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ABSTRACT
Osteosarcoma is a bone tumor with a high incidence in children and adolescents. Chemotherapy 
for osteosarcoma is limited, and effective targeted drugs are urgently needed to treat osteosarcoma. 
Exosomes as a natural nano drug delivery platform have been widely studied and proven to have 
good drug delivery performance. However, the low production of exosomes hinders its development 
as a carrier. Exosome mimetics (EMs) as an alternative product of exosomes solve the problem 
of low production of exosomes and maintain the good performance of exosomes as carriers. In 
this study, bone marrow mesenchymal stem cells (BMSCs) were sequentially extruded to generate 
EMs to encapsulate doxorubicin (EM-Dox) to treat osteosarcoma. The results showed that we 
successfully prepared EMs of BMSC, and EM-Dox was prepared using an active-loading approach. 
Our engineered EM-Dox demonstrated significantly more potent tumor inhibition activity and 
fewer side effects than free doxorubicin. This novel biological nanomedicine system provides a 
promising opportunity to develop novel precision medicine for osteosarcoma.

1.  Introduction

Osteosarcoma is the most common malignant tumor origi-
nating from bone tissue (Zhang et  al., 2021), more frequently 
occurring in children and adolescents. To date, surgical resec-
tion in combination with neoadjuvant chemotherapy is the 
standard-of-care treatment for osteosarcoma. Unfortunately, 
the 5-year survival rate of patients with osteosarcoma was 
only 60%–70% (Anninga et  al., 2011; Meyers, 2015). Besides, 
the recurrence rate of patients with osteosarcoma after treat-
ment is still high (Jaffe, 2009; Freyer & Seibel, 2015). One of 
the reasons is that the chemotherapy drugs currently used 
for osteosarcoma lack specificity, potency, and have strong 
off-target side effects. Therefore, there is an urgent and 
unmet need for developing novel precision medicines with 
better tumor-killing efficacy and lower side effects to prolong 
osteosarcoma patients’ survival.

Nanosystems have natural advantages as drug delivery 
systems, such as long circulation time, small size, and tumor 
aggregation. Li et  al. (2020) treated advanced osteosarcoma 

with apatinib encapsulated by hydrophobic poly(ester amide) 
nanoparticles, significantly inhibiting tumor growth with very 
low side effects. Another study used polymeric nanoparticles 
to deliver NSC23766 to target the Rac1 pathway to improve 
prostate cancer treatment (Li et  al., 2022). In recent years, 
exosomes (Exos) have become a promising way to deliver 
chemotherapy drugs for cancer therapy (Wu et  al., 2022). 
Exos are nanoscale extracellular vesicles secreted by cells and 
widely present in various cells (Liu, Xia et  al., 2021). The 
primary function of Exos is to maintain the normal metab-
olism of cells and mediate communications between cells 
(Song et  al., 2021). In addition, Exos involve in many pivotal 
biological processes and carry out the material exchange 
between cells by transporting intracellular substances (Li & 
Wang, 2021). Since Exos are endogenous vesicles with poten-
tial natural drug carrier function, they have been intensely 
investigated as a novel therapeutic modality (van Niel et  al., 
2018). Because of their low immunogenicity, cyclic stability, 
inherent targeting and crossing biological barriers, Exos are 
becoming an effective way to deliver drugs (Alvarez-Erviti 
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et  al., 2011; Jiang et  al., 2017; Zhu et  al., 2019). However, it 
is still a significant challenge and thorny problem for the 
current technology to obtain highly purified Exos (Shu et  al., 
2020). In particular, due to the insufficient number of natural 
Exos secreted by cells, the large-scale production of Exos is 
still challenging (Reiner et  al., 2017; Colao et  al., 2018). In 
addition, the drug delivery efficiency of Exos as drug carriers 
is also an unsolved problem (Chen et  al., 2021). Therefore, 
as an alternative to Exos, exosome mimetics (EMs) have 
higher yields, maintain the same biological functions as Exos, 
and gradually become a more promising drug delivery nano-
platform. In previous studies, cell-derived EMs have been 
produced by sequential extrusion of cells (Jang et  al., 2013; 
Goh, Zou et  al., 2017; Guo et  al., 2021). The EMs produced 
by this method retains the function of Exos to deliver che-
motherapeutic drugs with a high yield. However, to date, 
there is still a lack of studies on EMs as a drug delivery 
system for osteosarcoma.

EMs as drug delivery carriers have many advantages over 
existing synthetic systems. First, EMs can naturally target 
their source sites. We selected EMs of bone marrow mes-
enchymal stem cells (BMSCs) as drug delivery carriers to 
target osteosarcoma. Second, the phospholipid bilayers of 
EMs can fuse with the cell membrane to promote the inter-
nalization of encapsulated drugs. Third, the small size of 
the exosome mimetics promotes its extravasation in tumor 
blood vessels and diffusion into tumor tissue. Doxorubicin 
is one of the first-line chemotherapeutic drugs for osteo-
sarcoma. Because of its high toxicity, the clinical application 
dose of doxorubicin is greatly limited (Gomari et  al., 2019). 
This study aimed to develop EMs derived from BMSCs to 
deliver doxorubicin for osteosarcoma therapy (Figure 1). We 
used sequential extrusion to produce EMs and 
doxorubicin-encapsulating EMs (EM-Dox). Subsequently, we 
utilized the inherent tumor-homing ability of EMs derived 
from BMSC to target osteosarcomas; EM-Dox was used to 
treat osteosarcoma in situ xenografts. We hypothesized that 
the EM-Dox could significantly reduce the side effects of 
doxorubicin, improve the tumor-homing efficiency, and 
increase antitumor efficacy.

2.  Materials and methods

2.1.  Cell culture

Human osteosarcoma cells MG63, and human BMSC lines 
used in this study were purchased from the Cell Bank of the 
Chinese Academy of Sciences (Shanghai, China). Human 
osteosarcoma cells 143B were purchased from China Concord 
Cell Library (Beijing, China). These cells were cultured in Gibco 
Dulbecco’s Modified Eagle Medium (DMEM) supplemented 
with 10% fetal bovine serum (FBS), 100 μg/mL streptomycin, 
and 100 unit/mL penicillin. All cells were cultured in an incu-
bator at 37 °C and 5% CO2. All media and reagents for cell 
culture were purchased from Gibco (Carlsbad, CA, USA).

2.2.  Preparation of Exos, EMs, and EM-Dox

Adherent cells were isolated by scraping, and the collected 
BMSCs were re-suspended in phosphate-buffered saline (PBS) 
at a concentration of 5 × 106 cells/mL. The Extruder (Avanti 
Mini-Extruder) was used for two sequential extrusions through 
a 10-μm and 5-μm polycarbonate membrane filter (Whatman), 
as in the previous article (Jang et  al., 2013). Then super 
centrifuged at 100,000g for 70 min and re-suspend in 240 mM 
ammonium sulfate solution. The monodisperse nanoscale 
EMs were then prepared using a miniature extruder (Avanti 
Mini-Extruder) through a 1-μm polycarbonate membrane filter 
(Whatman). Then slide-A-Lyzer Nutritional Cassette (MWCO 
20 kDa) was used overnight at room temperature at 2 L PBS 
(pH7.4) to remove ammonium sulfate outside EMs and form 
an ammonium sulfate concentration gradient. Then doxoru-
bicin was added to EMs with a concentration of 1010 parti-
cles/mL at a final concentration of 0.2–1 mg/mL and incubated 
at room temperature for 6 h to promote the loading of doxo-
rubicin into EMs. The preparation method of ammonium 
sulfate was described in previous literature (Guo et  al., 2021). 
A doxorubicin-encapsulating EM (EM-Dox) solution was 
injected into slide-A-Lyzer Nutritional Cassette (MWCO 20 kDa) 
and dialyzed in PBS (pH7.4) overnight at room temperature 
to remove free doxorubicin. We used the same method to 

Figure 1. representative scheme for eM-Dox preparation and treatment of eM-Dox against osteosarcoma of the tibia.
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prepare the blank EMs using a miniature extruder (Avanti 
mini-extruder) through a 10-μm, 5-μm, and 1-μm polycar-
bonate membrane filter (Whatman) for three sequential 
extrusions.

At the same time, natural Exos was prepared as control, 
and Exos of BMSC was separated by supercentrifugation. 
First, the FBS will be centrifuged at 100,000g for 10 h to 
deplete Exos in the serum for BMSC cell culture. BMSCs were 
cultured using DMEM with 10% FBS-depleted Exos for 48 h. 
Supernatants of cultured cells were collected simultaneously 
as scraping BMSCs. The collected supernatant was centrifuged 
to separate Exos. The specific steps are as follows: First, cen-
trifuge the supernatant at 300g for 10 min, 2000g for 20 min, 
and 10,000g for 30 min, respectively, to remove cells and 
debris. Then, the supernatant was centrifuged at 100,000g 
for 70 min to collect the underlying solution and centrifuged 
again at 100,000g for 70 min. Finally, the separated Exos was 
re-suspended with a small amount of PBS and placed in a 
–80 °C refrigerator for subsequent research.

2.3.  Characterization of Exos, EMs, and EM-Dox

The morphologies of EMs, Exos, and EM-Dox were detected 
by transmission electron microscopy (TEM). Pierce BCA pro-
tein assay determined protein concentrations of EMs, Exos, 
and EM-Dox. The isolated EMs, Exos, and EM-Dox (4 μL con-
taining 100 μg/mL total protein) were adsorbed onto a quan-
titative foil-hole carbon grid (Spi supplied). The grid was then 
imaged using a FEITECNAIG2 transmission electron micro-
scope, and images were taken using an AMT2kCCD camera. 
Particle sizes and concentrations of EMs, Exos, and EM-Dox 
were analyzed using the Zetaview Nanoparticle tracking ana-
lyzer (Particle Metrix, Germany).

2.4.  The encapsulation efficiency of doxorubicin

Doxorubicin was quantified using a multi-mode Microplate 
Reader (Thermo Fisher Technologies, USA), and the excitation 
and emission wavelengths were 480 nm and 594 nm, respec-
tively (Gomari et  al., 2019). Free doxorubicin was used to 
make a standard curve. The content/concentration of doxo-
rubicin in EM-Dox was calculated according to the curve, 
and we figured the drug loading rate. We used the following 
formula to calculate the drug encapsulated effect (EE). 
EE = total doxorubicin loaded in EMs/total doxorubicin ini-
tially added.

2.5.  The in vitro release of doxorubicin from EMs

EM-Dox (1 mL) was put into slide-A-Lyzer Nutritional cassette 
(MWCO 20 kDa) and put into PBS (150 mL; pH 7.4 or 5.5), 
dialyzed at 37 °C, and stirred at 100 rpm. The dialysate was 
absorbed in 0, 3, 6, 9, 12, 24, and 48 h to determine the 
concentration of doxorubicin release, and we supplemented 
the same volume of PBS. Doxorubicin quantification, as 
described earlier, was determined using a multi-mode 
Microplate Reader.

2.6.  Stability of nanosystem

To evaluate the stability of the nanosystem and determine 
the effect of storage temperature on the size of EM-Dox, 
EM-Dox was placed at 4 °C or room temperature, respectively. 
Dynamic light scattering (DLS) and zeta potential determi-
nations were performed with a Zetasizer nanoseries instru-
ment (Malvern Nano-Zetasizer). The particle size distribution 
and zeta potential of EM-Dox under different storage condi-
tions were measured at 1, 2, 3, 5, and 7 days. At the same 
time, we measured the doxorubicin leakage rate at different 
storage temperatures. Specifically, we injected 1 mL of EM-Dox 
into slide-A-Lyzer Nutritional cassette (MWCO 20 kDa) and 
placed it in PBS (150 mL; pH7.4). The leakage rate of doxo-
rubicin was determined at room temperature or 4 °C. The 
leakage rate (%) = released doxorubicin content/total doxo-
rubicin content in EM-Dox.

2.7.  EMs labeling and uptake studies

Confocal microscopy was used to co-locate EMs, doxorubicin, 
and cells. The specific methods were as follows: fluorescence 
dye PKH26 (Sigma-Aldrich, St. Louis, Missouri, USA) was used 
to label 50 μL EM-Dox (total protein 20 μg/mL), mixed EM-Dox 
with Diluen C, and added to PKH26 for incubation at room 
temperature for 15 min. We added the same volume medium, 
and the free dye was removed by supercentrifugation. 143B 
and MG63 were inoculated in 24-well plates (2 × 104 cells/
well), and 25 µg of labeled EM-Dox was added to each well. 
After 1, 6, and 9 h, cells were rinsed with PBS, then fixed 
with 4% paraformaldehyde, and the nuclei were stained by 
Sigma-Aldrich staining. Results were observed using an 
inverted fluorescence microscope (Nikon AX, Tokyo, Japan).

2.8.  In vitro cytotoxicity assay

The free doxorubicin and EM-Dox cytotoxicity in 143B and 
MG63 cells was determined using Cell Counting Kit-8 (CCK8). 
In brief, 143B and MG63 cells were inoculated in a 96-well 
plate at a density of 2000 cells per well. After cell adherence, 
we added all cells to a 100 μL medium, and the drug (free 
doxorubicin or EM-Dox) was incubated for 24 h. The final 
concentrations of doxorubicin in the drug were 0, 0.25, 0.5, 
1, 2.5, 5, 10, and 15 μg/mL. Add 10 μL of CCK8 reagent and 
incubate at 37 °C for 2 h. The absorbance was measured using 
an ELx800 microplate reader (BioTek, vermont, USA) at 
450 nm. Cells without drugs were used as 100% control, and 
the CCK8 reagent without cells was blank. We calibrated the 
spectrophotometer to zero absorbance. All experiments were 
repeated three times, and the IC50 of free doxorubicin and 
EM-Dox in osteosarcoma cells was evaluated and compared 
(Kim et  al., 2016).

2.9.  In vivo biodistribution experiment

The 5-week-old male BALB/c nude mice were purchased from 
Huachuang sino Medical Technology Company (Jiangsu, 
China). The Animal Ethics Committee approved all animal 
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experiments involved in this study at the children’s Hospital 
Affiliated with Chongqing Medical University. DiR-labeled EMs 
(n = 3) or liposomes (n = 3) (1.5 mg/kg DiR, ~ 3 × 1010 particles/
animal, 150 μL) were intravenously injected into the tail of 
in situ tumor-bearing BALB/c nude mice. The fluorescence in 
mice was measured by in vivo imaging systems (IvIS) Lumina 
II system (Caliper, Hopkinton, MA, USA) for 6, 24, and 48 h 
after injection. Then the mice after 48 h were sacrificed, and 
the fluorescence of the tumor resected in the mice was mea-
sured and compared. In addition, the fluorescence intensity 
of the heart, liver, spleen, lung, and kidney was measured.

2.10.  Pharmacokinetic (PK) study

Male Wistar rats (275 ± 5 g) were purchased from Chongqing 
Medical University Animal Experiment Center. Five rats 
received a single intravenous injection of 3 mg/kg of EM-Dox. 
At 30 min, 1, 2, 4, 8, 24, and 48 h, the plasma was harvested 
from rats. The blood sample was immediately centrifuged at 
3000 rpm/min for 15 min to obtain plasma. Doxorubicin con-
centration in all plasma was determined by high performance 
liquid chromatography (HPLC). Pharmacokinetic parameter 
analysis was done using noncompartmental analysis (WinNolin 
software version 5.2, Pharsight, Mountain view, CA).

2.11.  In vivo antitumor activity

The human osteosarcoma cell line (143B, 1 × 106 cells in 
100 µL of PBS) was transplanted into the right hind tibia for 
in situ xenotransplantation. After seven days of tumor cell 
inoculation, mice were randomly divided into four groups 
(n = 6) and treated with EM-Dox (3 mg/kg), free doxorubicin 
(3 mg/kg), blank EMs (3 mg/kg), and PBS, respectively. Caudal 
vein injection was administered every three days for four 
sequential times. Tumor disease was measured every two 
days during administration using vernier calipers to plot 
tumor volume–time curves to evaluate in vivo antitumor 
efficacy. The calculation formula of tumor volume (V) is as 
follows:

 V
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AP(apically) is the distance on both sides of the knee cap, 
and L is the length in front of the tibia where the tumor 
grows the most (Li et  al., 2018). After the fourth treatment, 
limbs with tumor were collected and weighed. The blood of 
the mice was collected, and we detected the blood routine, 
liver function, kidney function, and myocardial enzyme spec-
trum to observe the organ injury of the mice. Creatine kinase 
(CK) and lactate dehydrogenase (LDH), urea, Crea, Alanine 
aminotransferase (ALT), and Aspartate aminotransferase (AST) 
were measured using assay kits (Rayto, China).

2.12.  Statistical analysis

Data were expressed as mean ± standard deviation (SD) and 
analyzed by GraphPad Prism 8 (GraphPad Software). 

Differences between groups were compared using the 
Student T test. One-way ANOvA was used for statistical com-
parison among different groups. p values less than .05 were 
considered a significant difference between groups.

3.  Results

3.1.  Preparation and characterization of EMs 
and  EM-Dox

We prepared EMs by sequential extrusion of BMSCs according 
to an established method (Jang et  al., 2013). The EMs were 
characterized by TEM, demonstrating a spherical lipid bilayer 
vesicle appearance of 30–200 nm, similar to Exos (Figure 2(A)). 
The particle size of EM-Dox was slightly larger after 
doxorubicin-loading by nanoparticle tracking analys (NTA) 
measurement, and EMs had a larger diameter than Exos 
(Figure 2(B)). We calculated the EMs and Exos yields of 1 × 107 
cells. The protein content and particle number of EMs pro-
duced by it were about 200 μg and 2 × 1012 particles, whereas 
the Exos produced by it were about 10 μg and 1 × 1011 par-
ticles. Thus, the yield of EMs is about 20 times more than 
Exos (Figure 2(C,D)). Western blot analysis confirmed the 
expression of several exosomal markers, including CD63, 
Tsg101, and Alix in EMs (Figure 2(E)), which is identical to 
Exos. These results indicate that our engineered EMs feature 
a highly similar nanostructure and surface protein expression 
to Exos derived from the same BMSCs.

3.2.  The encapsulation efficiency of doxorubicin

We used the ammonium sulfate gradient loading method to 
load doxorubicin. The active loading method has a high load-
ing efficiency. We found that loading doxorubicin into EMs 
is strongly associated with the drug concentration initially 
added to EMs suspension. As shown in Figure 3(B), the 1010/
mL EMs was loaded with 0.2 mg/mL, 0.5 mg/mL, 0.8 mg/mL, 
and 1 mg/mL doxorubicin, respectively. The loading efficiency 
of EMs positively correlated with the concentration of doxo-
rubicin in the solution and reached a peak at 0.8 mg/mL 
doxorubicin concentration.

3.3.  The drug release profile of EMs

The drug release profile is a critical factor affecting the drug 
release process of EM in vivo. Thus, we investigated the in 
vitro drug release profile of EM-Dox. To simulate the endo-
lysosomal compartment interior environment and normal 
physiological environment, the release profile of EM-Dox in 
PBS dialysate at pH 5.5 or 7.4 was determined (Figure 3(D)). 
After 48 h, approximately 80% of doxorubicin was released 
at pH 5.5. In comparison, only 60% of doxorubicin was 
released at pH 7.4. The results showed that the acidic envi-
ronment could protonate doxorubicin and thus accelerate 
the release of doxorubicin. The drug release profile results 
indicate that the release of EM-Dox is triggered by the acidic 
environment (lysosomes of cancer cells), which proves the 
promising antitumor properties of EM-Dox.
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Figure 2. Characterization of eM-Dox, exos, and eMs. A: TeM images of eM-Dox, exos, and eMs. This image shows a typical structure of eM-Dox, exos, and 
eMs (scale bar 200 nm). B: Size distributions of eM-Dox, exos, and eMs. The yields of eMs and exos measured as the total protein (C) and particle number (D) 
from 1 × 107 BMSCs. e: Characterization of exos and eMs by eCl Western blotting. The positive exosomal markers Alix, CD63, and Tsg101. (*p < .05, **p < .01, 
or ***p < .001).

Figure 3. A: Ammonium sulfate transmembrane concentration gradient active load doxorubicin schematic. B: encapsulation efficiency of eM-Dox in different 
doxorubicin concentrations. C: The release amount of doxorubicins at different time points. D:The drug release profile of eM-Dox in PBS with pH 7.4 and pH 
5.5, respectively.
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3.4.  Stability of nanosystem

We determined the effect of different storage temperatures 
on the size of EM-Dox. The peak values of EM-Dox size dis-
tribution after storage at 4 °C and room temperature for 
7 days were 199 ± 5.8 nm and 218.8 ± 16.1 nm, respectively 
(Figure 4(A,B)). The size of EM-Dox stored at 4 °C and room 
temperature changed. In contrast, the size of EM-Dox stored 
at room temperature became larger (Figure 4(C)). Next, we 
compared the effect of storage conditions on the charge 
density distribution around EM-Dox. The average zeta poten-
tial of freshly prepared EM-Dox was –13.5 ± 0.4 mv. After stor-
age at room temperature and 4 °C, the zeta potential of 
EM-Dox showed a downward trend, and the decrease was 
more obvious at room temperature (Figure 4(D)). At the same 
time, we measured the doxorubicin leakage rate of EM-Dox 
at room temperature and at 4 °C. The results showed that 
the leakage rate of the drug at room temperature was sig-
nificantly higher than that at 4 °C (Figure 4(E)). These exper-
iments prove that the nanosystem in this study has good 
stability at low temperature.

3.5.  The cellular uptake of EM-Dox in vitro

Confocal laser scanning microscopy (CLSM) was used to 
assess the cell uptake of EM-Dox. 143B cells or MG63 cells 
were co-incubated with PKH26-labeled EM-Dox at 37 °C for 
1, 6, and 9 h. Obtained confocal images showed that most 

EM-Dox entered cells after 1-h incubation, and EMs (red) was 
co-localized with doxorubicin (green) (Figure 5). These results 
indicated that EMs and doxorubicin simultaneously enter 
osteosarcoma cells via endocytotic pathways.

3.6.  The cytotoxicity and antitumor effects of EM-Dox 
in vitro

The antitumor activity of engineered EM-Dox was determined. 
The EM-Dox was co-incubated with 143B or MG63 cells 
(0–15 µg/mL) for 24 h. The cytotoxicity of EM-Dox to osteo-
sarcoma cells 143B or MG63 was detected by cell counting 
Kit-8 (CCK-8) cell viability assay. As shown in Figure 6, the 
semi-inhibitory concentrations (IC50) of EM-Dox for 143B and 
MG63 cells were determined as 1.8 µg/mL and 3.72 µg/mL, 
respectively. The IC50 of free Dox for 143B and MG63 cells 
were determined as 5.07 µg/mL and 5.53 µg/mL, respectively 
(Figure 6(A,B)). The inhibitory concentration of EM-Dox on 
143B was better than that of free doxorubicin, but this phe-
nomenon was not observed in MG63.

3.7.  PK of EM-Dox in plasma

The concentration of doxorubicin in plasma of rats treated 
with EM-Dox was detected by HPLC. The plasma concentra-
tion–time curve of doxorubicin is shown in Figure 7. PK 
parameters were evaluated by non-compartment model. After 

Figure 4. effects of storage conditions on eM-Dox size and Dox leakage rate. A and B: DlS of enriched eM-Dox after storage at 4 °C and room temperature. 
C: Average eM-Dox size change for each storage temperature. D: Average eM-Dox zeta potential change for each storage temperature. e: Dox leakage of 
eM-Dox for each storage temperature. (ns, not significant, *p < .05, **p < .01, or ***p < .001).
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an intravenous injection of 3 mg/kg of EM-Dox, the PK profile 
showed that Clearance (CL) was 67.17 ± 4.12 mL/h and V was 
1537.99 ± 474.71 mL. AUClast was 66,601.13 ± 3287.25 ng h/mL, 
and T1/2 was 16 ± 5.44 h. The maximum plasma doxorubicin 

concentration (Cmax) was observed at 30 min after EM-Dox 
injection. The concentration decreased rapidly within 8 h, 
followed by a slow distribution phase and a final elimina-
tion phase.

Figure 5. representative fluorescent microscope images show the distribution of eM-Dox after 1, 6, and 9 h in 143B (A) and Mg63 (B); the scale bar was 
20 µm.

Figure 6. Cytotoxic activity of eM-Dox in 143B (A) and Mg63 (B) osteosarcoma cells. (*p < 0.05).
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3.8.  In vivo biodistribution experiment

Near infrared fluorescence (NIR) fluorescence imaging was 
used to study the organ distribution and tumor accumula-
tion of EMs in the BALB/c nude mice model. IvIS was used 
to measure the fluorescence images of mice at 6, 24, and 
48 h after injection (Figure 8(A)). The results showed that 
EMs had rapidly reached the tumor site at 6 h, while no 
obvious tumor accumulation was observed in liposomes. In 
addition, the accumulation of EMs and liposomes reached 
the maximum after 24 h, and the fluorescence intensity of 
EMs was higher. After 48 h, it could be seen that EMs were 
still accumulated in the tumor (Figure 8(B)), suggesting that 
EMs had a long circulation time in the body. After 48 h, the 
in vitro fluorescence intensity of the tumor still showed that 
EMs accumulated more in the tumor than liposomes (Figure 
8(C)). In addition, the fluorescence of EMs in various organs 
was higher than that of liposomes (Figure 8(D)). However, 
the difference in fluorescence between organs was small, 
and tumor aggregation was significantly different.

3.9.  In vivo therapeutic activity of EM-Dox

We evaluated the antitumor activity of EM-Dox in a BALB/c 
nude mice model of osteosarcoma. Mice were randomly 
divided into four groups, with six tumors in each group. The 
first group was injected with EM-Dox (3 mg/kg), the second 
group was injected with free Dox (3 mg/kg), the third group 
was injected with blank EMs (3 mg/kg), and the fourth group 
was injected with PBS as control. Treatments were adminis-
trated every three days for a total of four times (Figure 9(A)). 
After each injection, the mice were weighed, and their tumor 
volumes were measured every other day. As shown in Figure 
9(B), the tumor growth of mice injected with EM-Dox was 
slow, followed by mice injected with free doxorubicin. There 
was no significant difference in tumor growth between mice 

injected with EMs and PBS (Figure 9(D)). The mouse body-
weights show no significant difference between each group 
(Figure 9(E)). After treatment, the mice were sacrificed, and 
the tumor-bearing hind limbs were weighed. The results 
showed that the tumor volume of mice in the EM-Dox group 
was the smallest and significantly lower than that in the free 
doxorubicin group (Figure 7(C)).

We tested the blood toxicity of the mice treated with 
EM-Dox and controls, including liver function, kidney function, 
and myocardial enzyme. CK and LDH in the free doxorubicin 
group were significantly higher than those in the control 
group but not in the EM-Dox group (Figure 10(A,B)), suggest-
ing that EMs can protect the heart functions of mice. Still, 
the liver toxicity biomarker levels (AST or ALT) of the free 
doxorubicin group were significantly higher than that of the 
EM-Dox group (Figure 10(C,D)), proving that EM-based doxo-
rubicin delivery can protect the liver. There was no significant 
difference in the renal function between each group (Figure 
10(E,F)). These in vivo efficacy results showed that EM-Dox 
was efficient and safe for treating primary osteosarcoma.

4.  Discussion

In clinical practice, chemotherapy is an indispensable treat-
ment for patients with osteosarcoma. Nevertheless, the 
off-target toxicity significantly limits the dose of chemother-
apy drugs, resulting in high mortality in patients with osteo-
sarcoma. Nanoscale drug delivery systems (NanoDDSs) can 
accurately deliver chemotherapeutic drugs to the tumor area, 
thereby increasing the tumor accumulation of drugs and 
reducing off-target toxicity. At present, synthetic nanoDDSs 
(e.g. polymeric nanoparticles or liposomes) are widely used 
in drug encapsulation and delivery.

Zheng et  al. (2019) used nanoparticles of poly(ferulic acid) 
to deliver doxorubicin to treat cancer and achieved good 

Figure 7. The chromatograms of eM-Dox and the concentration–time profiles of eM-Dox in plasma after eM-Dox administration. A: A blank plasma sample 
without eM-Dox; (B) a real plasma sample collected after intravenous administration of 3 mg/kg eM-Dox 24 h. C: Concentration–time curve of eM-Dox after 
3 mg/kg of eM-Dox administration.
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results. A phase I study showed that Selinexor, a selective 
inhibitor of nuclear export, combined with high-dose dexa-
methasone, ifosfamide, terminator, and etoposide (DICE) in 
the treatment of relapsed/refractory (R/R) T-cell lymphoma 
(TCL) and natural-killer/T-cell lymphoma (NKTL) showed prom-
ising complete remission rates (Tang et  al., 2021). However, 
these synthetic nanocarriers are limited by immunogenicity, 
toxicity, and drug delivery efficiency. Exos are endogenous 
nanoscale extracellular vesicles with significantly lower immu-
nogenicity than synthetic nanocarriers (Kamerkar et  al., 2017). 
Many studies have used Exos as a carrier to deliver chemo-
therapy drugs for tumor diagnosis or treatment (Zhuang et al., 
2011; Hu et  al., 2015; Kim et  al., 2016; Srivastava et  al., 2016). 
However, the low yield after the purification of Exos limits its 
development as a biological nanoDDS. Jang et al. (2013) used 
the sequential extrusion method to prepare EMs for the first 
time, its production was 100 times higher than that of tradi-
tional exosome extraction, and the EMs retained the intrinsic 
tumor targeting. Subsequently, Goh et  al. (2017) also pro-
duced exosome mimetics to encapsulate doxorubicin, which 

has a natural targeting ability to tumors. In this study, we 
successfully prepared BMSC-derived EMs by sequential extru-
sion and encapsulated doxorubicin to produce EM-Dox. In 
the in vivo experiments, EM-Dox showed obvious anti-tumor 
effects. In addition, EM-Dox has reduced heart and liver tox-
icities compared with free doxorubicin. Our results suggest 
that EMs derived from BMSC are an effective drug delivery 
carrier.

In this study, we measured and characterized the shape, 
size, and membrane characteristic proteins of the produced 
EMs, Exos, and EM-Dox. The results showed that EMs, Exos, 
and EM-Dox were uniformly distributed and had good sta-
bility at –80 °C. The larger EMs compared to Exos provided 
good conditions for drug loading. After loading doxorubicin, 
the size of EM-Dox became larger, but the particle size was 
still mostly distributed in the range of 30–200 nm, which still 
had good biodistribution and permeability. We compared 
the protein and particle yields of EMs and Exos and found 
that EMs was about 20 times higher than Exos. In addition, 
EMs and Exos have similar characteristics, which prove that 

Figure 8. In vivo biodistribution of eMs. A: Nir fluorescent images of mice at 6, 24, 48 h after injection (n = 3 per group). B: Quantified tumor accumulation 
of eMs or lP. C: representative ex vivo biodistribution of eMs or lP (lung, heart, liver, spleen, kidney, and tumor). D: Fluorescence quantification of organs. 
(*p < .05). lP, lipidosome.
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we successfully prepared the substitute for Exos and greatly 
improved the yield.

In addition, compared with traditional methods such as 
electroporation, ultrasound, freeze-thaw, and passive incuba-
tion, active drug loading method using ammonium sulfate 
gradient significantly improved the doxorubicin encapsulation 
efficiency (Chen et  al., 2021). Barenholz (2012) used an active 
drug delivery method driven by a transmembrane ammonium 
sulfate gradient to encapsulate doxorubicin in liposomes, 
which was eventually successfully used in the clinic. In the 
study, we applied this highly efficient active loading method 
for EM payload encapsulation driven by ammonium sulfate 
gradient across membranes (Figure 3(A)). Specifically, we used 
240 mM ammonium sulfate solution to replace PBS in the 
centrifuge extruded cell suspension after extruding twice, caus-
ing EMs to produce a transmembrane concentration gradient. 
In conjunction with the dialysis step, doxorubicin molecules 
can be actively loaded into EMs. Our encapsulating method 
can close the drug loading rate to 80%, ensuring that doxo-
rubicin is encapsulated efficiently by EMs. In this study, cells 
were re-suspended in an ammonium sulfate solution, which 
promoted ammonium sulfate to enter EMs during extrusion. 
They then formed a gradient of ammonium sulfate inside and 
outside EMs vesicles through dialysis to actively promote doxo-
rubicin to enter EMs. However, this is not easy to be achieved 
in natural Exos. Ammonium sulfate can be easily loaded into 

vesicles during the extrusion of EMs, but natural Exos require 
an additional route for loading ammonium sulfate. For exam-
ple, Chen et  al. (2021) used sonication and extrusion-assisted 
active loading to promote ammonium sulfate into vesicles. 
Our approach is relatively simple and efficient. Therefore, our 
method encapsulated doxorubicin efficiently.

Next, we verified the killing ability of EM-Dox on osteo-
sarcoma cells in vitro. EMs successfully delivered doxorubicin 
to 143B and MG63 osteosarcoma cells in cellular uptake 
experiments. Drug release experiments also proved that 
EM-Dox is more likely to release doxorubicin to kill osteo-
sarcoma cells in the acidic environment of tumor lysosomes. 
Our results are similar to other drug delivery systems, with 
faster drug release in acidic environments (Li et  al., 2020; Liu 
et  al., 2021). In addition, similar to previous studies, the 
release of EM-Dox in physiological environments is lower 
than that of doxorubicin encapsulated in natural exosomes, 
demonstrating another advantage of EMs as a carrier (Goh 
et  al., 2017; Wu et  al., 2021). In the cytotoxicity experiment, 
EM-Dox showed strong cytotoxicity against osteosarcoma 
cells. Moreover, in 143B cells, the cytotoxicity of EM-Dox was 
slightly higher than that of free doxorubicin. The results of 
in vitro experiments showed that EM-Dox could effectively 
kill osteosarcoma cells.

Encouraged by the in vitro experiment, we first used NIR 
fluorescence imaging to detect the distribution of EMs in 

Figure 9. Therapeutic effects of eM-Dox in vivo. A: The timeline of the orthotopic tumor therapy model. B: The images of excised orthotopic 143B tumors 
from mice (n = 6 per group) treated with PBS, eMs, free Dox, or eM-Dox. C: Tumorous hind limbs at the endpoint were quantified by weight. D: Tumor pro-
gression was measured by a caliper. eM-Dox dramatically inhibit tumor growth. e: No significant difference was shown in mouse body weight during the 
treatment. (***p < .001, or **p < .01). Dox, doxorubicin; eM-Dox, doxorubicin-loaded exosome mimetics.
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vivo and the aggregation of EMs in tumors. The results 
showed that EMs could accumulate in the tumor faster and 
longer. Finally, although fluorescence quantitatively showed 
that EMs gathered more in various organs, the difference 
was small, suggesting that the biological distribution of EMs 
and liposomes was similar. However, the aggregation of EMs 
in tumor was significantly higher than that of liposomes, 
suggesting that EMs has a good tumor aggregation effect.

Then, we used EM-Dox to treat osteosarcoma tumor-bearing 
mice. We compared the tumor inhibitory effects of EM-Dox 
with free doxorubicin and used empty EMs and PBS as con-
trol groups. The results showed that EM-Dox had stronger 
inhibitory effect on osteosarcoma tumor than free doxoru-
bicin. The empty EMs without doxorubicin showed no sig-
nificant tumor inhibition compared with the PBS group, 
indicating that BMSC-derived EMs can be safely used as an 
effective nanocarrier to deliver doxorubicin in the treatment 
of osteosarcoma. The main side effect of doxorubicin is car-
diotoxicity (Wenningmann et  al., 2019), which limits the max-
imum dose of doxorubicin. Previous studies have shown that 
exosome-encapsulated doxorubicin has higher cardiac safety 
(Wei et  al., 2019). Exosome-encapsulated doxorubicin can be 
precisely delivered into the tumor sites, with less accumula-
tion in normal tissues, leading to a higher safe dose. In 

addition, EMs was also used to encapsulate doxorubicin to 
reduce cardiac toxicity (Wu et  al., 2021). In other words, 
EM-Dox reduces drug distribution in the heart, thereby 
increasing the maximum dose available to patients. Our 
results showed that the serum LDH and CK levels of EM-Dox 
treated mice were lower than those of free doxorubicin. That 
is, EMs delivers doxorubicin effectively, increasing tumor inhi-
bition while reducing cardiac aggregation. There was no 
significant difference in the weight of mice among groups. 
It is different from the previous study (Wei et  al., 2019), the 
levels of serum AST and ALT in mice treated with EM-Dox, 
EMs, and PBS were not significantly increased, while those 
in mice treated with free doxorubicin increased. In addition, 
there was no significant difference in urea nitrogen, serum 
creatinine, white blood cells, red blood cells, and platelets 
among mice in each group. In summary, the anti-tumor effect 
of EM-Dox on osteosarcoma tumor-bearing nude mice was 
enhanced, with reduced off-target toxicities.

5.  Conclusion

In this study, we used BMSCs to generate EMs by sequential 
extrusion, and successfully encapsulated doxorubicin by an 

Figure 10. A and B: After treatments, creatine kinase (CK) and lactate dehydrogenase (lDH) levels in mice. C and D: AlT and AST levels in mice after treat-
ments. e and F: urea and Crea levels in mice after treatments. (ns, not significant, *p < .05, or **p < .01).
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ammonium sulfate gradient method. Our engineered EM-Dox 
demonstrates excellent antitumor properties both in vivo and 
in vitro, leading to better tumor-specificity and biocompati-
bility compared with the free doxorubicin. EMs derived from 
BMSCs represent an excellent biological nanocarrier for che-
modrug delivery in osteosarcoma treatment. In order to fur-
ther study, we plan to compare EMs with artificial 
nanomaterials to further explore the advantages of EMs as 
a promising biological nanomedicine.
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