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ARTICLE INFO ABSTRACT

Handling editor: Raquel Aires Barros Plant-derived extracellular vesicles (EVs) are attracting increasing interest for their potential as carriers of
bioactive molecules for therapeutic applications. In this study, we focus on the isolation of EVs from Citrus limon
juice using membrane-based separation techniques. After a pretreatment to obtain clarified lemon juice, we
initially used a batch diafiltration approach (staged UF/DF) for preliminary membrane screening and EV puri-
fication, including a concentration step. The 200 kDa polyethersulfone (PES) membrane was identified as the
Ultrafiltration,diafiltration best performing membrane, .as.determined by size exclusi(?n. chromatograph.y (SEC) analys%s of the d%aﬁltration
TFF streams. However, due to limited EV recovery, we transitioned to a continuous tangential flow diafiltration
SEC (continuous UF/DF) process using 750 kDa PES hollow fiber modules. Although both staged and continuous UF/
DF were effective in removing 99.7 % of impurities, staged UF/DF required longer processing times and resulted
in lower EV recovery with respect to continuous UF/DF. The final process was also compared with traditional
purification methods such as differential ultracentrifugation (UC) and preparative SEC. Continuous tangential
flow diafiltration was found to be the most efficient method for removing impurities and recovering EVs,
providing a scalable and effective alternative to traditional UC-based processes. This study highlights the po-
tential of lemon juice as a sustainable and cost-effective source of EVs for therapeutic applications, coupled with
scalable and efficient membrane-based purification, opening new opportunities for the use of plant-derived EVs
in clinical and industrial settings.
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1. Introduction

Extracellular vesicles (EVs) are phospholipid bilayer membrane-
bound nanoparticles released by eukaryotic and prokaryotic cells,
playing a key role in intercellular communication processes by trans-
porting bioactive molecules such as proteins, lipids, and nucleic acids
[1]. These vesicles are often classified into exosomes, microvesicles, and
apoptotic bodies based on their biogenesis mechanisms and size [2].
However, due to overlapping characteristics and the complexity of their
biological matrix, the International Society for Extracellular Vesicles
(ISEV) recommends using “Extracellular Vesicles” as an umbrella term
to encompass all vesicle types [3]. EVs have shown significant potential
in nanomedicine and drug delivery due to their native biocompatibility,
site-specific cargo transport and ability to cross biological barriers [4].
Traditionally, most EVs have been isolated from cultured human cells (e.
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g. stem cells, cancer cells, dendritic cells) and human biofluids (e.g.
blood, urine, saliva) [1]. While it should be acknowledged that the
functions of EVs are inherently dependent on the phenotype of the
parent cells, thus requiring various cell sources for different applica-
tions, upscaling human cell cultivation for therapeutic EVs production
presents significant challenges, related to cost, scalability and ethical
concerns [5]. This has led to increased interest in the use of alternative
biological sources, including plants, bacteria, algae, and bovine milk
[6,7]. Among these, plant-derived EVs can be isolated from fruits, veg-
etables, and other plant tissues, offering a versatile, sustainable and
accessible source for large-scale production. These vesicles carry
bioactive molecules, such as microRNAs, proteins, and phytochemicals,
which have demonstrated therapeutic potential in areas such as cancer
treatment, immune modulation, and regenerative medicine [8]. For
example, EVs from lemons, grapes, oranges, cabbage, carrots, and
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grapefruits have shown anti-inflammatory and anticancer effects
[9,10,11,12,13,14]. Studies have demonstrated that, upon ingestion,
food-derived EVs modulate the microbial balance and regulate gut ho-
meostasis and immune responses, opening new avenues for research in
the field of nutritional sciences [15,16]. Furthermore, the ability to
isolate EVs from agricultural wastes provides a sustainable and cost-
effective platform for producing large quantities of vesicles for use in
nanomedicine, nutraceuticals, and cosmetics [17]. Another critical
challenge in the large-scale and clinical use of EVs lies in their down-
stream processing. The main difficulties in EV isolation include their
heterogeneous nature, batch-to-batch variability, throughput limita-
tions, and the difficult characterization of the final product. A trade-off
between specificity and yield is necessary depending on the application
[3]. Methods like affinity chromatography, density gradient ultracen-
trifugation or microfluidics techniques provide high specificity, for
example making them ideal for diagnostic applications, while being
unsuitable for large-scale therapeutic production. Ultracentrifugation
(UQ) is the most widely used method for EV isolation, separating vesicles
based on density through high g-forces. However, UC has several
drawbacks, including co-isolation of impurities, low throughput, and
potential vesicle damage [18]. Alternative techniques, such as Size
Exclusion Chromatography (SEC), filtration, and polymer precipitation,
have been explored to overcome the limitations of UC. SEC separates
EVs based on size, offering a gentle method that preserves vesicle
integrity, but its scalability is limited due to sample dilution and very
long processing times [19]. Filtration techniques, including micro-
filtration (MF) and ultrafiltration (UF) in dead-end mode, are often used
at the laboratory scale, but the low product yield and membrane fouling
remain challenges [20]. Polymer precipitation, although simple and
cost-effective, often co-precipitates impurities, requiring additional pu-
rification steps [21]. Tangential flow filtration (TFF) has emerged as a
scalable and efficient alternative for EV isolation, offering continuous
processing and high throughput, making it ideal for industrial-scale
applications [6,22].

In this study, we focus on the isolation and purification of EVs from
Citrus limon juice, a novel and cost-effective source of plant-derived EVs,
using membrane-based filtration techniques. A batch diafiltration
approach (staged UF/DF) was initially used to evaluate membrane
performance in terms of purity and EV enrichment. This method allowed
for an initial feasibility assessment, but its limitations in EV recovery led
us to develop a continuous tangential flow diafiltration process
(continuous UF/DF) with hollow fiber modules. By combining contin-
uous TFF with large-volume inputs, such as lemon juice, we address the
low product yields associated with traditional methods, such as UC,
which are inadequate for large-scale clinical studies or even preclinical
testing in animal models [23,24]. Our process uses tangential flow
diafiltration for EV purification, followed by concentration. Continuous
diafiltration offers key advantages, as it provides gentle purification,
allowing for buffer exchange and fouling minimization [25]. For a more
comprehensive process assessment, the continuous process was
compared to traditional methods, such as UC and SEC.

2. Materials and methods
2.1. Materials

Organic lemons of at least five varieties were purchased from local
markets, at various stages of ripeness to ensure a homogeneous mix of
raw material. 0.1 M phosphate-buffered saline (PBS) was prepared with
sodium phosphate dibasic, sodium phosphate monobasic, sodium chlo-
ride, and potassium chloride dissolved in demineralized water, adjusted
to pH 7.4 and filtered through a 0.45 pm nitrocellulose membrane (47
mm, Sterlitech, Auburn, US). For SEC-HPLC analysis, 0.1 M PBS was
prepared using HPLC-Plus water adjusted to pH 6.7 and filtered through
a 0.22 pum nitrocellulose filter (47 mm, Sterlitech, Auburn, US). All the
reagents used to prepare PBS, as well as Bovine Serum Albumin (BSA),
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Immunoglobulin-G (IgG), p-lactoglobulin, Sepharose™ CL-2B resin,
glutaraldehyde, sucrose, hexamethyldisilozane (HMDS) and HPLC-Plus
water were purchased from Merck SpA (Milan, Italy). PBS supple-
mented with 0.2 % of BSA was used as dilution buffer in all the exper-
iments including diafiltration. Numerous studies have demonstrated
that using albumin as pre-coating agent can partially prevent EV
attachment to plastic surfaces and filters, thereby enhancing overall
recovery [26,27,28]. For clarification we used regenerated cellulose
(RC) membranes having 3 pm average pore size and purchased from
Sartorius Italy srl (Varedo, Italy). The membranes used for staged UF/DF
experiments are listed in Table 1. For continuous UF/DF experiments, a
750 kDa hollow fiber (HF) module kindly donated by Medica SpA
(Medolla, Italy) was used.

2.2. Membrane systems

2.2.1. Dead-end stirred cell

A dead-end stirred cell (Amicon® 8200, Merck SpA, Milan, Italy) was
used for lemon juice pretreatment and staged UF/DF. The cell provided
an active filtration area of 27.3 cm?. All experiments were performed at
a constant pressure and stirring speed of 1.5 bar and 250 rpm, respec-
tively. The feed was kept at a temperature close to 4 °C by placing the
stirred cell in an ice bath during the entire process.

2.2.2. Continuous TFF set-up

Continuous UF/DF was performed using the 750 kDa HF module
connected to an AKTA Purifier 100 Fast Protein Liquid Chromatography
(FPLC) system (Cytiva Italy srl, Buccinasco, Italy) via soft-walled PEEK
tubing (1/16" OD) (Fig. S1-A). Technical specifications of the HF
module are given in Table 2, while an image is shown in Fig. S1-B.

The FPLC system is equipped with two rotary piston pump modules,
namely pump A and pump B, which were used for feed recirculation
through the fiber lumen and for the continuous addition of fresh buffer
inside the feed tank, respectively. The Unicorn® software was used for
setting the desired flowrates and for monitoring the backpressure.

The feed tank was placed on a magnetic stirrer, set to 200 rpm, to
provide mechanical agitation and the system was submerged in an ice
bath and kept at 4 °C. Between experiments, the FPLC system was rinsed
with 0.5 M NaOH and 0.45 pm-filtered demineralized water, while the
HF module cleaning procedure between different experiments involved
reverse backflushing, followed by rinsing with 0.5 M NaOH and a final
wash with filtered demineralized water. The average permeate flux was
monitored before each new experiment to ensure the effectiveness of the
cleaning protocol.

2.3. Methodology

Lemons were carefully washed and juiced using an electric juice
extractor, and the resulting juice was passed through a fine-mesh
strainer to remove larger residues. Filtered juice was then sent to the
clarification, purification and concentration stages, as shown in Fig. 1.

2.3.1. Lemon juice clarification

The filtered juice was centrifuged (SL 16R centrifuge, Thermo Fisher
Scientific, Milan, Italy) at 4,700 g for 40 min at 4 °C to remove cell debris
and fibrous parts. This first part was common to the two different

Table 1
Characteristics of the membranes used for the Staged UF/DF membrane
screening.

Material MWCOY/ Pore size Supplier
Regenerated cellulose (RC) 0.45 pm Sartorius Italy srl, Varedo, Italy
Polyethersulfone (PES) 200 kDa Sepra srl, Cesano Maderno,

Italy
Polyethersulfone (PES) 100 kDa Sartorius Italy srl, Varedo, Italy
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Table 2
HF module specifications.

Hollow fiber material Versatile-PES®

MWCO 750 kDa
Membrane area 0.01 m?
Fiber ID 300 ym
Fiber wall thickness 85 um

Fiber length 60 mm
Filter housing diameter 11 mm
Internal fiber volume 1.2 mL

clarification processes that were tested. In the first, after centrifugation
the juice was filtered in the dead-end stirred cell using a 3 pm pore size
RC membrane (Fig. 1-A). This clarification step was used for the mem-
brane screening, the staged UF/DF and SEC processes. The second
clarification involved a two-stage centrifugation process; therefore, the
supernatant of the 4,700 g was centrifuged at 10,000 g for 20 min
(Fig. 1-B), this pretreatment was used for the continuous UF/DF and UC
processes.

2.3.2. EVs isolation with staged UF/DF

A membrane screening was conducted using a constant volume
staged diafiltration process (staged UF/DF), to determine which mem-
brane provided the most effective purification (Fig. 1-A). For each
experiment, 80 mL of clarified lemon juice were loaded into the dead-
end stirred cell, equipped with different membranes (Table 1). The
performance of each membrane was evaluated after five stages of dia-
filtration, expressed as Volume Dilution Factor (VDF), which was
calculated as the ratio of the total volume of fresh buffer added to the
initial feed volume. At the end of each step, the cell was disassembled
and retentate and permeate fractions were collected to be further
analyzed. At the end of the filtration steps, the cake formed on the
membrane was scraped and resuspended in 1 mL of PBS, to be further
analyzed.

Following the membrane screening, the complete staged UF/DF
process was conducted using the 200 kDa PES membrane, consisting of a
diafiltration process followed by a concentration step (Fig. 1-A). After
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diafiltration, the retentate was concentrated up to a Volume Concen-
tration Factor (VCF) of 5, defined as the ratio of the initial volume of the
feed to the final retentate volume. A theoretical mass balance over the
system was performed to obtain the expected impurity removal trend
during diafiltration, assuming zero rejection of impurities and negligible
cake formation on the membrane surface (Eq. (1)).

Theoretical impurity removal = (1 —2™") (@D)]

where n represents the number of diafiltration stages and the volume
reduction factor is equal to 2 [31]. The theoretical impurity removal
trend was then compared with experimental data from SEC-HPLC
analysis, to assess the purity of the different fractions.

2.3.3. EVs isolation with continuous UF/DF

The continuous UF/DF process was conducted using the 750 kDa HF
module mounted on the FPLC system, as described in 2.2.2, and applied
to lemon juice clarified with two subsequent centrifugation steps (Fig. 1-
B). Specifically, 100 mL of clarified lemon juice were introduced into the
feed tank. The feed was continuously recirculated at a flow rate of 50
mL/min, with fresh dilution buffer added to the system at the same rate
as the permeate flow. Diafiltration was carried out up to a VDF of 5.
After processing each VDF, the permeate valve was closed, and the feed
flow rate was increased to 90 mL/min for 30 s to clean the hollow fibers.
The system was then switched to concentration mode by stopping pump
B, achieving a VCF of 5, which reduced the retentate volume to 20 mL.
The theoretical trend of impurities removal was calculated with a mass
balance on the system, with the hypotheses of zero rejection of impu-
rities and negligible cake formation on the membrane surface (Eq. (2)).

1

Theoretical impurity removal = 1 — v

(2)
where Vp is the permeate volume as a function of time, measured during
filtration experiments, and Vj is the volume of the solution to be treated
[32]. As for staged UF/DF, the theoretical trend was compared to the
experimental data of impurity removal of the streams, obtained by SEC-
HPLC analysis.
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Fig. 1. Staged UF/DF and Continuous UF/DF process flow schemes for lemon-derived EVs isolation: (A) Schematic of isolation of lemon EVs from lemon fruits by a
staged diafiltration process and a concentration step in the dead-end stirred cell and (B) isolation by a fully scalable process based on continuous diafiltration and
concentration using HF modules. Further details on membrane filtration principles of the systems used in this study can be found in [29,30].
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2.3.4. EVs isolation by differential ultracentrifugation

Lemon-derived EVs were also isolated with a differential UC protocol
(Fig. S2-A). In this case, the lemon juice was clarified as described in
2.3.1 and an initial volume of 20 mL was subjected to sequential
centrifugation runs at increasing speed, namely 30,000 g for 30 min,
200,000 g for 90 min, performed at 4 °C. The runs were conducted in an
Optima LE-80 K ultracentrifuge equipped with a fixed angle titanium
rotor 50.2 Ti 64 both from Beckman Coulter (Sant’Agata Marchesana,
Italy). The EVs containing pellet obtained after the final 200,000 g run
was resuspended in 1 mL of PBS and stored at 4 °C or —80 °C to be
further analyzed.

2.3.5. EVs isolation by size exclusion chromatography

Clarified lemon juice was then purified through SEC (Fig. S3-A).
Sepharose™ CL-2B Agarose resin was packed into a glass column (75 x
1.5 cm, Econo column, Bio Rad, Segrate, Italy) at a bed height of 70 cm
and a column volume of 124 mL. The column was mounted on the FPLC
system. The packing efficiency was verified through acetone injections,
obtaining a theoretical plate number and asymmetry factor in accor-
dance with the optimal values given by the provider. Filtered PBS was
used as the mobile phase, and the purification was carried out at a flow
rate of 0.4 mL/min. Absorbance signals were detected at 280 nm and
recorded using Unicorn® software. All lemon juice samples were diluted
1:1 with PBS and centrifuged at 10,000 g for 10 min at 4 °C before in-
jection into the SEC column. The volume of juice sample injected was 2
mL and the total process duration time was of 620 min per sample.

2.4. Analytics

2.4.1. SEC-HPLC analysis

During the different filtration processes, relevant fractions were
collected and analyzed by SEC-HPLC. The analysis was performed using
a Yarra SEC-4000 column (300 x 7.8 mm, 3 um silica beads, 500 A pore
size) and a Yarra SEC-2000 column (300 x 7.8 mm, 3 um silica beads,
145 A pore size) both from Phenomenex (Milan, Italy) connected to an
HPLC system (Arc Acquity HPLC, Waters, Sesto San Giovanni, Italy)
equipped with an UV detector (2489 UV Visible Detector, Waters, Sesto
San Giovanni, Italy). All analyses were conducted under isocratic con-
ditions at a flowrate of 1 mL/min, using PBS as mobile phase. Each
sample injection was performed in triplicate, with a volume of 25 uL and
the UV signal detected at 280 nm. Prior to injection each sample was
centrifuged at 10,000 g for 10 min at 4 °C. A calibration line for MW
estimation was obtained by injecting standard solutions of proteins:
BSA, IgG and p-lactoglobulin. The performances of the purification
processes were quantified through the numerical integration of the area
under the chromatographic peaks, which are proportional to the mass of
the compounds. In particular, the amounts of EVs and impurities were
evaluated by multiplying the corresponding peak area by the sample
volume (Egs. (3)-(6)). The % Relative EV content was used to express
the proportion of EVs relative to the total amount of EVs and impurities
in the retentate (Eq. (3)), while the % Impurity removal (Eq. (4)), the %
EV recovery (Eq. (5)) and the % EVs in permeate (Eq. (6)) compared the
amount of the individual solute in the different streams to that of the
feed. These equations were used to compare the performance of all the
processes studied.

% Relative EV content = EVS in Retentate
° ~ \EVs in Retentate -+ Impurities in Retentate
¢ 100
3)
. Ji ities in Feed — Ii ities in Retentat
% mpuriy remova — (MPUEs I Feed mpurtis in Rttt
100
(€3]
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EVs in P t
% EVs in Permeate — (%) 100 )
% EVs recovery = (%) ¢ 100 (6)

Additionally, process productivity was calculated to compare the per-
formances of the different purification methods. The SEC-HPLC peak
area corresponding to EVs was normalized to the processed feed volume
and total process time, using Eq. (7).

EV peak area (AU e min) e EV volume (mL)

Productivity =
v Feed volume (mL) e Process time (min)

)

The results are presented as Mean + Standard Error (SE) of two different
experiments.

2.4.2. SEM microscopy

The morphology of EVs was studied by Scanning Electron Micro-
scopy (SEM) using a Field Emission Gun instrument (Mira3, Tescan,
Brno, Czech Republic). Samples were diluted in PBS at varying ratios
from 1:100 to 1:1000. A volume of 5 uL of each sample was applied to a
30 kDa PES membrane (5 x 5 mm) and fixed to SEM stubs with
conductive carbon tape. The samples were then fixed for 3 h in a solution
containing 2.5 % glutaraldehyde and 2 % sucrose in PBS. After fixation,
the samples were rinsed three times with water, incubated for 10 min,
and dehydrated through a series of ethanol-water gradients (35 %, 50
%, 70 %, 90 %, and 100 % ethanol), with each step lasting 15 min. The
final dehydration was achieved through two 15 min incubations in pure
HMDS, followed by overnight drying in a desiccator. To make the
samples conductive, a gold coating (<10 nm thick) was applied via
sputtering using a rotary pumped coater (Q150R ES, Quorum, Laughton,
UK). SEM imaging was performed using a Secondary Electron detector
with a 10 kV accelerating voltage, beam intensity set to 3, and a working
distance of 10 mm.

2.4.3. DLS and { potential

Dynamic Light Scattering (DLS) and { potential measurements were
carried out using a Zetasizer Nano (Malvern Instruments, Sesto San
Giovanni, Italy). Prior to the measurements, EV samples were centri-
fuged at 10,000 g for 10 min and diluted 1,000-fold in PBS. Size
determination was performed using disposable plastic cuvettes, while ¢
potential was measured in DTS1070 cuvettes after allowing the samples
to equilibrate for 60 min at the set temperature. For each sample, three
measurements were taken, and the results are presented as Mean + SE.

2.4.4. BCA assay

The protein concentration of EVs was determined using the BCA
assay (Pierce™ BCA Protein Assay Kit, Thermo Fisher Scientific, Monza,
Italy) following the manufacturer’s guidelines. In brief, a standard curve
was created using human serum albumin standards prepared in filtered
Milli-Q water, covering a concentration range of 25-2000 pg/mL to
estimate the protein content of the samples. The samples were diluted
10-fold in filtered Milli-Q water prior to performing the assay. After
incubating for 30 min at 37 °C, the absorbance of the resulting BCA
complex was measured at 562 nm using a Nanodrop spectrophotometer
(Nanodrop One, Thermo Fisher Scientific, Monza, Italy). The results are
presented as Mean + SE.

3. Results

3.1. Membrane screening and staged UF/DF with 200 kDa PES
membrane

A staged diafiltration process was conducted using various UF
membranes as a preliminary feasibility study, to assess their potential
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for purifying lemon-derived EVs. This initial screening aimed to identify
the most suitable membrane based on its ability to remove impurities,
retain EVs, and minimize EV loss. The results obtained after VDF = 5
(Fig. 2) indicate that, while impurity removal remains relatively con-
stant across all membranes (~ 98-99 %), significant differences arise in
EV content and losses, which are key factors in determining membrane
performance. After 5 DF stages, the 0.45 um RC membrane exhibited the
highest impurity removal, but also led to the lowest relative EV content
(~ 1.1 %) and low EV recovery (~ 4.3 %), making it unsuitable for
efficient EV retention due to the large pore size. The 100 kDa PES
showed a modest relative EV content (~ 1.9 %), and a higher EV re-
covery equal to ~ 11.8 %. The 200 kDa PES membrane achieved the best
balance between impurity removal and EV retention compared to the
other membranes. Despite having impurity removal values similar to the
other membranes, it provided a significantly higher EV recovery (~
33.8 %) compared to the other membranes, indicating a better selec-
tivity in retaining EVs while eliminating impurities. Nevertheless, after 5
VDFs, the relative EV content remained low (~ 1.8 %), indicating that
although staged UF/DF achieves high impurity removal, it also results in
significant EV loss, thereby limiting the enrichment of EVs in the final
product. However, this comparison is made before the final concentra-
tion step, which appears to be necessary to further enrich the EV content
in the final product. The SEC-HPLC chromatograms of the different
processes, used to conduct the screening, are reported in the Supple-
mentary Information (Fig. S4).

The complete staged UF/DF process was then performed using the
200 kDa PES membrane, with diafiltration up to a VDF of 5 and a final
concentration stage up to a VCF of 5. The SEC-HPLC chromatograms of
the streams obtained at the end of the process (VCF = 5) show the EV
peak (peak 1) eluting after 5.5 min, while the main impurity peak (peak
2) with 11.6 min retention time, corresponds to a protein having a MW
of 23 kDa (Fig. 3-Al). As diafiltration progressed, the impurity content
in the retentate gradually decreased, while the EV peak in the retentate
remained constant across all VDFs, indicating a good EV retention
(Fig. 3-A2). The SEC-HPLC chromatograms of the permeate fractions
show negligible EV losses in the permeate, across the whole process
(Fig. S5-A). While impurity removal appeared efficient, reaching 99.7 %
after the final concentration step, its trend did not fully align with the
theoretical prediction (Fig. 3-B). This deviation suggests that, rather
than being effectively washed out through the permeate, a significant
fraction of impurities accumulated in the filter cake, deviating from the
assumption of zero contaminant rejection. The high impurities removal
from the retentate is confirmed by the BCA assay results, indicating a

100

80

60
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40—
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steady decline in protein concentration from 7.49 mg/mL in the feed to
0.59 mg/mL after the fifth diafiltration stage, and 1.22 mg/mL of pro-
tein concentration in the final product. The slightly lower impurity
removal by BCA compared to the theoretical trend further supports the
hypothesis that a fraction of proteins was retained in the filter cake
rather than being fully removed through the permeate, as the BCA assay
measures total protein concentration in the retentate while the model
assumes complete impurity washout. Two additional elements support
this hypothesis: the mass balance analysis, which showed that 48.6 % of
the impurities were neither present in the retentate nor in the permeate,
and the significant flux reduction from 37 to 20 LMH as the diafiltration
process progresses, as shown in Fig. 3-C.

The formation of the cake is also responsible for a considerable loss
of EVs, as demonstrated by SEM analyses performed on the resuspended
cake at the end of the DF stage, which reveal the presence of large EV
aggregates (Fig. 3-D). This is further supported by a SEC-HPLC chro-
matogram of the resuspended cake (Fig. 3-E), which shows that even in
the case of the membrane with the largest pore size (0.45 pm in RC), a
portion of EVs remains trapped in the cake rather than being recovered
in the retentate, after 5 stages. As a result, the relative EV content
increased from 0.12 % at VDF = 1 to 4.8 % in the final concentrate,
remaining critically low. This indicates that the staged UF/DF process
carried out in the dead-end filtration system, under the selected oper-
ating conditions, was effective in selectively purifying EVs, but led to a
substantial vesicles loss in the cake. In addition, these results provide
important insight into the superior performance of the 200 kDa mem-
brane compared to the other two, resulting from its higher EV rejection
than the 0.45 pm membrane and reduced cake formation compared to
the 100 kDa membrane.

Despite these limitations, the purified EVs were characterized to
assess their physicochemical properties. The DLS size distribution of the
final product revealed a rightward shift in size compared to the expected
distribution for EVs from plants (30-200 nm [33]), with a mode size of
279.00 nm and a mean size of 396.70, suggesting an enrichment in
larger vesicles (Table 3). The Polydispersity Index (PdI) of 0.42 indicates
a moderately heterogeneous sample. Although the size distribution is
shifted toward larger vesicles, the peak remains relatively narrow,
suggesting that staged UF/DF predominantly enriched the larger EV
population while failing to recover smaller vesicles (Fig. 4-A). The {
potential of the purified EVs was equal to —12.50 mV, suggesting
colloidal stability. Finally, SEM analysis of the purified EVs revealed the
presence of well-defined, spherical EVs (Fig. 4-B), with diameters
consistent with the DLS analysis.

—5
- 4

Bl Impurity removal [%]
3 == EV recovery [%]

mm Relative EV content [%]
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Fig. 2. Membrane screening for staged UF/DF. Bar chart comparing the performance of the 0.45 pm RC, 200 kDa PES and 100 kDa PES membranes after 5
diafiltration stages (VDF = 5). The used metrics are % Impurity removal, % EV recovery and % Relative EV content. The values are expressed as Mean + SE of two

different experiments.
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Fig. 3. Isolation of lemon-derived EVs with staged UF/DF. (A) SEC-HPLC chromatograms of the inlet and outlet streams of the staged UF/DF purification process
(A1) and retentate fractions collected during diafiltration (VDF = 1-5) and at the end of concentration (VCF = 5) (A2). (B) % of Impurity removal measured by SEC-
HPLC and BCA assay, and % Relative EV content by SEC-HPLC, during diafiltration (VDF = 1-5) and at the end of the concentration process (VCF = 5). The
theoretical impurity removal curve is reported for comparison. (C) Average permeate flux during diafiltration and concentration. (D) SEM image of EV aggregates
resuspended from the filter cake after staged UF/DF; image at 50 kx magnification. (E) SEC-HPLC chromatogram of the final retentate (VDF = 5) obtained after the
purification of lemon-derived EVs with staged diafiltration using a 0.45 pm RC and the corresponding resuspended cake collected from the membrane at the end of

the process.

Table 3
EVs size and ¢ potential obtained by DLS analysis at VCF=5, comparison of staged and continuous UF/DF.
Sample Mean size Mode PdI ¢ potential
[nm] [nm] [mV]
Staged Uf/DF 396.70 + 20.65 279.00 £ 37.12 0.42 £+ 0.02 —12.50 + 0.38
Continuous UF/DF 167.90 + 14.76 176.00 + 5.76 0.30 £ 00.3 —10.90 + 2.01

3.2. Continuous UF/DF using 750 kDa PES HF modules

The continuous UF/DF process, based on a TFF system using hollow
fiber modules, was developed to overcome the limitations observed in
the batch dead-end UF/DF approach. The SEC-HPLC chromatograms of
the filtration streams obtained with the continuous UF/DF process show
a prominent EV peak with no impurities in the final concentrate (Fig. 5-
A1l). This is supported by the significant impurity content reduction in
the retentate as diafiltration proceeded (Fig. 5-A2), and negligible loss of

EVs in the permeate (Fig. S5-B), confirming that the process effectively
retains vesicles while eliminating contaminants.

The impurity removal at the end of diafiltration was found to be
equal to 99.2 % and increased to 99.7 % after the final concentration
step, thus achieving the same efficiency as the dead-end process with the
200 kDa membrane (Fig. 5-B). The protein concentration by BCA assay
progressively decreased from 22.1 mg/mL in the feed to 0.25 mg/mL at
the end of diafiltration, reaching 0.62 mg/mL in the final product,
further confirming SEC-HPLC results. The relative EV content reached a
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Fig. 4. Characterization of lemon-derived EVs isolated by staged UF/DF. (A) Size distribution of the EV sample (VCF = 5) and (B) SEM images of the EV sample

(VCF = 5) at different magnifications (10 kx, 50 kx 100 kx).
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Fig. 5. Isolation of lemon-derived EVs by continuous UF/DF. (A) SEC-HPLC chromatograms of the inlet and outlet streams the UF/DF process (A1) and retentate
fractions collected during diafiltration (VDF = 1-5) and at the end of concentration (VCF = 5) (A2). (B) % Impurity removal measured by SEC-HPLC and BCA assay,
and % Relative EV content by SEC-HPLC of the retentate fractions collected during diafiltration (VDF = 1-5) and at the end of the concentration process (VCF = 5).
The theoretical impurity removal curve is reported for comparison. (C) Permeate flux measured during the diafiltration and concentration processes.

value of 14.3 % after VDF = 5 and 40.4 % after VCF = 5, resulting in an
8-fold increase in EV enrichment compared to the staged 200 kDa UF/DF
process. This result is primarily due to a reduced cake formation on the
membrane surface, as evidenced by the permeate flux behavior during
the process (Fig. 5-C). At the beginning of the DF stage, the flux rapidly
decreases from 51.8 LMH at VDF = 0 to 23.1 LMH at VDF = 1, indicating
the formation of a substantial cake. Upon reaching VDF = 1, increasing
the recirculation flow rate to 90 mL/min for 30 s enables the resus-
pension of nearly the entire cake and of the trapped components,
restoring the initial flux. This behavior was observed at all steps of the
DF process, demonstrating that the washing procedure at the end of each
VDF is effective throughout the entire process. During the concentration
stage, a decline in flux is observed due to an increase in solutes

concentration. This conclusion is further supported by the impurity
removal trend, by both SEC-HPLC and BCA assay, which closely aligns
with the theoretical profile, unlike what was observed for staged UF/DF
(Fig. 5-B).

The DLS analysis of the purified and concentrated sample revealed a
monodispersed particle population (Fig. 6-A, Table 3), centered around
176.00 nm. Unlike the staged UF/DF process, continuous UF/DF yielded
EVs within the expected size range, without preferential retention of
larger vesicles. The narrow peak and low PdI (0.30) demonstrate better
size control and homogeneity. Moreover, the { potential of —10.90 mV
suggests that the EVs maintained good colloidal stability, with no sig-
nificant aggregation or surface charge alterations due to the filtration
process. Finally, SEM images of the purified EVs confirmed their
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Fig. 6. Characterization of lemon-derived EVs isolated by continuous UF/DF. (A) DLS size distribution profile of the EV sample (VCF = 5). (B) SEM images of

the EV sample (VCF = 5) at different magnifications (20 kx, 50 kx, 100 kx).

spherical morphology and integrity after the filtration and concentration
processes, with diameters fully consistent with DLS analysis (Fig. 6-B).

3.3. Comparison of lemon-derived EVs isolation by continuous UF/DF,
UC and SEC

The final product obtained by the continuous UF/DF process, carried
out using the 750 kDa HF module, was then compared with those ob-
tained by UC and SEC. A quantitative comparison of the different pu-
rification methods was performed, assessing their efficiency in terms of
sample processing volumes, times, productivity, protein concentration,
total impurity removal, and relative EV content (Table 4). The produc-
tivity values were calculated based on the actual feed volumes used for
each process at the laboratory scale. The SEC-HPLC chromatograms of
UC and SEC processes can be found in Figs. S2 and S3.

The data show that the continuous UF/DF has the highest produc-

tivity among all methods, equal to 1.0 x 107 %

the highest product volume processed in the shortest time, the highest
total impurity removal (99.73 %), and a high relative EV content (40.38
%). The SEC process, despite achieving excellent impurity removal
(99.65 %) and the highest relative EV content (44.32 %) is characterized
by a 2.3-fold lower productivity than continuous UF/DF, given that
more than 300 h are needed to process only 2 mL of feed and produce 10
mL of diluted EV suspension. The UC process achieved a relatively high
total impurity removal (98.96 %), but the relative EV content was low
(5.63 %), indicating significant co-precipitation of impurities with the
EVs. In terms of final protein concentration, the UC method showed the
highest value (5.81 mg/mL), confirming that this method retains pro-
teins in the final product, leading to less pure preparations. The pro-
ductivity of UC was 3.1-fold lower than the productivity of continuous
UF/DF.

The SEC-HPLC chromatograms of the EV samples show that the

, yielding

Table 4

continuous UF/DF processes exhibit sharp EV peaks with low impurity
content (Fig. 7). In contrast, the UC process displays the highest con-
centration of EVs, but also a significant co-isolation of impurities. The
SEC-HPLC chromatograms of the SEC purification process are visually
excluded from the comparison, given that it was analyzed with a
different SEC-HPLC column and therefore the peaks have different
retention times (Fig. $3-C).

In terms of size distribution, UC-purified EVs exhibited a broader and
more heterogeneous profile compared to continuous UF/DF-purified
EVs, with a higher PdI (0.47), indicating greater variability in vesicle
size (Fig. 7-B, Table 5). Regarding the { potential, the UC-purified EVs
exhibited a lower value of —8.70 mV compared to the continuous UF/DF
(—10.90 mV). This lower value suggests reduced colloidal stability in the
UC-purified sample, due to the presence of residual proteins and
aggregates.

4. Discussion

In this study, we optimized membrane-based techniques, specifically
ultrafiltration/diafiltration (UF/DF), for the isolation and purification of
EVs derived from lemon juice. The initial membrane screening focused
on evaluating different membranes to identify a balance between EV
recovery, purification, and fouling minimization. In particular, the
comparison between UF membranes showed that a high level of purity
can be achieved even with membranes with a relatively low MWCO
(100 kDa). However, the strong correlation between pore size, cake
formation and EV loss suggests the use of membranes with a signifi-
cantly higher MWCO to achieve a high EV recovery. Literature has also
shown that PES membranes are less prone to clogging than other
commonly used materials such as PVDF, further supporting their use in
complex filtration setups [34]. Pinto et al. investigated how different
membrane polymers and pore sizes affect fouling and product retention
in a TFF system used for monoclonal antibody production in perfusion

Comparative analysis of lemon-derived EVs purified with continuous UF/DF, SEC and UC. The EV samples correspond to the final product obtained with each pu-
rification method. Productivity was calculated as (Area of EV peak in SEC-HPLC x Final EV volume) / (Feed volume x Process time).

Purification Starting Final Process Productivity Vproduct/ Protein Impurity Relative EVin EV
Process volume volume time (AU e min) e mL Vreed concentration removal EV permeate/ recovery
[mL] [mL] [min] mL e min ] mL product [mg/mL] [%] content supernatant [%]
[ mL feed ] [%] [%]
Continuous 100 20 140 1.0x10° 0.2 0.62 + 0.02 99.72 + 40.38 + 10.6 + 1.36 89.36 +
UF/DF 0.03 4.92 1.92
uc 20 1 150 3.2x10° 0.05 5.81 + 0.81 98.96 + 5.63 + 11.37 +1.81 69.28 +
0.00 0.88 11.18
SEC 2 10 331 4.4x10° 5 n.a. 99.65 44.32 n.a. 36.19
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Fig. 7. Comparative analysis of lemon-derived EVs purified with continuous UF/DF and UC. (A) SEC-HPLC chromatograms of EV samples collected at the final

process stages. (B) Size distribution of the purified EVs by DLS.

Table 5

Size comparison of lemon-derived EVs purified by UC and continuous UF/DF by DLS analysis and { potential measurements. The EV samples correspond to the final

product obtained with each purification method.

Purification Mean diameter Mode PdI ¢ potential
Process [nm] [nm] [mV]
uc 131.40 + 7.25 133.0 + 10.15 0.47 + 0.09 —9.38 £ 2.15
Continuous UF/DF 167.90 + 14.76 176.0 + 5.76 0.30 + 0.03 —10.90 + 2.01

bioreactors. The study found that polysulfone-based membranes,
including PES and modified PES, had a good product retention, but
slightly lower than mixed cellulose ester (MCE) membranes [35]. The
durability and performance of PES membranes are currently being
improved with various membrane modification strategies. For example,
studies have shown that grafting hydrophilic polymers such as poly-
ethylene glycol methacrylate, onto PES membranes can reduce fouling
and improve flux stability [36]. These literature findings, along with our
screening results, were instrumental in selecting the best membrane for
the continuous UF/DF process.

The comparison between staged UF/DF and continuous UF/DF
highlighted the superior performance of the latter. Both processes
effectively removed impurities (99.7 %), but staged UF/DF required
longer processing times and resulted in lower EV recovery. Continuous
UF/DF, using a 750 kDa PES HF module, achieved a significantly higher
EV relative content (~40 %) compared to staged UF/DF (~5 %), and
smaller, more uniform EVs. In dead-end staged UF/DF, the effectiveness
of the magnetic stirrer in resuspending the cake is limited compared to
the resuspension procedure developed for TFF, which involves
increasing the recirculation flow rate at regular intervals for a short
duration, ensuring that excessive shear stress on EVs is avoided. This
difference is evidenced by the difference in permeate flux behaviors. In
fact, the mechanical action of the stirring rod in the dead-end cell fails to
prevent the flux decline and additionally may have caused vesicle
deformation, leading to larger, heterogeneous EVs. In contrast, the mass
transport provided by tangential flow in continuous UF/DF reduced
fouling and maintained higher flux, making it a superior choice for high
throughput applications [25]. Continuous UF/DF also outperformed
traditional methods such as UC and SEC. UC showed significant co-
isolation of contaminants, as evidenced by the higher protein content
of the final product, and lower relative EV content. UC also resulted in
the most heterogeneous population, with larger aggregates or non-
vesicular particles co-isolated due to the high centrifugal forces used
[37]. SEC achieved a high level of purity, but was limited by extremely
low throughput and long processing times. The SEC process can
certainly be optimized to improve productivity, by increasing the initial
feed volume without compromising resolution. Additionally, column
scale-up is feasible. However, these optimizations require a dedicated

process development effort, which is beyond the scope of this article,
and they would have no impact on the higher final product dilution.
Furthermore, based on the authors’ experience, it seems unlikely that
optimization and scale-up would allow SEC to match the productivity of
continuous UF/DF, especially considering that the reported results were
obtained using the smallest available UF module and the UF/DF process
scalability is theoretically unlimited. For the UC process, even consid-
ering the maximum rotor capacity (468 mL), a maximum productivity

—6 (AUemin)emL product : : :
value of 3.3 x 10 L feedomin could be achieved, which remains

still 3.05 times lower than continuous UF/DF. Both UC and SEC are
inherently batch processes, making them less suitable for large-scale
applications compared to continuous TFF, which is more adaptable to
large volumes and industrial environments. In our study, the continuous
UF/DF process achieved a remarkably high EV recovery of 89.4 %,
surpassing both SEC (36.19 %) and UC (69.3 %). Of particular note,
while SEC-HPLC is reliable for estimating protein removal, the EV re-
covery data obtained with SEC-HPLC should be considered as estimates
that require further validation with complementary analytical tech-
niques for accurate EV quantification. Although we have demonstrated
the presence of nanoparticles with sizes and morphologies consistent
with those expected for plant-derived EVs, more advanced analytical
techniques are also needed to assess their biological functionality.
Process intensification plays a critical role in overcoming the
inherent challenges of continuous TFF, such as membrane fouling and
cleaning costs. By incorporating effective cleaning strategies, such as the
pulsing technique between each diafiltration stage, we successfully
minimized fouling, increased EV recovery and maintained a stable
permeate flux. This approach was similar to that of Dehagani et al. who
developed a microfluidic version of tangential flow filtration (TFAC)
with periodic cleaning steps that effectively reduced fouling and
increased EV recovery, although unlike our system, their device operates
at the microfluidic scale [38]. To further improve the scalability of the
process, we used centrifugation at 10,000 g for pretreatment of lemon
juice in the continuous UF/DF process. Continuous centrifugation is
widely used in large-scale bioprocessing for clarifying complex fluids
prior to downstream filtration steps. Microfiltration using a 3 um RC
membrane was used for clarification for laboratory convenience, but
switching to centrifugation offers a more practical solution for high-
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volume processing, ensuring efficient clarification without compro-
mising product quality. The use of HF hemodialysis cartridges, which
are affordable (~$15/m?) and can operate at low flux, makes them an
attractive option for clinical and large-scale applications [39]. These
modules, originally designed for single use, can be reused if appropriate
cleaning protocols are applied, as demonstrated in our study. The
continuous UF/DF system developed in this study represents an efficient
and scalable approach to EV isolation. By incorporating alternative EV
sources and leveraging the strengths of TFF, we can overcome the low
yields and scalability challenges traditionally associated with EV pro-
duction and support the clinical translation of EV-based therapeutics.

5. Conclusions

This study demonstrates the successful isolation and purification of
EVs from Citrus limon juice using scalable membrane-based techniques.
Using a combination of continuous tangential flow diafiltration and
optimized clarification, we achieved up to 99.7 % removal of impurities,
resulting in a relative EV content of 40.4 %. The continuous UF/DF
process outperformed the staged UF/DF process due to the optimized
mass transfer and fluid dynamics provided by the use of hollow fiber
modules in a continuous tangential flow setup. It also outperformed
traditional methods such as UC and SEC, with UC resulting in very low
product throughput and SEC exhibiting co-isolation of impurities along
with higher polydispersity and dimensional heterogeneity. Our results
highlight the potential of lemon juice as a sustainable source of plant-
derived EVs, providing a cost-effective alternative for therapeutic ap-
plications. The integration of continuous processing and high-volume
inputs makes this approach suitable for clinical applications and large-
scale production, paving the way for the industrial use of plant-
derived EVs.
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