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Abstract

This study provides a comparative analysis of various components of mesenchymal stem cells (MSC)
conditioned media (CM) obtained using serum-containing and serum-free culture methods, revealing
significant differences in their composition and potential clinical applicability. Serum-containing CM
exhibits significantly higher levels of total protein, non-vesicular RNA, exosomes, and nanoparticles
compared to serum-free CM, reflecting the contribution of both the MSC secretome and residual fetal
bovine serum components. Ultrafiltration-based fractionation (0.2 µm–50 kDa) allows the isolation
of fraction enriched in exosomes and proteins, preserving the functionally significant components of
the MSC secretome. This strategy effectively captures small vesicles and mid-sized proteins while
excluding larger or smaller biomolecules, enhancing utility for targeted analyses. The presented data
underscore the need for context-driven CM selection and provide information for choosing the optimal
strategy for obtaining the MSC secretome balancing yield, purity, and regulatory demands in MSC
research and therapy.
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1. Introduction

Mesenchymal stem cells have attracted considerable attention in regenerative medicine and
biotechnology due to their ability to undergo multipotent differentiation and paracrine effects.
One of the key mechanisms through which MSC exert their influence is the external secretion of
bioactive molecules and extracellular vesicles (EVs), and the secretome profile released into con-
ditioned media varies with the MSC source (bone marrow, adipose tissue), culture conditions,
and stimulation (inflammatory priming), influencing downstream effects [1].
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MSC-produced conditioned media is a complex cocktail of paracrine factors, including
growth factors (e.g., VEGF, HGF), cytokines (e.g., IL-6, IL-10), and EVs, particularly exo-
somes [2]. Exosomes, 30–150 nm vesicles carrying proteins, lipids, and nucleic acids (miRNAs,
mRNAs), play a key role in intercellular communication by transferring molecules into recipient
cells. These vesicles are involved in the modulation of various cellular processes including pro-
liferation, differentiation and apoptosis, making them central to understanding the therapeutic
potential of MSC conditioned media [3, 4].

Recent studies have demonstrated that exosomes can mimic the effects of MSC, offering
a cell-free therapeutic alternative. For instance, Doeppner et al. highlighted the role of exo-
somes in promoting neuroprotection and neuroregeneration and reducing post-stroke immune
responses in a mouse model [5]. Similarly, there is evidence that MSC-derived exosomes enhance
wound healing by promoting angiogenesis and cell migration [6, 7]. These results highlight the
potential of exosomes as mediators of the therapeutic effects of MSC. In addition, the role
of exosomes in cancer biology has been studied, but the results obtained are contradictory —
studies have shown both stimulation and suppression of tumor progression by MSC-derived
exosomes depending on the type of cancer and the exosomes used [8].

To enhance MSC-CM bioactivity, various enrichment techniques are used, each with distinct
advantages and limitations, but more often, enrichment is aimed at increasing the concentration
of exosomes [9]. Ultracentrifugation is the most widely used method for exosome enrichment,
involving sequential centrifugation to pellet exosomes (100,000–200,000× g) [10]. Size-exclusion
chromatography (SEC) separates EVs from soluble proteins, however, it may dilute samples [11].
Polymer-based reagents (e.g., polyethylene glycol) precipitate EVs by altering solubility, and
commercial kits enable rapid, scalable enrichment but may co-precipitate non-EV components,
including lipoproteins [12, 13]. Affinity-based techniques use antibody-coated beads or columns
target EV surface markers (e.g., CD9, CD63, CD81) for selective capture [14]. Ultrafiltration
uses membranes with specific molecular weight cut-offs (e.g., 10–100 kDa) to concentrate EVs
while excluding smaller proteins and can be scaled up for clinical applications [15]. A number of
new enrichment approaches employ microfluidic devices that enable label-free, high-throughput
isolation of EVs using acoustic, electrophoretic, or immunoaffinity principles. These systems
provide rapid processing and minimal sample loss, but require technical expertise [16]. Ulti-
mately, the choice of method largely depends on the goals of the experiment and the require-
ments for the content of certain biologically active substances in the resulting concentrates.

In this paper, we present post-concentration analysis of enriched MSC-CM fractions ob-
tained after using centrifugal concentrators, which are classified as ultrafiltration devices and
may be used for rapid, scalable concentration of MSC-CM components [17]. This method uses
molecular weight cut-off (MWCO) membranes to retain the important part of the MSC secre-
tome including EVs. We focus on enriching components of the conditioned medium smaller
than 0.2 µm using size-exclusion centrifugal filtration to isolate significant part of proteins and
exosomes. To achieve this, the conditioned medium was passed through 80 µm and 0.2 µm
syringe filters, followed by centrifugation with 50 and 10 kDa MWCO Amicon® Ultra-15 Cen-
trifugal Filter Units to concentrate the sub-0.2 µm fraction. This enrichment process ensured
removal of cellular debris and high molecular weight aggregates and proteins while retaining im-
portant bioactive soluble factors, such as cytokines and exosomes, within the target size range.
Following enrichment, Western blotting, biolayer interferometry, determination of nanoparticle
concentration by ultramicroscopy, scanning and transmission electron microscopy were used
to confirm the presence of EVs, including exosomes, in the enriched 0.2 µm–50 kDa fraction.
The described approach allows selective concentration of bioactive molecules and exosomes,
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which are of crucial importance for subsequent functional application in regenerative medicine,
biotechnology, diagnostics and research work. Minimal required equipment and processing
time compared to ultracentrifugation or chromatography, suitability for both small-scale re-
search and large-scale production, and preservation of bioactivity with retaining functional
EVs and proteins make this high-throughput, easily standardized method perspective for fur-
ther biotechnological applications, which will enhance the reliability of MSC CM as a cell-free
regenerative tool [18].

2. Materials and methods

2.1. Preparation of MSC conditioned media

Cell culture of d293 MSC from adipose tissue was provided by the Collection of cell cultures
for biotechnological and biomedical research of the Koltsov Institute of Developmental Biology
of RAS. To obtain conditioned medium, MSC were cultured in standard culture medium DMEM
(Paneco) supplemented with 10% fetal bovine serum (FBS) (Biowest), alanyl-glutamine and
antibiotics (penicillin, streptomycin). MSC (passage five) at concentration (4.8–5.2)×106 were
placed on a T175 cultural flask in a DMEM with 10% FBS. After 48–72 h, at 80% cell confluency,
the medium was removed, cells were washed twice with phosphate-buffered saline (PBS), and
45 ml DMEM containing 10% FBS or not containing FBS were added. The conditioned medium
was collected after 72 h and used for further analysis.

2.2. Filtration and ultrafiltration

Pre-filtration of 15 ml of conditioned media was carried out sequentially through 80 µm filter
(Hawach Scientific) and 0.2 µm membrane (polyethylene terephthalate track-etched membranes
with pore diameters (0.2 ± 0.01) µm were manufactured at the Flerov Laboratory of Nuclear
Reactions, JINR) using reusable syringe filter holder. For ultrafiltration Amicon® Ultra-15
Centrifugal Filter Units with MWCO membranes of 50 and 10 kDa were used at 4000 × g
at 25◦C.

2.3. Protein and RNA quantification

Protein and RNA concentrations were quantified using the Qubit Fluorometer, Qubit Pro-
tein Assay Kit and Qubit RNA High Sensitivity (HS) Assay Kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions. For three independent conditioned medium sam-
ples, three measurements were performed for obtained fractions. Data are presented as mean
± standard deviation (SD).

2.4. Determination of nanoparticle concentration by ultramicroscopy

The concentration of nanoparticles in samples was determined using ultramicroscopy on
an NP Counter device (NP VIZHN) according to the manufacturer’s instructions. Before
measurements, the samples of CM with FBS were diluted 140 times, and the samples of CM
without FBS were diluted 15 times. The final content of nanoparticles in the sample was
calculated taking into account the dilution.
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2.5. Transmission electron microscopy (TEM)

Copper grids with a thin amorphous carbon film (SPI Supplies) were used as the supporting
substrate. The grids were pre-treated with UV light for 15 min. Samples were fixed for 30 min
with a 2.5% glutaraldehyde solution (25%, Thermo Fisher Scientific) in PBS, adjusted to pH 7
using 0.1 M NaOH (reagent grade, Lenreaktiv), applied onto the grids, and incubated for
10 min. Excess sample was removed, washed with water, dehydrated in a series of acetone (for
analysis, PanReac) solutions with concentrations of 10%, 30%, 50%, 70%, 100% for 10 min and
stained for 15 s with 2% phosphotungstic acid (reagent grade, Lenreaktiv), adjusted to pH 7
using 0.1 M NaOH. The study using transmission electron microscopy was performed on a Talos
F200i S/TEM microscope (Thermo Fisher Scientific) at an accelerating voltage of 200 kV.

2.6. Scanning electron microscopy (SEM)

For samples analysis, silicon wafers were sequentially treated with 35% H2O2 (34.5–36.5%,
Sigma-Aldrich) for 30 min, followed by rinsing in water for 5 min and isopropanol (99.9%,
Sigma-Aldrich) for 5 min. The wafers were then modified with a 1% solution of 3-amino-
propyltriethoxysilane (99%, Sigma-Aldrich), adjusted to pH 4 using 0.1 M acetic acid (for
analysis, PanReac), at 60◦C for 120 min. After modification, the wafers were rinsed with water,
isopropanol, and dried at 120◦C for 120 min. Samples were fixed with a 2.5% glutaraldehyde
solution (25%, Thermo Fisher Scientific), adjusted to pH 7 using 0.1 M NaOH (reagent grade,
Lenreaktiv), and applied as a 2 µm layer onto the silicon wafers. The samples were incubated
for 10 min, and then washed with water and isopropanol. Scanning electron microscopy was
performed using a high-resolution SU 8020 microscope (Hitachi) equipped with a cold field-
emission cathode, operating at an accelerating voltage of 3 kV. To enhance surface conductivity,
a 5 nm layer of platinum–palladium alloy was sputtered onto the samples using a Q150T S
magnetron sputtering system (Quorum). All solutions were prepared with Milli-Q deionized
water (Millipore) with a resistivity of 18 MΩ · cm at 22◦C.

2.7. Biolayer interferometry

DNA aptamers were synthesized by Synthol (Moscow, Russia): CD63 DNA aptamer
5’-CACCCCACCTCGCTCCCGTGACACTAATGCTA-3’-biotin (biotinylated at the 3’ end);
SARS-CoV-2 S protein DNA aptamer (control aptamer) biotin-5’-
CAGCACCGACCTTGTGCTTTGGGAGTGCTGGTCCAAGGGCGTTAATGGACA-3’
(biotinylated at the 5’ end). 1 µM aptamer solutions were prepared in PBS, heated at 95◦C
for 5 min, and cooled to room temperature. Biolayer interferometry (BLI) experiments were
performed using a BLItz instrument (ForteBio, Fremont, USA) and streptavidin-coated biosen-
sors (ForteBio, Fremont, USA). Biosensors were hydrated in PBS for 10 min, and biotinylated
aptamers were immobilized on the sensors for 3 min. The experimental protocol was as follows:
1) baseline in phosphate-buffered saline for 30 s; 2) samples were allowed to interact with the
aptamers for 200 s; 3) dissociation of complexes in PBS for 200 s. Samples were tested in
serial dilutions (4×, 10×, and 20×) in PBS. To account for background or nonspecific binding,
control aptamer (SARS-CoV-2 S protein) response curves were subtracted from CD63 aptamer
response curves.

2.8. Western blot analysis

Exosome-derived protein samples were prepared by combining 100 µL of ice-cold RIPA lysis
buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% Sodium
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Deoxycholate, 0.1% SDS) supplemented with protease inhibitors with an equal volume of
the 0.2 µm–50 kDa CM fraction. The mixture was homogenized by pipetting, incubated on
ice for 15 min, and 4× Laemmli Sample Buffer was added. For electrophoresis, 1 (DMEM
with 10% FBS), 3 (CM with FBS) or 20 (CM without FBS and DMEM) µL of samples were
loaded onto 10% SDS-polyacrylamide gel (BioRad). After separation, proteins were trans-
ferred to PVDF membrane (BioRad). Membrane was probed with rabbit polyclonal antibody
to Tetraspanin 30 (TSPAN30) recognizing CD63 protein (Cloud-Clone Corp.) at a dilution of
1:1000 for 1 h at room temperature, washed in PBS-0.1%Tween 20 and probed with a goat an-
tirabbit secondary antibody HRP conjugate (Thermo Fisher Scientific) at a dilution of 1:10,000
for 1 h. Chemiluminescent detection was performed using SuperSignal™ West Pico Rabbit IgG
Detection Kit (Thermo Fisher Scientific).

3. Results and discussion

3.1. Morphology of used MSC

MSC at passage five are ideal for producing conditioned medium due to the balance between
proliferative activity, homogeneity, and minimal senescence of cell culture. Used in our study
adipose-derived mesenchymal stem cells at passage five exhibit typical of mesenchymal cells
spindle-shaped (fibroblast-like) cell shape with elongated cytoplasmic processes, firmly attached
to the culture surface, forming a monolayer with uniform distribution (Figure 1). Cell culture
demonstrates morphological purity (≥ 90% of cells display spindle-shaped morphology) and
absence of abnormal shapes.

Figure 1. Morphology of adipose-derived MSC exhibited fibroblast-like characteristics.

3.2. Protein and RNA content in conditioned medium fractions

In this paper, we utilized two types of conditioned medium for MSC: obtained using serum-
containing culture approach and using serum-free approach. Traditional MSC expansion relies
on FBS-supplemented media because FBS provides essential nutrients, adhesion factors, and
hormones, ensuring robust cell proliferation and sustained secretory activity. In addition, FBS
contains a substantial quantity of EVs ((2.60±0.33)×1010 EVs/mL in 10% FBS-supplemented
culture medium [19]), including exosomes, which are secreted by bovine cells during serum
production. These exosomes may influence MSC by altering their behavior or secretory pro-
files, and lot-to-lot variability in FBS composition results in inconsistency in the composition of
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the conditioned medium [20]. Ethical concerns and risks of xenogeneic pathogen transfer also
limit its suitability for clinical applications. Serum-free media contains basic nutrients for cellu-
lar metabolism and proliferation and eliminates animal-derived components, reduces immuno-
genicity risks, enhances reproducibility, and aligns with regulatory standards for clinical-grade
MSC products. It also avoids confounding effects of serum proteins in downstream analy-
ses [19]. However, this approach possibly reduces secretory output compared to serum-rich
environments. Thus, the choice of approach to obtaining MSC conditioned medium depends
on the final goals, and we present data on the total protein and RNA content of fractions
of serum-containing and serum-free conditioned medium to better guide this choice (Table 1,
Table 2).

DMEM we used contains about 950 mg/l of amino acids that are essential for maintaining
cellular metabolism in cultured cells, including glycine (30 mg/l), which can slightly affect
measurements of protein concentration with the Qubit Protein BR Assay. Therefore, the values

Table 1. Quantification of total protein in different fractions generated by filtration and ultrafiltration
of MSC conditioned serum-containing and serum-free medium. Serum-free DMEM was used as a
control for the initial protein content. Data are presented as mean ± SD. CM — conditioned medium.
NM — not measured.

DMEM DMEM with
10% FBS

CM without
FBS

CM with 10%
FBS

Protein (mg/ml)
Before filtration 0.034 4.010± 0.48 0.044± 0.0006 4.080± 0.69
After 80 µm filter NM NM NM 3.530± 0.43

Fraction 0.2 µm–50 kDa,
reduction of the initial
sample volume ∼ 15 times 0.032± 0.0006 11.23± 0.83 0.150± 0.02 2.410± 0.036
Fraction 50–10 kDa,
reduction of the initial
sample volume ∼ 40 times 0.031± 0.0006 0.077± 0.003 0.032± 0.0002 1.670± 0.46
Fraction < 10 kDa 0.032± 0.0006 0.029± 0.0032 0.031± 0.0006 0.200± 0.0001

Table 2. Quantification of non-vesicular RNA in different fractions generated by filtration and ultra-
filtration of MSC conditioned serum-containing and serum-free medium. Serum-free DMEM was used
as a control for the initial RNA content. Data are presented as mean ± SD. CM — conditioned medium.
TL — too low, concentrations below detection limit. NM — not measured.

DMEM CM without FBS CM with 10% FBS
RNA (ng/µl)

Before filtration TL TL 16.86± 3.40
After 80 µm filter NM NM 12.13± 0.53
Fraction 0.2 µm–50 kDa,
reduction of the initial
sample volume ∼ 15 times TL TL 109.13± 6.99
Fraction 50–10 kDa,
reduction of the initial
sample volume ∼ 40 times TL TL TL
Fraction < 10 kDa TL TL TL
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obtained for protein concentrations measured in DMEM (Table 1) can be attributed to the effect
of glycine, other primary amines or phenol red and can be considered as background values.
Addition of 10% FBS to DMEM increased the protein concentration by more than 100-fold
(4.010 mg/mL vs. 0.034 mg/mL).

In the serum-free conditioned medium, all studied fractions showed protein content values
corresponding to background values, with the exception of fraction 0.2 µm–50 kDa where the
protein content was ∼ 0.15 mg/ml. This fraction contains the bulk of the MSC secretome with
proteins approximately less than 2000 kDa [21] and EVs with a diameter less than 200 nm,
including exosomes. In contrast, the medium with 10% FBS contained proteins in all fractions
analyzed, and most of the proteins were filtered by the 0.2 µm filter. It can be assumed that the
main part of the MSC secretome in the conditioned medium with FBS is also in the 0.2 µm–
50 kDa fraction, however, a significant part of this fraction most likely consists of proteins and
EVs of serum origin.

In addition to proteins, FBS contains diverse RNA species, including mRNAs, miRNAs,
and long non-coding RNAs, primarily encapsulated within extracellular vesicles like exosomes
or bound to carrier proteins [22]. These bovine cell-derived RNA molecules can be transferred
into cultured MSC, potentially influencing gene expression and secretory outcomes [23]. Ac-
cording to our measurements, CM with FBS contains a significant amount of non-vesicular
RNA (free-floating or protein-bound), and the maximum content of such RNA is observed in
the concentrated 0.2 µm–50 kDa fraction. In contrast, no fraction of the conditioned medium
without FBS and initial DMEM contained non-vesicular RNA (Table 2).

Figure 2. Western blot analysis using anti-CD63 antibody (a) and SDS-PAGE (b) of the 0.2 µm–
50 kDa fraction of serum-containing CM (1), serum-free CM (2), DMEM+10% FBS (3), and
DMEM (4). M — Precision Plus Protein Dual Color Standards (BioRad). To load a comparable
total mass of protein per lane, the volumes of samples loaded are related as follows: 3:20:1:20.
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In addition, we did a Western blot with anti-CD63 antibody for the 0.2µm–50 kDa fractions.
CD63, a tetraspanin protein enriched in exosomal membranes, is widely used as a biomarker
to confirm presence of exosomes [24]. We observe a strong CD63 signal in Western blotting for
the 0.2 µm–50 kDa fraction of DMEM+10% FBS and CM with FBS, indicating a high content
of exosomes in these fractions, and absence of signal for the 0.2 µm–50 kDa fraction of DMEM
(Figure 2). The binding of used anti-CD63 antibodies to both MSC-derived CD63 proteins
and FBS-derived CD63 proteins is likely a result of the extremely high homology (up to 95%)
between the specific epitopes of human and bovine CD63 [23].

The CD63 signal for the 0.2 µm–50 kDa fraction of serum-free CM is also present, and its
intensity is lower than for the same fraction of CM with FBS. This difference in CD63 signal
intensity may reflect the contribution of FBS-derived exosomes to the CD63 pool in serum-
containing CM and/or reduced exosome secretion by cells cultured in serum-free conditions.
However, the presence of the CD63 signal in the 0.2 µm–50 kDa fraction of serum-free CM
indicates that MSC secrete exosomes even in the absence of FBS and the selected fraction
in both variants of obtaining the conditioned medium contain exosomes that can be used for
further application.

3.3. Nanoparticle concentration in CM and 0.2 µm–50 kDa CM fraction

The concentration of suspended nanoparticles, including exosomes, in CM with 10% FBS,
without FBS and their 0.2 µm–50 kDa fractions were quantitatively assessed using ultrami-
croscopy, a method offering for nanoparticle detection [25] (Table 3).

Table 3. Concentration of suspended nanoparticles in CM with 10% FBS, without FBS and their
0.2 µm–50 kDa fractions obtained by ultramicroscopy. Data are presented as mean ± SD. CM —
conditioned medium.

Sample Concentration (pcs/ml)
DMEM with 10% FBS (6.7± 2.98)× 1011

DMEM with 10% FBS,
fraction 0.2 µm–50 kDa, reduction
of the initial sample volume ∼ 15 times (3± 0.36)× 1012

CM with 10% FBS (9.7± 2.8)× 1011

CM with 10% FBS,
fraction 0.2 µm–50 kDa, reduction
of the initial sample volume ∼ 15 times (1.4± 0.28)× 1012

CM without FBS (4.8± 2.2)× 1010

CM without FBS,
fraction 0.2 µm–50 kDa, reduction
of the initial sample volume ∼ 15 times (5.7± 2.7)× 1010

DMEM medium with 10% FBS exhibits high levels of particles (including EVs, lipopro-
teins and protein aggregates), clearly demonstrating the overwhelming contribution of FBS to
particle numbers in standard FBS-supplemented media. According to measurements, particle
concentration in FBS-containing CM is an order of magnitude higher than in FBS-free CM.
The 0.2 µm–50 kDa fraction of FBS-containing CM retains high particle counts, however,
nanoparticles concentration increased by ∼ 1.4-fold, which is below the expected 15-fold in-
crease. This can be explained by adsorption of large EVs and protein aggregates on the 0.2 µm

8



E. Andreev et al. Natural Sci. Rev. 2 100401 (2025)

filter during ultrafiltration, i.e. most particles in the FBS-containing CM are outside the
0.2 µm–50 kDa range. After fractionation, CM without FBS contains ∼ 40-fold fewer par-
ticles than fractionated CM with FBS (5.7× 1010 vs. 1.4× 1012). This highlights the dominant
role of FBS in particle pool formation, potentially masking MSC-specific vesicles or proteins in
serum-containing media and confirming the critical role of FBS in nanoparticle accumulation.
Considering that FBS contains a significant amount of bovine EVs ((2.60±0.33)×1010 EVs/mL
in 10% culture medium supplemented with FBS [19]), it can be concluded that a portion
of nanoparticles in the FBS-containing CM represents bovine-derived EVs, which will compli-
cate the isolation and analysis of MSC-derived EVs (e.g., exosomes).

3.4. TEM and SEM of conditioned medium of fractions 0.2 µm–50 kDa

To confirm the presence of extracellular vesicles in the studied samples, we obtained TEM
and SEM images, which can serve as evidence for the presence of EVs by confirming their
characteristic size and morphology [26].

TEM and SEM images of CM with 10% FBS fraction 0.2 µm–50 kDa (Figure 3, a, 3, c)
revealed particles with a size of 50–150 nm, which is consistent with the expected size range
for EVs [27], but in the case of SEM, definitive identification of EVs was hindered by the
high protein content and serum-derived contaminants make it difficult to distinguish between
EVs and non-vesicular particles. TEM and SEM images of the serum-free CM 0.2 µm–50 kDa

Figure 3. Electron microscopy of CM 0.2 µm–50 kDa fraction samples: a) TEM CM with 10% FBS,
fraction 0.2 µm–50 kDa; b) TEM CM without FBS, fraction 0.2 µm–50 kDa; c) SEM CM with 10%
FBS, fraction 0.2 µm–50 kDa; d) SEM CM without FBS, fraction 0.2 µm–50 kDa.
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fraction (Figure 3, b, 3, d) revealed vesicle-like structures consistent with the size and cup-shaped
morphology typical of extracellular vesicles, supporting their presence in the sample [28].

3.5. Biolayer interferometry results

In addition, the presence of exosomes in the samples was proved by biolayer interferometry,
a method for determining the affinity of biomolecules using minimal sample volumes (from
4 µl per experiment). The CD63-2 sequence proposed by Song et al. was chosen as the DNA
aptamer [29] to the exosome-specific marker CD63 [30], which, after a slight modification,
was successfully used within several sensors [31–35]. The DNA aptamer was synthesized with
a biotin modification that allowed the aptamer to be immobilized on a streptavidin sensor.
Association and dissociation curves for exosomes interacting with DNA aptamers on a sensor
are shown in Figure 4.

The intensity of the interference shift is proportional to the amount of adsorbed matter
on the sensor. According to biolayer interferometry results, all studied samples contained
exosomes, however, the largest number of CD63-positive exosomes was found in the serum-

Figure 4. Biolayer interferometry sensorgrams for determination of the exosomes presence for: a) 1 —
samples without dilution; b) 0.25 — the original samples diluted 4 times; c) 0.1 — the original samples
diluted 10 times; d) 0.05 — the original samples diluted 20 times.
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containing CM samples, which most likely reflects elevated exosome secretion rates and the
contribution of residual FBS-derived exosomes. As a control, experiments were conducted on
the interaction of the CD63 aptamer with 10% FBS solution (Figure 4) containing bovine
exosomes. Indeed, intense binding of the aptamer to the FBS components was observed. The
control experiment with 10% FBS solution demonstrates that the used CD63 aptamer cross-
reacts with bovine exosomes present in FBS and the assay detects both human and bovine
exosomes due to similar CD63 epitopes. Thus, serum-containing CM samples are likely to
contain a mixed population of human and bovine exosomes, complicating the interpretation
of exosome quantification as the assay cannot differentiate between endogenous (human) and
exogenous (FBS-derived) exosomes.

4. Conclusion

In this paper, we compare the composition of two types of MSC CM obtained using serum-
containing and serum-free culture approaches and reveal differences in composition and concen-
tration of CM components. Total protein, non-vesicular RNA, exosome and nanoparticle levels
in serum-containing CM fractions are markedly higher than in serum-free CM, reflecting both
MSC-derived components and residual FBS contribution in serum-containing CM, making them
suitable for applications where yield outweighs purity concerns (e.g., preliminary biomarker dis-
covery). In contrast, serum-free CM fractions exhibit lower protein/RNA/exposome/nanopar-
ticle content but provide a “purer” profile of the MSC-derived secretome, which is critical for
therapeutic purposes where regulatory compliance may require the exclusion of animal-derived
components. In addition, we demonstrate that the 0.2 µm–50 kDa fraction of CM obtained
with ultrafiltration and enriched in exosomes and proteins makes up a significant part of the
MSC secretome. This fractionation strategy allows the isolation of small vesicles and mid-sized
proteins excluding larger and smaller components, while exosomes and a significant portion of
the functionally important proteins of the MSC secretome are retained in this fraction in higher
concentrations than in the original CM. Further, the entire filtration process can be carried out
using polyethylene terephthalate track-etched membranes, which have a number of advantages:
cylindrical pores with near-identical diameters (±5–10% variance), good mechanical and ther-
mal stability, biocompatibility [36, 37], which makes them suitable for GMP implementation
and filtration scaling.

It should be noted that a clear assessment of the amount of FBS components consumed
by cells and MSC-secreted substances in resulted FBS-containing CM is a difficult task. The
complex composition of FBS, which includes proteins and EVs, overlaps with MSC-secreted
biomolecules, making it difficult to distinguish between consumed serum components and newly
released cellular products. High-abundance FBS proteins (e.g., albumin and fibronectin) often
dominate analytical assays, masking low-concentration MSC-derived factors. Dynamic changes
in FBS component stability, such as degradation of its components over time, complicate ef-
forts to quantify what is truly consumed versus passively degrade in the conditioned medium.
Metabolic labeling (e.g., SILAC) of cellular proteins could theoretically separate newly syn-
thesized MSC-derived components of medium from pre-existing components [38], but at the
moment it is difficult to bypass all the methodological limitations necessary to conduct such
an experiment in serum-containing systems. Nevertheless, advances in synthetic media devel-
opment and scaffold generation technologies may narrow the functional gap between serum-
containing and serum-free methods of MSC cultivation, enabling the production of customized
MSC culture media for a variety of biomedical applications.
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Plamberger, S. Laitinen, T. Leonardi, M. J. Lorenowicz, S. K. Lim, J. Lötvall, C. A. Maguire,
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