| hd |

NRC Publications Archive
Archives des publications du CNRC

Self-assembled poloxamer-legumin/vicilin nanoparticles for the
nanoencapsulation and controlled release of folic acid

Fang, Changhao; Kanemaru, Karen; Carvalho, Wildemar S.P.; Fruehauf,
Krista R.; Zhang, Sunshine; Das, Prem P.; Xu, Caishuang; Lu, Yuping;
Rajagopalan, Nandhakishore; Kulka, Marianna; Makeiff, Darren A.; Serpe,
Michael J.

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. /
La version de cette publication peut étre I'une des suivantes : la version prépublication de I'auteur, la version
acceptée du manuscrit ou la version de I'éditeur.

For the publisher’s version, please access the DOI link below./ Pour consulter la version de I'éditeur, utilisez le lien
DOl ci-dessous.

Publisher’s version / Version de I'éditeur:
https://doi.org/10.1016/j.ijbiomac.2024.131646
International Journal of Biological Macromolecules, 268, P2, 2024-04-16

NRC Publications Archive Record / Notice des Archives des publications du CNRC :
https://nrc-publications.canada.ca/eng/view/object/?id=9646b737-cdbf-4398-8c1b-dcf8eae7772d
https://publications-cnrc.canada.ca/fra/voir/objet/?id=9646b737-cdbf-4398-8c1b-dcf8eae7772d

Access and use of this website and the material on it are subject to the Terms and Conditions set forth at
https://nrc-publications.canada.ca/eng/copyright
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE.

L’accés a ce site Web et I'utilisation de son contenu sont assujettis aux conditions présentées dans le site
https://publications-cnrc.canada.ca/fra/droits
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Questions? Contact the NRC Publications Archive team at
PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the
first page of the publication for their contact information.

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la
premiére page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez
pas a les repérer, communiquez avec nous a PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

 Ld

National Research  Conseil national de
Council Canada recherches Canada Canada


https://doi.org/10.1016/j.ijbiomac.2024.131646
https://nrc-publications.canada.ca/eng/view/object/?id=9646b737-cdbf-4398-8c1b-dcf8eae7772d
https://publications-cnrc.canada.ca/fra/voir/objet/?id=9646b737-cdbf-4398-8c1b-dcf8eae7772d
https://nrc-publications.canada.ca/eng/copyright
https://publications-cnrc.canada.ca/fra/droits

International Journal of Biological Macromolecules 268 (2024) 131646

Contents lists available at ScienceDirect

International Journal of Biological Macromolecules

journal homepage: www.elsevier.com/locate/ijbiomac

ELSEVIER

Check for

Self-assembled poloxamer-legumin/vicilin nanoparticles for the ol
nanoencapsulation and controlled release of folic acid

Changhao Fang“, Karen Kanemaru “, Wildemar S.P. Carvalho“, Krista R. Fruehauf,
Sunshine Zhang®, Prem P. Das‘, Caishuang Xu 4, Yuping Lu (f, Nandhakishore Rajagopalan -,
Marianna Kulka ™€, Darren A. Makeiff™", Michael J. Serpe®"

@ Department of Chemistry, University of Alberta, Edmonton, AB T6G 2G2, Canada

> Quantum and Nanotechnologies Research Centre, National Research Council Canada, 11421 Saskatchewan Dr NW, Edmonton, AB T6G 2M9, Canada
¢ Department of Medical Microbiology and Immunology, University of Alberta, Edmonton, AB T6G 2G2, Canada

d Aquatic and Crop Resource Development Research Centre, National Research Council Canada, 110 Gymnasium Pl, Saskatoon, SK S7N 0W9, Canada
€ Department of Chemical and Biological Engineering, University of Saskatchewan, 57 Campus Drive, Saskatoon, SK S7N 5A9, Canada

ARTICLE INFO ABSTRACT

Keywords: Plant-based food proteins are a promising choice for the preparation of nanoparticles (NPs) due to their high
Nanoencapsulation digestibility, low cost, and ability to interact with various compounds and nutrients. Moreover, nano-
Legumin and vicilin encapsulation offers a potential solution for protecting nutrients during processing and enhancing their
Ezﬁi ZZ?(?S bioavailability. This study aimed to develop and evaluate nanoparticles (NPs) based on legumin/vicilin (LV)
Drug delivery proteins extracted from fava beans, with the goal of encapsulating and delivering a model nutraceutical com-
Self-assembly pound, folic acid (FA). Specifically, NPs were self-assembled from LV proteins extracted from commercially

available frozen fava beans using a pH-coacervation method with poloxamer 188 (P188) and chemically cross-
linked with glutaraldehyde. Microscopy and spectroscopy studies were carried out on the empty and FA-loaded
NPs in order to evaluate the particle morphology, size, size distribution, composition, mechanism of formation,
impact of FA loading and release behavior. In vitro studies with Caco-2 cells also confirmed that the empty and
FA-loaded nanoparticles were non-toxic. Thus, the LV-NPs are good candidates as food additives for the delivery

and stabilization of nutrients as well as in drug delivery for the controlled release of therapeutics.

1. Introduction

Recent technological advances have significantly augmented the
nutritional profile and bioactive attributes of food and nutrient supple-
mentation products. Despite these advances, traditional methods such as
food fortification and tablet-based supplementation persist as the pre-
dominant approaches employed in the development of functional foods
and dietary supplements. While traditional food fortification-based and
tablet-based supplementation methods have many benefits,
nanoparticle-based strategies have emerged as a promising approach for
encapsulating and delivering therapeutics and nutraceuticals [1]. The
encapsulation of bioactive molecules within nanoparticles provides
numerous benefits, including protection from degradation, improved
water solubility, and enhanced bioavailability [2,3]. Various materials,
such as natural and synthetic polymers as well as inorganic compounds,
have been used to develop nanoparticles suitable for encapsulating a
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wide range of therapeutics and nutraceuticals. Moreover, nanoparticle-
based delivery systems allow for stimuli-responsive, targeted and sus-
tained release of encapsulated molecules, which can lead to improved
therapeutic outcomes [4]. Due to these benefits, nanoparticles-based
strategies have shown great potential in fields such as medicine, agri-
culture, and food science.

Folic acid (FA), also known as vitamin B9, is an essential vitamin in
the human diet obtained through the consumption of green vegetables
or dietary supplements [5]. FA is involved in processes such as DNA,
RNA, and amino acid metabolism, which are necessary for rapid cell
division and growth, especially during pregnancy and infancy [5]. FA
deficiency can lead to a variety of complications and diseases such as
anemia [6], Alzheimer’s disease [7], and cancer [8]. Common methods
employed to reduce the risks associated with FA deficiency and increase
daily uptake include the fortification of foods (flour, bread, milk, etc.)
and tablet-based supplements with FA [9]. However, FA and folates are
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sensitive to temperature, pH, light, oxidation and other changes in
environmental conditions, which can facilitate the conversion into
biologically inactive forms [10]. Therefore, there is a need to develop
carrier-mediated transport systems in order to improve the absorption of
FA as well as its bioavailability.

Nanoencapsulation has also been used to address the instability of FA
[11]. The chemical decomposition of encapsulated FA during food
processing and cooking may be inhibited while the oral bioavailability is
improved [12]. Strategies for the nanoencapsulation of FA include
electrospinning [13], oil/water emulsions [14], nanogels [15], inor-
ganic nanoparticles (NPs) [16] and naturally-derived proteins [12],
each of which has pros and cons. As a promising nanoencapsulation
strategy, protein NPs offer great nutritional value, are easy to obtain
from natural sources, are relatively inexpensive and have excellent
biodegradability, biostability and biocompatibility [17] [18].

Plant-based proteins have attracted significant attention recently due
to their advantages over animal-based proteins: larger variety of sour-
ces, lower cost, improved safety (lower immunogenicity) and suitability
for vegetarian food preferences [19,20]. Examples of plant-based pro-
teins include gliadin, zein, legumin, and vicilin [18]. Main globulin
storage proteins present in leguminous seeds including beans, peas and
lentils, legumin and vicilin (LV) proteins have attracted much attention
due to their widespread availability, high digestibility, and versatile
functional properties [21,22]. In fava bean (Vicia faba L.), which is one
valuable source of plant-based proteins popular in many countries from
the Middle East, the Mediterranean region, South America and East Asia
[23], legumin (118 fraction) accounts for 40-45 % of total proteins with
a hexameric native form and a molecular weight of 340-400 kDa [24].
On the other hand, vicilin (7S fraction) accounts for 20-25 % of total
proteins and has a trimeric native form and a molecular weight of
160-200 kDa [25].

The distinctive structural and physicochemical properties of LV
proteins render them particularly intriguing for the design of
nanoparticle-based encapsulation and delivery systems [22]. For
example, nanoparticles from LV proteins isolated from peas (Pisum sat-
ivum L.) were first reported in the mid-late 1990’s with the first report of
legumin NPs by Irache et al. [26] and later vicilin NPs by Ezpeleta et al.
[27,28]. However, owing to their unique structural and physicochemical
properties, LV proteins exhibit poor solubility in water [29], which
makes them well-suited for encapsulating hydrophobic compounds like
resveratrol [30] but less suitable for hydrophilic compounds or nutri-
ents. To overcome this limitation, Guo et al. utilized surfactants to
complex LV-rich pea protein isolates, thereby enhancing solubility for
curcumin encapsulation [19]. Yet, to the best of our knowledge, no other
reports exist on the use of LV protein-based NPs to encapsulate other
pharmaceutical/nutraceuticals, let alone FA. Hence, there is a pressing
need for the development of novel methodologies to modify the func-
tional properties of LV proteins to facilitate the encapsulation and
release of hydrophilic compounds or nutrients, such as FA.

The objective of this study was to extract and functionalize fava bean
LV proteins to prepare nanoparticles as nanocarriers for the important
nutrient FA. For this purpose, commercial fava beans from the local
market were used as a source to isolate LV proteins using the isoelectric
precipitation method [31], followed by pH-coacervation self-assembly
to prepare LV-NPs, stabilized by a surfactant, and then hardened via
glutaraldehyde cross-linking. The characteristics of these NPs, spectro-
scopic properties and morphology/nanostructure as well as the encap-
sulation of FA, encapsulation efficiency, loading capacity and release
profiles under different conditions were examined. Also, cytotoxicity
studies with Caco-2 cells were also carried out. This research presents a
detailed strategy for purifying and characterizing LV proteins from
commercially available fava beans. We utilized these proteins to develop
FA-encapsulating NPs through P188 stabilization and GA-hardened self-
assembly. Additionally, we investigated the release profile of folic acid
under various conditions. Our findings offer valuable insights and ap-
plications for both academic research and industry practices in food
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chemistry and pharmaceutical delivery.
2. Materials and methods
2.1. Materials

Frozen fava beans were obtained from a local grocery store (Tong
Sheng, T & T Supermarket, Edmonton, AB, Canada). AlamarBlue reagent
was obtained from Bio-Rad Laboratories, Inc. (Mississauga, ON, Can-
ada). Caco-2 cells (HTB-37™) were purchased from the American Type
Culture Collection (ATCC) (Manassas, VA, USA). TrypLE™ Express
Enzyme (1x), phenol-red free Eagle’s Minimum Essential Medium
(EMEM), fetal calf serum and 1 % penicillin/streptomycin solution were
obtained from Thermo Fisher Scientific (Waltham, MA USA). All other
chemicals, including phosphate buffer saline (PBS), poloxamer 188
(P188), 50 % glutaraldehyde (GA), 8-anilino-1-naphthalenesulfonic acid
(ANS), folic acid (FA), pepsin, and pancreatin, were purchased from
Sigma-Aldrich (Oakville, ON, Canada) and used as received. Simulated
gastric fluid (SGF) and simulated intestinal fluid (SIF) were prepared
according to United States Pharmacopoeia 2020 (USP 43-NF 38).
Deionized (DI) HoO was obtained from MilliporeSigma™ Milli-Q™
Direct Water Purification System.

2.2. Preparation of samples

2.2.1. Pre-treatment of frozen fava bean

The pre-treatment procedure of frozen fava beans is illustrated in
Scheme 1. Frozen fava beans (454 g) were thawed by soaking in 2 L
distilled water (dH50) at 4 °C for 24 h. Afterward, the fava beans were
dehulled manually to remove the shell component. The fava bean seeds
were then dried under constant natural airflow in a fume hood for 48 h,
before being ground into powder using a coffee grinder (Black & Decker,
CBG100SC). The resulting fava bean powder (100 g) was defatted with
isopropanol (300 mL) by dispersing the powder in isopropanol for 1 h
with stirring (600 RPM) and then filtered three times, and dried in vacuo
for 48 h.

2.2.2. Isolation of legumin/vicilin from fava bean powder via isoelectric
precipitation

The procedure used for isolating LV was similar to previous literature
report (Zhao, [19,31]) but at a smaller scale. In a typical experiment,

Soaked in deionized
water

Manual dehulling

|

Dried in a fume hood

for 48 hours

Ground with a small
blender

Defatted with
isopropanol

Scheme 1. Pre-treatment of frozen fava beans
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fava bean powder (10 g) was mixed with dH>0 (90 mL). The pH was
adjusted to ~9 using 1 M NaOH and the mixture was stirred at 50 °C.
After 1 h, the suspended solid was collected by centrifugation (5000 g,
20 min) and the supernatant was decanted. NacCl (1.8 g) was then added
to the supernatant to give a concentration of 0.5 M, and the pH was
adjusted to 4.8 with 1 M HCI to yield a precipitate. The precipitated
proteins were collected by centrifugation (5000 g, 20 min) and the su-
pernatant was decanted away. The supernatant was then diluted with DI
H20 (20 mL) until the concentration of NaCl was 0.3 M to yield another
precipitate, which was collected by centrifugation (1000 g, 20 min). The
supernatant was removed, and the pelletized solid was then redispersed
in 0.6 M NaCl (20 mL). The mixture was then centrifuged (5000 g, 20
min) again and the supernatant was decanted away from the pelletized
solid and diluted with the same volume of DI HO. After 4 h at 23 °C, the
supernatant was carefully decanted from the settled precipitates that
had formed. The resulting solid purified proteins were then solubilized
in dH,0 (10 mL) after the pH was adjusted to 7.2 with 1 M NaOH. This
solution was then dialyzed (20 kDa MWCO) against DI H,O at 4 °C for
40 h, frozen with liquid nitrogen and then freeze-dried for 48 h to obtain
a white powder (134.4 &+ 38.8 mg, 1.3 & 0.4 %).

2.2.3. Synthesis of legumin/vicilin nanoparticles (LV-NPs)

This process was adapted from a procedure that was previously re-
ported. [26,32]. Briefly, purified protein powder (15 mg) was dissolved
in DI H,0 (3 mL) at pH = 11 and 80 °C with stirring at 500 RPM. After
20 min, a solution of 0.2 % P188 in PBS buffer (6 mL, pH = 6.8) was
added and the mixture was heated at 80 °C for additional 10 min. Then,
50 % GA solution (3 pL) of was added to induce protein cross-linking.
The reaction was then cooled to 22 °C. After 2 h of stirring at 500
RPM, the suspended solid was collected by centrifugation (5000 g, 15
min) using a Amicon® Ultra-15 Centrifugal Filter Unit (30 KDa MWCO).
The filtrate was discarded, and the residue was washed several times
with fresh PBS (15 mL x 3, pH = 7.4) and then DI Hy0 (15 mL x 3). The
LV-NPs were then dispersed in DI H,O and stored at 4 °C for future
experiments.

2.2.4. Synthesis of folic acid-loaded legumin/vicilin nanoparticles (FA-LV-
NPs)

FA loaded LV-NPs were synthesized using a similar procedure to
synthesize empty LV-NPs (Scheme 2). In a typical experiment, purified
protein powder (15 mg) was dissolved in 1 mg/mL FA solution (3 mL) at
pH =11 and 80 °C. After 20 min, 0.2 % P188 in PBS (6 mL, pH = 6.8)
was added and the mixture was heated at 80 °C for additional 10 min.
Then, 50 % GA solution (3 pL) of was added to induce protein cross-
linking. The reaction was then cooled to room temperature. After 2 h,
the suspended solid was collected by centrifugation (5000 g, 15 min)
using a Amicon® Ultra-15 Centrifugal Filter Unit (30 KDa MWCO). The
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filtrate was discarded and the residue was washed several times with
fresh PBS (15 mL x 3, pH = 7.4) followed by DI H,O (15 mL x 3). The
FA-LV-NPs were then dispersed in DI H,O and stored at 4 °C for future
experiments.

2.2.5. Determination of the encapsulation efficiency and loading capacity
of FA in FA-LV-NPs

The amount of encapsulated FA was determined by incubating the
sample in SGF at 37 °C for 24 h to decompose proteins as much as
possible, followed by ultracentrifugation to extract the released FA. The
concentration of released FA was quantified via fluorescence spectros-
copy by using a calibration curve of FA in SGF. The encapsulation effi-
ciency (EE) was calculated according to the following equation:

_encapsulated FA

EE (%) = ——————x 100
(%) total FA input

The EE was measured to be 13.5 + 1.4 %.

2.3. Characterization

2.3.1. Electrophoresis

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) was performed using a 12 % acrylamide resolving gel and a 5 %
acrylamide stacking gel. Approximately 10 pg of each sample was
loaded per well and 10 pL of Bluelf Prestained Protein Ladder (Frogga-
bio, Vaughan, Ontario, Canada) was used as the protein ladder. The
electrophoresis was run at 80 V for 20 min and 120 V for 1 h. To detect
the proteins, the gel was stained with 1 mg/mL Coomassie Brilliant Blue
R250 solution for 18 h and then destained using 6:3:1 DI H,O:methanol:
acetic acid over 4 h.

2.3.2. Sample preparation and shotgun mass spectrometry (LC-MS/MS)

Dried fava bean isolate (10 mg) was reconstituted in a buffer con-
taining triethylammonium bicarbonate (TEAB) and 5 % sodium dodecyl
sulfate (SDS) at pH 8. The sample was vigorously mixed and incubated at
room temperature for 15 min before centrifugation (12,000 rpm, 10
min). As a quality control step, before proceeding to trypsin digestion,
the collected supernatant was subjected to SDS-PAGE analysis. Subse-
quently, S-Trap™ (Protifi) column -based trypsin digestion of sample
was performed according to manufacturer’s recommendations. To
ensure equal loading of peptide sample for mass spectrometry, Pierce™
Quantitative Colorimetric Peptide Assay (Thermo Scientific™) was
utilized according to manufacturer’s protocol to quantitate total peptide
in sample. Digested peptide sample was again used for SDS-PAGE
analysis to confirm the complete digestion of the proteins. A total
amount of 100 pg of peptide sample was freeze-dried and redissolved
with 75 pL of 5 % acetonitrile solvent.

Purified

Ultrafiltration (30 kDa) Ff‘h“i‘,"s

Scheme 2. Synthesis of FA-LV-NPs
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Two technical replicates of 25 pg each of digested peptide sample
were injected into Vanquish UHPLC system (Thermo Scientific™)
coupled to a Thermo Scientific™ Q Exactive™ mass spectrometer. The
Liquid Chromatography (LC) system was connected to a reverse phase
C18 Acclaim™ RSLC C18 (1 x 150 mm, 2.2 pm, Thermo Scientific™)
column coupled with guard cartridge Pepmap100 C18 (11 x 5 mm, 5
pm, Thermo Scientific™) and the column was maintained at 60 °C. The
LC-MS/MS data was collected in data dependent acquisition (DDA)
mode. Using a flow rate of 50 pL/min, mobile phase A (0.1 % formic acid
in water) and phase B (0.1 % formic acid in 80 % acetonitrile with water)
were mixed to generate the following gradient: 4-40 % phase B in 83
min, 40-65 % phase B in next 5 min, 65-100 % phase B in 2 min, hold at
100 % phase B for 10 min, then back to 4 % phase B for 1 min before
equilibrating the column at 4 % phase B for 20 min. Eluted peptide
samples were ionized by electrospray ionization (ESI) source, injected
into the MS and data acquired using Full MS/dd-MS?. The following
parameters were set to acquire Full MS data: resolution 70,000, pre-
cursor ion scan range 375-1800 m/z, AGC target 3e6 and accumulation
time of 100 ms in positive ion mode at 2 default charge. For subsequent
MS/MS analysis, the top 12 most abundant precursors in each duty cycle
were selected for data-dependent MS/MS fragmentation with resolution
at 17,500, AGC target at 2e5, accumulation time 220 ms, loop count 12,
isolation window 1.6 m/z, normalized collision energy (NCE) 30 and
dynamic exclusion of 30 s.

After collecting of raw data file, PEAKS Studio 10.6 (build
20,201,221) software was used for protein identification. For protein
identification, MS2 spectra were searched against FASTA sequences of
Fava bean (Vicia faba) database downloaded from uniport server and
coupled with common contaminants (cCRAP) database. The software uses
predefined database search workflow with default setting as follows:
Parent Mass Error Tolerance: 10.0 ppm, Fragment Mass Error Tolerance:
0.05 Da, modification search off and FDR: 1 %.

2.3.3. Dynamic light scattering (DLS)

The hydrodynamic diameter (D in nm) and polydispersity index
(PDI) were measured using a Nano ZS90 Malvern Zetasizer (Malvern
Instruments, Worcestershire, UK) equipped with a light source with a
wavelength of 633 nm. The light scattering intensity was detected at
173°.

2.3.4. Transmission electron microscopy (TEM)

The size and morphology of the protein and protein nanoparticle
samples were examined using a JEM-ARM200 Atomic Resolution S/
TEM (JEOL Ltd., Tokyo, Japan). TEM samples were prepared by placing
a drop of dispersion of solutions on a carbon film-coated copper grid
(CF400-CU, Electron Microscopy Sciences, USA). The samples were
dried before image acquisition.

2.3.5. Spectroscopy

Ultraviolet-Visible (UV-Vis) spectra were acquired using a Hewlett
Packard 8453 UV-Vis Spectrophotometer (Santa Clara, CA, USA).
Fourier-transform infrared (FTIR) spectra were acquired using a Thermo
Nicolet 8700 FTIR spectrometer (Waltham, MA, USA). The powder
samples were mixed with KBr to form a pellet for FTIR analysis. Fluo-
rescence emission spectra were acquired using a Horiba-PTI QM-8075-
11 Fluorescence System (Kyoto, Kyoto, Japan). Circular dichroism (CD)
spectra were recorded on an Olis DSM 17 Circular Dichroism spec-
trometer (Athens, GA, USA). The secondary structure content was
calculated on-line using DichroWeb [33].

2.3.6. Surface hydrophobicity (Hyp) assay

Hop was determined using the assay based on the fluorescent dye 8-
anilino-1-naphthalenesulfonic acid (ANS) according to literature [34].
Three different samples: LV, LV-NPs and FA-LV-NP powders (0.2-1 mg/
mL) were dispersed in water at pH = 11. Then, 10 pL of ANS (8 mM, pH
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= 11) was mixed with 500 pL of the sample. The fluorescence of the
samples was measured in a 96-well plate with a SpectraMax i3x plate
reader using an excitation wavelength of 375 nm and emission wave-
length of 470 nm. Finally, the Hy values were acquired by determining
the slope of fluorescence intensity vs. protein concentration.

2.4. Folic acid release study

The release of FA was examined under two different simulated
conditions using simulated gastric fluid (SGF) and simulated intestinal
fluid (SIF) both with and without the enzymes pepsin and pancreatin,
respectively. For SGF with pepsin, pepsin (2500 units/mg protein) was
added at a concentration of 3.2 mg/mL. For SIF with pancreatin,
pancreatin was added at a concentration of 6.8 mg/mL. The enzymes
were added during the preparation of the media and the media were
immediately used for the release study. A 250 pL aliquot of FA-LV-NPs
dispersed in DI H,O (25 mg/mL) was added to either SGF or SIF (1
mL) and incubated at 37 °C for a total of 2 h in SGF and 6 h in SIF. At
different times, an aliquot (500 pL out of the total 1.25 mL) was removed
and filtered using Amicon® Ultra-0.5 Centrifugal Filter Units (3 KDa)
and an Eppendorf Centrifuge 5420 (21,300 g, 5 min). The resulting
filtrate (300 pL) was collected. The filtered solid was redispersed in 300
L of fresh simulated fluid and returned to the original 1.25 mL mixture.
The collected fractions (300 pL filtrate) were places into a 96-well plate
and the fluorescence of samples was measured with a SpectraMax i3x
plate reader. Excitation and emission wavelengths 420 nm and 460 nm
respectively were used to determine the FA concentration in SGF
(Fig. S5). For the measurements in SIF, an excitation and emission
wavelengths of 395 nm and 450 nm were used, respectively (Fig. S6).

2.5. Invitro cell viability assay

2.5.1. Caco-2 cell culture

Caco-2 cells were cultured in phenol-red free, Eagle’s Minimum
Essential Medium (EMEM) containing 10 % fetal calf serum and 1 %
penicillin/streptomycin at 37 °C in a humidified atmosphere with 5 %
CO2. Caco-2 grown in T-75 flasks were passaged using TrypLE™ Express
Enzyme (1 x) when they reached 80 % confluency. The growth medium
was changed every 2 days, and the cells were passaged every week. The
Caco-2 cells at passage 3 were used for further experiments.

2.5.2. Cell viability assay

AlamarBlue assay was used to measure the metabolic activity of the
Caco-2 cells following treatment with the different samples: LV proteins,
LV-NPs, and FA-LV-NPs toward Caco-2 cells. In detail, Caco-2 cells were
seeded in 24-well plates in complete medium (0.5 mL) at a density of
30,000 cells/well and cultured in 5 % CO, at 37 °C for 24 h so that the
cells could adhere to the plates. Then different concentrations of LV-NPs,
and FA-LV-NPs were added to the growth medium and incubated. After
incubation for 24 or 96 h, the medium was removed and the cells were
washed with sterile PBS (137 mM NacCl, 2.7 mM KCl, 10 mM NayHPO4,
and 1.8 mM KH5POy) once, followed by the addition of fresh medium
containing 10 % v/v of alamarBlue reagent (Bio-Rad Laboratories, Inc.,
Mississauga, ON, Canada), the weakly fluorescent resazurin dye which
undergoes reduction to resorufin which is highly fluorescent. The cells
and dye mixture were then further incubated at 37 °C. After 4 h, 100 pL
of the supernatant was removed from each well, transferred to a 96-well
plate and the fluorescence emission of resorufin was measured at 590
nm (excitation = 560 nm) using a SpectraMax i3x plate reader. Caco-2
cells cultured in a growth medium without any treatment were used
as the control. The reduction of the resazurin dye was expressed as a
percentage of the cell viability for the experiment compared to the
control.
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FL intensity of alamarBlue assay of experimental groups
FL intensity of alamarBlue assay of control groups

Cell Viability (%) =

3. Results and discussion
3.1. Isolation of legumin/vicilin from fava beans

A multi-step purification process was carried out obtain pure LV
isolate from grocery store-bought frozen fava beans for the formation of
the NPs. The first step involved removal of most of the fiber and fat
content, leaving the protein-rich flour (Scheme 1). Next, the fava bean
flour was subjected to a modified isoelectric precipitation procedure.
Fava bean flour was heated in an alkaline solution to extract most of the
soluble proteins, including LV. Then, the pH was adjusted to 4.8, which
is the isoelectric point of both LV [24,25,31,35], thus triggering the
formation of precipitates that can be isolated via centrifugation. The
product was then further purified by washing with salt solutions and
dilution with water to yield a highly pure protein powder containing
only LV. The final yield of LV protein isolate was 134.4 + 38.8 mg from
10 g of fava bean flour.

The composition of the proteins isolated was determined using SDS-
PAGE (Fig. S1) and mass spectrometry-based proteomics analysis
(Table S1). The SDS-PAGE analysis showed the presence of abundant
bands belonging to the vicilin subunits and legumin a and p chains (lane
1, Fig. S1). The results also revealed that the extraction procedure had
enriched the LV proteins and removed most of the other seed storage
proteins, such as, albumins and other lower molecular weight proteins.
These extracted proteins were digested using trypsin and further pro-
teomics studies were performed to confirm the identity of the peptides
and proteins present in the sample. 21 proteins were identified
(Table S1), most of which belong to the globulin protein families such as
legumin, vicilin and convicilin. Furthermore, the ion peak area infor-
mation was used to determine the relative abundance of these 21 pro-
teins, which revealed that LV proteins comprise nearly 97 % of total the
proteins present in the extract. These results are consistent with previous
reports [31,35].

3.2. Synthesis of nanoparticles from LV

The LV-NPs were prepared using a pH coacervation method, similar
to the procedure described by Mirshahi et al. [32,36]. First the LV
protein isolate was dissolved in water at pH 11 at 80 °C, followed by the
addition of the stabilizer P188 and cross-linking with glutaraldehyde.
For LV-NPs loaded with FA, stabilization and cross-linking of LV was
carried out in the presence of different amounts of FA. For an initial FA
loading of 1 mg/mL, the encapsulation efficiency and loading capacity
were measured to be 13.5 + 1.4 % and 26.3 + 2.8 mg/g, respectively.

3.3. Characterization of LV-NPs and FA-LV-NPs

3.3.1. Morphology and size measurements of nanoparticles

The hydrodynamic diameter of the LV isolates, LV-NPs and FA-LV-
NPs were characterized by DLS. Multiple Dy’s (i.e., 15 and 200 nm)
and a very broad size distribution (i.e., PDI = 0.908 + 0.149) were
measured for the LV isolate in water (Fig. S2a), which was not surprising
since LVs are each composed of different subunits, and the fast associ-
ation/disassociation kinetics between the different subunits and/or
proteins could also contribute to a broad distribution of various sized
aggregates [37]. In contrast, DLS data (Fig. 1a) for the LV-NPs indicated
a dispersion monodisperse particles (PDI value from 0.1 to 0.2) with an
average Dy, of 50-60 nm.

The morphology of the LV isolate and LV NPs was investigated by
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TEM. TEM images of the LV isolate did not show any evidence of any
well-defined particles (Fig. S2b). In contrast, TEM images of LV-NPs
(Fig. 1b) showed pseudo-spherical NPs, with a qualitative average
diameter of 100 nm, which is consistent with the DLS data. Note that
NPs <200 nm in size are beneficial as they are known to undergo
receptor-mediated endocytosis into various cells [38], thus increasing
the efficiency of NP uptake. Clearly, these results demonstrate that LV-
NPs were successfully synthesized and the particle sizes are favorable
for applications such as nutrient uptake (Fig. 1).

3.3.2. Spectroscopic characterization

UV-Vis and fluorescence spectroscopy were used to investigate the
differences between LV isolates and formed LV-NPs. UV-Vis spectra of
LV isolates and LV-NPs were similar (Fig. 2a and b), exhibiting absor-
bances at 210 nm and 280 nm, which correspond to electronic transi-
tions from the peptide bond backbone and the presence of aromatic
residues of phenylalanine, tryptophan, and tyrosine in the protein
structure, respectively. Fluorescence emission spectra also further
confirmed the presence of aromatic residues in both LV isolates and LV-
NPs. Both materials exhibited emission peaks at 330 nm (Aex = 284 nm,
typical for aromatic amino acids), which corresponds to the presence of
aromatic residues. These results suggest that the LV isolates and NPs
were indeed protein-based.

3.4. Mechanism of formation of LV-NPs

3.4.1. FTIR spectra

FTIR was used to examine the chemical composition and differences
in the secondary structure of the LV isolates and LV-NPs. The spectrum
for the LV-NPs exhibited signals at 1541, 1343, 1280, 1242, 1105, 962
and 842 cm™!, which confirmed the presence of P188 (Fig. 3). Both of
the FTIR spectra for LV isolates and LV-NPs showed C—=O stretching
bands in the amide I region at 1633 cm ™! and 1649 cm ™2, respectively.
The shift to lower wavenumbers (~16 cm™ 1) indicates that the C=0
groups for the proteins in the LV isolate are involved in stronger
hydrogen bonding interactions than the LV-NPs. Also, the position of the
amide I bands are consistent with a predominantly p-sheet secondary
structure (1625-1640 cm ™) for the LV isolate and disordered structures
(1640-1648 cm™Y) or a-helical secondary structure (1648-1660 em™ D)
for the LV-NPs [39]. p-sheet secondary structures are common for
storage proteins such as legumin and vicilin from vegetal sources such as
fava beans [25].

3.4.2. CD spectra

CD spectroscopy is a powerful tool to evaluate protein secondary
structures involved in a variety of protein dynamics including protein
folding, denaturation, and aggregation [40]. CD spectra of the LV isolate
were recorded at 20 °C and 80 °C, in order to probe the effect of heating
on the secondary structure of the proteins in the LV isolate during the NP
formation. At 20 °C, the CD spectrum displayed a positive peak below
200 nm, the LV isolates showed a negative peak at 208 nm with a
shoulder around 220 nm (Fig. 4a), which is consistent with a mixture of
protein secondary structures, with f-sheet structures as the major
components [41]. At 80 °C, both the positive and negative peaks shifted
to 190 and 206 nm, respectively. The observed shift distinctly suggests a
decrease in ordered structures and an increase in the random coil
conformation, as suggested by Nivala et al. [42]. For the LV-NPs at
20 °C, a negative peak was observed at 204 nm which is blue-shifted by
2 nm relative to the LV isolate while the shoulder peak at 220 nm was
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after cross-linking to form the LV-NPs. Furthermore, our results were
notably different than those reported for traditional pea protein [43]
and soy protein nanoparticles [44], in which the addition of K2S;05 or
CaCly enhanced the p-structure overall during the formation of nano-
particles. Even though similar globular proteins are used, the resulting
nanoparticles can vary greatly depending on the specific conditions of
formation. Understanding these differences can be important for the
design and optimization of protein-based nanomaterials for various
applications.

3.4.3. Surface hydrophobicity (Hp) assay

To further evaluate the structural changes that occur during the NP
formation process, we used the ANS assay to determine the surface
hydrophobicity of the LV isolate and LV-NPs. The results (Fig. 5) showed
that the surfaces of the LV-NPs were slightly less hydrophobic (~5 x
10%) than the raw material LV isolate (~7 x 106), which is consistent
with the association of the hydrophilic tri-block copolymer P188 at the
surface of the LV-NPs.

3.4.4. Proposed mechanism of formation of LV-NPs from LV

The formation of the LV-NPs is proposed to occur as follows (Scheme
3). First, heat treatment (i.e., 80 °C, 20 min) results in a higher degree of
protein denaturation, enabling a higher conversion of p-sheets to a more
disordered structures, which is consistent with the CD data (Fig. 4).
Heating exposes more hydrophobic residues originally in the core of a
protein, which facilitates intermolecular aggregation and a reduction of
the solution concentration. These exposed hydrophobic residues can
associate more freely with the hydrophobic block of the stabilizer P188
to form a hydrophobic core through a supramolecular self-assembly
process [45]. The hydrophilic blocks extend into the aqueous solution
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forming a hydrophilic corona, which provides steric stabilization against
further interparticle association. Cross-linking of the side chain amine
groups of the lysine residues at the hydrophobic/hydrophilic interface
with glutaraldehyde irreversibly locks the associated protein structure
into place [36]. The resulting NPs have a pseudo-core-shell structure in
which the proteins at the interface of the hydrophobic and hydrophilic
regions are cross-linked.

3.5. Encapsulation and release of FA from FA-LV-NPs

For FA-encapsulated NPs (FA-LV-NPs), the average Dy was also
50-60 nm, similar to LV-NPs (Fig. S3). The results here confirmed that
FA did not have a significant effect on the final particle size or the
particle size distribution at a starting FA concentration of 1 mg/mL
during the initial loading.

Fluorescence spectroscopy was applied to evaluate the incorporation
of FA into the NPs. For these experiments, FA-LV-NPs were synthesized
using a constant amount of protein isolate (i.e., 15 mg), while the FA
concentration was kept at 1 mg/mL (Scheme 2) during the initial
loading. Fluorescence spectra were then recorded on the FA-LV-NPs
dispersed in 1x PBS after purification at excitation wavelengths corre-
sponding to the LV-NPs (Aex = 284 nm) and FA (Aex = 347 nm) (Fig. 6).
While the loading of FA did not significantly affect the intrinsic protein
fluorescence signal (Fig. 6a), the fluorescence for FA did increase almost
two-fold with starting FA concentration of 1 mg/mL during the initial
loading, which suggests the encapsulation of FA in the FA-LV-NPs. In
addition, the strong emission signal for FA at ~440 nm (Fig. S4) [46]
also red-shifted by 6 nm, which is consistent with the formation of J-
aggregates. This result may suggest that the encapsulated FA molecules
aggregate while bound to the LV-NPs. Overall, these results suggest that
the incorporation of FA during the FA-LV-NP synthesis results in suc-
cessful loading of FA without a significant effect on the size of FA-LV-
NPs.

The release of FA from FA-LV-NPs was carried out in four different
types of media to simulate the environments of the stomach and in-
testines; i.e. SGF (pH = 1.2) with and without the enzyme pepsin and SIF
(pH = 6.8) with and without the enzyme pancreatin. The release of FA
was higher in SGF compared to SIF, regardless of whether or not en-
zymes were present. However, the release of FA was higher and faster
under both conditions with the enzymes present. Approximately 84 %
and 46 % of FA was released during the first 30 min in SGF with and
without enzymes, respectively (Fig. 7). In contrast, FA was only released
after 30 min. in SIF with the enzyme (~8 %). The release of more FA in
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Fig. 7. Release of FA from FA-LV-NPs under different simulated conditions.
SGF = simulated gastric fluid. SIF = simulated intestinal fluid.

shorter time in SGF may be due the highly acidic environment, which
could facilitate the acid-catalyzed hydrolysis of the dynamic covalent
imine bonds, cross-linking the protein backbone [47], enabling less
encumbered diffusion of the FA cargo into the surrounding environ-
ment. In addition, the more acidic conditions of SGF should weaken FA
binding via hydrogen bonding, due to protonation of hydrogen bond
acceptor groups on the protein backbone [48]. In contrast, the near
neutral pH of SIF favors stronger hydrogen bonding interactions be-
tween FA and the protein backbone [49]. The higher release of FA in the
presence of the enzymes pepsin and pancreatin is expected and is likely
attributed to enzyme induced protein degradation, since both enzymes
function to digest proteins in the stomach and intestines, respectively.
Overall, the results here showed that FA can be released under different
conditions with different release profiles. Furthermore, the findings
presented here hold promise for potential applications in in vivo studies,
aligning with existing literature [12]. Given the nanoparticle-based
nature of our formulation, it can offer advantages over alternative ap-
proaches such as tablet supplementation and food fortification. Nano-
particles have demonstrated enhanced oral bioavailability attributed to
increased cellular uptake efficiency and targeted delivery capabilities
[3], showing the potential superiority of our system.

Compared to other FA delivery systems using food protein-based
nanoparticles [12,50], which typically demonstrated higher release in
SIF due to low solubility of FA in SGF, our system demonstrates

significant divergence. Notably, contrary to previous findings indicating
decreased release in SGF due to FA’s limited solubility at lower pH, our
system exhibits heightened release in this environment, suggesting po-
tential broader applications where improved solubility or augmented
delivery in low pH environments, such as the stomach’s acidic milieu, is
desirable. This feature could prove advantageous in the design of release
systems for various drugs, such as the anticancer agent doxorubicin, to
achieve targeted release for gastric cancer treatment, or for antibiotics
targeting gastric Helicobacter pylori infection.

3.6. Invitro cell viability assay

In order to determine if the LV-NPs are suitable for biological ap-
plications, the cytotoxicity of the nanoparticles on Caco-2 cells was
assessed using the alamarBlue assay which measures cell metabolic ac-
tivity. Caco-2 cells were incubated with different concentrations (0, 0.5,
1, 2 mg/mL) of LV isolate, LV-NPs, and FA-LV-NPs for 24 h and 96 h. At
the end of the incubation periods, the reduction of resazurin to resorufin
was measured as an indicator of cellular metabolic activity. As shown in
Fig. 8, the cells treated with samples were more metabolically active
than the control, untreated cells, even after long-term treatment (96 h)
at high concentrations of NPs (2 mg/mL). The results suggest that the LV
isolate, LV-NPs and FA-LV-NPs did not affect Caco-2 cell metabolic ac-
tivity, and by extension viability, which suggests that these materials are
likely biocompatible. Interestingly, the cells incubated with all three
materials show higher cell metabolic activity (>100 %) compared to
cells without any treatment, which is expected as proteins are digested
into amino acids, which can support some metabolic processes including
cell growth. Overall, the results here showed that our materials may be
suitable as food additives in the food industry (i.e., nutrient supplements
and drug delivery etc.).

4. Conclusions

In summary, protein isolates (i.e., LV) were successfully isolated
from commercial fava beans and converted to sterically stabilized,
glutaraldehyde cross-linked NPs. The process was carried out success-
fully both with or without FA to give empty (LV-NPs) or FA-loaded NPs
(FA-LV-NPs), without affecting the NP size (~50 nm) or pseudo-
spherical morphology. Spectroscopic analysis confirmed that the sur-
factant P188 was incorporated into the LV-NPs and that the composition
of B-structures decreased while disordered structures increased for the
LV-NPs relative to the LV isolates. For the FA-LV-NPs, the encapsulation
efficiency was 13.5 &+ 1.4 % and the loading capacity was 26.3 + 2.8
mg/g. The rate and total amount of FA released was sensitive to different
conditions (i.e., media) such pH and/or the presence/absence of en-
zymes. Finally, cytotoxicity studies confirmed that Caco-2 cell viability
is unaffected by these materials and that they are safe for use for further
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Fig. 8. Caco-2 cell viability after exposure to LV isolate, LV-NPs and FA loaded LV-NPs after (a) 24 h and (b) 96 h. All the data bars were obtained by averaging
measurements obtained from 3 different Caco-2 cell cultures, while the error bars indicate the standard deviation.

biological study. This work is expected to further the development of LV
protein based functional nanomaterials toward nanocarriers for the
delivery of specific pharmaceuticals, bioactives or nutraceuticals.
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