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Industrial By-Products As a Novel Circular Source
of Biocompatible Extracellular Vesicles

Cristina Lorca, Moisés Laparra, Maria Virtudes Céspedes, Laura Casani, Sergi Florit,
Mariona Jové, Natalia Mota-Martorell, Elisabet Vilella, Xavier Gallart-Palau,* and Aida Serra*

Extracellular vesicles (EVs) constitute an intricate system of molecular
exchange that has recently gained tremendous interest. However, sustainable
sources of safe biological EVs remain scarce and elusive. This study explores
and defines the use of food industry by-products (BP) as a circular source

of safe biocompatible EVs. Averaged diameter and molecular compositions
indicate a large yield of exosomes and high abundancy of membrane lipids with
signaling capacity in these vesicles. Complex proteomes mimicking those
circulating in human blood plasma are also identified. Furthermore, BP-EVs
do not show relevant cytotoxicity and display excellent oral and intravenous
bioavailability together with specific organ targeting capacity. Collectively, it is
believed that the novel findings reported here will open substantial venues for
the use of BP as an optimal source of biocompatible nanovesicles in manifold

applications of the biotechnological and biomedical fields.

1. Introduction

Spontaneous assembling of lipid hydrophilic heads and hydro-
phobic tails takes place in aqueous conditions by allowing
the defiant acts of definition and differentiation, basis of any
organismic existence. It is thus no wonder that bilayered lipid

membranes remained largely and almost
exclusively appreciated for these basic
features, whereas their capacity to gen-
erate minute exocytic structures of cel-
lular origin with outstanding properties
was ignored.! These exocytic structures,
currently known as extracellular vesicles
(EVs), became once neglected as “cellular
dust” or “cell debris.”M Further multi-
disciplinary research, however, disclosed
the weightiness of these particles at the
time to protect specific cellular cargoes
from extracellular hazards providing
them with the most appropriate signaling
molecules.sl EVs, thus, constitute a highly
complex intercellular communication
mechanism based on extremely resilient
and efficient lipid membranes, the inclu-
sion of specific molecular cargoes, and the presence of preset
membrane-embedded signaling molecules.®l Additionally,
these vesicles are shed and taken up by almost every cell type in
the diverse kingdoms of life.[

Given these idiosyncratic properties, EVs have been proposed
to perform essential functional role(s) in health and disease
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conditions, some of which have already been uncovered."! Sim-
ilarly, these vesicles have been identified as an optimal head-
stream of organic biocompatible nanocarriers with a growing
interest, for their potential applications, within several areas of
the bioeconomy and biomedical fields (i.e., food and supple-
ment industries, biotech industries, pharmacy, etc.).l% Although
these vesicles display advantageous and compelling features
as nanocarriers including low antigenicity, ability to trespass
biological barriers, stable circulatory capacity, and organ tro-
pism, the applicability of EVs as optimal nanocarriers still
faces substantial challenges.[! Among these safety, scalability
and identification of biocompatible physicochemical features
stand out as drawbacks.! This is in part due to the fact that
the most researched sources of nanocarrier EVs are immortal-
ized cell lines, a limiting source with significant concerns in
terms of human safety and resource availability.[®! Similarly, the
optimal progress of the EVs mimetics field, which consists of
laboratory-based generation of artificial EVs and liposomes with
biocompatible nanocarrier potentialities, faces substantial chal-
lenges based on the current available EVs sources.!

Foods are known to contain a vast population of EVs, nat-
urally present and ingested by humans daily.'”) Presence of
EVs in foods has been demonstrated in multiple sources,
including milk and dairy products,M! edible plants, plant-
derived products, and fermented foods.!l Furthermore, EVs
from foods seem to tick the right boxes at the time to opti-
mally perform as nanocarriers in terms of safety, biocompat-
ibility, stability, and target specificity.l"”! However, little is still
known regarding appropriate sources of food EVs, optimal
methods of obtainment, potential scalability, and advanced
physicochemical properties of these vesicles.” Similarly, the
use of food industry by-products (BPs) to obtain biocompat-
ible EVs, to the best of our knowledge, has not been explored
yet. These BPs and residues may become an optimal source of
EVs with the collateral capacity to contribute to the progress
of circular economy, a research priority worldwide.'¥! Cir-
cular economy promotes reduction, recycling, and reusage of
industrial waste in front of the end-of-life concept, improving
overall sustainability. Food industries generate high amounts
and a huge variety of BPs that have a negative environmental
impact and high cost of management.l' Thus, in this study,
we have optimized and assessed different isolation methods
to define EVs yield and scalability considering discarded food
industry BPs as sources of circular EVs. Additionally, we have
performed in-depth physicochemical characterization of the
obtained food industry by-product-derived EVs (BP-EVs) with
special emphasis on lipidome and proteome compositions.
Finally, we have assessed the bioavailability, biodistribution,
organ targeting capacity, and toxicity of these vesicles through
in vivo and in vitro studies.

2. Results

2.1. Industry By-Products As a Novel Source of EVs

To define whether industry BPs can become a relevant source
of potentially biocompatible EVs, four different and representa-
tive food industry-derived BPs were analyzed. Three of these
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BPs were supposed to exclusively contain EVs derived from
plants and microorganisms (yeast and/or bacterial strains)
(coded as BP1, BP3, and BP4), while BP2 was supposed to con-
tain EVs derived from microorganisms and mammalian cells
(further details on BP sources are provided in the Experimental
Section). BP-EVs were initially isolated from their respective BP
matrices by three different isolation methods: protein organic
solvent precipitation (PROSPR), molecular weight cutoff
(MWCO), and single-step size exclusion chromatography (SEC)
as shown in Figure 1a. The selection of these methods was
based on industrial scalability, methodological simplicity, lower
execution costs, and standardization.

All tested isolation strategies provided substantial yields of
BP-EVs from all analyzed samples (Figure 1b), in turn dem-
onstrating the consistent presence of these vesicles in these
sources. However, MWCO generated significantly improved
yields on solid BP sources (BP3 and BP4) (Figure 1b-I-1V),
while the difference on the quantity of EVs obtained among
MWCO and the two other methods tested in liquid sources
(BP1 and BP2) was not statistically significant (Figure 1b-I-IV).
In addition, the facts that MWCO presents technical advan-
tages, such as lack of requirement of organic solvents in its
use and that it is easier to standardize and scale from an
industrial perspective, were also taken into consideration.
Hence, MWCO was chosen as the most optimal methodology
to obtain BP-EVs in this context and thus this isolation
method was used in all subsequent studies performed here, as
depicted in Figure 1a.

Morphometric and ultrastructural characterization of the
obtained BP-EVs indicated predominant particle sizes within
the exosomal range for all tested BP-EVs isolation strategies
(global averaged ¢ < 250 nm) as indicated in Figure 1c and
Figure S1, Supporting Information. However, collectively, BP1-
EVs showed significantly larger averaged diameters (average ¢
222.4+ 22.7 nm) than BP2-EVs (average ¢ 132.7 +21.96 nm) and
BP3-EVs (average ¢ 121.1 = 8.545 nm) (Figure 1c). It was also
observed that SEC isolated larger EVs in diameter from BP4
than the rest of isolation methods employed (Figure 1d). As pre-
viously described in other studies, different isolation method-
ologies tend to generate variation in the profiles of the obtained
EVs.[%] Thus, the significant variations observed here regarding
the use of SEC contributed to the election of the MWCO meth-
odology as preferential, which allows the obtention of EV popu-
lations with diameters of closer compliance with the exosomal
range for BP4 (Figure 1d). Finally, ultrastructural characteriza-
tion of BP-EVs demonstrated that these vesicles present spher-
ical morphology as shown in the representative micrographs in
Figure le. Additionally, ultrastructural analysis confirmed low
presence of contaminant particles in isolated BP-EVs prepara-
tions (Figure 1e).

2.2. Lipidome Compositions of BP-EVs

Lipids are essential components of EVs predominantly acting
as structural components of the lipid bilayer membrane.l'®l
Here, we performed next-generation untargeted lipidomics to
define the lipid compositions of the obtained BP-EVs. Identified
molecules were initially classified in lipid families as shown
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Figure 1. Experimental flow chart and morphometric characterization of BP-EVs isolated by PROSPR, MWCO, and SEC. a) Diagram that depicts the
whole experimental flow chart procedures of the study. b) Particle concentrations detected by nanoparticle tracking analysis (NTA) in I. BP1-, . BP2-, III.
BP3- and IV. BP4-EVs using the three tested EVs isolation strategies. Reported data was based on ten sequential analyses (without any field nor
parameter restrictions) from three independent experiments (n = 3). c) Averaged particle diameter of BP-EVs. Gray external line represents the standard
deviation of the mean. d) Averaged particle diameter of BP-EVs depending on the EVs enrichment strategy used. Gray external line represents the
standard deviation of the mean. e) Ultrastructural transmission electron microscopy micrographs of I. BP1-EVs and II-11l. BP2-EVs. * Indicates signifi-
cant differences at p < 0.05; ** Indicates significant differences at p < 0.001.

in Figure 2. Eight lipid families were commonly identified in
all BP-EVs lipidomes, which included fatty acyls (FA), glycer-
ophospholipids (GP), glycerolipids (GL), sphingolipids (SP),
polyketides (PK), sterol lipids (ST), saccharolipids (SL), and
prenol lipids (PR) (Figure 2a-h). GP was consistently identified
as the most abundant lipid family in all BP-EVs metabolomes
analyzed (Figure 2i); and the relative amounts of this lipid
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family were found more abundant in BP-EVs of plant/yeast
origin (BP1) (Figure 2i). Significant differences on the relative
amount of lipid families were also encountered for the GL spe-
cies, which revealed higher abundancy in BP2 compared to BP1
and BP3 (Figure 2i).

In a related vein, multivariate partial least squares discri-
minant analysis (PLS-DA) of the molecular features identified
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Figure 2. Categorization of lipid species from BP-EVs lipidomes. a—g) Heatmaps depicting the family categorization of lipid species identified
from BP-EVs lipidomes, including fatty acyls (FA), glycerophospholipids (GP), glycerolipids (GL), sphingolipids (SP), polyketides (PK), sterol lipids
(ST) and prenol lipids (PR). h) Heatmap that shows data from uncategorized lipid species in BP-EVs lipidomes. Species intensity in all heatmaps
is expressed as relative intensity based on MS counts. i) Quantitation of lipid families identified in BP-EVs based on the sum of mass MS of the
molecular species within every categorized lipid family. Multivariate partial least square discriminant analysis (PLS-DA) of the molecular features
identified in BP-EVs lipidomes showing j) the BP-EVs sample separation according to lipidome compositions and k) important lipid features of
component 1 based on Variable Importance in Projection (VIP) scores. k) Degree of unsaturation of lipids identified from the discriminative lipidome
detected in every BP-EVs characterized. I) Quantifications are based on sum of intensities detected by LC-MS/MS. Significance was assessed by
parametric ANOVA or by non-parametric Kruskal Wallis with a minimum significance level p < 0.05. Mean comparisons between BP-EVs groups
were assessed by posthoc test. * Indicates significant differences at p < 0.05; ** Indicates significant differences at p < 0.001; # Indicates non-
parametric significant differences at p < 0.05.

by liquid chromatography-mass spectrometry (LC-MS) dem-
onstrated presence of a highly specific lipidome signature
within each of the BP-EVs analyzed (Figure 2j). Of note, BP3
was the EVs subset with higher heterogenicity in the lipid
compositions observed (Figure 2k). A total of 186 molecular
features were differentially detected by liquid cromatography
with tandem mass spectrometry (LC-MS/MS) (Table S2 and
Dataset S1, Supporting Information). From these, 72 lipid

Adv. Funct. Mater. 2022, 32, 2202700 2202700 (4 0f14)

species could be confidently validated (Tables S2 and S3,
Supporting Information). Of note, cholesterol ester (CE), tri-
acylglycerols (TAG), and cardiolipin (CL), all lipid molecules
traditionally derived from contaminant particles in EVs prepa-
rations,!”"! did not reach the significance threshold in any of
the samples analyzed.

Finally, the degree of unsaturation of the differentially identi-
fied lipids in BP-EVs was also investigated (Figure 21). BP1-EVs
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lipidomes were enriched in saturated fatty acids (SFA), as well
as in polyunsaturated fatty acids (PUFA) with low degrees of
unsaturation. SFA were also present in BP2-EVs, together with
monounsaturated (MUFA) and PUFA acids of up to 6 degrees
of unsaturation (Figure 21).

2.3. Proteome Characterization of BP-EVs

Unbiased discovery-driven proteomics to characterize the
obtained BP-EVs proteome compositions was also performed
by using next-generation 4D state-of-the-art technology,2%-2!
BP1- and BP3-EVs were identified with richer proteomes
(2372 £ 23 and 2625 * 98 proteins, respectively) than BP2 and
BP4 (243 + 4 and 402 + 113 proteins, respectively) (Figure 3a).
Total proteins compared to total lipids in BP-EVs revealed that
BP1-EVs contained the highest protein-to-lipid ratio whereas
BP4-EVs displayed the lowest ratio (Figure 3b).

Subsequently, we evaluated whether the organism of origin
of the identified BP-EVs proteomes modulated the proteome
compositions (Figure 3c). These analyses revealed that 99% of
BP1-EVs proteins came from yeast, specifically from Saccharo-
myyces cerevisiae (Figure 3c). Thus, no EVs from plant origin were
found in BPI1-EVs proteomes. Similarly, BP2-EVs proteomes
were identified with mammalian origin (Bos taurus) (in this
particular case, proteins were also detected from the bacterial
origin, though not consistently identified in at least three inde-
pendent replicates and thus not considered) (Figure 3c). From
BP3, which originally contains a complex mixture of lactic acid
bacteria and yeast, 72% of identified EVs proteins were from the
genus Kamagataeibacter (Figure 3c); whereas in BP4-EVs, 68%
of the proteomes identified had plant origin (Vitis vinifera) and
the remaining 32% possessed yeast-derived origin (Figure 3c).
Of note, although microbial EVs proteins were less rich in com-
plexity and diversity in BP4-EVs, these were far more abundant
in the total proteomes of this BP compared to plant-derived EVs
proteins as shown in Figure 3c.

2.4. BP-EVs Proteomes Differ from Previously Identified
EVs Proteomes

We then investigated whether BP-EVs proteomes are alike to
previously identified EVs proteomes curated in the EVs special-
ized databases Vesiclepedia and Exocarta.???3l Of note, only
EVs from the mammal BP source (BP2) obtained a relevant
match (76%) in these comparative analyses (Figure 3d). Rest of
BP-EVs proteomes obtained matches lower than 3% (BP1 and
BP4) or not match at all (BP3). Complete lists of uncategorized
proteins generated in these comparative studies can be found
in Dataset S3 (Supporting Information).

2.5. Diversity and Abundance of Membrane Proteins in BP-EVs

Membrane proteins represent lower portions of the total pro-
teomes in BP1-, BP3-, and BP4-EVs (ratio membrane pro-
teins/total proteome <0.5), with the exception of BP2-EVs, in
which membrane proteins represent a higher >1 portion of
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the total proteomes (Figure 3e). Similarly, BP4-EVs showed a
significantly higher ratio of membrane proteins compared to
BP3-EVs (Figure 3e). The list of identified membrane proteins
in each of the BP-EVs proteomes is included in Dataset S4
(Supporting Information). Relative quantification of the abun-
dance of these identified BP-EVs membrane proteins revealed
enolases as the family of EVs membrane proteins more ubiqui-
tously present across the analyzed BP-EVs and more abundant
together with immunity-related membrane proteins and gly-
coproteins (Figure 3f). Remarkably, although BP3 showed the
lowest ratio of membrane proteins compared to rest of BP-EVs
proteomes, the abundance level of a subset of specific mem-
brane protein families was significantly higher in these BP-EVs
including tetraspanins, apolipoproteins, glycoproteins, and
immunity-related proteins (Figure 3f).

2.6. Similarities of BP-EVs with EVs in Human Plasma
and in Consumed Foods

As expected, EVs from mammalian origin (BP2) displayed fur-
ther complex proteome compositions in terms of biological
processes, mirroring the proteome compositions in circulating
human EVs (Figure 4a). On the contrary, plant and bacterial/
yeast-derived EVs showed higher proportion of metabolic and
cellular processes-related proteins compared to mammalian-
derived EVs and scarce biological processes-related similarities
with human circulating EVs (Figure 4a). Further analysis of EVs
proteomes from mammal origin (BP-2) showed presence of
proteins involved in key biological processes, such as proteins
of the HIF-1-alpha regulatory pathway and MHC-I class-related
proteins (Figure 4b). Similarly, in EVs from this BP, the proteins
with modulatory capacity toward lipid digestion, lipid mobiliza-
tion, and transport of lipids were more abundant (Figure 4b).
Finally, these analyses also revealed significant enrichment of
specific protein domains in BP2-EVs, highlighting the 2.31-fold
enrichment in signal peptide-containing proteins as shown in
Figure 4b.

In order to comparatively analyze BP-EVs with their food-
derived counterparts, we analyzed BP2-EVs and BP4-EVs pro-
teomes toward their respective previously reported bovine
milk-derived EVs proteomes?? and grape-derived EVs pro-
teomes(1¥ (Figure 5). BP2 and BP4-EVs were selected here as
representative EVs populations to be compared with their main
food-derived EVs counterparts, given that the proteome com-
position of food-derived EVs isolated from the foods associated
with the generation of BP2 and BP4 are well documented and
easily available in front of food-derived EVs counterpart pro-
teomes from the rest of BP-EVs sources analyzed. For BP2-EVs,
79% of the proteins consistently identified in our study were
previously identified in bovine milk-derived EVs as shown in
Figure 5a. In-depth ontology categorization of these common
and uncommon proteins (Figure 5b,c) indicates no differences
between BP2-EVs proteomes and milk EVs proteomes. Simi-
larly, although grape-derived EVs proteomes have not previously
been in-depth characterized,® comparative analyses between
BP4-EVs and the partial available data on grape-derived EVs pro-
teomes also demonstrated high similarities between these two
EVs sources (Figure 5d and Table S4, Supporting Information).
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Figure 3. 4D proteomic characterization of BP-EVs by LC-MS/MS. a) Bar graph displaying the number of total proteins identified in each characterized
BP-EVs proteome. b) Total intensity of lipids and proteins identified within each BP-EVs proteomes and metabolomes characterized. Total intensities
were calculated based on the sum of intensities obtained from individual lipid identifications and the sum of spectral count of each protein in BP-EVs
proteomes. Total intensity values were log2 transformed for a representative purpose. ) Parts of the whole graphics showing the percentage propor-
tions that represent every organism in the total proteomes identified from: I. BP1-EVs, Il. BP2-EVs, III. BP3-EVs and IV. BP4-EVs proteomes. Numbers
in brackets indicate the percentage represented by each organism within BP-EVs proteomes. Only proteins consistently identified in at least three
independent replicates are represented. d) Venn diagrams that depict overlapping between proteins identified in BP-EVs proteomes (. BPT-EVs, Il.
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Figure 4. Comparative gene ontology (GO) analysis between BP-EVs proteomes and human blood plasma circulating EVs proteomes. a) Categoriza-
tion of proteins according to the biological system to which they belong. Central circular graph depicts the categorization of proteins in circulating
human EVs proteomes whereas external circular panels depict the categorization of proteins within each analyzed BP-EVs. Categories are distinguish-
able through different colors. The color of the external lines (located at the graph corners) indicates the source of origin of EVs. Stronger gray shades
denote higher similarities between EVs proteomes. b) Detailed GO categorization of the most similar EVs proteomes identified between BP-EVs (BP-2)
and human circulating EVs. Panel I. depicts categorization of common proteins and fold enrichment in the total BP-EVs proteome based on biological

systems and Il. depicts categorization of common proteins and fold enrichment in the total BP-EVs proteome based on protein domains.

2.7. In Vitro Assessment of BP-EVs Cytotoxicity

BP-EVs were assessed on their potential ability to exert signifi-
cant harmful features on basic cell metabolism processes and
cell viability. Representative BP-EVs from animal origin (BP-
EVs-A) and from vegetal/yeast origin (BP-EVs-V) were used
in these experiments as detailed in the Experimental section.
Therefore, potential cell cytotoxicity of BP-EVs was investigated
by using immortalized human colorectal Caco-2 cells by the
implementation of the cytotoxicity assays neutral red (NR) and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT). As shown in Figure 6a, BP-EVs did not display signifi-
cant decay on the absorbance obtained by NR uptake assay of
lysosomal activity compared to negative (Cy) and positive con-
trols (Cp), although some differences on NR assay results were
found between the performed assays as shown in Figure 6a. Of
note, an apparent although not significant decreasing tendency
in NR absorbance for BP-EVs-V was also observed (Figure 6a),
but this was not seconded by data obtained in the complemen-
tary assay MTT (Figure 6b). This fact indicates that further
complex metabolic assays might also be useful at the time to
better appreciate the cellular effects of these EVs, especially

prior to their specific use in biomedical and biotechnological
applications in humans. Similarly, cell viability assessed by
the MTT assay did not show significant cytotoxicity exerted by
BP-EVs compared to controls.

2.8. In Vivo and Ex Vivo Investigation of BP-EVs Bioavailability
and Biodistribution

To scrutinize whether the obtained BP-EVs show relevant bio-
compatible abilities (e.g., targeting of specific organ tissues,
circulation in biological fluids, ability to cross biological and cel-
lular barriers, oral bioavailability, and postdigestion capacity) we
performed in vivo whole-body noninvasive fluorescent imaging
(FLI) experiments followed by ex vivo validation. Representa-
tive BP-EVs from BP-EVs-A and BP-EVs-V were used in these
experiments as detailed in the Experimental section. Overall
abdominal Dbiodistribution of fluorescent labeled BP-EVs
was predominantly observed at 4 h postoral administration
(Figure 6¢,d), time point when significant differences in whole-
body fluorescent signal between BP-EVs-A and BP-EVs-V were
also identified (Figure 6e). Of note, the observed FLI signaling

BP2-EVs, IIl. BP3-EVs and IV. BP4-EVs) and EVs proteins identified and curated in the EVs specialized databases Vesiclepedia and Exocarta. €) Graph
bar that displays ratios of membrane proteins/other proteins within BP-EVs proteomes. These ratios were calculated based on data obtained from gene
ontology analyses. f) Functional and molecular family categorizations of membrane proteins identified in BP-EVs proteomes including their relative
abundance within proteomes. Significance was assessed by parametric ANOVA with a minimum significance level p <0.05. Mean comparisons between
groups were assessed by post-hoc test. * Indicates significant differences at p < 0.05; ** Indicates significant differences at p < 0.001.
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Figure 5. Comparative study of BP-EVs proteomes with their existing previously reported counterpart food-derived EVs proteomes. a) Number of
common proteins and proteome proportions identified between BP2-EV proteomes and its food-derived EVs counterpart bovine milk. Proteomics
data on bovine milk EVs were obtained from ref. [24]. b) Gene ontology (GO) analysis of BP2-EVs proteins that are common with proteins identified
in bovine milk-derived EVs. Data were categorized based on molecular function. ¢) GO analysis of BP2-EVs proteins that were not previously reported
as identified in bovine milk-derived EVs. GO data were categorized based on molecular function. d) GO analysis of BP4-EVs proteins that are common
with proteins identified in grape-derived EVs. Data available on grape-derived EVs proteomes were obtained from ref. [10]. GO data were categorized

based on molecular identity and cellular function.

differences within the thoracic region were not specifically ana-
lyzed due to the difficulties encountered to confidently attribute
these to any specific organ within this region (Figure 6¢,d). It
was also observed that biodistribution signaling peaks were
respectively and differentially found at 4 h and 24 h post-oral
administration for BP-EVs-V and BP-EVs-A (Figure 6e). Of
note, an apparent fluctuating behavior was observed regarding
the FLI signal at the initial time-points analyzed, which was
attributed to standard pixel intensity corrections.

Ex vivo organ validation at 25 h post-oral administration of
BP-EVs, 