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Introduction

Extracellular vesicles (EVs) are vesicular bodies secreted by 
cells and enveloped with a bilayer phospholipid membrane 
structure. EVs mediate information exchange between cells 
and participate in physiological and pathological processes of 
cells and tissues1. At present, EVs as a new tool for clinical 
diagnosis and treatment are becoming widely used2,3. 
However, the effects of EVs from different tissues and organ 
vary significantly. It was reported that EVs secreted from 
adipose-derived stem cells attenuates diabetic nephropathy4. 
EVs secreted from bone marrow mesenchymal stem cell 
played an important role in regulating osteoblast differentia-
tion and osteogenic gene expression5. EVs secreted by human 
umbilical vein endothelial cells attenuated hypoxia/reoxygen-
ation-induced apoptosis in neural cells6. Therefore, how to 
effectively use EVs from different issues and cell sources still 
requires extensive experimental verification and comprehen-
sive consideration based on biological background.

Antler reserve mesenchymal (RM) cells locate in the ant-
ler growth center of deer and are responsible for phenomenal 
antler elongation rate7 (up to 2 cm/day, a rate much higher 
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Abstract
Extracellular vesicles (EVs) from antler reserve mesenchymal (RM) cells play an important role in the paracrine regulation 
during rapid growth of antler without forming a tumor; therefore, RM-EVs become novel materials for anti-tumor studies, 
such as osteosarcoma treatment. However, the problem of low production of RM-EVs in traditional 2D culture limits 
its mechanism research and application. In this study, we established an optimal 3D culture system for antler RM cells to 
produce EVs (3D-RM-EVs). Morphology and property of harvested 3D-RM-EVs were normal compared with EVs from 
conventional 2D culture, and the miRNA profile in them was basically the same through transcriptome sequencing analysis. 
Based on the same number of RM cells, the volume of the culture medium collected by 3D cultural system concentrated 
nearly 30 times, making it more convenient for subsequent purification. In addition, EVs were harvested 30 times in 
3D cultural system, greatly increasing the total amount of EVs (harvested a total of 2–3 times in 2D culture). Although 
3D-RM-EVs had a limited inhibitory effect on the proliferation of K7M2 cells, the inhibition effect of 3D-RM-EVs loaded 
drugs (Ifosfamide + Etoposide) were more significant than that of positive drug group alone (P < 0.05). Furthermore, 
in vivo studies showed that 3D-RM-EVs loaded drugs (Ifosfamide + Etoposide) had the most significant tumor inhibition 
effect, with decreased tumor size, and could slow down body weight loss compared with Ifosfamide + Etoposide (IFO + 
ET) group. These results demonstrated that 3D-RM-EVs were efficiently prepared from antler RM cells and were effective 
as drug vehicles for the treatment of osteosarcoma.

Keywords
3D cell culture, hollow fiber cell culture, extracellular vesicles, antler reserve mesenchymal cell, osteosarcoma

https://us.sagepub.com/en-us/journals-permissions
https://journals.sagepub.com/home/cll
mailto:pfhoo@hotmail.com
mailto:lichunyi1959@163.com


2	 Cell Transplantation

than cancer8,9). Interestingly, it has been suggested that 
developing antlers are particularly resistant to tumor forma-
tion10,11, although gene expression profiles of antlers had a 
higher correlation with osteosarcoma12, we found many 
highly expressed anti-tumor miRNAs, such as miR-148a, 
miR-143, and miR-140, in the RM-EVs (data unpublished), 
which ensured that RM cells do not become cancerous them-
selves. However, there are also miRNAs in RM-EVs that 
promote cell proliferation, so how to use RM-EVs as anti-
tumor drugs or drug vehicle still requires extensive experi-
mental verification. On the contrary, human mesenchymal 
stem cell (MSC) or EVs administration contributed to tumor 
development in animal models by promoting angiogenesis, 
creating a niche to support cancer stem cell survival, or hav-
ing immunosuppressive ability13,14. Thus, we envisage that 
RM-EVs, as a special tissue-derived EVs, would have future 
medical applications, such as anti-tumor drugs or drug vehi-
cle in osteosarcoma treatment. However, RM cells, like the 
most other mesenchymal stem cells, have a low production 
of EVs secreted in 2D culture in vitro15, which thus would 
limit their future application16.

The preclinical and clinical development of EVs technol-
ogy as a delivery platform requires large quantities of EVs. 
The proper production method for EVs must be established 
to support large-scale manufacturing3,16–18. Recent studies 
showed that 3D culture strategy was efficient to enhance the 
production of MSC-derived exosomes19–23. The hollow fiber 
cell culture system is one kind of 3D cultural system that 
simulates the physiological circulatory system in the body, 
providing cells with a more in vivo like growth mode, and 
can be used to concentrate cell secretion products 10 to 100 
times than the 2D cultures, thus it is a better choice for EVs 
preparation24–27. However, the growth characteristics of dif-
ferent types of cells in this system and the optimal conditions 
for EVs production using this system still need to be continu-
ously optimized.

To efficiently produce antler RM EVs and explore their 
application in osteosarcoma treatment, we used 3D cultural 
system (hollow fiber cell culture system) to produce 3D-RM-
EVs, optimized the operating conditions, and established an 
efficient 3D culture production system for 3D-RM-EVs pro-
duction. Subsequently, we conducted anti-tumor experi-
ments using the produced 3D-RM-EVs. We demonstrated 
that 3D-RM-EVs were efficiently prepared from antler RM 
cells and were effective as drug vehicles for the treatment of 
osteosarcoma.

Materials and Methods

Isolation, Cultivation, and Characterization of RM 
Cells

The RM tissue of growing antlers was collected following 
the method reported preciously by us7, cut into small pieces, 

digested in collagenase, and then used for primary cell cul-
ture. RM cells with typical shape of mesenchymal stem cell 
were obtained after subculture. To characterize isolated RM 
cells, immunofluorescence staining of mesenchymal stem 
cell markers (CD73, CD90, and NESTIN) and embryonic 
stem cells marker (SOX2) were carried out, osteogenic/
chondrogenic/adipogenic differentiation were induced for 
multipotency testing.

Cultivation of RM Cells in the 3D Cultural System

RM cells at logarithmic phase in the culture dishes were 
transferred into the hollow fiber cell culture system C2011, 
and cell adhesion and glucose consumption (cell state mon-
itoring indicator) were compared between different seeding 
number of cells (107, 5 × 107, 108, 5 × 108, 109), between 
seeding time (once or twice), between different collection 
time (every 2, 3, or 4 days), and between different types of 
culture medium used in extracellular space of the system. 
Bicinchoninic Acid Assay (BCA) was used to quantify the 
total protein content of the collections, which indirectly 
reflects the content of EVs in the collections. The optimal 
cultivation conditions were determined through these mul-
tiple comparisons.

The cell aggregates attached to the hollow fiber were 
observed and detected histologically through frozen section 
and Alcian Blue staining.

Isolation and Characterization of 3D-RM-EVs

3D-RM-EVs were isolated through ultra-high-speed centrif-
ugation (120,000 × g, 4°C for 70 min), the morphology of 
3D-RM-EVs was observed by transmission electron micros-
copy. The vesicle size range and concentration of 3D-RM-
EVs were measured using nanoflow cytometry. The yield of 
3D-RM-EVs was compared with the production efficiency 
of RM-EVs obtained from the conventional 2D culture. The 
exosomal marker proteins of 3D-RM-EVs were detected 
through Western blot analysis.

BCA and Western Blot Analysis

Proteins of the EVs were extracted using Radio-immuno
precipitation assay buffer (RIPA) (Sigma, USA) containing 
protease inhibitors and phosphatase inhibitors, and protein 
concentrations were quantified using Omni-Easy Instant 
BCA Protein Assay Kit (ZJ102L, EpiZyme) according to the 
user manual. Quantified proteins were then analyzed recom-
mended by the International Society for Extracellular Vesicles 
(ISEV) using Western blot with specific primary antibodies: 
Rabbit Anti-CD63 (ab134045, Abcam, US; 1:2,000); Rabbit 
Anti-CD81 (ab219209, Abcam, US; 1:2,000); Rabbit Anti-
TSG101 (ab125011, Abcam, US; 1:2,000); and Rabbit Anti-
CANX (ab133615, Abcam, US; 1:2,000).
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Evaluation of Effects of 3D-RM-EVs as Drug 
Vehicle on Inhibiting Osteosarcoma Cells 
Proliferation In Vitro

Two concentrations (10 and 50 μg/ml) of 3D-RM-EVs were 
used to treat mouse osteosarcoma cells (K7M2 cells) in vitro. 
CCK8 was used to evaluate the effects on K7M2 cell prolif-
eration, and EVs derived from human umbilical cord mesen-
chymal stem cells (U-MSCs) were taken as the control. 
Apoptotic rate of K7M2 cells treated with 3D-RM-EVs was 
detected through flow cytometry.

Drugs were loaded into 3D-RM-EVs through passive 
loading method28, 3D-RM-EVs were co-incubated with dif-
ferent concentrations of Ifosfamide + Etoposide (IFO + ET) 
for 18 h at room temperature, and then added to K7M2 cells 
(0–15 μg/ml). The positive drug combination IFO + ET in 
this study is a combination of positive drugs that have been 
identified by other studies, which have better therapeutic 
effects on osteosarcoma29,30. Proliferation rate of K7M2 cells 
was measured using CCK8 method. Ifosfamide + Etoposide 
(0–15 μg/ml) were added separately as the controls.

Evaluation of Effects of 3D-RM-EVs as Drug 
Vehicle on Inhibiting Osteosarcoma Progression 
In Vivo

Osteosarcoma orthotopic model was established using 
4-week-old female Balb/c mice. In total, 28 mice were ran-
domly divided into the following groups (7/group): Control, 
3D-RM-EVs, IFO + ET, and 3D-RM-EVs + IFO + ET. 
RM-EVs/drugs were injected through tail vein every 2 days 
for 6 times: Control group, 200 μl saline; 3D-RM-EVs group, 
106 vesicles in 200 μl saline; IFO + ET group, IFO 50 mg/
kg, ET 10 mg/kg, dissolved in 200 μl saline; 3D-RM-EVs + 
IFO + ET group, 106 vesicles in 100 μl saline with 50 mg/kg 
IFO, and 10 mg/kg ET in 100 μl saline.

The treatment duration was 14 days in total. The volume 
of the tumor was measured every other day during treatment 
and calculated using the formula: V = 4 π/3 a × b2, where a 
and b (mm) represent the length of the tumor along the long 
axis of the tibia and half of the maximum length of the tumor 
perpendicular to the tibia, respectively. At the end of experi-
ment, mice were anesthetized using Pentobarbital, tumor 
was cut off, photographed, weighed, and fixed in 4% para-
formaldehyde for histological assessment.

Statistical Analysis

The data in this study are expressed as the mean ± standard 
deviation. Two-tailed Student’s t-text was used to compare the 
differences between two groups. Significant differences were 
considered when P < 0.05, extremely significant differences 
were considered when P < 0.01. Each experiment was repeated 
3 times or more independently with similar results. The experi-
mental data were drawn using Prism Graphpad software.

Results

Optimum Condition for Production of EVs by RM 
Cells Using 3D Cultural System

The RM cells were obtained from antler growth center (Fig. 
1A); these cells had the characteristics of mesenchymal stem 
cells (CD73, CD90, and NESTIN positive), partial character-
istics of embryonic stem cells (SOX2 positive) (Fig. 1B), and 
had the ability of adipogenesis, osteogenesis, and chondro-
genesis (Fig. 1C). RM cells at logarithmic phase were 
detached from the culture dish and transferred into the 3D 
cultural system (Fig. 1D). The optimal number of cells for 
the first time transferring to the system was determined at 5 
× 107, when less than 107, the glucose consumption of RM 
cells was too low, indicating poor cell status; however, when 
cell number was more than 108, a large number of cells can-
not adhere to hollow fibers, resulting in waste. The time and 
method for changing the culture medium were determined as 
follows: circulating culture medium was changed every 2 
days, and extracellular space medium was replaced with exo-
some-free medium after the third day of cell seeding. When 
RM cell aggregates in different sizes were observed on the 
hollow fiber (Fig. 1D), suggesting that there was still a lot of 
space on the fiber. During this period, the sugar consumption 
is unstable and then another batch of RM cells (5 × 107) 
were supplemented into the system. When glucose consump-
tion was stable at about 70 mg/d, extracellular space medium 
containing EVs from RM cells were collected.

Glucose consumption was compared when basic culture 
medium or exosome-free complete culture medium was 
added to extracellular space of the 3D cultural system; the 
results showed that when using basic culture medium, RM 
cells did not adhere well to hollow fibers, resulting in a sig-
nificant decrease in glucose consumption after 20 days of cul-
ture system operation (Fig. 2A). Therefore, providing an 
exosome-free complete culture medium was necessary to 
ensure normal cell adhesion to hollow fibers. Then, the effects 
of different collection intervals on glucose consumption were 
compared; it was found that collecting once every 3 days had 
the best effect (Fig. 2B). The collection interval of 2 days was 
less than 3 days in terms of duration of collection, and when 
collection interval was 4 days or more, RM cells no longer 
showed significant glucose consumption. The total protein 
contents of the products collected every 2, 3, and 4 days were 
analyzed, and the results showed that the trend of total protein 
change was basically consistent with the change in glucose 
consumption (Fig. 2C, D), which indirectly reflect the 
changes in the total content of EVs in the collection medium.

Biological Characteristics of 3D-RM-EVs

Extracellular space medium collected from 3D cultural sys-
tem was centrifuged at 120,000 × g, 4°C for 70 min, and 
the precipitate was resuspended with phosphate-buffered 
saline (PBS), namely 3D-RM-EVs. Transmission electron 
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microscopy examination showed that the morphology of the 
3D-RM-EVs was uniform, presenting a typical saucer-shaped 
structure (Fig. 3A). Extracellular biomarker detection by 
Western blot showed that 3D-RM-EVs was CD63, CD81, and 
TSG101 positive, but did not express cellular protein Calnexin 
(Fig. 3B). Particle size analysis showed that the average 
diameter of 3D-RM-EVs was 66.37 nm, with a size distribu-
tion between 50 and 70 nm (Fig. 3C). These results indicated 
that morphology and property of 3D-RM-EVs were normal 
compared with EVs from conventional 2D culture.

We compared the amount of EVs harvested from 3D cul-
tural system with the amount harvested from conventional 
2D culture. The results showed that based on the same 

number of RM cells, when collecting one time, the total 
amount of EVs obtained was basically the same between 2D 
and 3D culture, but the volume of the culture medium col-
lected by 3D cultural system was less, the medium was con-
centrated nearly 30 times (Fig. 3D), making it more 
convenient for subsequent purification. In addition, EVs 
were maximally harvested a total of 2 to 3 times in 2D cul-
ture, while in our 3D cultural system, EVs were harvested 30 
times, greatly increasing the total amount of EVs (Fig. 3D).

Furthermore, miRNA profiles were compared between 
3D-RM-EVs and 2D-RM-EVs, the results showed that com-
pared with 2D-RM-EVs, 3D-RM-EVs has little difference in 
miRNAs expression. Three miRNAs, namely miR-148a, 

Figure 1.  Characteristics of RM cells and growth morphology in 3D cultural system. (A) Isolation of RM cells from antler growth 
center. (B) Immunofluorescence staining using CD73, CD90, NESTIN, and SOX2. (C) Chondrogenic, osteogenic, and adipogenic 
induction using OriCell Mesenchymal Stem Cells Differentiation Kit (GUXMX-90041, GUXMX-90021, and GUXMX-90031, 
respectively). (D) Transferring RM cells into 3D cultural system (hollow fiber cell culture system), cell mass with different sizes were 
observed on the hollow fiber, histological sections, and Alcian Blue staining indicated that the cell mass were aggregated RM cells. RM: 
reserve mesenchymal; DAPI: 4′,6-diamidino-2-phenylindole.
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miR-21, and let-7i, accounted for more than 50% of the total 
miRNA expression of both 3D-RM-EVs and 2D-RM-EVs 
(Fig. 3E), and all the miRNA expression were closely corre-
lated (Fig. 3F), 171 miRNAs were shared between 3D-RM-
EVs and 2D-RM-EVs (Fig. 3G), indicating their functions 
were mainly the same. Therefore, 3D-RM-EVs was adopted 
in subsequent experiments.

3D-RM-EVs Equipped With Drugs Inhibited 
Mouse Osteosarcoma Cells Proliferation In Vitro

In order to evaluate the activity of the obtained 3D-RM-EVs 
in vitro, the 3D-RM-EVs were used to treat mouse 

osteosarcoma cells (K7M2 cells, Fig. 4A). The results showed 
that 3D-RM-EVs inhibited the proliferation of K7M2 cells, 
but had a limited inhibitory effect, with only 75% of normal 
cell viability level (Fig. 4B). In contrast, EVs derived from 
human umbilical cord mesenchymal stem cells promoted the 
proliferation of K7M2 cells (Fig. 4C). The results suggested 
that 3D-RM-EVs was a good drug vehicle for target treat-
ment of osteosarcoma.

We further detected status of the K7M2 cell apoptosis after 
3D-RM-EVs treatment; the results showed that 3D-RM-EVs 
promoted the apoptosis of K7M2 cells (Fig. 4D), but the 
effect was not significant (P > 0.05). Therefore, 3D-RM-EVs 
alone was not effective in the treatment of osteosarcoma. 

Figure 2.  Optimum condition for collecting EVs from RM cells using 3D cultural system. (A) Comparison of the glucose consumption 
between basic culture medium and exosome-free complete culture medium used in extracellular space, blue line represented exosome-
free complete culture medium, and red line represented basic culture medium. (B) Effects of different collection intervals (every 3 and 
4 days, respectively) on average glucose consumption, green line represented products were collected every 3 days, and yellow line 
represented products were collected every 4 days. (C) Comparison of the total protein concentration of the products between basic 
culture medium and exosome-free complete culture medium used in extracellular space, in the final stage of collecting using basic culture 
medium, total protein concentration decreased significantly (from Day 30 to 38), black arrows indicating this turning point. Blue line 
represented exosome-free complete culture medium, and red line represented basic culture medium. (D) Effects of different collection 
intervals (every 3 and 4 days, respectively) on total protein concentration of the products, green line represented products were collected 
every 3 days, and red line represented products were collected every 4 days. EV: extracellular vesicle; RM: reserve mesenchymal.
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Figure 3.  Biological characteristics of EVs from 3D cultured RM cells (3D-RM-EVs). (A) Transmission electron microscopy examination 
of 3D-RM-EVs and 2D-RM-EVs, bar 500 nm. (B) Western blot analysis of extracellular (CD63, CD81, and TSG101) and cellular 
(Calnexin) biomarkers of 3D-RM-EVs and 2D-RM-EVs. (C) Particle size analysis of 3D-RM-EVs and 2D-RM-EVs using nanoflow 
cytometry. (D) Comparison of the number of extracellular vesicles harvested from 3D cultural system with the amount harvested from 
conventional 2D culture. The error bars: standard errors of the mean from three independent experiments. (E) Comparison of the 
miRNA profiles of extracellular vesicles harvested from 3D cultural system with that from conventional 2D culture. (F) Correlation 
analysis of miRNA expression levels between 3D-RM-EVs and 2D-RM-EVs. (G) Shared miRNAs of 3D-RM-EVs and 2D-RM-EVs. EV: 
extracellular vesicle; RM: reserve mesenchymal. *P < 0.05; **P < 0.01.

Subsequently, we co-incubated 3D-RM-EVs with osteosar-
coma therapeutic drugs (Ifosfamide + Etoposide) and then 
the complex was used to treat K7M2 cells. The results 

showed that the inhibition effect of co-incubation group was 
more significant than that of positive drug group alone (P < 
0.05) (Fig. 4E). The results further confirmed that 3D-RM-EVs 
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had biological activity in vitro and served as a new drug 
vehicle in osteosarcoma treatment.

3D-RM-EVs Equipped With Drugs Inhibited 
Mouse Osteosarcoma Progression In Vivo

In order to evaluate the activity of the 3D-RM-EVs in vivo, 
the 3D-RM-EVs were used to treat osteosarcoma mice 
(K7M2 bearing mice, Fig. 5A). Histological studies showed 
that the K7M2 osteosarcoma was a cancerous tissue attached 
to the periosteum of the bone (Fig. 5A). We used 3D-RM-
EVs alone or combined Ifosfamide + Etoposide (IFO + ET) 
to treat K7M2 bearing mice for 14 days (Fig. 5A), respec-
tively. After treatment, the tumor morphology showed that 
the 3D-RM-EVs + IFO + ET group had the most significant 
tumor inhibition effect, while the control group had the larg-
est tumor (Fig. 5B).

Tumor weight analysis indicated that the tumor weight in 
the 3D-RM-EVs + IFO + ET group (2.12 ± 0.265 g) was 
significantly smaller than that in the control group (3.86 ± 

0.232 g), 3D-RM-EVs group (3.70 ± 0.286 g), and IFO + 
ET group (2.92 ± 0.317 g) (Fig. 5C). The analysis of the 
tumor growth curve also indicated that co-incubation of 
3D-RM-EVs with osteosarcoma therapeutic drugs (Ifosfamide 
+ Etoposide) had the best effect (Fig. 5D).

In addition, we analyzed the body weight changes of mice 
during treatment (Fig. 5E), and the results showed that there 
was no difference in weight between the 3D-RM-EVs group 
and the control group. The IFO + ET group had the most 
significant weight loss, while the 3D-RM-EVs + IFO + ET 
group could slow down weight loss compared with IFO + 
ET group. These results demonstrated that 3D-RM-EVs had 
biological activity in vivo, in terms of loading clinical che-
motherapy drugs, targeting osteosarcoma in vivo, and thus 
enhancing the effect of drugs.

Discussion

Since 2016, a commercial hollow fiber bioreactor system had 
been utilized effectively for large-scale EVs production24. In 

Figure 4.  3D-RM-EVs equipped with drugs inhibit mouse osteosarcoma cells proliferation in vitro. (A) Mouse osteosarcoma cells (K7M2 
cells). (B) 3D-RM-EVs inhibited the proliferation of K7M2 cells, with cell viability decreased to 75% of normal level at 50 μg/ml of 3D-RM-EVs. 
The error bars: standard errors of the mean from three independent experiments. *P < 0.05; **P < 0.01. (C) Extracellular vesicles derived 
from human umbilical cord mesenchymal stem cells promote the proliferation of K7M2 cells. The error bars: standard errors of the mean 
from three independent experiments. *P < 0.05; **P < 0.01. (D) 3D-RM-EVs promoted the apoptosis of K7M2 cells, but the effect was not 
significant (P > 0.05). (E) Co-incubation mixture of 3D-RM-EVs and osteosarcoma therapeutic drugs (Ifosfamide + Etoposide) significantly 
inhibited K7M2 cells compared with positive drug group, *P < 0.05 at 1 μg/ml and/or more than 1 μg/ml. RM: reserve mesenchymal;  
EV: extracellular vesicle; UC-MSC: umbilical cord mesenchymal stem cell; IFO-ET: Ifosfamide + Etoposide; PE-A: Phycoerythrin A.
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this bioreactor, cells were seeded into cylindrical fibers to 
simulate 3D culture24,25. It was reported that hollow fiber bio-
reactor system could obtain 5-fold more EVs compared with 
those obtained from the conventional 2D culture24. These 
effects benefited from the unique advantages of 3D culture. 
Our research also confirmed that by optimizing the 3D cul-
ture system reasonably and effectively, the production of EVs 
of RM cells was greatly improved, and the biological charac-
teristics were comparable with 2D cultured EVs. Besides, the 
EVs prepared by 3D cultured cells not only had advantages in 

yield but also had improved functionality. It has been demon-
strated that EVs derived from cells grown in a 3D environ-
ment showed better biological functions than those derived 
from cells in 2D culture31; research also showed that cells in 
3D culture secrete more interleukin-11 and proangiogenic 
cytokines than cells in 2D culture32. Therefore, using the 3D 
culture system to the production of EVs of RM cells and 
establishing the optimal culture conditions would be an excel-
lent way to solve the problems of low EVs yield from RM 
cells. Although miRNA component of 3D-RM-EVs was 

Figure 5.  3D-RM-EVs equipped with drugs inhibit mouse osteosarcoma progression in vivo. (A) osteosarcoma mice (K7M2 bearing 
mice), histological analysis showed that the K7M2 osteosarcoma was a cancerous tissue attached to the periosteum of the bone, 
control: means normal tissue. (B) Tumor morphology observation showed that the 3D-RM-EVs + IFO + ET group had the most 
significant tumor inhibition effect, while the control group had the largest tumor. (C) Tumor weight analysis indicated that the tumor 
weight in the 3D-RM-EVs + IFO + ET group (2.12 ± 0.265 g) was significantly lighter than that in the control group (3.86 ± 0.232 
g), 3D-RM-EVs group (3.70 ± 0.286 g), and IFO + ET group (2.92 ± 0.317 g). (D) Tumor growth curve analysis indicated that co-
incubation of 3D-RM-EVs with osteosarcoma therapeutic drugs (Ifosfamide + Etoposide) had the best effect. (E) Weight changes of 
mice during treatment, there was no difference in weight between the 3D-RM-EVs group and the control group. The IFO + ET group 
had the most significant weight loss, while the 3D-RM-EVs + IFO + ET group could slow down weight loss compared with IFO + ET 
group. The error bars: standard errors of the mean from three independent experiments. RM: reserve mesenchymal; EV: extracellular 
vesicle; IFO-ET: Ifosfamide + Etoposide. *P < 0.05; **P < 0.01.



Hu et al	 9

mainly the same with 2D-RM-EVs, we believe that the RM 
cells were stable in vitro culture; however, small differences 
still need further studies.

The EVs of RM cells obtained from the 3D culture system 
in this study were not effective in inhibiting osteosarcoma 
when used alone, but the EVs of RM cells co-incubated with 
positive drugs showed a good inhibitory effect, which might 
also be due to the fact that the 3D-RM-EVs loaded certain 
drugs to target the tumor site more effectively. EVs have 
excellent drug carrier potential and can effectively transport 
small molecule substances and various drugs33. They provide 
the safe transfer of drugs during diffusion without deactiva-
tion or degradation34. At the same time, the targeting effect of 
EVs ensures that the drugs transported can reach the target 
site and have more efficient effects. In recent years, mesen-
chymal stem cells (MSCs)-derived EVs have been widely 
used as transport carriers for drugs or bioactive molecules in 
cell-free therapy for various diseases35–37. In addition, it was 
reported that siRNA could be loaded into EVs through elec-
troporation for the treatment of Alzheimer’s disease, with a 
target protein knockout efficiency of 62%38. These reports 
demonstrated that EVs carried various small molecules and 
exerted their effects, which was better than using EVs or 
small molecules alone.

Among many diseases, tumor is still the biggest problem 
we need to overcome, especially for tumors with high malig-
nancy, such as osteosarcoma39–41. Traditional chemotherapy 
drugs have shortcomings such as low targeting, drug resis-
tance, and toxic and side effects with the increase in dose42,43. 
The application of nanomedicine carrier systems in cancer 
treatment has received attention from scholars. Nanomedicine 
carrier systems have many advantages such as structural sta-
bility, drug release, high delivery efficiency, biocompatibil-
ity, and targeting. They can not only improve drug treatment 
efficacy but also reduce the systemic toxicity of chemother-
apy drugs44,45. However, the targeting and safety of nanopar-
ticle drug delivery systems for tumors still need to be further 
improved46. EVs, especially EVs from mesenchymal stem 
cells47, as natural drug carriers, can be loaded with different 
drugs through different drug loading methods. They can 
transport the loaded drugs to the target tissue through natural 
tendency effects such as special affinity and homing effects 
with the source cells48. More and more studies are using EVs 
as natural sources of nanomaterials for drug delivery and 
cancer treatment49–53. Antler is a special organ with a very 
similar gene expression pattern to osteosarcoma but never 
cancerous; antler RM cells, as a kind of mesenchymal stem 
cells, have excellent characteristics as drug vehicle for osteo-
sarcoma, and this inference had been confirmed in this study, 
and tumor size and weight were significantly decreased com-
pared with positive drug group. Besides, the body weight is 
significantly higher than that of the positive drug group, indi-
cating that 3D-RM-EVs, in addition to serving as a drug 
vehicle, can also alleviate the toxic effects of positive drugs 
on the body, which is benefit to clinical conditions.

In brief, we established the optimal 3D culture system of 
RM cells for 3D-RM-EVs production, the volume of the 
culture medium collected by 3D culture system concen-
trated nearly 30 times, making it more convenient for sub-
sequent purification. In addition, EVs were harvested 30 
times in 3D cultural system, greatly increasing the total 
amount of EVs. The harvested 3D-RM-EVs meet the crite-
ria of standard EVs, and morphology and miRNA profile 
analysis showed that 3D-RM-EVs were comparable with 
EVs from conventional 2D culture, and the results of in 
vitro and in vivo evaluation demonstrated that 3D-RM-EVs 
were effective as drug vehicles for the treatment of osteo-
sarcoma, with decreased tumor size and body weight loss 
compared with IFO + ET group.
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