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Abstract:

Extracellular particles (EPs) are sub-micron sized particles found in biological samples
containing cells. While the International Society for Extracellular Vesicles (ISEV) recom-
mends assessment with different orthogonal methods, the technologically advanced
golden standard methods for harvesting and assessment are sought. Here we report of
harvesting and assessment of EPs from two types of samples: suspension of aged, washed
erythrocytes and Chlorellae sorokiniana culture. EPs were harvested by reverse ultrafiltra-
tion and assessed by Scanning Electron Microscopy (SEM), Interferometric Electron Mi-
croscopy (ILM) and UV-vis spectroscopy. We assessed pellets and supernatants of the
erythrocyte and microalgae samples (PE, SE, PA, SA, respectively). Average number den-
sity of 40 x diluted EPs in PE was (1.16£0.09) £10°/mL and number density of non-diluted
EPs in PA was (0.44+0.02) £10°/mL. Average hydrodynamic diameter in SE was (174£72)
nm, and in PA it was (252£7) nm. The supernatants did not present notable amount of
EPs. Absorption at 260 nm/280 nm in 4 x diluted SE was (3.68+0.04)/(2.64+0.04) arbitrary
units (a.u.), in 40 x diluted PE it was (2240.2)/(25+0.0) a.u., in undiluted PA it was
(0.31+0.11)/(0.29£0.13) a.u. and in undiluted SA it was (0.03+0.06)/(0.04+0.01) a.u.. Algae
samples contained singular lumps of self-assembly but were poor with proteins and nu-
cleic acids. We conclude that the processing essentially determines the identity of the sam-
ple which implies that in order to reach repeatability, the methods should be minimally
aggressive to the material, should be made on the same sample and should for this pur-
pose use a minute amount of the sample to enable assessment with other methods. The
methods used in this work composed such experimental pipeline that enabled assessment
of the samples of in vitro aged erythrocyte EPs and EPs from microalgae culture within
hours.

Keywords: Extracellular vesicles; Microalgae; Nanoalgosomes; Erythrocyte microvesi-
cles; Coacervates; Self-asseembly
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1. Introduction

EPs are a subject of increasing interest as they are considered mediators of intercellular
communication and therefore vectors of vital processes in living organisms (Yanez Mo et
al.,, 2015; Adamo et al., 2021; Welsh et al., 2024; Suresh et al., 2025; Shank et al., 2026; Liang-
supree et al., 2026). There is great interest in using EPs in various scientific fields, and med-
ical and industrial applications. The transition of extracellular particles (EPs) from labora-
tory discoveries to clinical and industrial applications is heavily bottlenecked by current
isolation and characterization technologies (Welsh et al., 2024). Current harvesting meth-
ods struggle to produce a considerable volume of the sample, and separate EPs with re-
quired properties from similar-sized particles. Common contaminants include lipopro-
teins, protein aggregates, and cellular debris, which can skew downstream analysis. Fur-
thermore, some conventional harvesting techniques suffer from significant EPs’ loss. This
low recovery rate is particularly problematic for scarce or precious clinical samples like
patient plasma or rare cell cultures. Protocols lack uniform automation, leading to high
batch-to-batch variability. Results often vary drastically based on the operator, equipment
settings, and specific sample handling conditions. High-force isolation techniques, such as
standard ultracentrifugation, exert intense shear stress on the sample. This stress can de-
form, rupture, or induce artificial aggregation of the delicate lipid membranes of EPs.
Many laboratory methods require expensive instrumentation and long processing times,
and such labor-intensive workflows are entirely unsuited for high-throughput clinical di-
agnostics or large-scale industrial manufacturing. Therefore, the quest for a “golden stand-
ard” method is taking place.

Ultrafiltration (UF) is a membrane-based separation technique widely used to concentrate
EPs. It relies on semi-permeable membranes with specific molecular weight cut-offs
(MWCO) or pore sizes to retain EPs while allowing smaller molecules and liquid to pass
through. Traditional spin filters force the liquid downward through the membrane, smash-
ing the EPs directly into the filter pores. The EV-Spinner operates using a reverse ultrafil-
tration design, where the liquid is driven through the membrane in the opposite direction
of the centrifugal force to reduce membrane clogging (fouling) and severe particle trap-
ping. For microalgae samples, which are naturally prone to clustering and high debris,
such design prevents the filter from locking up mid-spin. The polyethersulfone (PES)
membrane is chemically treated to be low protein-binding.

In this work we report of using reverse ultrafiltration with EV-Spinner on samples from
suspension of aged, washed erythrocytes and the culture of microalgae Chiorellae sorokin-
iana.

2.  Material and Methods

2.1. Culturing of microalgae

The microalgae Chlorella sorokiniana (strain CCAP 211/8K) were a kind gift from Jelena
Danilovi¢ Lukovi¢ from University of Belgrade. They were sourced from the Culture Col-
lection of Algae and Protozoa, UK. They were grown in deionized distilled water with
addition of Bold Basal Medium (PhytoTech Labs, Lenexa, Kansas City, USA). The compo-
sition of the BBM was: Boric Acid (11.42 mg/L), Manganese Chloridex4H2O (1.44 mg/L),
Calcium Chloride Anhydrous (18.87 mg/L), Potassium Hydroxide (31.00 mg/L), Cobalt Ni-
tratex6H20 (0.49 mg/L), Potassium Phosphate Dibasic (75.00 mg/L), Cupric Sulfatex5H20
(1.57 mg/L), Potassium Phosphate Monobasic (175.00 mg/L), EDTA Disodium Salt (63.61
mg/L), Sodium Chloride (25.00 mg/L), Ferrous Sulfatex7H20 (4.98 mg/L), Sodium Molyb-
date (1.19 mg/L), Magnesium Sulfate Anhydrous (36.63 mg/L), Sodium Nitrate (250.00
mg/L), Zinc Sulfatex7H20 (8.82 mg/L). Microalgae grew in a 50 mL falcon tube in a shelf
of the laboratory having sunlight and conditioned air at 18 °C. We observed no bacteriae
under optical microscope in the culture.

2.2. Blood sampling

Blood was donated by an author (a female with no record of disease). Collection was es-

tablished in the morning after fasting for a minimum of 12 h overnight. A G21 needle (Mi-
crolance, Becton Dickinson, Franklin Lakes, NJ, USA) and 2.7 mL evacuated tube with
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trisodium citrate (BD Vacutainers, 367714A, Becton Dickinson, Franklin Lakes, NJ, USA)
were used.

2.3. Preparation of erythrocyte suspension

To sediment the erythrocytes, blood was centrifuged for 10 min at 300 x g and 18 °C (cen-
trifuge Centric 400/R, Domel, Zelezniki, Slovenia with swinging rotor). The supernatant
(plasma) was haemolytic (Figure 1). We removed the plasma from above the buffy coat.
The erythrocytes were resuspended in PBS by turning the eprouvette upside-down and
centrifuged for 10 min at 300 x g and 18 °C (centrifuge Centric 400/R, Domel, Zelezniki,
Slovenia, with swinging rotor). The supernatant was removed and replaced with PBS.
Erythrocytes were resuspended by turning the eprouvette upside-down and centrifuged
for 30 min at 500 x g and 18 °C (centrifuge Centric 400/R, Domel, Zelezniki, Slovenia). The
procedure was repeated to yield transparent supernatant above the erythrocytes. The
washed erythrocytes suspended in PBS were stored at 4 °C for 15 days.

Figure 1. Blood sample after centrifugation for 10 min at 300 x g and 18 °C showing haemolytic plasma.

2.4. Ultrafiltration of samples

Extracellular particles (EPs) were harvested from 1 mL samples of either suspension of
aged washed human erythrocytes or Chlorella sorokiniana culture using reverse-flow ultra-
filtration. Briefly, individual 1 mL aliquots were loaded directly into EV-Spinner ultrafil-
tration concentrators (HansaBioMed, Tallinn, Estonia; 100 kDa molecular weight cut-off
[MWCQY]). The loaded filter units were placed in a centrifuge Centric 400R (Domel d.o.0.)
with swinging rotor. The samples were centrifuged at 18 °C and 2500 x g for 15 minutes to
drive the liquid and low-molecular-weight elements through the low-protein-binding pol-
yethersulfone (PES) membrane. This step effectively concentrated the retained EPs into a
liquid boundary concentrate layer within the retentate chamber, yielding the final pellets
(designated PE for the microalgae culture and PA for the erythrocyte suspension). The
volume of the retrieved PE was cca 100 pL and of the PA it was cca 50 uL. The correspond-
ing ultrafiltration supernatants (SE for microalgae and SA for erythrocytes) were collected
from the filtrate compartment. Both the harvested pellets and collected supernatants were
assessed immediately after harvesting, with Interferometric Light Microscopy (ILM), and
UV-vis spectroscopy.

2.5. Electron microscopy

Scanning Electron Microscopy (SEM). A drop of 5 puL of sample was loaded onto alumi-
num stands covered with thin layer of polymers based on cyanoacrylates (Jampani et al.,
2024) and let to dry in air. The sample was examined with a Thermo Fisher Scientific Ap-
reo 2 microscope with EDS/EBSD detector, low vacuum mode.

2.6. Assessment of density and viscosity

We measured the density of the supernatants. There was not enough volume of the pellets
(required 1mL) available for the measurement with the above described instrument, so we
used the supernatant density as an estimate also for pellets. The density was then used as
an input to assess viscosity, and viscosity was used as an input to assess hydrodynamic
diameter of nanoparticles by ILM. Density measurement was performed using an oscillat-
ing U-tube Density Meter (DMA 1002, Anton Paar, Graz, Austria). 1 mL sample was placed
in the measuring cell, which was subjected to acoustic oscillations. Dynamic viscosity was
measured using a falling ball micro viscometer (Lovis 2000 M, Anton Paar, Graz, Austria
with Lovis 1.59 Short Capillary). Temperature and measurement angle were set at 20°C
and 45° respectively.
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2.7. Interferometric Light Microscopy (ILM)

EP samples were measured with ILM using Videodrop (Myriade, Paris, France)(Boccara
et al., 2016; Romolo et al., 2022; Korenjak et al., 2024). Samples were diluted to enable op-
timal performance of the instrument (in the range of (0.5 to 5)x10%mL). 7 ul of sample was
placed between cover glasses and illuminated by a 2 W blue LED light. Threshold value
was 4.2. The average concentration (ILMc) and Dn of EPs were determined for each sample.
The position of a particle was captured in the recorded video (movie). We set a limit of 20
movies or 300 detected EPs to assess the EPs in the sample. We used the software QVIR
2.6.0 (Myriade, Paris, France) to process the images (movies). Dn was determined by the
Einstein-Stokes equation using the measured data of viscosity and density obtained as de-
scribed above.

2.8. UV - vis spectroscopy

Three microliters droplets of samples were placed on the stand of a Nanodrop UV spec-
trometer (Thermofischer Scientific, Waltham, MA, USA) and assessed for ultraviolet-visi-
ble spectrum (UV-Vis) absorbance. The wavelengths 260 nm and 280 nm were considered
in all samples, while the wavelength 430 nm was considered in erythrocyte samples, and
wavelengths 460 nm and 690 nm were considered in microalgae samples. Samples were
mixed before measurement.

2.9. Statistical Analysis

All data were analysed using descriptive statistics. All measurements were performed in
triplicate and are presented as an average and standard deviation.

3. Results
Pellets of ultrafiltration (PE and PA) indicated the presence of EPs in samples while super-
natants of ultrafiltration (SE and SA) were practically devoid of EPs (Table 1); in superna-
tants, the number densities of EPs were under the operational detection limits of the ILM
(Table 1).

Table 1. Number density of EPs n, hydrodynamic diameter Dn and absorbances (A) at respective UV and visual light
wavelengths for pellets and supernatants of the ultrafiltration. PE: ultrafiltration pellet from in vitro aged washed eryth-
rocyte suspension, SE: ultrafiltration supernatant from in vitro aged washed erythrocyte suspension, PA: ultrafiltration
pellet from microalgae culture, SA: ultrafiltration supernatant from microalgae culture. The results are given by the
averages of three measurements + standard deviations.

Variable  Dilution n x10°%/mL Dn (nm) A260 A280 A430 A460 A690

PE 40 1.16+0.09 168+6 22.3+0.23 24.8+0.0 73.6£0.70  / /

SE 4 0.01£0.00 174472 3.68+£0.04 2.64+0.04 6.63£0.06 / /

PA 1 0.44+0.02 25247 0.31£0.11 0.29+0.13 / 0.04+0.04  0.04+0.04
SA 1 0 0 0.03+£0.06  0.04+0.01 / 0 0

Imaging the pellet PE, Figure 2A shows extensive dendritic crystalline structures, which
are classic signatures of dried buffer salts (like PBS) or crystallized proteins (such as hemo-
globin). Panel B highlights distinct, spherical nano-sized particles (erythrocyte EPs) em-
bedded within dense matrix. Imaging the supernatant SE, Figure 2C reveals scattered, cu-
boidal/geometric crystal lattices, typical of clean salt precipitation from a dried buffer so-
lution. Panel D appears largely smooth and featureless, displaying an empty background
devoid of the characteristic globular clusters seen in the pellet. Panels E, F (Fixed/Stained
SEM Control) and G (cryogenic transmission electron microscope image)(Bozic et al., 2021;
Jozelj et al., 2022) are shown for comparison. A notable amount of EPs survived the treat-
ment by 80 °C. The protein and nucleic acid content in the erythrocyte samples was con-
siderable, in particular the clearly expressed peak pertaining to haemoglobin. The values
of the absorbance at 430 nm in the ultrafiltration pellet were the highest detected among
the samples. The pellet from microalgae PA presented a detectable amount of EPs but did
not define a peak at the chlorophyll absorbance wavelengths 460 nm and 690 nm.
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C (Panel E). The cryo-transmission electron micrograph (Figure 2G) reveals intact, well-
defined, oval-to-elongated vesicular membranes filled with dense internal contents, con-
firming the presence of true biogenic lipid-bilayer extracellular vesicles.

Figure 2. Scanning electron microscopy (SEM) and cryogenic transmission electron microscopy (cryo-TEM) images of
erythrocyte-derived fractions. (A, B) SEM micrographs of the raw ultrafiltration pellet containing erythrocyte extracel-
lular particles (EPs) embedded in crystalline matrix. (C, D) SEM micrographs of the corresponding raw ultrafiltration
supernatant, displaying clean buffer salt precipitation and an absence of vesicular clusters. (E) SEM micrograph of fixed,
stained, and heavy-metal-sputtered erythrocyte EPs following thermal treatment at 80 °C. (F) SEM micrograph of con-
trol fixed, stained, and heavy-metal-sputtered erythrocyte EPs. (G) Cryo-TEM micrograph demonstrating intact, well-
defined biogenic erythrocyte extracellular vesicles (EVs). Panels E-G are reproduced from Bozic¢ et al., 2021 (available
under a Creative Commons Attribution 4.0 International License [CC BY 4.0]).
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Figure 3. Scanning electron microscopy (SEM) micrographs of raw ultrafiltration pellet fractions (PA) from a Chlorellae
sorokiniana microalgae culture. (A) Low-magnification overview showing distinct, spherical microalgae cells tightly as-
sociated with clusters of sub-micron globular extracellular particles (EPs). (B-D) Intermediate and high-magnification
views of alternate fields revealing a repeating, porous extracellular polymeric substance network and self-assembled
organic film embedded with clustered, nano-sized structures.
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Imaging the pellet PA, Figure 3A shows distinct, spherical microalgae cells (~3-5 pm in
diameter) tightly associated with clusters of much smaller, globular extracellular particles
(EPs). Figures 3B-D reveal a repeating, porous network structure resembling a dried liquid
film or a polymer surface with embedded clustered nano-sized globular particles. Micro-
algae cultures often contain complex extracellular polymeric substances, sticky polysac-
charides, and rigid cell walls that can build up globular nano and microstructures.

The protein and nucleic acid content in the erythrocyte samples was considerable, in par-
ticular the clearly expressed peak pertaining to haemoglobin. The values of the absorbance
at 430 nm in the ultrafiltration pellet were the highest detected among the samples. The
pellet from microalgae PA presented a detectable amount of EPs but did not define a peak
at the chlorophyll absorbance wavelengths 460 nm and 690 nm.

4. Discussion

4.1. Thermodynamic dispersity and dilution-induced colloidal aggregation

Morphological analysis via scanning electron microscopy (SEM) revealed distinct lumped
nanoparticles within the Chlorella sorokiniana microalgae fractions. In highly dilute solu-
tions, dispersed individual particles operate in a state of thermodynamic instability due to
their high free energy. To minimize the free energy, adjacent particles drift into a coordi-
nation sphere, co-localizing into cohesive clusters or "particle swarms" (Figures 3B-D).
This phenomenon is accelerated during sample preparation. As a droplet desorbs and
dries upon the SEM stub covered with nanoscale polymer films (Jampani et al., 2024), the
receding capillary meniscus acts as a physical net. The fluid front drives individual scat-
tered particles and pre-existing particulate swarms into closer proximity, ultimately lock-
ing them into highly visible, clumped networks. Consequently, the micro-structures ob-
served within the microalgae supernatants (SA) are best characterized as dilution-induced
colloidal aggregates or flocculated particle swarms.

4.2. Biopolymer condensation paradox: microalgae mucilage vs. erythrocyte hemoproteins

The self-assembly behavior in microalgae samples is driven by the unique biochemistry of
phycological secretomes. Unicellular green algae are notorious for secreting vast quantities
of extracellular polymeric substances, commonly referred to as mucilage. This complex
extracellular matrix consists primarily of high-molecular-weight heteropolysaccharides,
glycoproteins, and proteoglycans. Within the raw culture media, the mucilage exists in a
highly dynamic equilibrium between fully dissolved single polymer chains and larger as-
sembled gel networks. During pressure-driven reverse ultrafiltration, unassembled poly-
saccharide chains or low-molecular-weight glycoprotein subunits align linearly under con-
vective flow, easily slipping through the 3-10 nm pore channels of a 100 kDa membrane.
Upon entering the filtrate chamber, the localized shear forces from fluid processing com-
bined with subsequent concentration-driven cross-linking trigger these amphiphilic bi-
opolymers to spontaneously condense into globular nano-aggregates. Importantly,
pseudo-EP structures lack an authentic phospholipid bilayer. They represent highly dy-
namic, transient gel matrices capable of shifting morphology under localized environmen-
tal conditions. Such behavior highlights a critical, source-specific artifact unique to micro-
algal harvesting workflows that must be carefully distinguished from biogenic, bilayer-
enclosed extracellular vesicles (EVs). In contrast, washed erythrocyte suspensions do not
secrete sticky, highly cross-linking plant polysaccharides. The background of mammalian
red blood cell streams is instead dominated by structurally stable proteins, specifically he-
moglobin. If individual 64 kDa hemoglobin tetramers pass through the ultrafiltration bar-
rier, they remain stable monodisperse units in solution or form standard geometric crys-
talline precipitates upon drying (Figures 2A and 2C) rather than self-assembling into bio-
mimetic nano-spheres.

4.3. Historical nomenclature and the biophysical context of ultrafiltration

The isolation and characterization of submicron extracellular structures—historically la-
beled as microparticles, exosomes, paramural bodies, or exocellular fragments, and mod-
ernly consolidated under the umbrella of extracellular vesicles (EVs) and extracellular par-
ticles (EPs) — has long presented a biophysical challenge. Foundational researchers in the
1970s and 1980s recognized that there are different methods to resolve membranous nano-
particles from complex macro-solute matrices. Early pioneers successfully integrated ul-
trafiltration to concentrate and purify submicron vesicles (Blatt et al., 1970; Porter, 1972;
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Cotton et al., 1975; Tutunijan, 1982; Cheryan, 1986). Also, mammalian body fluids were
considered as sources of EPs (Lutz et al., 1977; Panakov et al., 1977; Stagmayer et al., 1982;
Greenwalt et al., 1984; Wiggins et al., 1986; Johnstone et al. 1987). Johnstone et al. coined
the term "exosome" in describing how maturing sheep reticulocytes clear unwanted pro-
teins (like the transferrin receptor) via the fusion of multivesicular bodies with the plasma
membrane (Johnstone et al., 1987).

When extracting extracellular fractions from unicellular green algae or plants, early inves-
tigators were forced to confront thick, carbohydrate-rich matrices and dense wall compo-
nents. To isolate EPs without inducing mechanical cell lysis, researchers implemented se-
quential filtration and pressure-driven membrane concentration systems to successfully
harvest exocellular particles (Halperin et al., 1967; McLean et al., 1972; Marchant et al.,
1986; Atkinson et al., 1972; Grov et al., 1981, Vreeland et al., 1984). It was identified that the
harvesting of the particles was severely hampered by the co-purification by the mucilage
(Atkinson et al., 1972).

Our current pipeline directly addresses these historical limits by utilizing reverse ultrafil-
tration to harvest EPs from both washed erythrocytes and Chlorellae sorokiniana cultures.
In membrane separation physics, dead-end filtration configurations suffer from rapid con-
centration polarization and gel-layer cake formation (Blatt et al., 1970; Porter, 1972),
wherein accumulated macro-solutes blind the membrane pores and trap smaller vesicles.
By implementing a reverse ultrafiltration strategy, we successfully mitigated this cake for-
mation.This processing efficiency is directly reflected in our characterization data. The
high concentration of EPs captured in the erythrocyte pellet (PE: (1.16 £ 0.09) x 10° /mL) at
40 x dilution) versus the microalgae pellet (PA: (0.44 £ 0.02) x 10° /mL), non-diluted)
demonstrates that reverse ultrafiltration functions effectively across radically different bi-
ological matrices.

Crucially, our supernatants (SE and SA) presented no notable amounts of EPs, confirming
that the molecular cutoff of the filter membrane efficiently retained the target particles
without letting them slip through or shear into smaller fragments —a common issue when
using early, non-optimized membrane configurations.

4.3. Spectroscopic fingerprints and the dilution-identity law

Our UV-vis spectroscopy data reveals a striking contrast between the two sources that can
be explained through historical biochemical frameworks. The 40-fold diluted erythrocyte
pellet (PE) showed high absorption at 260/280 nm ((22 £ 0.2 a.u.) / (25 £0.0 a.u.))(Table 1),
pointing to a dense corona of proteins and hemoglobin remnants typical of aged, ATP-
depleted erythrocytes. Conversely, the Chlorellae sorokiniana pellet (PA) was remarkably
poor in proteins and nucleic acids ((0.31 £ 0.11) a.u. / (0.29 £ 0.13 a.u.))(Table 1). Low pro-
tein/nucleic acid profile in algae agrees with previous results that Chlorella sorokiniana cell-
wall-associated fractions are primarily composed of structural lipids and non-proteina-
ceous polymers, rather than soluble cytoplasmic proteins (Grov and Taylor, 1981). The sin-
gular lumps of self-assembly seen in our algae samples likely represent the structural ar-
rangement of these exocellular matrices as they interact with trace ambient polysaccha-
rides, a behavior predicted by Vreeland and Laetsch (1984). Structurally identical, micro-
sized globular lumps are present in both the ultrafiltration pellet (PA; Figures 3A and 3B)
and the ultrafiltration supernatant (SA; Figures 3C and 3D). The primary differentiation
between the two fractions is quantitative, with a lower density of these micro-structures
observed in the supernatant. Rather than indicating a failure of the ultrafiltration mem-
brane retention, this phenomenon points to a continuous, post-filtration spontaneous ther-
modynamic self-assembly of mucilage and sticky polysaccharides. Free macromolecules
passing through the membrane pores into the supernatant fluid continuously aggregate to
reach an operational energy minimum, organizing into macro-molecular clusters in situ
after the filtration process is complete.

Because of this highly dynamic behavior, we have explicitly reported the number densities
of the EPs at their exact measured dilutions (Table 1). Due to the fragile colloidal nature
of EPs, subjecting these samples to additional or un-optimized dilution steps alters their
thermodynamic equilibrium. Such shifts are likely to drive individual particles into en-
tirely different structural states, shifting the identity, composition, size, and shape of the
observed clusters. Therefore, to ensure reproducible characterization, processing pipelines
must consume minute sample volumes and avoid aggressive post-isolation modifications.
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The high concentration of EPs captured in the erythrocyte pellet (1.16 + 0.09 x 10° /mL)
versus the microalgae pellet (0.44 + 0.02 x 10° /mL) (Table 1) demonstrates that reverse
ultrafiltration functions effectively across radically different biological matrices. Crucially,
our supernatants (SE and SA) presented no notable amounts of EPs, confirming that the
molecular cutoff of our membranes efficiently retained the target particles without letting
them slip through or shear into smaller fragments—a common issue when using early,
non-optimized membrane configurations (Cheryan, 1986).

The post-filtration assembly clarifies the discrepancy observed with our ILM measure-
ments, which recorded no particles for the SA fraction (Table 1). Because these self-assem-
bled organic lumps rapidly exceed the sub-micron scale, they transcend the operational
detection ceiling of standard ILM tracking (approximately 800 nm). Crucially, however,
the optical background of the SA was notably clearer than that of the PA (Figure 3).

5. Conclusions

By implementing a reverse ultrafiltration processing pipeline paired with non-destructive,
minute-volume orthogonal characterization methods (SEM, ILM, and UV-vis spectros-
copy), we established a rapid experimental workflow capable of assessing EPs in samples
within a matter of hours. The qualitative and quantitative results from the included ana-
lytical methods demonstrated excellent agreement across both biological matrices. The
mammalian erythrocyte pellet (PE) was highly enriched with both EPs and co-isolated
proteins and nucleic acids, exhibiting distinct globular morphologies of EPs consistent
with membrane-enclosed vesicles. Conversely, the microalgae pellet (PA) was compara-
tively poor in native EPs, proteins, and nucleic acids. In both post-filtration supernatants
(SE and SA), sub-micron EPs were thoroughly depleted, falling beneath the operational
detection limits of the ILM tracking system. However, while the erythrocyte supernatant
(SE) retained a high background of stable soluble hemoproteins and nucleic acids, the mi-
croalgae supernatant (SA) was largely devoid of macromolecular signatures. Morpholog-
ically, the micro-lumps observed in the algal supernatant (SA) lacked the distinct smooth
geometry characteristic of membrane-enclosed biogenic vesicles. Instead, they represent
dynamic, dilution-induced colloidal matrices that undergo spontaneous thermodynamic
self-assembly from cell wall polysaccharides and mucilage subunits after passing through
the filtration membrane. Ultimately, this work demonstrates that reverse ultrafiltration
provides a highly efficient, gentle, but low-volume mechanism to concentrate and harvest
native EPs from radically different cellular sources.
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