
Biotechnology and Bioengineering

ARTICLE

Mesenchymal Stem Cells‐Derived Small Extracellular
Vesicles and Their Validation as a Promising Treatment
for Chondrosarcoma in a 3D Model in Vitro
Eugenia Romano1,2 | Francesca Perut3 | Sofia Avnet4 | Gemma Di Pompo3 | Simona Silvestri1,2,5 | Felicia Roffo1,2 |
Nicola Baldini3,4 | Paolo Antonio Netti1,2,5 | Enza Torino1,2,5

1Interdisciplinary Research Centre on Biomaterials (CRIB), University of Naples Federico II, Naples, Italy | 2Department of Chemical, Materials and

Production Engineering (DICMaPI), University of Naples Federico II, Naples, Italy | 3Biomedical Science and Technologies and Nanobiotechnology

Laboratory, IRCCS Istituto Ortopedico Rizzoli, Bologna, Italy | 4Department of Biomedical and Neuromotor Sciences, University of Bologna, Bologna,

Italy | 5Fondazione Istituto Italiano di Tecnologia, IIT, Naples, Italy

Correspondence: Enza Torino (enza.torino@unina.it)

Received: 30 July 2024 | Revised: 25 November 2024 | Accepted: 2 December 2024

Keywords: 3D tumor models | chondrosarcoma | drug carriers | extracellular vesicles | high‐pressure homogenization | spheroids

ABSTRACT
Chondrosarcomas (CHS) constitute approximately 20% of all primary malignant bone tumors, characterized by a slow growth rate

with initial manifestation of few signs and symptoms. These malignant cartilaginous neoplasms, particularly those with dediffer-

entiated histological subtypes, pose significant therapeutic challenges, as they exhibit high resistance to both radiation and

chemotherapy. Ranging from relatively benign, low‐grade tumors (grade I) to aggressive high‐grade tumors with the potential for

lung metastases and a grim prognosis, there is a critical need for innovative diagnostic and therapeutic approaches, particularly for

patients with more aggressive forms. Herein, small extracellular vesicles (sEVs) derived from mesenchymal stem cells are presented

as an efficient nanodelivery tool to enhance drug penetration in an in vitro 3D model of CHS. Employing high‐pressure homoge-

nization (HPH), we achieved unprecedented encapsulation efficiency of doxorubicin (DXR) in sEVs derived frommesenchymal stem

cells (MSC‐EVs). Subsequently, a comparative analysis between free DXR and MSC‐EVs encapsulated with DXR (DXR‐MSC‐EVs)
was conducted to assess their penetration and uptake efficacy in the 3D model. The results unveiled a higher incidence of necrotic

cells and a more pronounced toxic effect with DXR‐MSC‐EVs compared to DXR alone. This underscores the remarkable ability of

MSC‐EVs to deliver drugs in complex environments, highlighting their potential application in the treatment of aggressive CHS.

1 | Introduction

Chondrosarcomas (CHS) are malignant bone tumors formed by
cartilage‐producing cancer cells (Donati and Bianchi 2020).
They rank as the third most prevalent primary malignancies of
the bone, trailing behind Ewing sarcoma and osteosarcoma.
CHS account for 20%–27% of all primary malignant osseous
neoplasms (Kim et al. 2020).

CHS are a quite heterogeneous group of cancers, and their
clinical behavior and prognosis largely depend on tumor grade.

High‐grade CHS (II and III) often develop lung metastases and
have a worse prognosis than low‐grade tumors (Nazeri
et al. 2018).

Surgery stands as the primary treatment for majority of CHS,
given the limited efficacy of conventional chemotherapeutics.
Notably, CHS exhibit high resistant to both chemotherapy and
radiotherapy, likely attributable to factors such as the elevated
concentration of the extracellular matrix, low percentage of
dividing cells, and poor vascularity (Simard et al. 2017). In most
instances, CHS carry a favorable prognosis, attributed to
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indolent growth and rare metastases, when treated appropri-
ately with surgery. The reported relative 5‐year survival rate for
CHS stands at 75.2%, although it significantly diminishes for
high‐grade tumors, especially for the dedifferentiated histolog-
ical subtype (11%–24%) (Zając et al. 2021). Consequently, the
imperative to explore novel therapeutic modalities becomes
crucial, particularly for these more aggressive cases.

In this scenario, nanomedicine, mainly represented by
inorganic (Sha et al. 2013; Pieretti et al. 2020), polymeric (Shield
et al. 2020), and lipid nanoparticles (Trucco et al. 2018), is
emerging as an advanced option for treating CHS, as it offers
several advantages for drug delivery and cancer targeting (Kim
et al. 2020). However, few studies on vesicles have been re-
ported, and mostly limited on the evaluation of in vitro cyto-
toxicity of nanocarriers in CHS 2D SW1353 models (Tudor
et al. 2023; Chongchai et al. 2024; Guan et al. 2024).

Despite the promising results in targeting cancer cells, immu-
nogenicity and toxicity remain significant issues associated with
these nanovectors (Kim et al. 2020). Therefore, in recent dec-
ades, small extracellular vesicles (sEVs) have emerged as a
novel alternative due to their diverse properties (Jafari
et al. 2020; Yan et al. 2023; Tong et al. 2023). Their composition
and unique architecture facilitate crossing various natural bar-
riers, intercellular communication, and organ tropism. At the
same time, the lipid membrane protects the complex inner
cargo from degradation in the bloodstream (Elliott and
He 2021).

Among these natural nanocarriers, mesenchymal derived ex-
tracellular vesicles (MSC‐EVs) have gained significant interest
for their therapeutic potential (Sun et al. 2021). Although the
functional mechanisms of MSC‐EVs are not fully understood,
and the number of reports is limited, they have shown the
ability to mirror the phenotype of parent mesenchymal stem
cells (MSCs), providing therapeutic effects such as regeneration
of tissue injuries, suppression of inflammatory responses, and
modulation of the immune system in a wide range of diseases
(Panda et al. 2021; Tomasoni et al. 2013; Bruno et al. 2009; Lai
et al. 2010; Yu et al. 2013; Feng et al. 2014; Wang et al. 2017; Xin
et al. 2013a2013, 2013b; Doeppner et al. 2015).

Standing these points, sEVs hold great promise as therapeutics
per se and as carrier systems for various drug delivery appli-
cations. However, one of the major challenges associated with
their application is the efficient loading of drugs and time‐
consuming isolation methods (Park et al. 2019). To date, co‐
incubation, electroporation, saponin treatment, sonication, and
extrusion are some of the most used methods for encapsulating
active compounds (Nasiri Kenari, Cheng, and Hill 2020) and
further methodologies are under investigation to enhance
secretion (Hao et al. 2023). However, the advantages and
drawbacks of each approach rely on the experimental settings,
types of drugs, and source of sEVs (Romano, Netti, and
Torino 2020; Wei et al. 2019; Fu et al. 2020; Gomari et al. 2019;
Kooijmans et al. 2013; Vader et al. 2016; Podolak, Galanty, and
Sobolewska 2010; Thakur et al. 2020).

In this study, we conducted a comparative analysis of the
delivery efficacy of MSC‐EVs encapsulated with doxorubicin

(DXR‐MSC‐EVs) in both 2D and 3D CHS models. To achieve
proper drug loading, we employed a novel and highly efficient
encapsulation method based on high‐pressure homogenization
(HPH). Our previous research demonstrated the effectiveness of
HPH in encapsulating the anticancer drug Irinotecan HCl Tri-
hydrate into glioma cell (U87‐MG)‐derived sEVs, showing
superior results compared to conventional incubation at 37°C
for 2 h (hrs) (Romano, Netti, and Torino 2021). Here, we aimed
to verify the reliability of HPH encapsulation method on EVs by
evaluating a different cell line and anticancer drug. Following
the characterization of physicochemical properties of DXR‐
MSC‐EVs, we assessed their morphological integrity using
transmission electron microscopy (TEM) and evaluated their
uptake and cytotoxicity effects on SW1353 CHS cells grown
models.

The conventional method for screening oncology drugs often
involves utilizing 2D cell cultures. However, this approach may
not always accurately predict the cytotoxic activity of drugs, a
limitation that extends to sEVs. In contrast, 3D culturing pre-
serves a composition heterogeneity akin to tumor tissue, mir-
roring the in vivo complexity, and offers additional advantages
over conventional monolayered cell cultures, including reten-
tion of topology and meaningful cell‐to‐matrix interactions
(Bordanaba‐Florit et al. 2021).

To our knowledge, no study on sEVs for CHS using 3D culture
has yet been conducted. Nevertheless, 3D cultures, like spher-
oids, better mimic the oxygen and pH gradients and the necrotic
core of the tumor in vivo. These microenvironmental features
significantly reduce the efficacy of standard chemotherapy, as
we recently demonstrated for DXR and Cisplatin using SW1353
cells (Perut et al. 2018). So, here we evaluated the nano‐
biointeraction of DXR‐MSC‐EVs with such a complex en-
vironment through 2D and 3D testing.

2 | Materials and Methods

The mouse bone marrow MSC and Chondrosarcoma SW1353
cell lines were from the American Type Culture Collection
(ATCC). Media, cell culture reagents and all other chemicals
reagent grade were purchased from Sigma Aldrich (St. Louis,
Missouri, USA). Doxorubicin HCl was from Selleckchem
(Houston, USA).

2.1 | Cell Culture

To generate 3D spheroids, SW1353 cell line was seeded in
96‐well Round Bottom Ultra‐low attachment plates (Costar) at a
density of 5*103 cells/well and cultured in filtered IMDM
(Iscove's Modified Dulbecco's Medium) supplemented with 10%
fetal bovine serum (FBS). The plate was inverted, and cells were
left to adhere overnight in an incubator with a gentle stirring at
37°C, a humidified atmosphere, containing 5% CO2 and 95% air.
After 24 h the plates were flipped again, 200 µL of medium were
aspirated, and the formed spheroids were allowed to continue
growing. Their growth was constantly monitored using a Nikon
Eclipse‐TE 2000‐S microscope (Nikon, Tokyo, Japan).
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2.2 | sEVs Isolation

sEVs were isolated by sequentially centrifuge from the super-
natant of MSCs culture media. Briefly, 4*106 cells were seeded
in a T150 flask and cultured to become 75% confluent. Then the
supernatant was displaced with fresh DMEM without FBS for
48 h. The conditioned medium (CM) was collected, and
sequentially centrifuged at 300 × g for 10 min, 2000 × g for
10 min and another 30 min at 10,000 × g to dislodge cells and
debris. sEVs were purified by dUC of supernatant using an
OptimaTM MAX‐XP Ultracentrifuge (Beckman Coulter, Brea,
CA, USA) at ~110,000 × g (70,000 rpm – MLA‐80 ROTOR) for
70 min. The sEVs isolated were pelleted in PBS and purified
from protein aggregates with a second dUC wash at 110,000 × g
for 70 min. All procedures were carried out at 4°C. The purified
sEVs were resuspended in 200 μL of PBS and stored at −20°C
before use.

2.3 | Loading Capability of Therapeutic Cargo in
MSC‐EVs by HPH

To encapsulate sEVs with DXR, an HPH treatment was per-
formed. In more detail, we investigated the encapsulation effi-
ciency (EE) by the application of this novel technique testing
three different concentrations of DXR (10.3–20.6–41.3 μM)
premixed with a fixed concentration (11.61*108 particles/mL)
of naïve sEVs in PBS. The samples were forced through a
stainless‐steel feed reservoir and subjected to a fixed Pressure
set at 1500 bar for two cycles as previously reported (Romano,
Netti, and Torino 2021). The collected samples were purified by
a Spin‐X corning Ultrafiltration System with a 3KDa Cut‐off
centrifuged at 3000 × g up to 1 hr at 4°C. The final amount of
encapsulated DXR was determined by UV‐Vis Spectro-
photometric analysis (330/110 nm‐Mettler Toledo, USA)
through a calibration curve at 480 nm.

2.4 | MSC‐EVs Characterization: Size,
Morphology, and Total Protein Analysis

After purification of naïve sEVs and engineering with DXR
(DXR‐MSC‐EVs), Dynamic Light Scattering (DLS) was used to
determine the hydrodynamic diameter of particles. Each sample
was diluted 1:5 with 1mL of PBS in a polystyrene 12‐mm square
glass cuvette (square aperture for 90° sizing Malvern; #
PCS1115) and measured in triplicate at 25°C using a
Zetasizer Nano ZS (Model ZEN3600, Malvern Instruments Ltd.
UK) equipped with a solid‐state laser (λ= 633 nm) at a scat-
tering angle of 173°. Surface charge values were also obtained
from zeta potential measurements of samples diluted 1:5 mL
and performed at 25°C on a Zetasizer Nano ZS (Malvern Pa-
nalytical, UK) in triplicates, where each consisted of a mini-
mum of ten individual runs. To capture CRYO‐TEM
micrographs, 3 μL of samples were directly dropped onto For-
mvar/Carbon 200 mesh Cu Agar grids. sEVs were observed in a
Tecnai FEI TEM operated at 80 kV accelerating voltage. For
each vesicle preparation, surface protein content was quantified
with QuantiProTM BCA Assay Kit (Sigma Aldrich; St. Louis,
Missouri, USA).

2.5 | EV‐DXR Flow Cytometry Analysis

All flow cytometry experiments were conducted on BD
FACSMelodyTM. Briefly, SW1353 cells were seeded in 48‐well
plates (Falcon) at a density of 1*105 SW1353 cells/well and
cultured in IMDM supplemented with 10% FBS and left to
adhere for 24 h in an incubator with a humidified atmo-
sphere, containing 5% CO2 and 95% air. Afterward, cultured
medium was replaced with the fresh one without FBS, sup-
plemented with Free‐DXR or DXR‐MSC‐EVs at the two fixed
concentrations of 500 and 250 nM. The negative control
consisted of cultured medium without FBS where the Free‐
DXR or DXR‐MSC‐EVs aliquots were replaced with an equal
amount of PBS. Cells were incubated 72 hrs, rinsed three
times with PBS (1×) to ensure particle removal from the outer
cell membrane, removed by trypsinization and resuspended
in cultured medium. The final samples were transferred into
polystyrene round‐bottomed tubes (Falcon), put on ice, and
immediately analyzed by flow cytometry. A minimum of
10,000 events between three independent replicas were
acquired per sample.

Forward scattering (FSC), side scattering (SSC), and fluores-
cence intensity mean (FI) parameters were analyzed to gain as
much as possible information on the occurred internalization
phenomena.

2.6 | In Vitro Cytotoxicity of DXR‐MSC‐EVs

The cells metabolic activity in the presence of DXR‐MSC‐
EVs was analyzed up to 72 h using MTT assay on SW1353
and HEK293T cell monolayers. Briefly, 15*103 SW1353 cells/
well and 5*103 HEK293T cells/well were seeded in 96‐well
plates with 200 µL of medium each and incubated overnight
at 37°C and 5% CO2. Survival rates for DXR‐MSC‐EVs treated
cells were compared to Free‐DXR treated cells in a range
between 1 and 250 nM up to 72 h of incubation. MTT was
added to each well and incubated at 37°C for additional 3 h.
Supernatants were completely removed, and the purple for-
mazan crystals produced were dissolved in 100 μL of
dimethyl sulfoxide (DMSO). Absorbance was determined at
545–630 nm using a spectrophotometer microplate reader.
All experiments were repeated threetimes and results were
expressed as the viable cells percentage with respect to the
control.

The cell viability on 3D model was investigated by the acid
phosphatase assay (APC) after 1 week from spheroid formation.
In more detail, we selected 250–500 nM as the two lowest effi-
cient concentrations of Free‐DXR and DXR‐MSC‐EVs for cells
testing. After 48 h of incubation, cells were rinsed with 200 µL/
well of PBS, and 100 µL/well of NaAc‐buffer (Sodium Acetate,
Sigma–Aldrich, Milan, Italy) containing p‐Nitrophenyl phos-
phate disodium hexahydrate. After 2 h of incubation at 37 ̊C
and 5% CO2, NaOH 1M (10 µL/well) was added to stop the
reaction. A microplate reader (Tecan Infinite F200pro, Tecan,
Milan, Italy) was used to record the absorbance at 405 nm.
Results were expressed as the viable cells percentage with
respect to the control.
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2.7 | Up‐Take Assay in 3D Spheroids by Dual‐
Photon Confocal Microscopy

3D spheroids were obtained as described above. At 7 days of
culture, spheroids were then treated with DXR or DXR‐MSC‐EVs
at a final concentration of 500 nM. After 24 h cells were incubated
for 30 min with Hoechst 33258 (20 µg/mL) and observed at the
confocal microscope. Confocal images were collected by using
A1R MP multiphoton confocal microscope (GaAsP) and NIS‐
Element AR software (Nikon). We used a manual optical path
mode and a custom channel series mode, with first dichroic mirror
total reflection for IR, a first filter cube 492 SP, and a second filter
cube 525/50, and a third filter cube 575/25, laser wavelength 800,
laser power 29.3, for R‐CH1 PMT HV 43, PMT Offset ‐62; for
R‐CH2 PMT HV 45, PMT Offset‐102. Objective 25× (water) with a
numerical aperture 1.1, refraction index 1.333, Resonant scanning.

2.8 | Statistics

Statistical analysis was performed using the GraphPad Prism 7
software for Windows. Results were reported as Mean ±
Standard Error (SD) and the differences were analyzed using
non‐parametric Mann–Whitney test for the difference between
groups. Only p< 0.05 were considered significant.

3 | Results

3.1 | MSC‐EVs Stability After DXR Entrapment
With HPH System

Herein, the effectiveness of HPH treatment for an efficient en-
trapment of DXR in MSC‐EVs was investigated at three different
theoretical concentrations of DXR (10.3, 20.6 and 41.3 μM
respectively) considering the ideal dosages range stated in previous
works (Wei et al. 2019; Goh et al. 2017; Tian et al. 2014) (Figure 1).

Notably, a final EE over 30% was reached regardless of the
initial amount of Free‐drug mixed with naïve vesicles, in line
with our previous findings on tumoral glioblastoma‐U87

derived sEVs encapsulating Irinotecan (Romano, Netti, and
Torino 2021). These results confirmed that HPH for drug
loading can also be applied to several types of nanovesicles to
obtain a temporary deformation, such as in the case of MSC‐
derived EVs with a different proteolipid structure, as reported
by Haraszti et al. 2016 with respect to U87 derived sEVs.

To assess the morphological integrity of sEVs after
HPH treatment, CRYO‐TEM analysis was performed. In more
detail, Figure 2a shows that the typical sEVs structure was
preserved after DXR entrapment in the lipidic bilayer. Figure 2b
reports the sEVs average size change before and after the
HPH treatment. Notably, naïve empty MSC‐sEVs present a
narrow size distribution with a peak diameter of 159 nm while a
slight increase (167 nm) is visible in DXR‐MSC‐sEVs loaded
with the highest DXR concentration (41.3 µM).

To further assess the effect of HPH on the sEVs bilayer stability,
Zeta Potential, and the surface protein content analysis
(Figure 2c,d, respectively) were reported. Stable values com-
paring empty MSC‐EVs and DXR‐MSC‐EVs at higher theoreti-
cal concentrations revealed that both the surface charge and the
total protein amount remained nearly unchanged after
HPH treatment. This finding suggests that the encapsulation
did not affect sEVs stability.

3.2 | Preliminary in Vitro Investigation of DXR‐
MSC‐EVs Cytotoxic Activity and Internalization
Phenomena in a CHS 2D Model

The cytotoxic effect of DXR‐MSC‐EVs in tumoral micro-
environment was preliminary tested in vitro on SW1353 cells
incubated with PBS (control), DXR, or DXR‐MSC‐EVs respec-
tively, up to 72 h.

By comparing Free‐DXR and DXR‐MSC‐EVs we evaluated
whether MSC‐EVs used as drug delivery systems could favor
drug uptake and activity. Furthermore, we explored a wide
range of DXR dosages, between 1 and 250 nM at 24, 48 and 72 h,
to include different IC50 values described in the literature for
SW1353 cells treated with DXR (Perut et al. 2018; Monderer
et al. 2013; Palubeckaitė et al. 2020) (Figure 3a). Interestingly,
we found that DXR‐MSC‐EVs treatment was much more
effective in inhibiting cell proliferation than Free‐DXR treat-
ment at the same concentration. According to previously pub-
lished data (Perut et al. 2018), Free‐DXR reduced cell viability
by 50% at 66 nM concentration at 72 h, while DXR‐MSC‐EVs
treatment significantly decreased cell viability at lower doses
(Figure 3a,b).

The tumor‐targeting capability of MSCs was further emphasized
by the selective cytotoxic effect of DXR‐MSC‐EVs on cancer
cells compared to healthy HEK293T cells. While SW1353 cells
were highly responsive to DXR‐MSC‐EVs, the noncancerous
cell line HEK293T showed much less sensitivity (Supporting
Information S1: Figure S1a,b).

Consistent with previous studies (Mehdizadeh, Ataei, and
Hosseinkhani 2020; Łażewska et al. 2020; Benyettou et al. 2017),

FIGURE 1 | EE% of DXR into sEVs at three fixed concentration

(10.3, 20.6 and 41.3 µM) by HPH treatment.
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FIGURE 2 | Comparison between MSC‐EVs and DXR‐MSC‐EVs at 41.3 µM by HPH at 1500 bar‐two cycles: (a) CRYO‐TEM observation; (b)

Particle size distribution by DLS, (c) Zeta potential, (d) Total protein amount by BCA assay.

FIGURE 3 | In vitro cytotoxicity of Free‐DXR and DXR‐MSC‐EVs, SW1353 cells exposure to (a) Free‐DXR and DXR‐MSC‐EVs (b) activity in the

range 1–250 nM within 72 h. All data are presented as mean ± SD (n = 3).
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HEK293T cells exhibited high sensitivity to Free‐DXR with
significant cytotoxicity and reduced cell viability (almost to 55%
at a concentration of 66 nM after 48 h) (Supporting Information
S1: Figure S1a). In contrast, DXR‐MSC‐EVs led to only mod-
erate cytotoxicity in HEK293T cells, with a 49% reduction in cell
viability at the much higher concentration of 250 nM only after
72 h (Supporting Information S1: Figure S1b).

Notably, SW1353 cells displayed enhanced sensitivity to DXR‐
MSC‐EVs (Figure 3b), suggesting that MSC‐EVs can effectively
bypass drug resistance mechanisms seen in this cell line (Hsieh
et al. 2020). This highlights MSCs' unique capability to home in
on tumor‐associated stroma, positioning them as promising
delivery vehicles for targeting and releasing therapeutic drugs
directly within the tumor microenvironment.

Once identified the highest cytotoxic effects in term of DXR
dosage and time‐exposures, we further investigated DXR‐
MSC‐EVs nano‐biointeraction at the interface of tumoral cells
by flow cytometry quantitative measurements (Figure 4a–c).
Two DXR concentrations (250 and 500 nM) were selected and
tested both in a Free‐drug solution and the sEVs nanodelivery
system. Figure 4a reports the FI as an indirect parameter of the
internalization phenomena occurred upon the 72 h cells

treatment. Notably, DXR‐MSC‐EVs‐500 (with a DXR dosage of
500 nM) reached the highest internalization value compared to
Free‐DXR, resulting in a more selective and efficient targeting
at nanoscale. A progressive increase in cell granularity
revealed by SSC signals (Figure 4b), may be associated with
increased uptake of DXR, as observed in melanoma cells
model by using synthetic nanoparticles loaded with DXR
(Toderascu et al. 2023).

To further corroborate our hypothesis, the FSC measurement
was investigated as a cell viability indicator, to assess the
therapeutic potential of DXR‐MSC‐EVs (Figure 4c) compared to
the Free‐drug. Indeed, FSC intensity is proportional to the size
of cells. As reported by others (Tammaro et al. 2020; Jochums
et al. 2017; Ha, Chung, and Yoon 2020), a reduction in FSC
intensity can reflect cell shrinkage and may also provide
indirect information about the toxicity of the treatment. In line
with cytotoxicity analysis, the FSC value was lower for DXR‐
MSC‐EVs in a dose‐dependent manner than for Free‐DXR.
Variation of Standard Deviation is very low and not appreciable
in the graphs reported in Figure 4c.

3.3 | DXR‐MSC‐EVs Are an Effective Drug
Delivery System to Inhibit the Growth of 3D‐
Cultures of CHS

Once SW1353 spheroids were completely formed and reached a
diameter of approximately 500 µm, a 48 h treatment with either
free or encapsulated DXR was conducted to test the cell via-
bility. In line with previous studies (Perut et al. 2018), a selec-
tive chemoresistance of 3D‐CHS model treated with Free‐DXR
was confirmed. Notably, we observed a significant dose‐
dependent inhibition of cell growth with DXR carried by MSC‐
EVs (Figure 5).

We then evaluated the uptake at 24 h of DXR from CHS
spheroids, treated with DXR‐MSC‐EVs or Free‐DXR, at the
dual‐photon confocal microscope. Spheroids showed a diameter
of around 300–500 μm. We confirmed that DXR was uptaken
from CHS cells in both conditions, although in cells treated
with Free‐DXR, the intracellular fluorescent signals of DXR
appeared to be higher and more diffuse in the spheroids
(Figure 6a). However, in DXR‐MSC‐EVs treated spheroids, the
total number of cells/spheroid appeared to be lower, and nuclei
were more fragmented than in the Free‐drug‐treated spheroids,

FIGURE 4 | DXR‐MSC‐EVs and Free‐DXR internalization with SW1353 cells quantified by flow cytometry measurements at 72 hrs of treatment:

(a) FI, (b) SSC signal, (c) FSC signal. All data are presented as mean ± SD (n= 3).

FIGURE 5 | SW1353 hanging drop spheroid. % cell viability upon

Free‐DXR and DXR‐MSC‐EVs treatment on CHS 3D cultures. Differ-

ences between spheroids groups were analyzed with Mann–Whitney

U test.
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suggesting the presence of a higher number of necrotic cells and
a more toxic effect due to DXR‐MSC‐EVs (Figure 6b).

4 | Discussion and Conclusions

sEVs are nano‐sized, lipid membrane–enclosed vesicles secreted
by nearly all cell types. These cell‐derived membranous parti-
cles are highly enriched in lipids, proteins, and various nucleic
acids, and play a pivotal role as mediators of intercellular
communication in various physiopathological conditions. Their

remarkable ability to transfer bioactive components and navi-
gate biological barriers has spurred an escalating exploration of
sEVs as potential delivery vehicles. Our recent work
(Costagliola di Polidoro et al. 2023) also compared sEVs' role in
triggering pharmacodynamics with respect to polymer nano-
particles, highlighting the urgent need for an optimal design of
drug delivery systems.

Given their potential innate advantages, different drug‐loading
methods in sEVs have been investigated (Fu et al. 2020). How-
ever, sEVs‐based drug delivery remains challenging due to the

FIGURE 6 | Dual photon confocal analysis of live CHS SW1353 spheroids, treated with (a) Free‐DXR or with (b) DXR‐MSC‐EVs. DXR uptake

was visualized by the red autofluorescent signal of DXR. Nuclei were counterstained with Hoechst 33258. For DXR, 108 z‐step (3 μm deep); for DXR‐
MSC‐EVs, 82 z‐step (3 μm deep). For both samples, we used immersion objective 25× (water), line average 8, pinhole size 255.4 µm, scan speed 7.5,

zoom 1.0. Volume render (blending alpha) of one representative spheroid for each condition is reported with a scale bar 50 µm.Maximum Intensity

projection of (c) Free‐DXR and (d) DXR‐MSC‐EVs. Scale bar 20 µm. A higher magnification is represented in the squares.
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poor drug loading efficiency, time‐consuming procedures that
can compromise sEVs integrity, and a lack of industrial scale‐up
methodology for clinical translation (Keysberg et al. 2023; Zhang
et al. 2024). To tackle these challenges, our prior research
introduced High‐Pressure Homogenization as an innovative
approach to enhance drug encapsulation in sEVs (Romano,
Netti, and Torino 2021). This one‐step pharmaceutical process
stands out from traditional techniques, as it is scalable and en-
ables high throughput encapsulation of anticancer drugs without
affecting sEVs morphology and functionality.

The objective of our study was to validate the efficacy of our
innovative encapsulation method utilizing High‐Pressure
Homogenization for entrapping active compounds in sEVs
sourced from MSC. It's noteworthy that mouse MSC‐EVs exhibit
a distinct external lipidic profile, characterized by a significant
enrichment in fatty acid that are typically depleted in tumoral
sEVs, such as U87‐MG sEVs (Haraszti et al. 2016). Moreover,
their profile includes leukotrienes, arachidonic acid (AA), phos-
phatidic acid, prostaglandins Lys‐phosphatidylcholine (LPC),
and docosahexaenoic acid (DHA) (Skotland et al. 2020).

In our novel approach employing dynamic High‐Pressure
Homogenization (Romano, Netti, and Torino 2021), we subject
the lipidic bilayer to physical stress, inducing a transient
manipulation. Our hypothesis posits that this manipulation pri-
marily involves lipids inhigher percentages, such as cholesterol
and phosphatidylserine, which are prevalent in most sEVs.
Importantly, this process does not compromise the morphologi-
cal integrity or biological identity of sEVs. Here, applying this
principle, we successfully encapsulated the chemotherapeutic
drug doxorubicin (DXR) in MSC‐derived EVs, achieving an en-
capsulation efficiency exceeding 40%. Notably, this outcome
aligns with our earlier findings with the chemotherapeutic agent
irinotecan. Additionally, consistent with previous reports, we
demonstrated effective control over the surface fluidity of the
lipidic bilayer in various sEVs, irrespective of their composition.
This ensures minimal interference from minor lipid components
that could impact membrane fluidity.

Once we obtained the engineered DXR‐MSC‐EVs, we evaluated
their potential role as drug carriers in CHS treatment, testing
their internalization and cytotoxicity effect in both 2D and 3D
SW1315 cell models. Currently, chemoresistance is a major
issue for the successful treatment of CHS, and there is still an
urgent and unmet need to assess the effectiveness of therapeutic
agents trough predictable and reliable preclinical models. In
this scenario, 3D cell culture perfectly mirrors the physio-
pathology conditions of such a complex microenvironment as
the CHS tumor, better than traditional monolayer cultures. For
instance, in a recent publication (Perut et al. 2018) the limited
efficacy of conventional anticancer drugs was confirmed trough
the in vitro testing on CHS 3D models. The reason for this is
that drug resistance in 3D‐CHS cultures derives from the
peculiar microenvironmental feature of 3D cell growing struc-
ture over traditional 2D cultures: the proliferation rate, degree
of differentiation, level of cell‐to‐cell interaction and cell‐to‐
matrix as well as drug diffusion and drug resistance (Lv
et al. 2017; Weigelt, Ghajar, and Bissell 2014) are just some of
the main key aspects to consider. Furthermore, 3D organoid‐
like cultures rely on cell autonomy or cell–cell interactions and

intrinsic or extrinsic biochemical signals that constitute the
tumor microenvironment, including local hypoxia, low access
to nutrients, acidosis, and chemical and physical barriers to the
perfusion of drugs. Establishing low pH and decreased oxygen
tension conditions are particularly important for CHS, as these
tumors are not vascularized and are highly hypoxic tumors
(Bovée et al. 2010), and both these features can greatly reduce
drug efficacy.

To our knowledge, this study marks the pioneering demon-
stration of the efficacy of MSC‐EVs loaded with the chemo-
therapeutic drug DXR as a potent nanodrug, validated in both
2D and 3D CHS models (Wei et al. 2019, 2022). Indeed, we
obtained DXR‐MSC‐EVs with a very high encapsulation effi-
ciency if compared to DXR entrapped in an analog mouse MSC‐
EVs model with a different technique (Wei et al. 2019). More-
over, DXR‐MSC‐EVs could be taken up by SW1315 cells and
induce cytotoxicity. The study on 2D model revealed higher
toxicity of DXR‐MSC‐EVs, compared with Free‐DXR, probably
due to higher uptake. Intriguingly, the cytotoxic effect of DXR‐
MSC‐EVs was exclusively evident in the more pharmaco-
logically relevant 3D model, demonstrating a dose‐dependent
response. We employed dual‐photon microscopy to confirm the
presence of DXR within the spheroid, revealing numerous cells
with fragmented nuclei, indicating a higher prevalence of
necrotic cells in the spheroid treated with DXR encapsulated in
EVs compared to Free‐DXR.

5 | Conclusions

In conclusion, sEVs hold significant promise in disease man-
agement. Our results underscored the potential of
HPH treatment as a novel and efficient system for the rapid and
scalable encapsulation of sEVs with various compounds.
Additionally, our studies demonstrated the remarkable effec-
tiveness of the engineered DXR‐MSC‐EVs in penetrating a 3D
model of CHS compared to Free‐DXR. This observation high-
lights the notion that the delivery dynamics of sEVs can insti-
gate, unique set of nano‐biointeractions, ultimately influencing
their fate in both the extracellular and intracellular
compartments.
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