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ARTICLE INFO ABSTRACT

Keywords: In the emerging field of phyto-nanotechnology, 30-200 nm plant-derived extracellular vesicles (PDEVs) are now
Plant-derived extracellular vesicles (PDEVs) known to contain active biomolecules that mediate cell-to-cell communication processes in a manner very similar
Exosomes to exosomes in mammalian cells. The ability to deliver cargo across cellular membranes suggests that botanical
Plant materials : . . .

Isolation systems could be used in the mass production of therapeutic vectors to transport exogenous molecules into

human cells. The fundamental biochemical characteristics of PDEVs remain poorly understood due to the lack of
efficient methods to isolate and characterize these nanovesicles. Described here is a rapid PDEV isolation method
using a hydrophobic interaction chromatography (HIC)-based extraction performed on a capillary-channeled
polymer (C-CP) fiber spin-down tip. The C-CP solid-phase extraction method is performed using a standard
table-top centrifuge, enabling the isolation and concentration of PDEVs (>1 x 10'° particles from 100 pL of
sample). PDEVs of 189 nm average diameter were obtained from 20 common fruit and vegetable stocks. The size,
integrity, and purity of the recovered PDEVs were assessed using transmission electron microscopy (TEM), multi-
angle light scattering (MALS), absorbance quantification, a protein purity assay, and an enzyme-linked immu-
nosorbent assay (ELISA) to the PEN1 PDEV surface marker protein. The HIC C-CP tip isolation method allows for
concentrated PDEV recoveries (up to 2 x 10'! EVs) on reasonable time scales (<15 min) and low cost (<$1),
with the purity and integrity fit for fundamental research and downstream applications.

Capillary-channeled polymer (C-CP)
Solid-phase extraction (SPE)

1. Introduction plants [11,14-17]. Though the nanovesicles from all sources remain

poorly understood, researchers have suggested the use of plant-derived

In many organisms, intercellular communication processes are
facilitated by nanometer-scale extracellular vesicles (EVs), which
contain host cell-specific proteins, lipids, and genetic content (e.g. DNA,
RNA, miRNA) [1,2]. To date, much of EV research has been performed
using EVs sourced from human patient biofluid samples or cell culture
media to assess the critical roles these vesicles play in signaling and
disease progression [3-5]. Scientists have also suggested the therapeutic
application of exosomes (30-200 nm EV), where the strategic delivery of
drug and gene therapies is allowed [6-8]. With this, a growing body of
literature has revealed that several non-human cell sources produce
nanovesicles that display many exosome-characteristic structural and
functional features [1,2]. Exosome-like vesicles have been discovered in
all three domains of life, including species such as bacteria (out-
er-membrane vesicles, OMVs) [9,10], fungi [11,12], parasites [13], and
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extracellular vesicles (PDEVs) in therapeutic applications because of the
roles they play in the transport of bioactive molecules from plants to
human cells [16,18].

PDEVs may be promising candidates for use as therapeutic delivery
vectors because of their non-immunogenic traits and potentially cost-
effective production from natural renewable sources [19]. The first ex-
amples of PDEVs were identified in wheat-sourced mesophyll cells by
Shaw et al. [20] and carrot sample stocks by Jensen et al. [21] in the
1960s, even before human-sourced “exosomes” were identified. During
the initial PDEV assessment using electron microscopy, the
EV-characteristic size and structural features were revealed, though not
fully appreciated due in part to the recent emphasis on mammalian EV
research [20]. Continued works have confirmed these initial findings
and have shown that PDEVs, like human-sourced EVs, contain a
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cell-derived lipid bilayer membrane and miRNAs, mRNAs, proteins,
lipids, and metabolites from the originating plant cell [22]. Further,
works by Zhang et al. [23] have demonstrated that the PDEVs obtained
from common edible plant sources are actively endocytosed by macro-
phages and intestinal stem cells and are able to activate signaling
pathways in murine (mice) cells.

Though little is known about the biogenesis, uptake, release,
composition, function, and stability of PDEVs relative to their
mammalian counterparts [16], it is known that PDEVs contain specific
surface marker proteins that are incorporated through the biogenesis
process such as Penetration 1 (PEN1) or Syntaxin 121 (SYP121)
[24-28]. Though there are some differences in function, the PEN1
protein seems to serve a similar role to that of tetraspanin proteins (i.e.,
CD9, CD81, CD63) in human-sourced EVs for vesicle identification
purposes. The PEN1 protein generically functions as a positioning an-
chor for the KAT1 K+ channel protein on the plasma membrane and is
involved in biological processes such as endo- and exo-cytosis, intra-
cellular protein transport, and vesicle docking and fusion [25]. Likewise,
the PEN1 protein has been previously found in high concentrations
when PDEVs are present and have allowed for the identification of
PDEVs based on PEN1 protein detection via immunoassays.

Regardless of the many promising applications of PDEVs (and EVs of
all origins), the exact mechanisms of these interactions are largely un-
known and require additional investigation. A recent review by Rutter
and Innes succinctly reviewed the state of the art and challenges in PDEV
research [18]. Additionally, much work is needed to standardize the
processing and characterization of PDEVs before their full imple-
mentational impacts can be realized [16,29]. One of the primary
limiting factors to understanding PDEV fundamentals is the lack of
methods for the isolation of these vesicles. Several studies have
demonstrated that PDEVs may be isolated from various parts of plants,
including plant juices [30-32], roots [33,34], seeds [35,36], and dried
plant materials [37]. Most commonly, fluids from these sample types are
obtained through a blending/homogenization process and then applied
to standard EV isolation protocols (i.e., ultracentrifugation, UC). Though
multiple techniques are available for the isolation of EVs from
mammalian sources, the majority of published works have reported the
use of the ultracentrifugation (UC) method for PDEV sample processing
[19,22]. But as seen with human EVs, the UC method is likely to produce
PDEV recoveries that are compromised by concomitant matrix species
and low yields [38-40], particularly in regards to further
bio-characterization such as mass spectrometric proteomics [41,42].
Overall, the available isolation methods do not yield the concentration
and purity of EVs needed for fundamental research, much less thera-
peutic applications [18,19,43]. Hence, the introduction of an isolation
method to  provide  highly pure, concentrated, and
functionally-preserved collections of PDEVs is necessary for funda-
mental research as well as therapeutic vector applications.

As the potential pitfalls in mammalian exosome isolation are well
known, there are two primary sources of error/contamination in PDEV
isolation. The first, is a high possibility that the populations included in
extracts are co-inclusive of vesicles both of extracellular origin and
endosomal vesicles which were released due to the destruction of
cellular membranes during homogenization, i.e., truly not extracellular.
As an alternative to this destructive sample preparation method, Innes
etal. [15,17,18,27,44,45] have developed a protocol for non-destructive
PDEV harvest through the collection of apoplastic wash from Arabidopsis
thaliana plants, where these plant biofluids are employed in UC pro-
tocols to obtain PDEVs of true extracellular origin [27]. The second
source of non-targeted vesicles is the due to possible carryover of EVs
originating from plant material having bacteria of various sorts on their
surface. Works by Gourabathini et al. have revealed the presence of
bacterial pathogens in high concentrations in stocks obtained from local
grocery stores [46]. These pathogens expel vesicles that settle on
vegetable leaves [9,10,47]. While these EVs would certainly have
different surface and cargo makeup from the PDEVs, their presence
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would certainly bear on the EV purity and the results of fundamental
studies. Eventually, all proposed methods of PDEV recovery and use
must address these potential challenges.

Ongoing work by Marcus and colleagues has produced a novel EV
isolation method based on hydrophobic interaction chromatography
(HIC) via a polyester (PET) capillary-channeled polymer (C-CP) fiber
stationary phase [48-52]. The C-CP phase consists of melt-extruded fi-
bers with an 8-legged peripheral shape, creating single-micron sized
channels when packed into a column format. The relative hydropho-
bicity of the PET C-CP phase and gentle HIC solvent system allows for
effective, vesicle-preserving EV isolations to be performed, where a
high-to-low salt solvent transition drives the capture and subsequent
release of EVs. The straightforward and cost-effective HIC C-CP method
was first performed using a traditional HPLC workflow, where the
simultaneous isolation and quantification of EVs was allowed using
on-line absorbance (scattering) detection [48-50,52]. More recently, the
method has been adapted to a clinically practical solid-phase extraction
(SPE) spin-down tip format, where the batch processing of EVs is only
limited by the capacity of the table-top centrifuge [51,53,54]. The C-CP
spin-down tip method has demonstrated the ability to produce highly
concentrated (up to 1 X 102 particles mL’l), high-purity (>90%
removal of protein/lipoprotein contaminants), and bioactive EV re-
coveries from a plethora of biofluids in less than 15 min [51,54-56].
Indeed, the fiber-based isolation method compares very favorably with
other methodologies [56], including the area of mass spectrometric
proteomics [57].

Here, the capabilities of the fiber spin-down tip method for the
isolation of PDEVs from various plant sample stocks is explored. The
recovered PDEVs are evaluated using absorbance (scattering) quantifi-
cation, multi-angle light scattering (MALS) sizing, and transmission
electron microscopy (TEM) imaging. The purity of the PDEVs was
assessed using a Bradford assay based on the removal of unwanted free/
matrix proteins. The identity of the PDEVs is confirmed using antibodies
to the aforementioned PEN1 protein via an indirect enzyme-linked
immunosorbent assay (ELISA), allowing differentiation from bacteria-
originating EVs. The methodology presented here addresses many of
the limitations in PDEV isolation which have hindered their funda-
mental research and downstream application.

2. Materials and methods
2.1. Chemicals and reagents

Deionized water (DI-H50, 18.2 MQ cm) was obtained from a Milli-Q
water purification system (Millipore Sigma, Merck, Darmstadt, Ger-
many). Biotechnology-grade glycerol and ammonium sulfate were pur-
chased from VWR (Sokon, OH, USA). Phosphate buffered saline (PBS,
pH = 7.4), bovine serum albumin (BSA), and Pierce™ Coomassie Plus
(Bradford) Assay Reagent were purchased from ThermoFisher Scientific
(Waltham, MA, USA).

2.2. Instrumentation

A NanoVue Plus UV-Vis spectrophotometer (GE Healthcare, Chi-
cago, IL, USA) was used during the PDEV absorbance quantification
(203 nm). The DAWN multi-angle light scattering (MALS) detector
(Wyatt Technology, Goleta, CA, USA) was used for size determination
efforts. A Synergy H1 Hybrid Multi-Mode Plate Reader (BioTek,
Winooski, VT, USA) was used to measure the UV-Vis absorbance (595
nm) of samples in the 96 cell-well format, where the colorimetric
Pierce™ Coomassie Plus (Bradford) Assay Reagent was used for Brad-
ford assay detection. The Hitachi HT7830 transmission electron micro-
scope (Chiyoda City, Tokyo, Japan) was used for TEM imaging for EV
visualization and structural characterizations.
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2.3. Extracellular vesicle sources

While certified EVs from plant-based sources would be a key element
in evaluating new methods of PDEV isolation, no such materials are
commercially available. As such, the closest approximation is the use of
EV materials of different sources, which have the same nominal physico-
chemical makeup. Exosomes employed during the quantification work
were sourced from a commercial lyophilized stock from HEK293 cell
culture media by HansaBioMed (Tallinn, Estonia). To clarify, the EVs
employed here are not a standardized EV reference material, and with
this, no purity or classification metrics were supplied by the manufac-
turer. However, the product does serve as an EV source of known con-
centration (2.7 x 10'? particles mL™!). Concerns regarding the size
(including EVs of <30 nm and >200 nm diameter) and purity (the
absence of contaminant matrix species like lipoproteins and other pro-
tein contaminants) of the exosomes included in these materials have
previously been expressed [54], and their potential contributions to
systematic error is acknowledged here.

The raw fruits and vegetables used in this study were obtained from
the produce section of the local Walmart (Central, SC, USA). The pro-
duce stocks included in this study were loosely categorized by type: leafy
greens (represented in green font in data sets), vegetables (represented
in red), and fruit (represented in blue). Shown in Table 1 are the plant
samples in each category, along with the scientific name of each plant. If
PDEVs from the presented sample stock have been previously identified
in the literature, the size of PDEVs obtained from each, and the
employed isolation method used to obtain such, are also presented in the
Table.

The raw plant samples were first rinsed with DI water, then chopped
into manageable portions, placed into a weighing boat, and weighed
using a standard analytical scale. For the solid plant samples, 10 mL of
Milli-Q water was added, then the sample was placed in a Magic Bullet™
(Homeland Housewares, Los Angeles, CA) blender and blended until a
homogeneous liquid was obtained. For the difficult-to-blend samples
(ginger, cilantro, carrots, and strawberry), a mortar and pestle were used
for further sample homogenization. The resulting fluid from each sam-
ple was aspirated using a sterile, 3 mL single-use syringe (witha 21 Gx 1
1/2 in. needle attached; BD, Franklin Lakes, NJ), then filtered using a
0.22 pm PES syringe filter. Finally, 100 pL of the filtered fluid from each
sample was processed through the C-CP tip isolation workflow. A visual
representation of the sample preparation process is presented in Fig. 1.
For the already-liquid samples included here (aloe vera juice and lemon
juice), the samples were filtered using a 0.22 pm PES syringe filter before
C-CP tip processing.

2.4. C-CP fiber spin down tip assembly and sample processing

The C-CP fiber SPE spin-down tips were assembled following the
previously reported protocols, and the same HIC isolation workflow was
performed [51,54]. To summarize, 1 cm C-CP fiber-packed tips (with an
additional 0.5 cm of void space for attachment) were cut from a 30 cm
long, 0.8 mm inner diameter fluorinated ethylene-propylene (FEP) C-CP
packed columns consisting of 456 individual PET C-CP fibers to create
an interstitial fraction of ~0.6, and bed volume of ~3 pL. The 1.5-cm
C-CP fiber-packed tips were press-fit to the narrow end of a 200 pL
low retention micropipette tip and held in place using a small amount of
liquid adhesive around the periphery of the 200 pL tip.

The PDEV isolations were performed as previously described [51,
54]. After sample processing, 100 pL of the resultant filtered plant su-
pernatant was mixed with 100 pL of ammonium sulfate (2 M final
concentration) and deposited inside the sample reservoir of the C-CP tip.
The C-CP tip was secured into a 15 mL conical tube using a tip-modified
conical adapter cap, then placed inside the table-top centrifuge tube and
spun at 300xg (rcf) for 1 min. The tip-bound EVs were then washed with
200 pL of PBS (300x g, 1 min), and the matrix proteins eluted using 200
pL of 25% glycerol with 1 M ammonium sulfate in PBS (300xg, 1 min).
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Table 1

Scientific name, reported size, and isolation method used for the extraction of
plant-derived EVs. Sample categories: leafy greens (represented in green),
vegetables (represented in red), and fruit (represented in blue).

C
emmon Species Name | Size (hm) | Isolation Method | References
Name
Baby Spinacia
Spinach oleracea
Lettuce Lactuca sativa - - -
CRED | e fsecui - - -
Onions
Gilantro Corlaﬁdrum : ) }
sativum
D It 1 ize-Exclusi
Carrots aucus ca'ro a 50 nm Size-Exclusion [65]
subsp. sativus (Average) | Chromatography
Solanum
Roma lycopersicum = = =
Tomato | YoOPeSC
'Roma
Ultracentrifugation,
Solanum K i
Beefsteak ) 100 — Density Gradient
lycopersicum ) . [42, 66, 67]
Tomato . , 1000 nm | Centrifugation, and
‘Beefsteak S
Filtration
Cucumber | Cucumis sativus - - -
Swleet A”“_Jm cePa 113-153 Ultracentrifugation [68]
Onion ‘White onion’ nm
Hi y —
Red Onion Allium ct.-zpez Red | 113-183 Ultracentrifugation [68]
onion nm
Zingiber 50-800 nm
Ginger g (Average | Ultracentrifugation | [42, 69, 70]
officinale
189 nm)
| Vaccinium sect. | 100—goo | Utracentrifugation,
Blueberries Differential [42, 71]
Cyanococcus nm . A
Centrifugation
Cherries Prunus avium - - -
Malus
Red Apple | domestica 'Red - - -
Delicious’
Malus domestica
Green Appl - - -
r A5 ‘Granny Smith’
Strawberries| Fragaria x 30191 Ultracentrifugation [72]
ananassa nm
. Citrus x
Lime e = = =
aurantiifolia
Differential
L 50 — 100 i i
emon Citrus fimon L. Cenanugatmn, [66]
Juice nm Filtration,
Ultracentrifugation
Orange e stenas | L0 600 D'ﬁ?rentlél [42]
nm Centrifugation
Ultracentrifugation,
Aloe Vera Aloe vera 50 — 200 Ultrafiltration, 73]
Juice barbadensis nm Tangential Flow
Fractionation

Finally, the PDEVs were eluted from the C-CP tip surface using 50 pL of
50% glycerol in PBS (300xg, 1 min) into an Eppendorf tube conical
insert.
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Fig. 1. Diagrammatic representation of the sample processing workflow for the isolation of plant-derived extracellular vesicles (PDEVs) using the capillary-
channeled polymer (C-CP) fiber solid-phase extraction tip and a tabletop centrifuge.

2.5. Absorbance/scattering detection

One of the largest sources of imprecision and inaccuracy in EV
characterization has been the use of nanoparticle tracking analysis
(NTA) as a means of quantifying and sizing of isolates [58,59]. As pre-
vious reports from this laboratory have demonstrated, optical absor-
bance (technically, scattering) measurements are a valid means of EV
quantification based on the generation of standard response (calibra-
tion) curves using commercial exosome standard stocks or via the
method of standard addition [51,54]. The two approaches have been
compared in detail in previous works for the quantification of EVs in
human biofluids [54]. In this case, the method of standard addition was
applied because of the potential for matrix effects across the diverse
plant specimens, which could cause the absorbance quantification of
EVs to be skewed. Across the previous work with biofluids, the method
was able to overcome the intense sample matrix effects, and the absor-
bance quantification of the EVs using the standard addition method was
also able to determine EV concentrations with high precision (<5%
RSD) [54]. As done previously, serial additions of the
commercially-obtained exosome standard stock were used to create a
standard addition response curve. In these experiments, the absorbance
of each sample was measured at 203 nm (n = 5) using the NanoVue
spectrophotometer. The resulting linear regression was used to deter-
mine the concentration of the recovered PDEVs.

Several recent works have employed multiangle light scattering
(MALS) detection for human EV size determinations [60-62]. Here, the
diameters (actually the root-mean-square (RMS) radii) of the PDEVs of
the recovered particles were determined using the DAWN multi-angle
light scattering (MALS) detector (Wyatt Technology, Goleta, CA, USA),
controlled using the ASTRA software. After the C-CP tip isolation pro-
cess, the recovered EVs were passed through to the MALS detector cell
using a Dionex (Thermo Fisher Scientific, Sunnyvale, CA, USA) Ultimate
3000 HPLC system (LPG-3400SD quaternary pump with MWD-3000
UV-Vis absorbance detector), which was controlled by the Chrome-
leon 7 software. The experimentally-determined RMS radii were
multiplied by 2 to represent the approximate diameter/size of the
PDEVs. For the entirety of MALS analyses, the refractive index was set to
that of 50% glycerol in PBS, 1.4096 (experimentally determined using a
Reichert AR7 Series Automatic Refractometer at 22 °C). Three replicate
measurements were collected for each sample in 60-s increments.

2.6. Transmission electron microscopy (TEM)

The biophysical characteristics of the collected PDEVs, including size
and shape, were evaluated using a Hitachi HR7830 TEM [56]. The TEM
sample preparation was performed as previously reported. Briefly, 7 pL
of each EV sample was applied to a copper/formvar grid and incubated
at room temperature for 20 min before the excess sample liquid was
removed. Next, the EVs were fixed on the grids using 2%

paraformaldehyde (RT, 5 min). Afterward, the excess paraformaldehyde
was removed from the grids, and they were washed with 50 pL droplets
of water for 5 min. The grid was then negatively stained using 50 pL of a
filtered 1% uranyl acetate solution (RT, 1 min). After staining, the excess
uranyl acetate solution was removed using a paper towel, and the pre-
pared grid was again washed with water before being allowed to dry in a
desiccator for 30 min. The size of the vesicles visualized in the TEM
micrographs was determined using ImageJ.

2.7. Bradford assay

As stated previously, the removal of matrix proteins is perhaps the
most significant challenge in isolation of EVs, whether for fundamental
studies or in vector applications. The Bradford assay is the classic means
of determining free protein content in diverse media and was used here
to assess the presence of free proteins in the plant sample stocks and the
removal of those ‘contaminants’ from the test solution following isola-
tion of the PDEVs using the C-CP tips. For this, 250 pL of Bradford re-
agent was added to 25 pL of each sample stock or the PDEV recovery in a
96 well plate before incubation at room temperature for 20 min and
absorbance detection of the Bradford reagent at 595 nm using the
Synergy H1 Plate Reader. A standard curve using serial dilutions of a
BSA solution was used to determine the total protein concentration of
the samples. All samples and standards were applied to the well plate in
triplicate.

2.8. Engyme-linked immunosorbent assay (ELISA)

Analogous to the identification of mammalian EVs based on the
presence of the tetraspanin proteins (e.g., CD81), the PEN1 protein
serves as a surface marker for PDEVs, while not being present in
bacteria-originating EVs. A polyclonal antibody to the PEN1 protein
(custom-prepared by CUSABIO, Houston, TX) was employed in an in-
direct ELISA assay to confirm both the presence and bioactivity of PDEVs
after isolation using the C-CP tip method. Prior, the tip-isolated PDEVs
were applied to a 100 kDa filter unit, and the latent glycerol was
removed, as glycerol is known to interfere with antibody binding [63,
64]. The ELISA protocol was performed as previously described [53,54],
with samples applied in triplicate. The PEN1 purified protein, obtained
from the manufacturer, was used as the positive control, and the neat EV
elution buffer — 50% glycerol in PBS was used as the negative control.
The Synergy H1 microplate reader was used to detect the chemilumi-
nescent response of the HRP-catalyzed oxidation of the detection
substrate.

3. Results and discussion

In a recent review by Innes and colleagues, it was recommended that
PDEV researchers pay close attention to progress in methods across all of
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EV isolation methodologies, being mindful of the “pitfalls” and chal-
lenges commonly experienced during EV research [18]. For example,
standardization of relevant isolation and characterization protocols for
EVs and PDEVs is largely lacking. Because EVs are not able to be well
isolated/characterized, they are not able to be well-classified, causing
there to be a lack of field-wide agreement on standard protocols,
fundamental structure-function correlations, and EV nomenclature [29].
These disagreements have been limiting in the mammalian EV field as a
whole, but particularly in the development of exosome/EV standardized
reference materials. With all of these concerns being relevant to PDEV
research as well, it is essential for researchers in the PDEV realm to
consider these as the field continues to progress. Though all of these
shortcomings limit the pursuit of novel PDEV therapeutic approaches,
the lack of isolation methods to efficiently provide representative pop-
ulations of PDEVs is potentially most limiting to the progression of
research [18]. In order to evade the limitations of the currently available
isolation methods, the hydrophobicity-based solid-phase extraction of
PDEVs using C-CP fiber tips has been developed, where fundamental
PDEV qualities such as size, integrity, and yield are able to be assessed
using downstream characterization techniques.

3.1. Verification of C-CP tip isolated PDEV structure and size by
transmission electron microscopy (TEM)

As a complement to other EV characterization methods, TEM is used
to confirm the presence of EVs based on the presentation of the char-
acteristic spherical or cup-shaped structure. TEM is used to assess the
size, shape, and vesicular integrity of the PDEVs collected using the C-CP
fiber tip method. Representative micrographs of a) HEK293 EVs from a
commercial standard stock, and b) PDEVs from green onion, c) blue-
berry, d) ginger, e) strawberry, f) red onion, g) baby spinach, and h)
beefsteak tomato samples are shown in Fig. 2. The TEM micrographs
confirm the presence of vesicles in the sEV size range (<200 nm) from
both the exosome standard stock and the PDEVs isolated from the bulk
plant supernatant, all exhibiting the characteristic spherical, membra-
nous shape. Intact exosome-like vesicles are observed, showing the
preservation of the membrane integrity after isolation via the C-CP tip
method. Of note, there is little evidence of contaminants (debris),
despite the complexity of the original sample matrices. Individual ves-
icles are present in the majority of the samples, but some small vesicle
aggregates are observed in the micrographs from the green onion,
ginger, and beefsteak tomato samples. Still, the TEM micrographs
confirm the presence of 50-200 nm particles with apparent phospho-
lipid bilayer membranes isolated from the plant extracellular fluids

Green Onions
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“Strawberries Red Onion
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using the C-CP fiber spin-down tip.

3.2. Size determination of C-CP tip-isolated EVs using MALS

In addition to TEM sizing of the vesicles, Nanosight nanoparticle
tracking analysis (NTA) is commonly used for size determinations of EVs
[65,66]. However, many reports reveal concerns with the accuracy of
EV size determinations via NTA due to variability/irreproducibility in
size determinations and number densities, and because the method is
not able to differentiate between EVs and large protein aggregates of
EV-like size [67,68]. In order to address these limitations during the
PDEV size determinations, the MALS detection method has been previ-
ously suggested [60,69,70].

The average sizes of the PDEVs recovered from each plant sample
type as determined by MALS are shown in Fig. 3. The C-CP tip-isolated
PDEVs yield average diameters of 32-580 nm across the plant sample
stocks, with an average diameter of 189 nm across all sample types.
These PDEV size determinations align well with the previously-reported
diameters as presented in Table 1 for those plant samples subjected to
other EV isolation workflows, and with the TEM micrographs shown in
Fig. 2, where the exosome/EV-like size and structure of the recovered
vesicles are shown. The MALS analysis average diameters of the C-CP
tip-eluted PDEVs are also in line with EVs recovered from human bio-
fluids using the C-CP tip isolation method [51,54]. Despite the vast
differences in the PDEV sources, the relative precision of the MALS de-
terminations of average PDEV diameters is remarkable versus NTA
analysis, with less than 5% RSD across the triplicate size determinations
of the PDEVSs recovered from each plant source. Though there does seem
to be some correlation between the biophysical characteristics of PDEVs
obtained from the specific plant sources included here, future works
focusing on the comprehensive characterization of the PDEVs from these
plant stocks are required before species-specific generalizations
regarding PDEV characteristics can be made.

3.3. Quantification of recovered PDEVs via UV-vis absorbance

The quantification of EVs from human biofluid and cell culture
sources by optical absorbance at 203 nm has been previously demon-
strated [51,54,71], using response curves generated from exosome stock
solutions or via the standard addition method. To clarify, the “absor-
bance” response observed at the 203 nm wavelength is not accredited to
electronic transitions of individual analyte molecules. More accurately,
the absorbance detection is due to the Mie scattering by the EV nano-
bodies, which is proportional to the concentration of EVs in solution.

Blueberries

Beefsteak

Baby Spinach Tomato

Fig. 2. Transmission electron micrographs of commercial EVs from a) HEK293 exosome standards, and plant-derived extracellular vesicles (PDEVs) from b) green
onion, c) blueberry, d) ginger, e) strawberry, f) red onion, g) baby spinach, and h) beefsteak tomato samples following isolation using the C-CP fiber spin-down tip
method. The TEM images were taken using the Hitachi HT7830. Scalebar = 100 nm.
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Fig. 3. Size determinations of the C-CP tip isolated PDEVs using the Wyatt Dawn MALS instrument. Presented are the average sizes of the PDEVs resulting from 3

consecutive 60-s runs.

Conveniently, the absorbance spectra obtained for the PDEVs from all
sample types follow the EV-characteristic scattering/absorbance re-
sponses, where an exponential decrease in absorbance response is
observed (200-700 nm, Apax = 203 nm).

The EV standard addition quantification method is applied here for
the quantification of PDEVs recovered from the plant sample extracts
after isolation using the C-CP tip method, as shown in Fig. 4. Using this
quantitative approach, number densities of 1 x 10'° to 2 x 10! PDEVs
were obtained via processing of only 100 pL of plant sample extracts
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(Fig. 4a). The largest numbers of PDEVs were obtained from the beef-
steak tomato and red onion samples. Since the original mass of the plant
samples stocks differed here, a per mass recovery comparison is war-
ranted as a better reflection on the EV-production characteristics of the
species. As shown in Fig. 4b, the PDEVs from the butter lettuce and
cilantro samples were recovered in higher concentrations with respect to
starting material mass, accounting for ~3.6 x 10° EVs per gram of
starting material. Alternatively, those PDEVs obtained from the fruit
sample category were approximately 4 times lower with respect to
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Fig. 4. a) Numbers of recovered PDEVs using the C-CP spin-down tip isolation method, determined using the method of standard addition, and b) recovered PDEV

concentrations with respect to the mass of starting material.
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starting mass, with 8.4 x 108 EVs per gram of starting material obtained
on average. At this point, there is no body of literature suggesting which
sorts of species should produce more or less EVs. There are also aspects
of growth conditions, stress, etc. which surely will contribute to varia-
tion within species. Despite the growing body of PDEV literature, none
of the identified previous works have attempted to provide a means of
efficient vesicle quantification, as again the methodologies are sorely
lacking, as is a well-characterized standardized reference material for
PDEVs and EVs in general. At this point, there is no way to verify the
accuracy of this quantification effort, but the absorbance quantification-
determined values agree with the MALS particle count by plus/minus
10%, based on the flow rate and dilution factor of the PDEVs upon in-
jection into the instrument. Additionally, in the realm of mammalian EV
determinations, the C-CP tip isolation coupled with absorbance detec-
tion has proven to be a reliable approach [51,55]. Though there is some
concern with the mismatch of the EV stock source used in this quanti-
fication effort, the method of standard addition employing an alterna-
tive EV stock of known concentration (assuming the biophysical
characteristics of the stock are similar to that of PDEVs) does allow for
the quantification of PDEVs to be reproducibly performed.

3.4. Purity assessment of PDEV isolates via bradford assay

Bradford assays are commonly employed for total protein content
determinations in diverse biospecimens and were used here to deter-
mine the concentration of protein in the native plant sample extracts,
then to quantify the removal of the contaminant protein species by the
C-CP tip isolation/purification method. To be clear, there is the expec-
tation that some detectable proteins would be present in the PDEV
isolate solutions, as proteins decorating the vesicle shells will register
positively via the Bradford assay. Presented in Fig. 5 are the Bradford
assay-determined total protein concentrations for each plant sample
extract and their respective PDEV isolate solutions. The Roma tomato,
red onion, and cherry sample stocks contained the highest starting
protein concentrations (>1000 pg mL™1), which intuitively makes sense
due to the original masses of these samples ranging from 45 to 60 g of
starting material, which is in the upper quartile of mass for the samples
employed in this study (average: 35 g, range: 11-60 g). Regardless of the
significant differences in original protein content, after processing the
plant stocks using the C-CP tip method, the total protein concentrations
for each PDEV extract were reduced by 48-95%. All of the recovered
PDEV collections resulted in total protein concentrations of less than
100 pg mL~, which is sufficient given the high concentration of PDEVs
recovered in the assessed fraction, and with precise (<6% RSD)

I Sample Stock
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determinations of the total protein concentration of the PDEV stocks.
The purification of the PDEVs from matrix contaminants based on the
decrease in total protein content is also comparable to that obtained
from the EVs purified from human biofluids [54]. Again, Bradford assays
have not been widely employed for the plant or PDEV stocks, so a point
of comparison study comparing the total protein concentration of plant
and PDEV stocks is undoubtedly warranted. It is hypothesized that the
high purity and high yields using the C-CP tip will translate to broad use
of the materials for PDEV isolations in comparison to UC sample
processing.

A critical EV purity metric is the concentration of EVs versus the total
protein content with respect to volume in the isolate solutions [72,73].
In this regard, an EV-to-protein purity ratio of 3 x 10 particles pg~* of
protein is the metric used to qualify a population of EVs as “pure” [72,
74]. In comparing to the absorbance-determined concentrations of the
recovered PDEVs to the total protein values from this Bradford assay, all
of the PDEV recoveries here are considered to be pure, as shown in
Fig. 6. On average, the PDEVs recovered from the leafy green (1.95 x
10" PDEVs pg 1) sample category were of the highest purity, followed
by those from the vegetable (1.87 x 10'! PDEVs pg™!) and fruit (7.05 x
10'° PDEVs pg~!) categories respectively. Importantly, the purity of the
PDEVs obtained here are quite comparable to those obtained for human
urine samples using an identical C-CP tip isolation protocol [54].
Furthermore, as a point of reference, the EVs obtained using this isola-
tion method have 10 times higher purity than EVs processed using
competitive UC and polymeric precipitation EV isolation methods [54].
Future works to directly compare the isolation performance of the C-CP
tip to other traditionally-used EV isolation techniques are necessary for
the case of PDEVs. Still, the data presented here suggest that the pre-
viously demonstrated benefits of high purity and yield through the
processing of EV-containing biofluids using C-CP tip methods will
translate to PDEVs.

3.5. PENI assessment via an indirect enzyme-linked immunosorbent
assay (ELISA)

Just as tetraspanin proteins have been used to verify the identity and
bioactivity of mammalian EVs [29,75,76], immunoassays to the PEN1
protein have been employed to confirm the presence and activity of
PDEVs [17,18,27,77]. While no universally-expressed PDEV marker
exists, the PEN1 protein has been identified at significant concentrations
in PDEV isolates. As such, PEN1 has been employed as a PDEV marker
protein during immunoassays and is also applied for this purpose. It
should be reiterated here that positive response to PEN1 does not allow
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Fig. 5. Total protein content (as determined by Bradford assays) of raw samples and the resulting PDEV isolates using the C-CP spin-down tip isolation method. All
samples were analyzed in triplicate, corrected for the average response of triplicate blanks.
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Fig. 6. Determined PDEV purities based on the EV recoveries presented in Fig. 4, and the residual protein content presented in Fig. 5.

for differentiation between those EVs that existed in the intra- or
extracellular regions of the original plant samples, but there will be no
response for those EVs which are bacterial in nature.

As shown in Fig. 7, each of the PDEV isolates yields a positive
response in the PEN1 ELISA. Serial dilutions of the PEN1 purified protein
were used to create a standard curve of linear response (R% = 0.995) for
ELISA quantification purposes, and the concentration of PEN1 in each
sample’s PDEV recovery was determined. With this, the presence of the
PEN1 protein in the eluates is semi-quantitatively assessed. As shown,
315-1,079 ng of PEN1 were detected in the PDEV eluates, with the
highest response for the PEN1 seen in the red apple recovery. It must be
emphasized, that the preponderance of expression of PEN1 in each of
these plant species has not been thoroughly explored. Indeed, just as in
the case of different mammalian cells from the same species, which
display highly variable levels of the respective tetraspanins, it would not
be expected that PEN1 would be expressed to the same extents in these
species. However, with the assumption that contaminant-sourced EVs (i.
e. bacterial OMVs) should not express the PDEV-specific PEN1 protein,
Fig. 7 provides evidence to suggest that the recovered vesicles are of
plant origin.

4. Conclusions

While the evolution of methodologies for the isolation of EVs from
mammalian sources is very much in a mode of expansion, methodologies

1,079

PEN1 Content (ng)

applicable to plant-derived EVs are very much in their infancy. The C-CP
fiber spin down tip method has been demonstrated as an efficient,
practical method for the isolation of PDEVs from 20 plant sample
sources, including those from vegetable, fruit, and leafy green sample
categories. It is important to note that the present authors have not yet
identified works describing the isolation of exosome-like vesicles in
baby spinach, butter lettuce, green onion, cilantro, Roma tomato, cu-
cumber, cherry, apple (green and red), and lime samples. Because of
this, the presented work is potentially the first application of PDEV
isolations from these plant types. The C-CP spin-down tip method yields
representative collections of PDEVs, with significant benefits relative to
standard methods based on centrifugation or size exclusion isolation.
The HIC-based C-CP fiber spin down tip method is demonstrated to
provide the sample integrity, yield, and purity required to allow for
critical PDEV characterization studies to be performed. High purity re-
coveries are achieved in less than 15 min processing times, using sample
extract volumes of only 100 pL. The materials costs for each isolation are
<$1 and are affected on simple benchtop centrifuges.

While much promise is demonstrated here, challenges remain in
terms of implemented methods of extraction which ensure that the
isolated vesicles are truly extracellular in nature [18]. The use of me-
chanical homogenization certainly has the potential to disrupt the
cellular structure of plant materials and so means of assuring proper
sampling are required as discussed by Innes and co-workers [27,45].
Additionally, methods of sample preparation which alleviate potential

Sample

Fig. 7. Indirect ELISA confirmation of the presence of the PEN1 marker protein for PDEVs recovered from plant samples using the C-CP spin-down tip method.
Samples were analyzed in triplicate, corrected for the average response of triplicate blanks.
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contamination from bacterially-generated EVs must be part of the
overall processing protocol. Further, it is indeed possible that in the TEM
imaging, MALS analysis, and absorbance-based quantification of the
PDEV recoveries, there is the potential that EVs from bacterial
contaminant sources would behave similarly. Future works are neces-
sary to definitively associate the C-CP tip recovered vesicles with their
true plant origins and assess the extent of co-isolation of these
contaminant species.

This innovative approach to PDEV isolations will enable more
comprehensive assessments of both fundamental and therapeutic rele-
vance to be performed with higher efficiency and using a practical
workflow. As in the case of mammalian EV populations, use of mass
spectrometric proteomics between the species is a natural avenue of
pursuit. It is anticipated that future developments of the isolation
method presented during this work can be scaled-up towards volume
and concentration levels of relevance towards the production of PDEV
therapeutic vectors.
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