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diagnostic applications, but are not easily amenable to large-
scale production. Ultracentrifugation (UC) is the most
commonly used method, but it is associated with low
throughput, coisolation of contaminants, and potential vesicle
damage.14 To overcome these problems, alternative techniques
such as size exclusion chromatography (SEC), filtration, and
polymer precipitation have been developed. SEC provides size-
based separation while maintaining EV integrity, but suffers
from long processing times and product dilution that limit its
scalability.15 Filtration-based approaches are common at the
laboratory scale, but suffer from membrane fouling and low
recovery rates.16 Polymer precipitation is a simple and cost-
effective method, but coprecipitation of impurities reduces the
purity of the final product.17 Tangential flow filtration (TFF)
has emerged as a promising large-scale alternative, allowing
continuous processing at high throughput.18−20

Regarding the source, several alternative biological sources,
including plants, bacteria, algae, and bovine milk are currently
under investigation.11,19 Among these, milk has been shown to
be a rich source of EVs with several advantages.21 Studies in
preclinical models suggest that milk-derived EVs (mEVs)
exhibit low immunogenicity and can be administered orally
because they are able to cross biological barriers, such as the
blood-brain barrier, to exert systemic effects.22 In addition,
mEVs play key roles in neonatal development, influencing the
maturation of the neural, gut, and immune systems. Their
potential extends to disease modulation in multiple organ
systems, including the gastrointestinal, cutaneous, neurological,
cardiovascular, musculoskeletal, and immunological sys-
tems.23−26 Despite their promising applications, the isolation
and characterization of mEVs presents unique challenges due
to the presence of other nanoscale components in milk. Milk
consists of three main phases: milk fat globules (MFG), caseins
assembled into micelles, and an aqueous phase, known as
whey, which contains several dissolved components, including
lactose, proteins (primarily β-lactoglobulin), vitamins, and
minerals.27 Both casein micelles, typically ranging from 50 to
500 nm, and smaller MFGs (from a few hundred nanometers
to about 10 μm), overlap in size with EVs.28,29 Removal of
MFGs is relatively straightforward using low speed centrifu-
gation (∼2000 × g), but elimination of casein micelles is more
complex. Acid precipitation or the addition of chelating agents
(e.g., EDTA) can dissolve casein micelles, but may also alter
the integrity of EVs. Partial removal of casein micelles can be
achieved by UC at intermediate speeds (20,000−70,000 ×
g).30 To address these limitations, Sukreet et al. attempted to
isolate small EVs (sMEVs, < 200 nm) from acid whey from
cottage cheese production by tangential flow filtration.31

However, they observed an extremely limited amount of
these nanoparticles in the final product, especially compared to
what could be achieved by UC. The low abundance of sMEVs
was attributed to several factors, including the inherently low
concentration of EVs in acid whey.

In a previous work, our group developed a process for the
recovery and purification of EVs from lemons using a two-stage
tangential flow filtration (TFF) system, the first operating in
diafiltration mode and the second in concentration mode.32

This process, using a 750 kDa hollow fiber module, was
compared with conventional isolation methods such as UC
and SEC, and was shown to offer superior performance in
terms of final product purity and productivity. However, the
high variability in the quality and composition of the lemon

source significantly limited both process efficiency and
reproducibility.

In this study, we applied and optimized the two-stage TFF
process for the isolation of EVs from sweet whey derived from
the production of organic Parmigiano Reggiano (parmesan)
cheese, a food industry byproduct with relatively low
compositional variability. Two different TFF hollow fiber
(HF) modules were tested, namely a microfiltration (MF) and
an ultrafiltration (UF) module. The purification efficiency of
TFF was compared with that of UC.

With more than 180 million tons produced annually, whey is
the most abundant byproduct of the dairy industry, from which
lactose and proteins are recovered.33 The use of whey as a
source of EVs represents an innovative, low-cost, and highly
available alternative that, in combination with TFF, could
successfully address the challenges that currently limit the
large-scale application of EVs. Furthermore, from a circular
economy perspective, the recovery of EVs increases the value
of whey while offering a significantly simpler process compared
to fresh milk, as casein is completely removed during cheese
production.33

2. MATERIALS AND METHODS
2.1. Materials. Defatted and unpasteurized milk whey

deriving from the production of organic Parmigiano Reggiano
cheese was kindly provided by Casearia di Sant’Anna (Anzola
dell’Emilia, Italy). The fresh whey was collected downstream of
a two-stage centrifugation process operating at 5900 rpm (CSI
230−01−772, GEA Westfalia, Parma, Italy). 0.1 M phosphate-
buffered saline (PBS) was prepared by dissolving sodium
phosphate dibasic, sodium phosphate monobasic, sodium
chloride, and potassium chloride in demineralized water and
adjusted to pH 7.4. For all diafiltration experiments, PBS
supplemented with 0.2% of Bovine Serum Albumin (BSA)
(Merck S.p.A., Milan, Italy) was used as dilution buffer to
reduce EV attachment to plastic surfaces and filters.34−36 For
SEC-HPLC analysis, 0.1 M PBS was prepared using HPLC-
Plus water (Merck S.p.A., Milan, Italy) and adjusted to pH 6.7.
All buffers for EV purification experiments were filtered
through a 0.45 μm nitrocellulose filter (Sterlitech, Auburn,
US), while PBS for SEC-HPLC analysis was filtered with a
0.22 μm filter (Sterlitech, Auburn, US), both using a glass
Buchner funnel vacuum filtration system. Buffers used for
filtration experiments were freshly prepared and used on the
same day, whereas PBS solutions for SEC-HPLC were stored
for a maximum of 3 days at 4 °C before use. All the reagents
used to prepare PBS, as well as reagent-grade β-lactoglobulin,
ethanol, sucrose, glutaraldehyde and hexamethyldisilazane
(HDMS), were purchased from Merck S.p.A. (Milan, Italy).
All filtration experiments were performed using polyether
sulfone (PES) hollow fiber (HF) membrane modules kindly
provided by Medica SpA (Medolla, Italy), namely micro-
filtration (MF) modules with a pore size of 0.15 μm and
ultrafiltration (UF) modules with a molecular weight cutoff
(MWCO) of 750 kDa. All the modules are from the Versatile
PES series and contain fibers that are 60 mm in length, 300 μm
in outer diameter, and 85 μm in wall thickness, providing a
total surface area of 0.01 m2 and an internal fiber volume of 1.2
mL.

2.2. Filtration Setup. All filtration experiments were
performed using a Fast Protein Liquid Chromatography
(FPLC) system (ÄKTA Purifier 100, Cytiva Italy srl,
Buccinasco, Italy) adapted to the scope and equipped with
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the desired membrane module. A schematic representation of
the setup is shown in Figure 1.

The adapted FPLC filtration system consisted of two rotary
piston pump modules, namely pump A and pump B. Pump A
was connected to the membrane module via soft wall PEEK
tubing (1/16” OD) to recirculate the solution on the lumen
side, while pump B was used to introduce fresh buffer into the
feed tank during DF experiments to maintain a constant feed
volume. A back-pressure transducer positioned downstream of
pump A continuously measured the feed pressure. Both the
recirculation rate and the back pressure were monitored and
controlled using the Unicorn software (Cytiva Italy srl,
Buccinasco, Italy). The feed tank was kept in an ice bath to
maintain the temperature of the feed solution close to 4 °C
and was continuously agitated with a magnetic stirrer operating
at 200 rpm.

2.3. Experimental Procedures. Whey, which had
previously centrifuged at 5900 rpm at the production facility,
was further centrifuged at 10,000 × � for 20 min at 4 °C using
a SL 16R centrifuge equipped with a TX-200 3652 fixed-angle
rotor (Thermo Scientific, Rome, Italy) and then sent to the
purification and concentration step. Two different techniques
for isolating EVs from centrifuged milk whey were tested and
compared, namely TFF and UC. The two process schemes are
summarized in Figure 2.

Tangential Flow Filtration. The EVs contained in the
clarified whey were purified and concentrated using a two-stage
TFF process. The first stage was operated in diafiltration (DF)
mode to immediately remove impurities and reduce the
formation of a dense gel layer, while the second was operated
in concentration mode using the same membrane module.
Two different HF membrane modules were tested, a 0.15 μm
MF module and a 750 kDa UF module. Before the

experiments, the membrane modules were conditioned by
recirculating 0.45 μm filtered demineralized water at a
recirculation rate of 90 mL/min for 20 min, and the hydraulic
permeability was calculated. 100 mL of clarified whey was
added to the feed tank and the system was operated at constant
volume DF by continuously recirculating the feed solution
through the membrane module at a rate of 50 mL/min
(corresponding to a superficial velocity of 0.35 m/s) while
adding fresh buffer to the feed tank at a rate equal to the
permeate leaving the system. During DF, at any time, t, the
Volume Dilution Factor (DV) was calculated as the ratio of the
total volume of fresh buffer added to the system to the initial
feed volume. At each integer DV reached (i.e., DV = 1, DV = 2,
etc.), the permeate valve was closed, pump B was stopped
(Figure 1), and the recirculation rate was increased to 90 mL/
min (corresponding to a superficial velocity of 0.64 m/s) to
promote resuspension of the gel layer formed on the
membrane surface and to recover the entrapped EVs.32 After
2 min, samples were taken from the feed tank and from the
collected permeate, and the system was returned to
diafiltration mode at a recirculation rate of 50 mL/min until
the next integer DV was reached. At DV = 5, the system was
switched to the concentration mode by stopping pump B and
maintaining the same recirculation rate used in the DF step.
During this stage, at each time, t, the Volume Concentration
Factor (VCF) was calculated as the ratio of the initial volume
of the feed solution to the volume remaining at time t. In the
concentration step, a final VCF = 3 was reached. Both
recirculation rates, namely 50 and 90 mL/min, were selected
based on experiments reported in a previous study,32 and
additional details on their effects on process performance are
provided in Section 3.2. Between experiments, both the FPLC
system and the HF membrane modules were cleaned by

Figure 1. Schematic representation of: (a) the cross-flow system, (b) a HF membrane module. The letters F, R, and P refer to the feed, retentate,
and permeate streams, respectively.

Figure 2. Schematic representation of the isolation processes of the EVs studied.
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recirculating a 0.5 M NaOH solution for 5 min, followed by
rinse with 0.45 μm filtered demineralized water at 90 mL/min
for 5 min. For the membrane modules, the NaOH cleaning
step was also performed in reverse backflush and the
effectiveness of the cleaning protocol was evaluated by
measuring the hydraulic permeability and comparing it to
the value obtained before the experiment.

Ultracentrifugation. The EVs contained in 20 mL of
clarified whey were concentrated and purified by a two-stage
UC process at 4 °C, using an Optima LE-80K ultracentrifuge
equipped with a 50.2 Ti 64 fixed-angle titanium rotor
(Beckman Coulter, Milan, Italy). The pellet resulting from
the first stage, operated at 30,000 × � for 30 min, was
discarded, while the supernatant was subjected to a second
stage at 200,000 × � for 90 min. The final pellet, containing the
EVs, was then resuspended in 1 mL of PBS.

All TFF and UC experiments were performed in duplicate
and the average results are presented with standard deviation.

2.4. Analytics. 2.4.1. SEC-HPLC. All the samples collected
during the experiments were preliminary centrifuged at 10,000
× � for 10 min at 4 °C and then immediately analyzed by size
exclusion chromatography (SEC). The analysis was performed
using a Waters Arc HPLC System (Waters SpA, Milan, Italy)
equipped with a Yarra-4000 SEC column (Phenomenex,
Bologna, Italy) and monitoring the absorbance at 280 nm.
All analyses were performed in duplicate at a flow rate of 1
mL/min, using an injection volume of 25 μL and PBS as the
mobile phase. SEC-HPLC analysis under similar operating
conditions was performed on PBS solutions containing
different concentrations of β-lactoglobulin to build a
calibration curve and quantify the concentration of this solute
in all the samples produced during the experiments.

The peak areas resulting from the SEC-HPLC analysis were
used to estimate the EV loss, the removal of impurities, the
removal of β-lactoglobulin and the relative amount of EVs in
each sample, according to eqs 1 - 4, respectively:
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For eqs 1, 2 and 4, the amount of EVs and impurities in each
sample was calculated by multiplying the area of the

corresponding peak by the volume of the solution from
which the sample was taken. For eq 3, the β-lactoglobulin
concentration was calculated by comparing the chromatograms
with the β-lactoglobulin calibration curve, knowing its elution
time. For impurity removal, the theoretical trend in the DF
step, under the assumption of zero rejection and negligible
cake formation, can be calculated according to eq 5:37

e
theoretical impurity removal 1

1
V V/P 0

= (5)

Where VP and V0 are the volume of the permeate and the
initial volume of the feed, respectively.

The experimental results obtained from eqs 1 and 2 were
used to calculate the sieving coefficient for the “i” solute, Si,
and the membrane selectivity, α��������/EVs , according to eqs 6
and 7, respectively:37

Sln(1 removal) DVi= · (6)

S

Simpurity/ EVs
Imp

EVs

= (7)

The sieving coefficient is defined as the ratio of the solute
concentration in the permeate to that in the feed. It therefore
represents the fraction of solute that passes through the
membrane, ranging from 0 (total rejection) to 1 (no
retention). The selectivity indicates the membrane ability to
separate two solutes and increases as the difference in solute
rejection becomes larger.37

In addition, the HPLC-SEC peak areas and the EVs
concentration in the final product resulting from Nanoparticle
tracking analysis (NTA, Section 2.4.5) were used to calculate
and compare the process productivity of the different
purification methods, assuming identical EV and impurity
concentration in the feed, according to eq 8.

( ) V
productivity

EV (mL)

feed volume(mL) processtime(min)

product
particles

mL product
=

·

·
(8)

2.4.2. Dynamic Light Scattering and Zeta Potential
Measurements. Dynamic Light Scattering (DLS) and ζ-
potential measurements were performed using a Zetasizer
Nano (Malvern Instruments, Malvern, UK). Samples were
preliminary centrifuged at 10,000 × � for 10 min and diluted
1:1000 with PBS. For particle size determination, disposable
plastic cuvettes were used, while ζ-potential measurements
were performed in DTS1070 folded capillary cells (Malvern
Instruments, Malvern, UK) after an equilibration time of 60
min at 25 °C. For each sample, results are reported as the
mean and standard deviation of three measurements.

2.4.3. Total Protein Quantification. The total protein
concentration was measured using the Pierce BCA protein
assay kit purchased from Thermo Fisher Scientific (Rome,
Italy), following the microplate procedure provided in the
manufacturer’s instructions. Absorbance at 562 nm was
recorded on a Nanodrop One spectrophotometer by Thermo
Fisher Scientific (Rome, Italy). For each sample, the total
protein removal was calculated according to eq 9:

V c

V c
%total protein removal 1

sample protein,sample

feed protein,feed

=
·

· (9)

2.4.4. Scanning Electron Microscopy. The morphology of
EVs was analyzed using Scanning Electron Microscopy (SEM)
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(Mira3 Field Emission Gun instrument, Tescan, Brno, Czech
Republic). Sample dilutions in PBS ranged from 1:100 to
1:1000. Five μL of each was deposited onto a 30 kDa PES
membrane (5 × 5 mm) and secured to SEM stubs with
conductive carbon tape. Fixation was performed at 4 °C for 3 h
in a solution containing 2.5% glutaraldehyde and 2% sucrose in
PBS. After fixation, samples were rinsed three times with water,
incubated for 10 min, and dehydrated in ethanol−water
solutions at increasing ethanol concentration (35%, 50%, 70%,
90%, and 100% ethanol) for 15 min each. Complete
dehydration was achieved with two additional 15 min
incubations in pure HMDS, followed by overnight drying in
a desiccator. To ensure conductivity, the samples were sputter-
coated with a gold layer (<10 nm thick) using a Q150R ES
rotary pumped coater (Quorum, Laughton, UK). SEM images
were acquired using a secondary electron detector at an
accelerating voltage of 10 kV, a beam intensity set to 3, and a
working distance of 10 mm.

2.4.5. Nanoparticle Tracking Analysis (NTA). Samples of
the final products obtained by TFF were diluted 105 times with
Milli-Q water, homogenized by extensively vortexing and
finally analyzed using a NanoSight NS 300 (Malvern
Panalytical, Malvern, UK), to determine the particle
concentration as a function of size, from which the Mean
Particle Size (MPS) was calculated. The following parameters
were used for the analysis: detection threshold 6, camera level

12, 25 frames per second (FPS), duration of acquisition 60 s
and syringe pump speed 30. Each sample was analyzed in
triplicate and the average values and standard deviations are
reported.

3. RESULTS AND DISCUSSION
3.1. Isolation Efficiency of TFF. The EVs contained in the

centrifuged whey were purified and concentrated by a two-
stage UF/DF process using two different HF membrane
modules. The chromatograms obtained for MF and UF are
shown in Figure 3 and Figure 4, respectively, while the
calculated removal of impurities, total protein and β-
lactoglobulin and the relative content of EVs are reported in
Figure 5. During diafiltration, a similar trend was observed in
all experiments. The area of the impurity-related peaks (eluting
from minute 9) in the retentate stream decreases rapidly with
DV and approaches the baseline at the end of this step, while
the EV-related peaks (eluting between 4 and 6 min) remain
almost constant (Figure 3a and Figure 4a). At DV = 1, almost
60% of the impurities are removed and this value increases to
98.03 ± 0.38% for MF (0.15 μm) and 95.82 ± 0.13% for UF
(750 kDa) at DV = 5 (Figure 5). These results indicate that
both hollow fiber modules provide fast and effective impurity
removal with minimal EV loss. The high EV rejection and
impurity transmittance are also confirmed by the analysis of
the permeate streams (Figure 3b and Figure 4b), which show

Figure 3. SEC-HPLC chromatograms of samples collected during MF of centrifuged whey (Feed), showing the variation of EVs and impurity
content during the process: (a) retentate streams, (b) permeate streams.

Figure 4. SEC-HPLC chromatograms of samples collected during UF of centrifuged whey (Feed), showing the variation of EVs and impurity
content during the process: (a) retentate streams, (b) permeate streams.
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prominent impurity peaks at DV = 1 that decrease with time
following the typical trend for DF, while the EV-related peak is
almost absent.

During diafiltration, the lower impurity rejection of the MF
module compared to the UF module allows to obtain a higher
relative EV content, equal to 33.19 ± 7.69% and 13.54 ±
2.45%, respectively (Figure 5). The subsequent concentration
step serves as a polishing step, further removing impurities
while concentrating EVs. At VCF = 3, MF results in a higher
impurity removal (99.14 ± 0.04%) compared to UF (97.48 ±
0.03%), and consequently a relative EV content more than
twice as high (54.2 ± 7.5% and 23.1 ± 1.2%, respectively),
despite the higher EV loss (5.75 ± 1.67% and 0.04 ± 0.03%,
respectively). It is important to note that a detailed analysis of
the chromatograms showed that the EV-related peak area of
the MF feed was on average 1.45 times larger than that of the
UF feed, indicating a higher concentration of EVs in the MF
feed. However, even assuming an EVs concentration in the UF
feed equal to that of the MF and performing a mass balance
assuming no EV loss, the maximum relative EV content
achievable by UF at VCF = 3 would be 30.1% (data shown by
the symbol “*” in Figure 5a), still lower than that obtained by
MF at the end of the DF stage only and almost half of that
obtained by MF at VCF = 3, due to the lower impurity
removal efficiency. These results are further supported by the
removal of total protein and β-lactoglobulin (Figure 5b).

Overall, both MF and UF provide almost complete removal
of β-lactoglobulin (99.5% and 98.7%, respectively), most of
which permeates the membrane during the DF step (98.6%
and 97.7%, respectively). MF leads to a faster and more
effective removal of total protein, reaching 97.1% at the end of
the DF step and 99.2% in the concentrated product, compared
to UF (76.7% and 91.2%, respectively). In addition, mass
balance confirmed a negligible loss of EVs in the gel layer, as a
result of the periodic increase of the recirculation rate, which

allows the resuspension of the cake deposited on the fiber
surface and the recovery of the vesicles trapped in it.32 The
different performances of the two processes in terms of EV and
impurity retention can be better understood by examining the
sieving coefficient and selectivity values reported in Table 1. It

is evident that, in both processes, there is a significant
difference between the sieving coefficients for EVs and those
for impurities, allowing for extremely high selectivity values to
be achieved. Furthermore, the sieving coefficient for EVs
appears to be the most influential parameter in assessing
selectivity, showing a marked difference between MF and UF
in favor of the latter, whose selectivity value is 2 orders of
magnitude higher.

The final product streams were analyzed by DLS and NTA
to determine the mean particle size (MPS), ζ-potential, and
the average EV concentration. The DLS results, illustrated in
Figure 6 and reported in Table 2, show that MF yields EVs

with a larger mean size compared to UF, likely due to the loss
of smaller vesicles with dimensions below the membrane pore
size. In both cases, a relatively low polydispersity index (PdI)
was observed (0.31 for MF and 0.28 for UF), together with a
moderately negative ζ-potential (−12.9 mV for MF and −10.6
mV for UF), in agreement with literature values.38 These
findings suggest a monodispersed particle population with
good colloidal stability, minimal surface alteration and no
significant aggregation. The size distribution by DLS, shown in
Figure 6, further supports this conclusion, showing only
limited aggregation in both samples. In terms of MPS, the
NTA analysis provided almost identical values for EVs of the

Figure 5. Impurity removal and relative EVs content for the retentate
stream: Comparison of MF and UF retentate streams: (a) impurity
removal and relative EVs content, (b) total protein and β-
lactoglobulin removal.

Table 1. Sieving Coefficient (�) and Selectivity (� �������	
��
 )
for MF and UF Processes, Calculate from Experimental
Results Using Equations 6 and 7

MF UF

EVs Impurity EVs Impurity

S 1.18·10−2 8.16·10−1 8.00·10−5 6.73·10−1

αImpurity/EVs 6.91·101 8.41·103

Figure 6. Results of DLS analysis showing the particle size
distribution of product streams produced by TFF.

Table 2. Results of DLS Analysis on TFF Product Streams

Process Mean size [nm] PdI ζ potential [mV]

MF - 0.15 μm 216.0 ± 49.6 0.31 ± 0.09 −12.9 ± 0.4
UF - 750 kDa 167.1 ± 32.4 0.29 ± 0.01 −10.6 ± 2
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UF product (168.9 ± 2.0 nm), while slight discrepancies were
observed for the MF product, with MPS values of 216.0 ± 49.6
nm (DLS) and 185.2 ± 4.1 nm (NTA). Despite this variation,
both techniques confirm that UF produces smaller EVs
compared to MF, aligning with the difference in pore size
between UF and MF hollow fiber modules. UF retains all EVs
present in the solution, including the smallest ones. In contrast,
MF results in a EVs loss of approximately 6%, corresponding
to the smaller fraction having a size equal to or smaller than the
membrane pore size. This loss of smaller EVs leads to a higher
average particle size in the final product.

An important finding from the NTA analysis, shown in
Figure 7, was the EVs concentration in the final products of
MF and UF, equal to (3.6 ± 0.2)·1013 and (2.19 ± 0.03)·1013

particles/mL, respectively. However, it is essential to consider
the different concentrations of EVs in the feed for the two
processes. For UF, assuming the same EVs concentration in
the feed as for MF and no EV loss during the process, the
resulting EVs concentration in the final product would be 3.8·
1013 particles/mL. This result indicates that, under equivalent
conditions, UF and MF can provide comparable results.

Finally, SEM images of the TFF products were taken (Figure
8). In both MF and UF samples, the EVs appeared spherical,
with intact structure and well-defined contours. These images
also validated the particle size measurements obtained from
previous analyses, confirming the larger diameter of the
particles in the MF product.

3.2. Membrane Characterization. Filtration experiments
were run at a constant recirculation rate of 50 mL/min. At
regular intervals, the recirculation rate was temporarily
increased to 90 mL/min for 2 min with the permeate valve
closed. These values had been previously identified as optimal
in an earlier study.32 Operating at 50 mL/min helps prevent
EV aggregation and damage but leads to gel layer formation,
which in turn reduces permeate flux and results in EV loss.
Operating at 90 mL/min allows resuspension of the cake layer
but causes shear stress that can be detrimental to EVs over
time. The effect of the chosen approach is clearly shown in the
analysis of permeate flux, Jv, and average permeate flux, < Jv>,
variations throughout both the TFF processes shown in Figure
9, expressed in LMH (	/(� 2 · 
)).

Figure 7. Results of NTA analysis of the final retentate streams of: (a) MF, (b) UF. The concentration shown in the graph must be multiplied by
the dilution factor to obtain the actual concentration.

Figure 8. SEM analysis of EVs in the final retentate stream of: (a) MF, (b) UF.
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For UF (750 kDa HF membrane module), the permeate flux
initially drops sharply as the DF process progresses due to gel
layer formation, decreasing from 141.8 LMH at DV = 0 to 46.4
LMH at DV = 1 (Figure 9a), resulting in an average flux of
54.3 LMH (Figure 9b). Increasing the recirculation rate to 90
mL/min allows resuspension of the gel layer formed on the
fiber surface, fully restoring the initial flux to 141.0 LMH at the
beginning of the next step. This behavior is repeated
throughout both stages, DF and concentration, and, combined
with the decreasing solute concentration, enables the flux to
remain high, increasing slightly to approximately 63 LMH by
the end of DF (DV = 5) and remaining stable during the
concentration step. These flux values allow the processing of
100 mL of feed in 52.8 min (47.9 min for UF/DF and 5.9 min
for UF), yielding 33.3 mL of product.

For MF (0.15 μm HF membrane module), a similar trend is
observed during the initial DF stage, with a sharp flux decline
from 273.8 LMH at DV = 0 to 34.9 LMH at DV = 1 (Figure
9a), resulting in an average flux of 68.4 LMH (Figure 9b).
However, increasing the recirculation rate to 90 mL/min only
partially restores the flux, which reaches 69.0 LMH at the
beginning of the next step. This phenomenon recurs during
both the DF and concentration stages, and despite the

decreasing total solute concentration, a gradual reduction in
flux is observed, reaching 35.7 LMH by the end of the
concentration step. These flux values allow for the processing
of 100 mL of feed in 95.4 min (82.1 min for MF/DF and 13.3
min for UF), providing a final product volume equal to that
obtained from UF/DF.

In the authors’ opinion, the different flux recovery responses
observed between the UF and the MF modules when the
recirculation rate increases are due to the relationship between
pore size and the size of solid particles, particularly EVs,
present in the solution. The pore size of the MF membrane is
large enough to allow EVs with similar dimensions (∼150 nm)
to enter, which leads to pore blockage and an inability to
restore initial permeability without chemical treatment or
backflushing. This is not observed, or does not significantly
affect the process, with the UF membrane, whose pores are
smaller than the EVs. The combined effect of transmembrane
pressure (TMP) can be ruled out because both processes
showed similar TMP variations, specifically ranging from 0.57
to 0.74 bar for MF and 0.60−0.76 bar for UF.

This interpretation is supported by the results presented in
Section 3.1, where we showed that the UF membrane
completely retains EVs, while smaller EVs permeate through

Figure 9. Permeate flux for filtration experiments: (a) real-time permeate flux; (b) average permeate flux.

Figure 10. SEC-HPLC chromatograms of UC product streams at: (a) 30,000 × �, (b) 200,000 × �.
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the MF membrane, making it plausible that some may clog its
pores. Further support to this hypothesis comes from the
analysis of the hydraulic permeability (measured using pure
water) of both HF modules before the experiments and after
cleaning. For the UF module, an average PWF of 3420 L/(h·
m2·bar) was measured for new modules, and 3348 L/(h·m2·
bar) after the cleaning procedure following the filtration
experiments, resulting in an average reduction of 2.1%. For the
MF module, an average PWF of 5485 L/(h·m2·bar) and 5191
L/(h·m2·bar) was measured for the new and cleaned modules,
respectively, corresponding to an average reduction of 5.4%.
These values confirm the reversible nature of fouling and the
effectiveness of the cleaning procedure in restoring the initial
flux. However, the greater flux reduction observed for the MF
module supports the hypothesis that a portion of the pores
may have been lost due to blockage.

3.3. Comparison of TFF and UC Purification
Processes. For benchmark comparison, EVs were isolated
from centrifuged whey using a standard UC protocol. Both the
pellet and the supernatant were collected and analyzed by
SEC-HPLC and DLS. The resulting SEC-HPLC chromato-
grams are shown in Figure 10.

The first UC step at 30,000 × g reduces the impurity
content by only 1.18 ± 0.11% and is responsible for 31.90% of
the EV loss in the pellet. In contrast, the second step at
200,000 × g has no impact on EV loss, but significantly
increases the impurity removal up to 98.84%, resulting in a
relative EV content of 33.79% in the final resuspended pellet.
Notably, the EV-related peak area in the UC feed is similar in
size to that of the MF feed, suggesting a comparable EV
concentration, in contrast to what was observed with UF.
These values are further confirmed by the β-lactoglobulin and
total protein removal measurements, which indicate final
removal rates of 98.84% and 97.48%, respectively. DLS analysis
of the final product showed an MPS and a ζ-potential
comparable to those obtained by MF of 202.7 nm and −12.1
mV, respectively. Finally, assuming a linear relationship
between the EV-related peak area and concentration, based
on interpolation of the available data for the MF and UF
products (R2 = 0.994), the EV concentration in the final
product is estimated to be 1.0 × 1014 particles/mL. A
comparison with TFF is shown in Figure 11, assuming
identical EVs and impurity concentrations in the feed for all
processes. For MF and UF, the productivity values were
calculated considering the actual operating conditions,
specifically 100 mL of feed solution, HF membrane modules

with a total area of 0.01 m2 and a 3x final product
concentration, while for UC the maximum capacity of the
ultracentrifuge used in this work (468 mL of feed yielding 24
mL of final product) was used. To our knowledge, this volume
is close to the maximum that can be processed by UC at
200,000 × g. The results demonstrate that all processes are
highly efficient in terms of product purification. Among them,
MF stands out as the most effective method in terms of
removal of impurities and proteins with a limited loss of EVs,
resulting in a relative EV content almost twice that of UC and
UF. In contrast, UF has the highest productivity (2.35·1011

), which is 1.87 times higher than MF (1.26·1011

) and 6.54 times higher than UC (3.59·1010 ).

Regarding UC, it is important to emphasize that the process
performance is negatively affected by the significant EV loss in
the first step, operated at 30,000 × g. This step cannot be
eliminated if the goal is to isolate small to medium EVs,
although it could potentially be optimized. However, such
optimization would be time-consuming, beyond the scope of
this work, and it would not overcome the intrinsically low
throughput, which is close to the upper limit for the values
considered here, as well as the batch nature of the process. In
contrast, the hollow fiber membrane modules used in this work
and for this comparison are among the smallest commercially
available, their scalability is theoretically unlimited, and a
continuous process can be developed. In addition, TFF
filtration processes can be further optimized by increasing
the concentration step to higher VCFs, thereby reducing the
difference in EV concentration in the final product between
TFF and UC. The comparison between TFF, 0.15 μm MF,
and 750 kDa UF processes shows that the best choice depends
on the process goals: MF is the preferred option when final
product purity is the main objective, whereas UF is more
suitable when productivity is the priority.

4. CONCLUSIONS
This study demonstrates for the first time the successful
isolation of EVs from sweet whey, the main byproduct of the
dairy industry, using an efficient, continuous and easily scalable
process. EVs were purified and concentrated using a
continuous two-stage TFF process, the first in diafiltration
mode and the second in concentration mode, both using the
same membrane module. The integration of the two stages is
critical to achieve a highly pure product with adequate

Figure 11. TFF vs UC comparison of impurity removal, relative EV content, EV loss and relative productivity (based on 750 kDa TFF process).
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concentration, as the first stage allows for rapid and efficient
removal of impurities, while the second serves as a final
polishing and concentration step. Of the two modules tested, a
microfiltration (MF) module with a pore size of 0.15 μm and
an ultrafiltration (UF) module with a 750 kDa MWCO, MF
proved to be the most effective in removing impurities
(99.14% vs 97%), achieving both a higher relative EV content
(54.22% vs 30.1%). In contrast, UF provides a higher
productivity (2.35·1011 vs 1.25·1011 for MF)

and a full EVs recovery, whereas MF loses approximately 6% of
smaller vesicles to the permeate, resulting in a final product
with a larger average particle size. Despite this loss, the final EV
concentration remains around 3 × 1013 particles/mL for both
processes.

When compared to ultracentrifugation (UC), the advantages
of TFF become apparent. UC suffers from a higher EV loss
(31.90%) over both MF and UF, resulting in a relative EV
content (33.79%) lower compared MF and similar to UF,
although it achieves an intermediate impurity removal
efficiency (98.84%). In addition, even at its maximum capacity,
the throughput of UC is 6.54 times lower than that of a lab-
scale hollow fiber UF device, which offers virtually unlimited
scalability. In contrast, UC yields a more concentrated final
product compared to TFF, but this gap could potentially be
narrowed by shifting the concentration step from TFF to a
larger VCF.

This study demonstrates the potential to overcome the
barriers limiting the industrial-scale therapeutic application of
EVs by combining a new low-cost, sustainable and widely
available source with a highly efficient, continuous and easily
scalable process. In addition, the use of whey as a source of
EVs greatly simplifies the purification process compared to
fresh milk, from which casein micelles must be removed. From
a circular economy perspective, this approach also adds value
to a byproduct rather than consuming a primary resource. The
proposed processes and the results obtained pave the way for
scaling up to high-volume production of EVs production for
medical, cosmetic, and nutraceutical applications, using a milk-
derived source whose vesicles have already demonstrated
efficacy and low immunogenicity.
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L. C.; Lavieu, G.; Lázaro-Ibáñez, E.; Le Lay, S.; Lee, M.-S.; Lee, Y. X.
F.; Lemos, D. S.; Lenassi, M.; Leszczynska, A.; Li, I. T.; Liao, K.;
Libregts, S. F.; Ligeti, E.; Lim, R.; Lim, S. K.; Line ̅, A.;
Linnemannstöns, K.; Llorente, A.; Lombard, C. A.; Lorenowicz, M.
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Yan, X.; Yáñez-Mó, M.; Yin, H.; Yuana, Y.; Zappulli, V.; Zarubova, J.;
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