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Abstract

The use of extracellular vesicles (EVs) in bone tissue engineering is emerging as a promising alternative
strategy to stem cells. For clinical application, EVs must be biomanufactured from suitable source cells,
systematically characterized, and validated for their efficacy in bone regeneration. This study focuses on
the possibility of this translation using in vitro methods with rat bone marrow stem cells (rBMSCs). Bone
marrow was harvested from Wistar rats and cultured using the direct adherence method. The rBMSCs
were characterized through trilineage differentiation, flow cytometry, immunofluorescence, and real-time
PCR. The optimal isolation method of EVs derived from the rBMSC was investigated. EVs isolated
through ultracentrifugation yielded homogeneous EVs with good quality and quantity. The EVs derived
from rBMSCs were characterized through Nanoparticle Tracking Analysis, Dynamic Light Scattering,
Transmission Electron Microscopy, and Western Blot analysis. The osteogenic differentiation of  BMSCs
was evaluated using the isolated EVs, confirmed by the MTT Cell Proliferation Assay and In vitro
Osteogenesis Assays. The concentration- and time-dependent enhancement of osteogenic
differentiation by rBMSC-derived EVs was also examined. Most importantly, EVs promoted osteogenic
differentiation without adding any conventional chemical agents in the culture media. These findings will
pave the way for further investigations to link EVs' therapeutic benefits in bone tissue engineering and
related applications.

INTRODUCTION

Among the four main types of stem cells that are the candidates for bone tissue engineering (adult stem
cells, embryonic stem cells, extra-embryonic stem cells, and induced pluripotent stem cells), adult stem
cells are particularly notable for their remarkable ability to self-renew and expand. They demonstrate
multipotency, possess anti-inflammatory and immunomodulatory properties, and can secrete factors
that facilitate or enhance tissue regeneration [1, 2]. Among them, bone marrow-derived stem cells
(BMSCs) are the prime choice because they are pluripotent and possess self-renewing capabilities with
low immunogenicity. They serve as a crucial source of osteoblasts and are vital for bone tissue repair by
containing and releasing trophic factors [1-3]. Bone regeneration involves recruiting mesenchymal stem
cells (MSCs) to the injury site, which is then succeeded by cell proliferation, differentiation into
osteoblasts, and intramembranous ossification. [4].

Increasing evidence suggests that the positive impact of mesenchymal stem cells (MSCs) on tissue
repair is primarily due to their stimulation of tissue-resident receptor cells through paracrine signaling
rather than through direct differentiation into parenchymal cells to mend or replace damaged tissue [5].
EVs derived from BMSCs demonstrate therapeutic effectiveness and functional characteristics akin to
those originating BMSCs, allowing them to promote pro-regenerative effects comparable to stem cell
therapy. These EVs encapsulate and concentrate bioactive molecules, facilitating their targeted delivery
to damaged tissues and thereby promoting tissue repair and regeneration [6, 7].
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EVs are nano-sized particles enclosed by a lipid bilayer released by different types of cells into the
extracellular space, ranging from approximately 20 nm to > 10 microns in diameter, most under 200 nm
[8]. Their composition includes a diverse array of lipids, proteins, and nucleic acids, reflecting the
characteristics of their parent cells, including ceramides, sphingomyelin, tetraspanins, and various RNA
species, such as mRNA and microRNA [9]. EVs play crucial roles in intercellular communication, tissue
repair, and cancer progression, and they hold potential as biomarkers and therapeutic agents in clinical
applications [10]. These vesicles can promote bone formation by delivering osteoinductive factors
directly to the injury site. EVs have been shown to possess proangiogenic properties, promoting the
formation of new blood vessels crucial for bone regeneration [11].

The rBMSCs can differentiate into multiple mesodermal derivatives, particularly osteogenic cells such as
osteogenic progenitors, osteocytes, osteoblasts, and bone lining cells. They also can become
adipogenic and chondrogenic cells, with their differentiation influenced by physiological requirements or
pathological states [12]. The isolation of high-quality EVs presents several challenges related to their
yield, purity, and specificity. The yield of EVs can be limited due to the small quantity naturally secreted
by cells and the inefficiencies of current isolation methods [13]. Optimizing culture conditions and
isolation protocols are essential for enhancing EV production. Contaminants such as proteins, lipids, and
other particles often co-isolate with EVs, compromising their purity and functionality. Removing these
contaminants without significantly losing EVs remains a major challenge [14]. Techniques like
ultracentrifugation, density gradient centrifugation, and other popular methods can result in
contamination from non-EV particles and protein aggregates. These methods also require long
processing times and specialized equipment [15, 16]. Precipitation methods, including those using
commercial kits, can lead to high levels of protein contamination and variability in yield [13, 17].

This study seeks to investigate three important components of EVs in the context of regenerative
medicine. First, it seeks to identify the optimal source cells for the production of EVs, ensuring that the
most effective cellular origins are utilized. Second, the study focuses on refining EV isolation techniques
to enhance the purity and functionality of the isolated vesicles. Finally, it aims to evaluate the ability of
these isolated EVs to promote osteogenic differentiation in progenitor cells. By focusing on these
objectives, the study aims to provide important insights into the significance of EVs in bone tissue
engineering and regenerative therapies.

MATERIALS AND METHODS
Isolation, Expansion, and Characterization of rBMSCs

Bone marrow was harvested from four-week-old Wistar rats following approval from the Institutional
Animal Ethics Committee (IAEC) of SCTIMST (SCT/IAEC/TR-02/116/AUG/2023). Bone marrow was
collected and processed from femurs and tibias of rat according to the standard protocol [18]. Two
methods were used to extract rat bone marrow stem cells (rBMSCs): direct adherence and density
gradient centrifugation. For the direct adherence method, MSCs were isolated based on their ability to
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adhere to tissue culture plates, according to the previously established protocol [19]. MSCs were
subcultured using a 0.25% trypsin-0.53 mM EDTA solution (Sigma #85450C, US; Merck #108421, US).
The cells were then centrifuged, resuspended in complete medium, and transferred to a T75 flask to
establish passage one (P,). This subculturing process continued until P5 with a split ratio of 1:3. Bone
marrow cell suspension was carefully placed on top of an equal volume of HiSep (Himedia #LS001,
India) and processed as described for density gradient isolation [20]. Cell cultures were routinely
checked for confluence, morphology, and phenotypic characteristics using an inverted fluorescence and
phase-contrast microscope (Olympus IX51, Japan).

Characterization of rBMSC
Trilineage Differentiation

To assess the multi-lineage differentiation potential of the isolated rBMSCs, differentiated them into
osteogenic, adipogenic, and chondrogenic lineage using respective standard induction media [21]. The
media was changed at 3-day intervals for 21 days. Osteogenic, chondrogenic, and adipogenic
differentiation were confirmed by Alizarin Red S, Alcian blue, and Oil Red O staining, respectively; images
were captured using an inverted fluorescence and phase contrast microscope (Olympus IX51, Japan).

Immunofluorescence staining and flow cytometry analysis of rBMSCs: MSCs were characterized for the
presence of specific cell surface markers using standard protocol [22] with specific primary antibodies
(1:100), Thy1/CD90 (Invitrogen #MA1-81491), Endoglin/CD105 (NeoBiotechnologies #2022-MSM6), and
CD34 (NeoBiotechnologies #947-MSM1). Goat anti-mouse 488 secondary antibody (Abcam,
#ab150117) at a dilution of 1:200 was used according to the manufacturer’s instructions, samples were
mounted with an anti-fading medium DAPI (G-Biosciences #IHS2110A, USA) and examined under an
inverted fluorescence microscope (Axio Observer, Carl Zeiss Microscopy, Germany).

To assess the homogeneity of rBMSCs, cells were analyzed by flow cytometry with primary antibodies
against CD90, CD105, and CD34. Analysis was performed using a FlowSight system, with data
processed using IDEAS software. (Amnis, part of EMD Millipore, Seattle, WA, USA).

Quantitative Real Time-PCR

Total RNA was extracted from cells using using traditional TRIzol method (TRI reagent, Sigma #7942,
US), and RNA quality and purity were evaluated using a NanoDrop spectrophotometer. (Nanodrop One;
Thermo Fisher Scientific, USA). According to the manufacturer's instructions, the cDNA was synthesized
with PrimeScript 1st strand cDNA Synthesis Kit (TaKaRa #6110A, Japan). Expression levels were
normalized to B-Actin. PCR was performed for positive markers (CD73, CD90, and CD105) and negative
marker (CD34) in RT-PCR system (Bio-Rad CFX96, Real-time system, C1000 Touch, Singapore).

Isolation of rBMSC-derived EVs
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rBMSCs were seeded in 100 mm culture dishes at 10000 cells/cm? density and maintained under
standard conditions until they reached 70%-80% confluence. Subsequently, the growth medium was
removed and replaced with 10 ml of serum-free DMEM-LG medium. The cells were then incubated under
standard conditions for 48 h, the supernatant from the cell culture was harvested for isolating EVs. To
determine the optimal isolation method, 30 ml of collected media was divided and subjected to the
following three protocols:

Total Exosome Isolation (TEI) reagent: 10 ml of cell culture supernatant underwent centrifugation at
2000 x g for 10 min at 4°C. The resulting supernatant was combined with TEI reagent (#4478359;
Invitrogen, USA) in a 2:1 volume ratio. This mixture was incubated overnight at 4°C, then centrifuged at
10,000 x g for 1 h at 4°C [23]. EV containing pellet was resuspended in 50pl of ice-cold 1X PBS and kept
at -80°C for subsequent analysis.

Polyethylene Glycol (PEG) Precipitation

Cell culture supernatant (10 mL) was centrifuged at 2000 x g for 10 min at 4°C. An equivalent volume of
2X PEG stock solution (PEG 8000 Sigma #P2139, Germany) was combined with the supernatant
obtained. The mixture was then incubated overnight at 4°C, followed by centrifugation at 10,000 x g for
one hour at 4°C [24]. The EV pellet obtained was resuspended in 50 pl of ice-cold 1X PBS and kept at
-80°C for subsequent analysis.

Ultracentrifugation (UC)

10 ml of cell culture supernatant was centrifuged at 300 x g for 10 min, 2000 x g for 10 min, 10000 x g
for 40 min at 4°C to eliminate dead cells, microvesicles, apoptotic bodies, and cellular debris. The
cleared supernatant was transferred to ultracentrifuge tubes and spun at 100000 x g for 70 min at 4°C
using a Himac CS150 GXII micro-ultracentrifuge (HITACHI Koki Co. Ltd., Japan) with a type S80AT3-2062
rotor. EV pellet was resuspended in Tml of ice-cold 1X PBS, pooled, and subjected to another
centrifugation at 100000 x g for 70 min at 4°C [25]. The final EV pellet was resuspended in 50pl of ice-
cold 1X PBS and stored at -80°C for future analysis.

Characterization of EVs
Transmission Electron Microscopy (TEM)

For TEM analysis, the EV samples were fixed with 100 pl of 1% glutaraldehyde in PBS [26]. The sample
was then dropped onto Formvar-coated EM grids and dried overnight. It was then stained with UranyLess
stain (EM Sciences, USA), air-dried, and visualized at 80KV using TEM (Hitachi H-7650, Japan).

Dynamic Light Scattering (DLS) Analysis: Zetasizer (Nano series Nano-ZS ZEN3600, Malvern Panalytical
Instruments, US) was employed to examine the size distribution of EVs obtained from rBMSCs. The EV
suspension was diluted 1:100 with molecular-grade water for analysis. Intensity plots were used to
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graphically illustrate the size distribution of EVs from various isolates, with measurements conducted in
triplicate.

Nanoparticle Tracking Analysis (NTA): Particle number and size of rBMSC-derived EVs were determined
using NTA. The zeta view particle tracking analyzer (Particle Metrix, Laser scattering video microscope,
Germany) performed NTA. The samples were diluted 1:100 in ultrapure water and analyzed as previously
described [27].

Total protein estimation, SDS-PAGE, and Western Blot Analysis: The BCA assay kit (G-Biosciences #786—
844, India) was employed to determine the total protein content of EVs, following the manufacturer's
instructions. Proteins were resolved using denaturing SDS-PAGE and transferring onto PVDF membrane
(Merck, Millipore, US, #IPVH00010). Primary antibodies against TSG101 (1:2000, Puregene #PG-80736),
HSP90 (1:1000, Cell Signaling Technology #8165S), and CD9 (1:1000, Cell Signaling Technology
#13403S). The signal was detected using a gel documentation system (G-Box ChemiXRQ, Syngene, UK).

Preparation of EV-depleted FBS (ED-FBS) and Enhanced Cell Culture
Scalability

Centrifugation steps were used to extract bovine EVs from FBS and create EV-depleted FBS for isolating
rBMSC-derived EVs. The process began with undiluted FBS or a 1:3 mixture of FBS and cell culture
media. These samples underwent centrifugation at 2000 x g for 10 min, 10,000 x g for 40 min at 4°C to
eliminate cell debris and larger particles [28, 29]. The supernatant was transferred to ultracentrifuge
tubes and ultracentrifuged at 120,000 x g at 4°C for 2 h using a Himac CS150GXII (HITACHI Koki Co. Ltd,
Japan) with a type S80AT3-2062 rotor. The final supernatant, now ED-FBS, was filtered through 0.22 pm
syringe filters and stored at -20°C. The pellet, potentially containing FBS-EVs, was resuspended in 250 pl
of 1X PBS and kept at -80°C. Coomassie staining and western blot analysis were performed with
exosomal markers to evaluate the depletion process and confirm the depletion method's effectiveness.

To increase EV yield, rBMSCs cultures were expanded to T150 flasks. The cells were initially grown in
T25 or T75 flasks until reaching P5. P4 cells were then trypsinized and seeded into T150 flasks at a
density of 10 x 10° cells each, cultured in complete media. Upon reaching 70—-80% confluency, the
medium was replaced with 20 ml of DMEM-LG supplemented with 10% ED-FBS. After a 48-hour
incubation period for EV secretion, the supernatant was collected and subjected to differential
ultracentrifugation for EV isolation as previously mentioned. The size of the EVs was validated using
NTA and DLS, followed by total protein estimation, SDS-PAGE and western blot analysis to identify
exosomal markers.

Osteogenic differentiation in the presence of EVs

MTT Cell Proliferation Assay
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A total of 5 x 103 cells/cm? were seeded in a 24-well plate and cultured in complete media. After 24h,
cells were treated in triplicates with 0, 10, 20, 40 and 60 pg/mL rBMSC-derived EVs weekly twice for 14
days, MTT assay was used to investigate cell proliferation. After removing the medium, the cells were
washed with PBS and treated with 500 pL/well of 3-(4,5-dimethylthiazolyl2)-2,5-diphenyltetrazolium
bromide (1pg/mL MTT in PBS, Sigma, USA). The purple MTT formazan crystals were dissolved in DMSO
and absorbance was measured at 570 nm.

Based on the cell viability assay, the experimental setup comprised two primary treatment groups:
Differentiation Media (DM) and Complete Media (CM). Each group was subdivided based on the
concentrations of rBMSC-derived EVs supplemented, specifically 12.5 pg/ml and 25 pg/ml. Additionally,
the CM group included three higher concentrations of EVs (50, 75, and 100 pug/ml).

In vitro Osteogenesis Assays

To assess the osteogenic differentiation capacity of MSCs enhanced with EVs, cells were grown under
various experimental conditions. The cultures were sustained for 7, 14, 21, and 28 days, after which they
were treated with 40 mM ARS, following established protocols, and examined using an inverted
microscope.

gRT-PCR was employed to measure osteogenic gene expression. The expression levels of specific
osteogenic genes (ONC, OPN, RUNX2, BMP2, BMP4, 0SX, OCN, ALP, and COL7a7) were evaluated as
previously described, with normalization to an internal B-Actin. The data was analyzed using the
comparative threshold cycle (AACT) approach and presented as relative mRNA expression levels.

Protein extraction was performed using RIPA buffer (Merck Millipore, #20-188, USA), and total protein
content was determined on days 7, 14, 21, and 28 of rBMSC culture utilizing the BCA Protein Assay.
Western blot analysis was conducted, using specific primary antibodies: Anti-RUNX2 (1:1000, Goat Anti-
Rabbit IgG, Cell Signaling Technology), Anti-COL1a1 (1:1000, Goat Anti-Mouse IgG, Abcam), and Anti-
GAPDH Rabbit mAb (1:1000, #2118, Cell Signaling Technology, USA). The protein bands were quantified
using Imaged software.

Statistical analysis

Each experiment was conducted using a minimum of three separate samples. Results are expressed as
mean + SD (standard deviation). Statistical analysis was performed using GraphPad Prism 10 software,
with significance set at P < 0.05. T-tests were employed to assess statistical differences. Representative
figures were generated using Biorender software (https://biorender.com/).

RESULTS

Characterization of homogeneous rBMSCs derived through
optimized Direct Adherence method
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To determine the optimal isolation method for obtaining rBMSCs from rat bone marrow, we compared
two commonly used techniques: direct adherence and density gradient centrifugation (Fig. S1a). The
ability of rBMSC to adhere to the culture dish was tested for culture expansion. We observed comparable
rounded cell morphology at early time points for both methods. However, direct adherence resulted in
higher cell density than density gradient centrifugation-based isolation. Cells consistently adhered after
three days, with more cells in the direct adherence method. The direct adherence method resulted in a
progressive change in morphology from rounded to spindle in most cells, whereas density gradient
centrifugation resulted in a few cells reaching spindle morphology. Cells isolated by direct adherence
became 70-80% confluent after 5 days and were subcultured with 0.25% trypsin-EDTA solution (Fig.
S1b), whereas the cells isolated by density gradient centrifugation were degenerated (Fig. S1c). After
three passages, a homogeneous fibroblastic cell monolayer was formed in cells cultured by direct
adherence isolation, reaching confluence within 4-5 days. It is important to note that washing the cells
with DPBS is crucial to remove cellular secretions and residual medium and loosen up the adhesive force
of MSC in the culture flasks. Trypsin digestion should be limited to 2 min because prolonged digestion
would detach non-MSCs from the culture flask and be detrimental to MSCs. rBMSCs isolated from young
animals, specifically those younger than three months old, exhibited notably higher cell viability than
rBMSCs isolated from animals older than three months. When subjected to specific in vitro conditions
and exposed to lineage-specific differentiation media for 4 weeks, the MSCs obtained through direct
adherence successfully transformed into adipocytes, osteocytes, and chondrocytes. Adipose-
differentiated MSCs exhibited intracellular lipid droplets, verified using Oil Red O staining (Fig. S1d). Cells
that differentiated into osteocytes formed mineralized nodules, identified positively by ARS staining (Fig.
S1e). MSCs induced with chondrogenic medium produced sulfated proteoglycans and
glycosaminoglycans, which were visualized using Alcian Blue staining (Fig. S1f). Undifferentiated cells
from all experimental groups showed no such staining.

Subsequently, MSC-specific markers were assessed through immunocytochemical staining. The cells
exhibited positive results for MSC-specific surface markers CD90 and CD105 while showing negative
results for CD34 (Fig. S2a). Flow cytometry analysis revealed that over 97% of the cells were positive for
CD90 (Fig. S2b) and more than 99% for CD105 (Fig. S2c¢), with less than 1% showing positivity for the
negative marker CD34 (Fig. S2d). Images of the cells analyzed by flow cytometry were captured and
displayed below each figure. Additionally, qRT-PCR analysis of cell surface antigens indicated a uniform
population of differentiated MSCs. rBMSCs isolated using the direct adherence method expressed the
positive markers CD73, CD90, and CD105. In contrast, the negative marker CD34 was not detected (Fig.
S2e). These findings demonstrated that the cells isolated and cultured via the direct adherence method
were homogeneous and mesenchymal in nature. As a result, the direct adherence method was utilized in
subsequent experiments.

Isolation of extracellular vesicles with high purity and yield
by Ultracentrifugation

Page 8/30



To determine the most effective technique for isolating EVs, we evaluated the efficiency of three
commonly used methods: Total Exosome Isolation Kit (TEI), polyethylene glycol (PEG) precipitation, and
ultracentrifugation (UC). Cell culture supernatants from rBMCs cultured using the direct adherence
method were used for this assessment (Fig. 1a). To evaluate the size distribution, freshly isolated EVs
were subjected to DLS measurements. The results revealed that all EV preparations, except those
isolated using the TEI kit, were within the expected size range of approximately 200 nm. Specifically, EVs
isolated with the TEI kit exhibited a broader size distribution, with a prominent intensity peak at 2757
21.5 nm and a weaker intensity peak at 70.83 £ 4.7 nm. In contrast, EVs isolated by UC had an average
size 0of 210.8 £ 19.94 nm, while those obtained via the PEG precipitation method averaged 181.7 +15.68
nm (Fig. 1b). These findings suggest that both the UC and PEG precipitation methods effectively yield a
homogeneous mixture of EVs within the anticipated size range. This finding also highlights the
importance of choosing appropriate isolation techniques for obtaining high-quality EV preparations for
downstream applications.

To further compare the efficacy of the different EV isolation methods, the total EV yield was quantified by
measuring protein concentration using the BCA assay kit. Results indicated that the UC method
produced the highest protein yield, followed by the PEG precipitation method, while the TEI kit method
yielded the least amount of protein (Fig. 1c). The efficiency of EV isolation was further evaluated using
SDS-PAGE followed by Western blot analysis. Coomassie staining of SDS-PAGE gels revealed much
higher protein bands in EVs isolated via the UC method (Fig. 1d). Additionally, Western blot analysis
demonstrated the presence of EV markers, such as CD9 and TSG101 in EVs isolated by both the UC and
PEG methods, but not in those isolated using the TEI kit (Fig. 1E). From 10 ml of rBMSC culture
supernatant, the UC method yielded the highest protein concentration, making it the preferred method
for subsequent experiments. However, it is important to note that while the UC method provided the
maximum yield, the protein concentration obtained might still be insufficient for further downstream
applications like osteogenic differentiation experiments. This limitation underscores the need to
optimize EV isolation protocols or explore alternative methods to achieve higher yields suitable for
advanced experimental requirements.

Enhanced Yield of Extracellular Vesicles in rBMSC Cultures
through Culture Expansion and ED-FBS

To maximize the yield and quality of EVs from rBMSC cultures, the culture conditions were optimized by
combining a scale-up approach with the use of EV-depleted FBS (ED-FBS). This strategy addresses two
critical aspects: minimizing the presence of bovine EVs in standard FBS, which can interfere with the
purity and specificity of isolated EVs, and increasing the overall cell number to enhance EV production
(Fig. 2a). To assess the effectiveness of EV depletion from FBS, Coomassie staining was performed on
both ED-FBS and the EV pellet obtained after ultracentrifugation of FBS (FBS-EV) samples prepared
using two different methods: undiluted or diluted with cell culture media at a 1:3 ratio (FBS: culture
media). The staining revealed depletion of protein bands corresponding to EV proteins in ED-FBS
samples, whereas these bands were present in FBS-EV fractions prepared by both methods. This
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indicates the successful removal of EVs from FBS (Fig. S3a). Additionally, Western blot analysis using EV
markers was performed to validate the depletion process. HSP90 and TSG101 were not detected in ED-
FBS, whereas they were present in the EV samples isolated using corresponding methods (Fig. S3b).
These findings confirm successful EV depletion, ensuring that the supernatant is free of EVs from
FBS.The scale-up process involved increasing the cell number by expanding rBMSC cultures from
smaller T25 flasks to larger T150 flasks. This scaling up of culture volume is expected to increase the
number of cells, thereby enhancing the potential yield of EVs. Isolated EVs were subjected to dynamic
light scattering (DLS) analysis. The size measurement showed that EVs from both conditioned media
groups (ED-FBS and serum-free) were approximately 200 nm in diameter after the scale-up process with
100% intensity peaks. EVs derived from serum-free media showed a prominent intensity peak at 203 + 23
nm, while EVs isolated from ED-FBS supplemented media had an average size of 157 + 20 nm (Fig. S3c).

We compared the protein concentration of EVs isolated after scaling up the process with ED-FBS
supplementation to those isolated from serum-free cell culture supernatants. The results showed a
significant increase in yield for EVs from scaled-up cell culture supernatants. Additionally, EVs from cell
culture supernatants supplemented with ED-FBS had an even greater yield compared to those from
serum-free media (Fig. 2b). Increased protein concentrations were also apparent in the SDS-PAGE
analysis (Fig. 2¢). Furthermore, Western blot analysis indicated increased expression of exosomal
markers CD9, TSG101, and HSP90 in the EVs isolated by combining the scale-up process with ED-FBS
supplementation (Fig. 2d).

The EVs isolated from ED-FBS supplemented media were analyzed for size distribution and morphology
using NTA and TEM, respectively. A three-dimensional plot of relative intensity was used to represent
NTA data. The concentration of EVs was 3.3 x 10° particles/ml, with a mean diameter of 96.6 + 56.1 nm
(Fig. 2e). This shows that scaling up rBMSC cultures and using ED-FBS was an effective approach for
obtaining a high quantity and purity of EVs for downstream applications. TEM data revealed typical EV
appearance with diameters within the 200 nm range (Fig. 2f). Thus, using ED-FBS ensures the isolation
of EVs from rBMSC cultures devoid of FBS-EV contaminants while still providing essential growth factors
and nutrients. This approach maintains superior cell viability and functionality compared to serum-free
conditions, enhancing EV production. As a result, we have adopted this protocol for our subsequent
experiments.

Osteogenic differentiation dynamics in rBMSCs

The differentiation of rBMSCs into osteogenic lineage was induced over a period of 7, 14, 21, and 28
days (Fig. S4a). Compared to the control group, rBMSCs undergoing in vitro osteogenic differentiation
showed rapid proliferation, forming tightly packed colonies. These colonies developed dense, granular
areas, and after two weeks of culture, multiple cell layers often appeared, sometimes leading to cell
death due to prolonged osteogenic treatment.

To assess osteogenic differentiation, we stained monolayers with Alizarin Red at various time intervals
to measure calcium deposition. The results revealed that exposure to an osteogenic medium led to the
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significant formation of mineralized nodules over time. Specifically, intense positive staining was
observed at later stages (days 21 and 28), with lower levels seen at earlier stages (days 7 and 14). In
contrast, the control samples showed no calcium mineralization throughout the duration. These findings
indicated a progressive increase in mineralization correlating with the duration of osteogenic induction
(Fig. S4b).

Osteogenic differentiation was evaluated by quantifying the expression of various markers, including
ONC, OPN, RUNX2, B-actin, OSX, OCN, COL1a1, BMP2, BMP4 and ALP, using qRT-PCR. The primary
molecular regulator RUNX2 plays a crucial role in directing the differentiation of MSCs into
preosteoblasts. RUNX2 is expressed early in differentiation to promote osteogenesis while inhibiting
adipogenesis and chondrogenesis. It regulates numerous downstream osteogenic genes, such as 0SX,
OCN, ALE ONC, OP, and COL7a1 [30]. Increased expression of RUNX2 mRNA was observed in the early
stages of differentiation starting from day 7, followed by a decline in the late stage (day 28), consistent
with previous reports [31]. OSX expression was upregulated during the early differentiation stage,
progressively increasing over time. MSCs exhibited elevated OPN mRNA transcript levels during the late
stages of differentiation (days 21 and 28). Additionally, ONC, BMP2, COL1a1, ALP, and BMP4 mRNA
transcripts were highly expressed at days 14 and 21 (Fig. S4c).

We investigated osteogenesis by examining the expression of specific osteogenic proteins using
immunofluorescence. Expression of RUNX2 and COL1a1 proteins were evaluated in rBMSCs cultured in
osteogenic medium for 7, 14, 21, and 28 days. The results showed that both RUNX2 expressions were
significantly higher in the day 7 and 14 groups compared to the later stages of differentiation. The
expression of COL1a1 was consistent at all four time points (Fig. S4d).

Concentration and time-dependent enhancement of
osteogenic differentiation by rBMSC-derived EVs

To assess the potential of EVs to enhance cell proliferation, varying concentrations (0, 10, 20, 40, and
60ug/ml) of EVs were incubated with rBMSCs for 14 days. MTT assay results revealed a concentration-
dependent increase in cellular proliferation with higher concentrations of EVs (Fig. 3a). Importantly, no
cytotoxic effects were observed across any concentration, highlighting the safety and efficacy of rBMSC-
derived EVs in promoting cell proliferation. The ability of rBMSC-derived EVs to enhance osteogenic
differentiation was evaluated by two different concentrations of EVs (12.5 and 25ug) in the presence and
absence of osteogenic stimulants (Fig. 3b).

The deposition of calcium, leading to bone mineralization, is considered a late indicator in the
osteogenic differentiation process [32]. ARS staining results demonstrated that EVs from rBMSCs
significantly enhanced osteogenic differentiation depending on both concentration and treatment
duration. Examination of mineralization scans revealed that EV supplementation induced calcium
deposition in both CM and DM groups. These groups showed increased mineralization, evidenced by
darker staining, coarser particles, and more extensive branched deposits than the untreated group. The
most significant differences in mineralization were evident after 14 days in the EV-treated groups. EV
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administration in the DM treatment group resulted in a concentration and time-dependent increase
(Fig. 3c). Notably, in the CM group lacking osteogenic reagents, EVs induced mineralization, suggesting
that rBMSC-derived EVs possess inherent osteogenic capabilities. The CM + 25ug EVs exhibited
considerable calcium deposition compared to the CM + 12.5ug EVs. While no distinct mineral deposits
were visible until day 14, faint, weakly stained mineral particles appeared on day 21. They increased
further by day 28 of treatment (Fig. 3d). Both image analysis and quantification of extracted ARS stain
indicated a significant increase in mineralization in the EV-treated groups compared to the untreated
group on days 7, 14, 21, and 28 (Fig. S5a-S5b).

Next, gRT-PCR evaluated the expression of osteogenic markers in rBMSCs treated with EVs under both
CM and DM conditions. The analysis showed a consistent trend in the expression of key osteogenic
markers across different time points, underscoring the osteogenic potential of rBMSC-derived EVs.
Osteoblasts differentiate from their precursors through the modulation of several transcription factors
during osteogenesis, including the master transcription factor RUNX-2 and its downstream target OSX
[31]. These transcription factors are crucial in the cell-fate decision process that drives MSCs to become
osteoblasts. In the DM group, RUNXZ2 expression levels increased seven-fold in the DM + 25ug EVs. In
contrast, OSX expression significantly increased from day 7 to day 14 in the same group, showing a 26-
fold increase, indicating early osteogenic differentiation (Fig. 4a). From day 21 onwards, there was a
gradual decline in the expression of these markers, suggesting peak activity during the initial
differentiation phase. RUNX2 and OSX, together, are responsible for expressing osteoblast proteins,
including other early osteogenic markers such as ALR COL7a7, and various non-collagenous proteins.
Early osteogenic markers like BMP2, BMP4, COL1al, ALP, and ONC showed marked increases in
expression, with 59-fold, 10-fold, 13.5-fold, 46-fold, and 7-fold changes respectively during days 14 and
21 (Fig. 4a). BMP2 and BMP4, which are critical for osteoblast differentiation, along with COL7a7, ALR
and ONC, exhibited elevated levels, highlighting their roles in extracellular matrix formation and
mineralization processes. Late osteogenic markers OCN and OPN showed a 29.5-fold increase from day
7, peaking at day 28, correlating with advanced stages of bone matrix maturation and mineralization
(Fig. 4a).

Notably, the CM + 25ug EVs also demonstrated consistent increases in the expression levels of
osteogenic markers across all time points compared to other treatment groups and controls (Fig. 4B).
However, these increases were notably less pronounced than those observed in the corresponding DM-
treated group. Similarly, CM without EV supplementation showed minimal osteogenic marker expression,
highlighting the essential role of EVs in enhancing osteogenesis. In CM supplemented with 25 pg EVs,
early osteogenic markers RUNX2 and OSX showed seven-fold and 238-fold increases, respectively.
Along with RUNX2 and OSX; other early osteogenic markers such as ONC, BMPZ2, and COL1aT exhibited
21-fold, 54-fold, and 14-fold increases, respectively, at day 21. The CM + 12.5ug EVs also demonstrated
significant increases in fold changes compared to the untreated group.

Additionally, protein expression levels of RUNX2 and COL1A1, were examined in rBMSCs exposed to EVs
under both CM and DM conditions using western blot analysis. The expression of RUNX2 showed a
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gradual increase from day 7 to day 14 in both CM and DM groups (Fig. 5a). This correlates with the qRT-
PCR data, indicating that the early phase of osteogenic differentiation involves upregulation of RUNX2.
By day 21, the expression of RUNX2 started to decline, aligning with the observed decrease in mRNA
levels from gRT-PCR results. COLTA1 expression increased from day 7 to day 21, reflecting its role in
forming the extracellular matrix during osteogenesis (Fig. 5b). DM alone induced RUNX2 and COL1A1
expression but at significantly lower levels than EV-treated groups. CM without EV supplementation
showed minimal expression of these markers, underscoring the critical role of EVs in promoting
osteogenic differentiation.

EVs enhance osteogenic differentiation without relying on
conventional external chemical agents

Typically, osteogenic differentiation media includes L-ascorbic acid, dexamethasone, and B-
glycerophosphate. However, it was observed that adding specific concentrations of EVs to complete
media without these chemical differentiation agents induced rBMSC differentiation (Fig. 6¢-d, S5b, 4b,
and 5a-5b). We used FBS-EVs as a control to validate that this effect was specifically due to the rBMSC-
derived EVs. We compared the osteogenic differentiation effects of EVs from rBMSCs to those from
FBS. For 14 days, the complete media was supplemented with EVs from two different sources at varying
concentrations (12.5, 25, 50, 75, and 100 pg/ml). ARS staining revealed that media supplemented with
EVs promoted calcium deposition in a concentration-dependent manner even without osteogenic
chemical stimuli (Fig. 6a). Notably, groups treated with rBMSC-derived EVs showed significantly higher
calcium deposition levels compared to those treated with FBS-EV's (Fig. 6b). Extended exposure to
rBMSC-derived EVs resulted in increased calcium deposition over time. Specifically, lower concentrations
(12.5, 25, and 50 pg/ml) of rBMSC-derived EVs resulted in minimal calcium deposits, significantly
increasing at higher concentrations (75 and 100 pg/ml). This suggests that rBMSC-derived EVs possess
inherent osteogenic potential, with higher concentrations leading to more significant calcium deposition.
Conversely, EVs derived from FBS demonstrated only a slight increase in calcium deposition at the given
concentrations, less pronounced compared to the groups treated with rBMSC-derived EVs (Fig. 6¢). To
assess the protein expression levels of RUNX2, western blot analysis was conducted. The cells treated
with rBMSC-derived EVS showed increased RUNX2 expression compared to the group treated with FBS-
EVs (Fig. 6d). These results suggest that rBMSC-derived EVs are more effective in committing cells to
the osteogenic lineage than FBS-EVs. Our findings indicate that rBMSC-derived EVs specifically induce
osteogenic commitment in cells compared to FBS-EVs, suggesting the presence of distinctive signaling
molecules within the EVs.

DISCUSSION

This study optimized the isolation and culture conditions for rBMSCs, and various techniques for
isolating EVs were evaluated. The comparison between the direct adherence method and density
gradient centrifugation for rBMSC isolation revealed results consistent with previous findings [17], the
direct adherence method yielded a higher cell density and superior morphological progression, with cells
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transitioning from a rounded to spindle shape within five days. This method produced a homogeneous
fibroblastic cell monolayer after three passages and showed better cell viability and proliferative
capacity, especially in rBMSCs isolated from younger animals. This aligns with previous studies
indicating an age-related decline in stem cell functionality and viability [33, 34]. The isolated rBMSCs
effectively differentiated into adipocytes, osteocytes, and chondrocytes under specific conditions,
confirmed by trilineage differentiation assays, flow cytometry, immunofluorescence, and gqRT-PCR
analysis. The direct adherence method showed simple, higher MSC yield, improved cell purity, and better
adherence and expansion capabilities, make it a preferred and reliable technique for isolating rBMSCs,
essential for downstream applications and differentiation experiments [4, 35].

The next step was determining the most effective EV isolation method from rBMSCs, comparing UC,
PEG precipitation, and the TEI kit. DLS analysis showed that EVs isolated by UC and PEG precipitation fell
within the expected size range (~ 200 nm), while the TEI kit yielded a broader size distribution, as
previously reported [36]. UC outperformed the other methods, achieving the highest protein
concentration and EV purity, consistent with other studies showing UC's superior ability to isolate EVs
with fewer contaminants. A recent study comparing the isolation techniques for small extracellular
vesicles (sEVs) in breast cancer liquid biopsies revealed that UC yielded superior SEV purity, marker
expression, and a higher quantity of SEV proteins compared to TEl and a combined approach [37].
Although PEG precipitation was effective, it did not match the yield and purity levels achieved by UC. In
contrast, the TEI kit's broader size distribution and lower protein concentration suggested it may be
unsuitable for high-purity EV applications. While UC is time-consuming and requires specialized
equipment, its ability to produce high-quality EVs makes it preferable for applications such as clinical
diagnostics and therapeutic use [35, 37]. Our findings underscore the effectiveness of the direct
adherence method for rBMSC isolation and confirm UC as the optimal technique for EV isolation,
providing a strong foundation for refining protocols to meet the stringent requirements of advanced
research applications.

However, challenges remain regarding their mass production, separation efficiency, and characterization
for clinical applications [6, 7]. Various innovative approaches have been explored to enhance EV yield,
including physical and chemical stimulations, 3D bioreactor systems, and cell spheres, which have
shown promise in increasing EV production [38—41]. However, these methods may cause cell stress or
damage, potentially affecting EV integrity and functionality[37, 42]. Moreover, they are often complex and
costly, limiting their routine use. Enhancing the yield of EVs and improving their storage stability remain
significant challenges in assessing their potential for bone regeneration, both in vitro and in preclinical
models. Adjusting cell seeding density and increasing the frequency of media collection effectively
boosts EV production by reducing cell stress and preventing the accumulation of inhibitory factors [25,
41]. Additionally, using ED-FBS instead of serum-free media supports cell growth and minimizes
contamination from bovine EVs [28, 43—44]. Our results demonstrated that supplementing cultures with
ED-FBS increased EV yield, as evidenced by higher protein concentrations and enhanced EV marker
expression (CD9, TSG101, HSP90) in Western blot analysis. The EVs displayed typical size distributions
and morphology, suggesting that ED-FBS may influence vesicle populations or maturation states. This
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strategy, combining scaled-up cell cultures and ED-FBS supplementation, supports large-scale EV
isolation without compromising cell function or EV yield. These findings facilitated the successful
implementation of a standardized protocol, allowing us to explore its potential for inducing osteogenic
differentiation of rBMSCs under laboratory conditions.

In vitro, osteogenic differentiation in rBMSCs was assessed through morphological, biochemical,
molecular, and protein expression analyses. rBMSCs cultured in osteogenic induction media containing
dexamethasone, B-glycerophosphate, and L-ascorbic acid demonstrated rapid proliferation, forming
densely packed colonies that developed mineralized nodules, as indicated by ARS staining, particularly
at later stages (days 21 and 28). Molecular analysis through gRT-PCR revealed key osteogenic markers,
with RUNXZ2 peaking at days 14 and 21, signifying its role in osteogenesis. OSX expression increased
throughout differentiation, indicating osteoblast maturation, while elevated OPN levels at days 21 and 28
marked ongoing matrix maturation. The expression patterns of BMPZ2 and BMP4 correlated with
observed mineralization. RUNX2 and OSX regulated osteoblast-specific proteins' expression, including
ALPand COL17al. ALPpeaked at day 14, indicating early differentiation, while OCN, vital for bone matrix
synthesis, peaked at day 21. Immunofluorescence confirmed RUNXZ2 as an early osteogenic regulator,
with COL7a7 levels remaining high, suggesting continuous collagen production. These findings show
how osteogenic differentiation is regulated over time in rBMSCs.

To determine the role of EVs, the study investigated the effect of supplementing rBMSC-derived EVs on
osteogenic differentiation. The results demonstrated that these EVs significantly enhance the
osteogenic differentiation of rBMSCs. EVs have been observed to stimulate the proliferation of recipient
rBMSCs in a concentration-dependent manner while exhibiting no cytotoxic effects [28, 45-47]. Using
the MTT assay, we also observed a concentration-dependent increase in cell proliferation with higher
concentrations of EVs and no cytotoxic effects over 14 days. This indicates that r BMSC-derived EVs
support cell viability and actively promote proliferation, providing a strong foundation for their use in
regenerative medicine. Calcium deposition, an indicator of osteogenic differentiation, was evaluated
using ARS staining. Previous studies demonstrated that EVs derived from human BMSCs (hBMSCs) at
various stages of osteogenic differentiation significantly increased calcium deposition compared to
controls [49]. Our study demonstrated that supplementing with EVs resulted in a concentration-
dependent increase in mineralization in rBMSCs. The most significant mineralization was observed in
the DM group treated with 25 pg/mL of EVs, with substantial calcium deposition evident by day 14 and
further increased by days 21 and 28. EV supplementation also promoted osteogenic differentiation in the
CM group, which lacked traditional osteogenic stimulants. This enhancement highlights the intrinsic
osteogenic potential of rBMSC-derived EVs.

The expression of osteogenic markers at different time points was examined by gRT-PCR included
markers for osteoprogenitors (RUNX2, 0SX), osteoblasts (ALP BMP2, COL1a1, BMP4, ONC), and
osteocytes (OCN, OPN) [36, 50]. The comparison of qRT-PCR results revealed that supplementation with
EVs alongside differentiation media significantly enhanced the expression of osteogenic markers.
Specifically, early osteogenic markers gradually increased from day 14, peaking at day 21. In contrast, EV

Page 15/30



treatment groups demonstrated substantial increases in marker expression at earlier time points, with
nearly a 100-fold enhancement compared to control groups. Similarly, CM supplemented with EVs
showed an increased expression trend at day 14, with over a 50-fold increase, for late osteogenic
markers such as OPN, the untreated DM groups displayed elevated expression at days 21 and 28.
However, EV supplementation in both DM and CM groups resulted in approximately a 100-fold increase
in OPN expression. These findings suggest that EVs can accelerate osteogenic differentiation and
enhance bone repair or regeneration more effectively at earlier time points than differentiation media
alone. A recent study showed that Osteo-EVs from hMSCs also upregulated osteogenic markers [51],
suggesting MSC-derived EVs are promising for bone tissue engineering and regenerative medicine,
especially where traditional chemical inducers are limited or undesirable.

Our study showed that rBMSC-derived EVs play in osteogenic differentiation, even in the absence of
traditional chemical stimuli such as L-ascorbic acid, dexamethasone, and B-glycerophosphate. This
finding is particularly significant as it highlights the inherent osteogenic potential of these EVsin a
chemically neutral environment. Given that the differentiation was less pronounced than DM-treated
cells, increasing concentrations of EVs were tested, reaching up to 100 pg/ml in the CM group over a 14-
day days to validate this effect. The results demonstrated a concentration-dependent increase in calcium
deposition, suggesting that higher concentrations of rBMSC-derived EVs enhance osteogenic activity.
Specifically, lower concentrations (12.5, 25, and 50 pg/ml) yielded minimal calcium deposits, whereas
higher concentrations (75 and 100 pg/ml) led to substantial calcium deposition, as confirmed by ARS
staining. We used FBS-EVs as a control to confirm that this enhanced osteogenic induction is specific to
EVs derived from rBMCS rather than a general effect of any EVs. The significantly higher calcium
deposition observed in groups treated with rBMSC-derived EVs than those treated with FBS-EVs
indicates that the osteogenic potential of  BMSC-derived EVs is due to their unique composition rather
than mere presence. FBS-EVs showed only a slight increase in calcium deposition, highlighting the
superior osteogenic capacity of BMSC-derived EVs. The enhanced osteogenic differentiation associated
with rBMSC-derived EVs is likely due to specific proteins, lipids, or RNAs within these vesicles that
promote osteogenic signaling pathways.

The ability to induce osteogenic differentiation using rBMSC-derived EVs without chemical agents could
simplify the process of bone regeneration therapies, reducing potential side effects associated with
chemical inducers. Additionally, the use of EVs offers a cell-free therapeutic approach, which can
overcome some of the limitations and ethical concerns related to stem cell transplantation [52]. The
demonstrated concentration-dependent effect of rBMSC-derived EVs on calcium deposition also
provides a foundation for optimizing EV concentrations in therapeutic applications, ensuring maximal
osteogenic outcomes.

Research has shown that EVs can carry a variety of bioactive molecules, including miRNAs and growth
factors, which are essential for cell communication and differentiation. [53]. EVs have been found to
carry proteins like BMPs, which are crucial for bone formation and regeneration [54]. Recent studies
show that EVs derived from MSCs can promote osteogenesis by activating essential signaling pathways
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such as Wnt/B-catenin and PI3K/Akt, crucial for bone formation and homeostasis. [55]. The observed
upregulation of osteogenic markers such as RUNX2, ALF and OCN in cells treated with MSC-derived EVs
further supports their potential as osteoinductive agents [56]. The findings have significant implications
for regenerative medicine, especially in bone tissue engineering and repair. The ability to induce
osteogenic differentiation using EVs derived from rBMSCs without chemical inducers could streamline
bone regeneration therapies, minimizing potential side effects associated with chemical agents.
Moreover, EVs provide a cell-free therapeutic option, addressing some limitations and ethical concerns
associated with stem cell transplantation [52].

Future investigations should focus on understanding the specific molecular mechanisms through which
rBMSC-derived EVs promote osteogenic differentiation, including detailed analysis of their miRNA,
protein, and lipid cargo. Mass spectrometry analysis will identify key factors and proteins involved in
bone regeneration. Additionally, exploring the combination of EVs with other regenerative strategies,
such as biomaterials and gene editing, may enhance the effectiveness of bone regeneration therapies. In
vivo studies are crucial for evaluating the functional outcomes of EVs in bone healing and repair,
whereas clinical trials will be needed to verify the safety and efficacy of rBMSC-derived EVs in human
patients, potentially leading to their integration into established protocols for bone repair and
regeneration.

CONCLUSION

This study has systematically optimized methods for producing high-purity EVs specifically tailored for
bone regeneration. The findings demonstrate that these EVs alone can effectively stimulate osteogenic
differentiation in vitro, establishing rBMSC-derived EVs as a significant advancement in bone tissue
engineering. Key aspects of the research, including the identification of optimal source cells, refinement
of EV isolation techniques, and evaluation of EVs' capacity to enhance osteogenic differentiation in
progenitor cells, have been thoroughly investigated and conclusions supported by robust data. The
methodologies developed here in can be used with human autologous cells in clinical applications
related to bone tissue engineering. Leveraging these refined techniques will enable the bio-manufacture
of bone-specific EVs that can be integrated into an appropriate biomaterial matrix. This results in a
composite product designed for localized application in areas of bone defects. Such an innovative
approach offers significant potential to enhance bone tissue regeneration, thereby facilitating faster
recovery for patients suffering from bone defects.
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Figure 1

Evaluation of EV Isolation Methods. (a) Schematic of the experimental of EV isolation methods: TEI, PEG
precipitation, and UC (b)Size distribution of EVs measured by DLS. The experiments were conducted in
triplicate, with results presented as mean + standard deviation. (c) The total EV yield was quantified
using BCA assay kit. (d) Protein bands in EVs isolated via UC, PEG precipitation, and TEI kit methods
were visualized using SDS-PAGE analysis with Coomassie staining. (e) The western blot analyzed EV
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markers CD9 and TSG101. The lanes correspond to 1- PEG method, 2- TEI Kit, and 3- Ultracentrifugation
method. (MW-molecular weight marker). Statistical significance is denoted by ***P < 0.001 and **** P <

0.0001
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Figure 2

Methods to improve the exosomal yield. (a) Experimental workflow showing improved culture
conditions. (b) Total protein estimation using BCA assay for EV samples isolated by supplementing ED-
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FBS or serum-free media. (c) Protein profile was analyzed using SDS-PAGE and Coomassie blue staining.
Lane 1 included MW, while Lane 2 had 15 pg of rBMSC lysate. Lanes 3 and 6 contained PBS supernatant
obtained from EV isolation using the UC method. Lanes 4 and 5 were loaded with 20 ug and 40 ug of EV
preparations derived from conditioned media supplemented with ED-FBS, while Lane 7 contained 20 pg
of EV isolated from serum-free media using the UC method. (d) Western blot using primary antibodies
for TSG101, HSP90, and CD?9. (e) The size distribution of EVs was measured using NTA. (f) The
Morphology of EVs was examined using TEM analysis (scale bar: 200nm). Statistical significance is

indicated by *** P < 0.001
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Fig.3
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Figure 3

Effects of rBMSC-derived EVs on Osteogenic Differentiation and Cell Proliferation. (a) rBMSC-derived
EVs were tested at concentrations of 12.5 and 25 pg, both in the presence and absence of osteogenic
stimulants. (b) rBMSCs were treated with varying concentrations (0, 10, 20, 40, and 60 pg/ml) of EVs for
14 days, followed by MTT assay analysis. (¢) Assessment of osteogenic differentiation through ARS
staining. (d)Microscopic images of mineralization patterns (10x) of calcium deposition induced by EV
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treatment (scale bars: 100 pm). Statistical significance indicated as ns P > 0.05, **P < 0.01, ***P < 0.001,

and ****p
Fig.4
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Figure 4

qRT-PCR analysis to confirm EV-enhanced osteogenic differentiation of rBMSCs. (a) gRT-PCR analysis of
key osteogenic markers in rBMSCs treated with EVs under DM conditions at various time points (7, 14,
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21, and 28 days) was performed using the AACt method. (b) Expression of osteogenic markers in the
CM group treated with 25 pg/mL of EVs (CM + 25 pg EVs). Protein expression was normalized to B-Actin
Fig.5
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Figure 5

Protein Expression Analysis of RUNX2 and COL1a1 in rBMSCs Treated with EVs under CM and DM
Conditions. Western blot analysis, preceded by SDS-PAGE, was conducted using specific primary
antibodies: Anti-RUNX2, Anti-COL1a1, and Anti-GAPDH.(a) RUNX2 and (b) COL1a1 expression in rBMSCs
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treated with EVs under CM and DM conditions were similarly examined through Western blot. ImageJ
software was used to perform a comparative analysis of gray values for relevant protein bands.
Statistical significance indicated as ns P > 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001
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Figure 6

Enhanced osteogenic differentiation by rBMSC-Derived EVs. (a) ARS staining images depicting calcium
deposition in rBMSCs grown in complete media and treated for 14 days (12.5, 25, 50, 75, and 100 pg/ml)
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with rBMSC-derived EVs and (b)FBS-EVs. (c) Calcium deposition was quantified and expressed relative
to the untreated control. (d) Western blot analysis of RUNX2 expression in rBMCs on treatment with FBS-
EVs and rBMSC-derived EVs with varying concentrations. Comparative analysis of gray values for
relevant protein bands using ImageJ software. Statistical significance is marked by **p < 0.01 and *p <
0.001
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