
0.2 mg/mL or lower was used in the following cell studies.

3.3.  Cellular internalization and localization of nanoparticles

Efficient cellular uptake and sufficient retention time within cells is
essential for nanoparticles as oral drug delivery systems®”. In order
to visualize and quantify the cellular uptake of nanoparticles, Nile
red was incorporated in BNPs as fluorescent indicator (NR-NPs).
The effects of incubation times, particle concentrations, and
experimental temperatures on the nanoparticle uptake were inves-
tigated. Fig. 3A—C showed that at fixed nanoparticle concentration
and experiment temperature (0.2 mg/mL, 37 °C), the fluorescent

intensity in cells increased gradually at 0.5, 2 and 6 h, suggesting
the uptake of nanoparticles was time dependant. This was also
confirmed by result from flow cytometry (Fig. 4A). Moreover, the
uptake of nanoparticles was found positively correlated to nano-
particle concentration. Under the same time and temperature
condition, an increase of mean fluorescence intensity (MFI) in
cell was observed when nanoparticle concentration increased from

100
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40 H
20—4
o_-

0.4 0.2 0.1 0.05 0.02
Concentration (mg/mL)

Cell viability (%)

Figure 2 Cell viability of Caco-2 cells after incubation with barley
protein nanoparticles for 20 h. Viability was presented by a percentage
of living cells as a ratio of the living cells in the control group (without
nanoparticles). Data are presented as mean+SEM, n = 3.

Nuclei Membrane

Overlay

Figure 3 Confocal microscopic images of Caco-2 cells incubated
with Nile red-labeled barley protein nanoparticles for different
incubation times, at different concentrations and temperatures.
(A) 0.5h, 0.2mg/mL, 37°C; (B) 2h, 0.2mg/mL, 37 °C; (C) 6h,
0.2 mg/mL, 37 °C; (D) 6h, 0.02mg/mL, 37 °C; (E) 6 h, 0.2 mg/mL,
4 °C. Red: NR-NPs, green: cell membrane, blue: nucleus.
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Figure 4 Flow cytometry analysis of cellular uptake of Nile red-labeled barley protein nanoparticles by Caco-2 cells, showing the effect of
incubation time (A), nanoparticle concentration (B) and temperature (C). Endocytosis inhibition effect of different chemicals at 2h (D):
chlorpromazine hydrochloride (CPZ), filipin III (FLI) and cytochalasin D (CyD). Different letters indicate significant difference (P <0.05). MFI:

mean fluorescence intensity. Data were presented as mean+ SEM, n=3.

0.01 to 0.2 mg/mL (Fig. 4B). Similarly, in CLSM, cells incubated
with NR-NPs at 0.2 mg/mL exhibited stronger intracellular fluor-
escence signal than those incubated with NR-NP at lower
contraction (0.02 mg/mL, Fig. 3C and D). Apart from incubation
time and nanoparticle concentration, NR-NPs uptake was also
affected by temperature. Low temperature could interfere with the
synthesis and utilization of ATP in cell’, which inhibit the energy
dependent cellular uptake of nanoparticles’’. When incubation was
performed at 4 °C, nanoparticle uptake decreased by 51.7% com-
pared to that at 37 °C (Fig. 4C). And barely any red fluorescence was
observed in cells under CLSM at 4 °C (Fig. 3E). These results
indicated the uptake of nanoparticles was energy dependent. There
are three major energy dependent endocytic pathways for nanopar-
ticle internalization: clathrin-mediated endocytosis (CME), caveolae-
mediated endocytosis (CVME), and macropinocytosis®’. In order to
explore the uptake mechanism, CPZ, FLI, and CyD were used to
inhibit CME, CVME and macropinocytosis, respectively”**’. As
shown in Fig. 4D, the uptake efficiency decreased to 40.5% and
82.6% after CPZ and FLI treatments, respectively, while that with
CyD treatment was not affected. These results suggested that the
internalization of nanoparticles relied on both CME and CvME, with
CME playing a more important role in the cellular uptake of BNPs.

On the other hand, both CME ( < 200 nm) and CvME (50-80 nm)
have smaller cargo size than macropinocytosis (up to several micro-
meters)’”" ", suggesting both of these endocytic pathways are more
likely to be involved in the transport of small particulates. In our
scenario, BNPs liberated from microparticles had an average size of
351 nm, with smaller (50nm) and large nanoparticles (500 nm)
observed under TEM (Fig. 1). Considering the cargo size of CME
and CvME, it could be expected that the nanoparticles with smaller
size could enter the cells more efficiently than those with larger size.

Confocal microscopic image with three dimensional projections
of Caco-2 cells after 6 h incubation with NR-NPs with a final
concentration of 0.2mg/mL at 37°C was shown in Fig. 5.
Although most NR-NPs were present in cytoplasm and accumu-
lated around the nuclei, some nanoparticles were found within
nuclei. The capability of nucleus internalization suggested barley
protein nanoparticles had potential to be used as a delivery system
in gene therapy, which requires further investigation.

3.4.  In vitro transport study

In previous sections, nanoparticles with short gastric digestion
were used for preliminary cell uptake study. However, in reality,
nanoparticles would undergo pancreatic digestion and gradually
degraded after reaching small intestine''. In order to better
simulate the in vivo condition in small intestine, nanoparticles
received extra digestion using pancreatin and bile extract before
their transport efficiency were assessed. Chymotrypsin and trypsin
are two major proteases in the pancreatin. In previous study, we
found that barley protein nanoparticles could resist the digestion of
chymotrypsin®*. Similar to pepsin, chymotrypsin prefers to attack
bulky hydrophobic amino acids*'. After high pressure treatment,
barley protein had hydrophobic groups hidden in the compact
interfacial network, which made nanoparticles less vulnerable to
chymotrypsin digestion. The barley protein coating could be
hydrolyzed by trypsin, but the hydrolyzing process was relatively
slow’**. Hordein has very low lysine (~0%) and arginine
(~2.7%) content*>**, which are the exclusive target amino acids
for trypsin*’. Moreover, high proline (~21%) in hordein limits
rotation of the prolyl peptide bond, making the formation of
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Figure 5 Confocal microscopic image of Caco-2 cells after 6h
incubation with Nile red-labeled barley protein nanoparticles
(0.2 mg/mL) at 37 °C, presenting three-dimensional analysis of the
optical xy-section (center square) with xz- and yz- projections (side
panels). Image shows distinct uptake of nanoparticles by the cells;
arrows heads indicate the presence of the nanoparticles within nuclei.
Red: Nile red-labeled barley protein nanoparticles; green: cell mem-
brane; blue: nuclei.

geometric complimentary structure in protein that can fit the active
site of trypsin more difficult*>*’. f-Carotene was used as a model
of hydrophobic compounds to indicate the transport efficacy of
nanoparticle digesta. Addition of taurocholate and oleic acid
allows Caco-2 cell monolayers to produce chylomicrons, which
can incorporate f-carotene and excrete it to the basolateral side™’.

The uptake and transport of f-carotene in Caco-2 cell mono-
layers after 16h incubation was represented in Fig. 6. When
delivered by nanoparticle digesta, the f-carotene in cells was found
at a concentration 9.38+0.46 ng/cm®> monolayer, accounting
for 11.45+0.57% of the total p-carotene applied to the apical
chambers. This was significantly higher than those in control group
(2.88+1.14ng/cm?, 1.97+0.11%). Low solubility is the major
barrier to prevent f-carotene from absorption. S-Carotene is not
bioaccessible until being incorporated into micelles in intestine*’.
After barley protein nanoparticle encapsulation, f-carotene could be
well dispersed in water and readily for intestinal absorption. Active
cellular uptake of nanoparticles also contributed to the higher f-
carotene concentration in cells. Although barley protein microencap-
sulation could effectively protect encapsulated compounds from
degradation'’ and the in situ synthesis of nanoparticles from
microparticles in stomach further prevent nanoparticles from aggrega-
tion and degradation during storage, the nanoparticles obtained from
peptic digestion demonstrated relatively broad size distribution
(50-500nm). The size is a key factor for cellular uptake of
nanoparticles. Smaller nanoparticles have a larger surface area-to-
volume ratio which favors the interfacial interaction with cell
membrane and the intracellular uptake of nanoparticles through
intestinal epithelium®. Researches found that nanoparticles with
diameter at around 50-200 nm were optimal for cellular uptake”>>*.
The uptake mechanism study in previous section also suggested that
smaller nanoparticles were more likely to enter Caco-2 cells through
endocytosis pathways. Therefore, liberated nanoparticles with smaller
size (<200 nm) should be considered as an important reason of the
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Figure 6 Uptake and transport of S-carotene in Caco-2 cell mono-
layers after 16 h incubation. Star shows significant difference com-
pared to control (P<0.05). Data are presented as mean+ SEM,
n=2. BC-NP: pf-carotene-loaded barley protein nanoparticles; Ctrl:
control, f-carotene in Tween 40 suspension.

higher f-carotene concentration in cell monolayers. Surface hydro-
phobicity is another factor that modulates the internalization rates of
nanoparticles. Increased nanoparticle surface hydrophobicity is favor-
able for the cellular uptake of nanoparticles®, because hydrophobic
surface made nanoparticles easily enter and stay in the hydrophobic
domain of cell membrane™. In liberated nanoparticles, over 50% of
protein coating were composed of nonpolar amino acids''. High
nonpolar amino acid composition made the nanoparticle surface
hydrophobic, which facilitated the internalization of nanoparticles.

The physiological absorption of p-carotene is a transcellular
process ” and the transport of f-carotene by nanoparticles across
the Caco-2 monolayer could also follow the transcellular pathway,
based on the evidences that nanoparticles actively internalized into
cells through endocytosis and no significant change in TEER was
observed before and after the transport study (data not shown). In
basolateral chambers, p-carotene found in nanoparticle group
(1.84+0.10 ng/em?, 3.52+1.39%) was higher than that in control
group (0.64 +0.04 ng/cm?, 0.68 +0.04%), but the difference was
not significant. The rate of f-carotene secretion to the basolateral
side is a transporter dependent and saturable process’'. In
nanoparticle group, much higher p-carotene content was found
in cells, which might saturate the transporter and lead to reduced
secretion to basolateral chamber.

3.5.  Ex vivo intestinal transport study

The transport of nanoparticle digesta was further studied on an
ex vivo rat intestine model using Ussing chamber technique. The
ex vivo rat intestine model can better evaluate the transport
efficiency of nanoparticles because it overcomes many short-
comings associated with Caco-2 cell monolayers, such as lack of
intact intestinal structure (e.g., mucosal layer) and lower expres-
sion of many transport proteins and metabolic enzymes’.
Although p-carotene can be absorbed throughout the small
intestine, duodenum and jejunum are considered as the major
sites for f-carotene absorption””*°. Nanoparticles could enter
enterocytes through non-specific endocytosis therefore their
absorption was not restricted by the sections of the small intestine.
However, because jejunum and ileum are much longer than
duodenum, the absorption of nanoparticles is more likely to occur
in the jejunum and ileum. Therefore, considering the absorption
sites of both f-carotene and nanoparticles, jejunum was selected in



94

Guangyu Liu et al.

NR-NP

Overlay

Permeated NR-NP (ug/cm?)

Incubation time (min)

Figure 7 Confocal images of rat jejunum tissues incubated with
digested Nile red-labeled barley protein nanoparticles for 60 min
(A) and 90 min (B). Permeation of Nile red-labeled barley protein
nanoparticles across rat jejunum in Ussing chambers (C). Data are
presented as mean+SEM, n=2. NR-NP: Nile red-labeled barley
protein nanoparticles.

the Ussing chamber study. After incubated with the digesta of NR-
NPs for 60 and 90 min, red fluorescence was observed in intestinal
tissues (Fig. 7A and B), suggesting nanoparticles were permeable
to intestinal epithelia. The fluorescent intensity in tissues with
90 min incubation was stronger than that with 60 min incubation,
indicating the intestinal uptake of nanoparticles was time depen-
dent. This is consistent with uptake of nanoparticle in Caco-2 cell
model (Fig. 4A). More importantly, the permeation of nanoparticle
digesta also increased with time, reaching 2.24+1.10 pg/cm?® at
60 min and 6.04+0.14 pg/cm? at 90 min (Fig. 7C), accounting for
0.17+0.08% and 0.46+0.01% of the total NR-NP digesta added
to the mucosal chamber, respectively. These values were lower
than that observed in Caco-2 monolayer transport study.
The existence of mucosal network on epithelium may explain
the difference. Protein nanoparticles with high hydrophobicity
were able to efficiently adhere to mucosal network via hydro-
phobic interaction and hydrogen bonding®. The mucoadhesive
property allows nanoparticles to resist the self-cleaning mechan-
isms of mucosal tissues and slow down their transit in intestineS(’,
which in turn increases intestinal resident time of nanoparticles

and the encapsulated compounds. However, this property can also
restrict the diffusion of nanoparticles across the mucosal network
and decrease the contact between nanoparticles and intestinal
epithelium®’®, Future research is required to balance the mucoad-
hesive property and transcellular efficiency and allow nanoparti-
cles to reach optimal bioavailability.

4. Conclusions

This research investigated the biological effect of nanoparticles
that were liberated from microparticles after an in vitro digestion.
BNPs had an average size of 351 nm and PdI of 0.33. The particles
showed low cytotoxicity on Caco-2 cells; more than 90% cells
remained viable with exposure to BNPs for up to 20h when
nanoparticle concentration was lower than 0.2 mg/mL. CLSM
showed BNPs were capable of travelling across cell membrane and
entering Caco-2 cells. Quantitative study by flow cytometry
demonstrated that the uptake process was particle concentration-,
incubation time- and temperature-dependent. When p-carotene
encapsulated nanoparticle digesta was delivered to Caco-2 cell
monolayers, around 15% of total f-carotene was taken up into and
transported across the cells, which was significantly higher than
p-carotene without nanoparticle carriers. In ex vivo intestinal
permeability study, approximately 0.17% and 0.46% nanoparticle
digesta was able to permeate through intestinal tissue and
translocated to the serosal side after 60 and 90 min respectively.
Overall, this study shows the great potential of BNPs in enhancing
bioavailability of lipophilic compounds after oral administration.
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