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Abstract 

Stem cells (SCs) have been used therapeutically for decades, yet their applications are limited by factors such 
as the risk of immune rejection and potential tumorigenicity. Extracellular vesicles (EVs), a key paracrine component 
of stem cell potency, overcome the drawbacks of stem cell applications as a cell-free therapeutic agent and play 
an important role in treating various diseases. However, EVs derived from two-dimensional (2D) planar culture of SCs 
have low yield and face challenges in large-scale production, which hinders the clinical translation of EVs. Three-
dimensional (3D) culture, given its ability to more realistically simulate the in vivo environment, can not only expand 
SCs in large quantities, but also improve the yield and activity of EVs, changing the content of EVs and improving 
their therapeutic effects. In this review, we briefly describe the advantages of EVs and EV-related clinical applications, 
provide an overview of 3D cell culture, and finally focus on specific applications and future perspectives of EVs derived 
from 3D culture of different SCs.
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Introduction
Stem cells (SCs) are a class of cells with unique capac-
ity for self-renewal and multi-lineage differentiation 
[1]. There are various different types of SCs based on 
their organizational origin: bone marrow-derived SCs, 
umbilical cord-derived SCs, adipose tissue-derived SCs 
(AdSCs), embryo-derived SCs (ESCs), and many others 
[2]. According to their differentiation potential, they can 
be classified as totipotent SCs, pluripotent SCs, multipo-
tent SCs, oligopotent SCs and unipotent SCs [3]. Given 
the intrinsic characteristics of SCs, their therapeutic 
effects have been evaluated in preclinical studies or clini-
cal trials in neurodegenerative diseases, cardiovascular 
diseases, genetic disorders, and oncology [4]. With the 
further development of stem cell research, nevertheless, 
researchers have found that SCs may lead to the forma-
tion of tumors and disease transmission when applied, 
and that immune rejection, stringent preservation and 
transport conditions further limit the application of SCs 
[5–7]. For these reasons, stem cell-derived extracellular 
vesicles (EVs) with low toxicity and low immunogenicity 
[8] have attracted the attention of researchers.

EVs are lipid bilayer particles secreted by cells, includ-
ing exosomes (Exos), ectosomes, oncosomes, microvesi-
cles (MVs), microparticles, apoptotic bodies, and other 
subtypes [9]. According to their size EVs can be catego-
rized into “small EVs” (< 200  nm) and “medium/large 
EVs” (> 200  nm) [10]. Exosomes are structures with an 
average size of 100 nm [11] and MVs range typically from 
150 to 1000  nm [12]. EVs can be produced by almost 
all cell types, and be extracted from diverse tissues, cell 

culture supernatants and body fluids, which contain vari-
ous bioactive molecules such as proteins, lipids, nucleic 
acids, growth factors, and cytokines [13, 14]. EVs, as 
important mediators of intercellular communication, 
can deliver their contents by binding to surface recep-
tors, fusion with cells, endocytosis, phagocytosis, or 
macropinocytosis, thus affecting the physiological and 
pathological functions of the organism [15, 16]. SCs exert 
therapeutic effects mainly through their paracrine func-
tions, and EVs are important effectors of their paracrine 
effects [17]. Numerous experimental studies showed that 
EVs derived from SCs (SC-EVs), especially mesenchy-
mal stromal cells (MSCs), also known as mesenchymal 
stem cells [18], played a significant role in the treatment 
of respiratory diseases [19, 20], kidney diseases [21–23], 
liver diseases [24, 25], neurological diseases [26], cardio-
vascular diseases [27], and other diseases. As a cell-free 
component, EVs have high structural and compositional 
stability, and the ability to target injured cells, overcom-
ing the shortcomings of stem cell therapy [8]. It is a 
potential alternative to stem cell therapy and a promising 
next-generation treatment.

However, the applications of EVs present significant 
challenges of low yields and lack of a proven biomanu-
facturing platform for efficient production [28]. The tra-
ditional two-dimensional (2D) planar culture of SCs for 
obtaining EVs requires enormous manpower, material 
and financial resources. Furthermore, the 2D planar cell 
culture cannot ideally simulate the physiological micro-
environment in  vivo, which forces changes in the cell 
behavior and biological functions, thus compromising 
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the obtained EVs [29–31]. In addition, it has been shown 
that EVs derived from 2D planar culture of SCs (2D-EVs) 
have limited yield and efficacy [32, 33]. In order to over-
come the limitations of 2D cell culture, three-dimen-
sional (3D) cell culture emerged as the times require. 3D 
cell culture means that cells are cultured in a 3D environ-
ment that more realistically resembles the microenviron-
ment in  vivo, so that the cell–cell and cell-extracellular 
matrix can thoroughly interact with each other, and the 
morphology, behavior and function of cells can be closer 
to natural conditions [34–37]. EVs derived from 3D cul-
tured SCs (3D-EVs) have high yield, improved activ-
ity and varied contents [32, 38–40], at the same time, 
researchers have demonstrated that 3D-EVs are signifi-
cantly better than 2D-EVs in treating different disease 
models such as kidney injury [41], liver fibrosis [42], spi-
nal cord injury (SCI) [43], periodontitis [44], and other 
diseases.

Therefore, we focus on the applications of 3D-EVs. In 
this review, we firstly discuss the advantages of EVs appli-
cations, explaining why researchers switch from stem 
cell research to EVs research. Then, we briefly describe 
the applications of 2D-EVs and the existing clinical stud-
ies related to EVs. Next, we introduce the history of 3D 
cell culture and the existing 3D cell culture technologies. 
Finally, we concentrate on exploring the characteristics 
of 3D cultured SCs and its EVs, and the existing research 
progress, in order to lay the foundation for EVs clinical 
transformation.

Advantages of EVs applications
There are many limitations to the development of stem 
cell research, so researchers are increasingly focusing on 
their replacement components, EVs. EVs from different 
cell sources mediate different biological functions and 
exhibit similar abilities to those of the cells from which 
they are derived [45]. SC-EVs show similar effects to SCs 
in disease treatment and tissue regeneration [45]. A study 
on lung injury showed that MSC-derived EVs (MSC-EVs) 
were as effective as MSCs in protecting against hyperoxic 
injury in newborn rats [46]. Additionally, EVs have their 
own unique advantages.

As a cell-free therapy, EVs can avoid the risk of immune 
rejection and tumor formation [8]. EVs are simpler than 
their stem cell sources, and they have low immuno-
genicity due to their lower content in membrane-bound 
proteins [47]. EVs do not produce endotoxin and are 
characterized by low cytotoxicity [48]. The cell-free struc-
ture of EVs and their inability to replicate help to prevent 
potential tumorigenic actions [49]. Meanwhile, due to 
the small size of EVs, intravenous infusion delivery of 
EVs also decreases the risk of vascular obstruction [50]. 
In addition, EVs have certain targeting properties. It has 

been demonstrated that intravenously injected MSC-EVs 
can be detected in damaged organs 1 h after application 
and remain in damaged tissues up to 7 days after admin-
istration [50]. Moreover, a study on MSC-EVs in renal 
ischemia–reperfusion (I/R) injury also showed that EVs 
were able to accumulate in the injured kidney. The renal 
function of mice in the intravenous EVs group was largely 
alleviated, whereas mice in the PBS group had severely 
damaged kidneys, which also indicated the possibility 
of EVs transport to damaged kidneys via the peripheral 
circulation pathway, suggesting a certain targeting of EVs 
[51]. Xu et al. also confirmed that aerosolized inhaled EVs 
mainly accumulated in the lungs of chronic asthmatic 
mice, and effectively attenuated their allergic airway 
inflammation and remodeling [52]. EVs are free to enter 
and exit the central nervous system (CNS) under both 
physiological and pathological conditions [53]. Studies on 
the applications of EVs to CNS diseases have shown that 
EVs can cross the blood–brain barrier, a complex biologi-
cal barrier, to achieve therapeutic effects [54]. And it has 
been shown that MSC-EVs attenuate blood–brain barrier 
disruption in ischemic stroke model mice [55]. Stability 
is also one of the advantages of EVs. In a suitable stor-
age solution, EVs can be stored at − 80 °C for 6 months 
and can maintain their original biological activity [56]. 
Due to the properties of natural molecular transport and 
good biocompatibility [57], EVs can be used as delivery 
carriers to carry therapeutic molecules to enhance their 
targeting and therapeutic effects. For example, research-
ers used peptide CAQK-modified, siRNA-loaded EVs 
for SCI therapy, and engineered EVs promoted targeted 
repair of traumatic SCI [58]. As a carrier, EVs can also be 
used in the treatment of cancer, liver disease, kidney dis-
ease, immune system disease and others [59]. Compared 
with the current cell therapy, EVs may achieve the same 
therapeutic efficacy as the source cells and have almost 
negligible risk of tumor formation and immune rejection, 
with lower storage and transport requirements, so EVs 
are more suitable for clinical treatment than SCs therapy.

Clinical studies of stem cell‑derived EVs
Considering the drawbacks of stem cell therapy, EVs, 
as important paracrine action of cells, have received 
increasing attention from researchers. In this section we 
briefly describe the preclinical studies on EVs derived 
from 2D cultured SCs and the clinical applications of EVs 
currently available.

EVs are attracting attention as a new cell-free therapeu-
tic agent, and SC-EVs, especially MSC-EVs, have innate 
therapeutic potential. Ridzuan et  al. demonstrated that 
EVs derived from 2D cultured human umbilical cord 
MSCs (hucMSCs) significantly attenuated bronchial 
and perivascular inflammation and ameliorated alveolar 
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septal loss in cigarette smoke-induced chronic obstruc-
tive pulmonary disease (COPD) rats [60]. Human umbili-
cal cord MSC-derived EVs (hucMSC-EVs) also alleviated 
neuronal damage in rat spinal cord and promoted the 
repair of SCI [61]. Meanwhile, EVs derived from 2D cul-
tured hucMSCs also showed protective effects in liver I/R 
injury [62]. EVs derived from 2D cultured human bone 
marrow MSCs (hBMMSCs) were able to modulate brain 
immune responses induced by focal brain injury and 
reduce neuroinflammation [63]. Another study showed 
that human bone marrow MSC-derived EVs (hBMMSC-
EVs) were efficacious in mitigating the progression of 
unilateral ureteral obstruction-induced renal fibrosis in 
rats, displaying an anti-fibrosis effect [64]. In addition, 
in a glutamate-induced rat retinal injury model, adipose 
MSC-derived EVs were shown to reduce retinal excito-
toxicity and markedly improve the morphological and 
functional abnormalities of the inner retinal layer [65]. 
Moreover, iPSC-derived EVs (iPSC-EVs) could promote 
wound repair in diabetic mice through anti-inflammatory 
immunomodulatory effects [66]. Compared with the nat-
ural application of SC-EVs, it is also possible to pre-treat 
the parental cells to obtain EVs with corresponding prop-
erties or to engineer EVs for drug loading and surface 
modification to obtain better therapeutic effects [67].

The therapeutic effects of SC-EVs have been demon-
strated in many preclinical experiments, and clinical 
researchers are gradually applying EVs to clinical trials 
(Tables  1 and 2). Among the listed studies on the clini-
cal applications of EVs, there are not only evaluations 
of their therapeutic effects, but also assessments of the 
safety and tolerability of EVs from various kinds of cells. 
It may be the application of a certain SC-EVs alone [68] 
or the combination of EVs with the underlying method 
of treating the disease [69]. For ongoing  clinical trials 
(Table 1), EVs derived from BMMSCs and umbilical cord 
MSCs (UCMSCs) are the most used, and a minority of 
EVs derived from iPSCs. The researchers have intervened 
different diseases by intravenous injection, local injury 
site injection, inhalation, dressing and drops in COVID-
19, acute respiratory distress syndrome (ARDS), perianal 
fistula, anti-aging, burns, liver failure and other diseases, 
which shows that EVs are applied in various ways in clini-
cal trials, and the research is being carried out with great 
enthusiasm, and EVs play an important role in clinical 
translation. Clinical researchers have begun to gradu-
ally apply EVs to patients with diseases, which indicates 
that EVs have the potential to become a new therapeutic 
agent in clinical applications in the future.

Among the nine published clinical trials on EVs 
(Table  2), eight trials showed that EVs play a therapeu-
tic role in the corresponding diseases, while only one 
was an evaluation of the safety of EVs in healthy patients, 

which showed that EVs were well tolerated by healthy 
volunteers and had no adverse events occurred during 
the observation time, suggesting that EVs can perform a 
curative effect in the patients and are safe for the human 
beings. Seven of these clinical trials indicated that EVs 
they used were derived from 2D cultured SCs, while the 
other two did not indicate the culture method. Clinical 
experiments require extensive EVs, while the amount of 
EVs obtained from 2D cultured SCs is limited. Addition-
ally, the growth of cells on 2D culture vessels with adher-
ent walls, unlike the 3D environment of cells in vivo, may 
be restricted, resulting in altered cell–cell and cell-extra-
cellular matrix interactions, which may prevent the cells 
from fully mimicking the biological functions in vivo, and 
the characteristics of the resulting EVs may be compro-
mised [40, 70]. Therefore, increasing number of research-
ers are focusing on EVs derived from 3D cultured SCs.

3D cell culture
In this section, we aim to gain a preliminary understand-
ing of 3D cell culture by introducing the origin, develop-
ment history, and existing technologies. The main focus 
will be on 3D cell culture technologies, which can be 
categorized into two main types: scaffold-free technolo-
gies (including forced floating, hanging drop, magnetic 
levitation, and stirring spinner flask culture) and scaffold-
based technologies (comprising natural scaffolds, syn-
thetic scaffolds, and hybrid scaffolds).

The history of 3D cell culture
Exploration of 3D cell culture can be traced back to the 
early twentieth century. In 1907, Wilson et al. made the 
first observation of biological recombination by dem-
onstrating that siliceous sponges degenerated and dis-
sociated into many small cell clumps when preserved in 
limited confinement. These cells were found to have the 
ability to self-organize and regenerate, eventually form-
ing complete sponges [78]. Until decades later, Moscona 
A and Moscona H conducted experiments using limb-
bud and mesonephric cells from chicken embryos, prov-
ing that these early embryonic organ rudiments can be 
rebuilt in vitro to form aggregates and restore their char-
acteristic tissue-type development even after complete 
dissociation [79]. Ehrmann et  al. successfully cultured 
different human cell lines with collagen derived from 
rat tails, resulting in the formation of cell mass aggre-
gates without the use of scaffolds in 1956 [80]. In 1978, 
Haji-Karim et al. demonstrated the formation of spheri-
cal aggregates of different tumor cell lines by culturing 
them on plastic surfaces covered with liquid inert sub-
strate [81]. In the late 1980s, isolated intestinal cells could 
form intestinal-like organoids in vitro through the action 
of collagen gel was confirmed by Montgomery [82]. The 
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Table 1  Ongoing clinical trials with SC-EVs

NO Study title* Status Condition Type of EV Intervention NTC number

1 Bone Marrow Mesenchymal 
Stem Cell Derived Extracel-
lular Vesicles Infusion Treat-
ment for ARDS

Not yet recruiting; phase 
1/2

ARDS BMMSC-EVs Intravenous infusion NCT05127122

2 Safety of Extracellular Vesi-
cles for Burn Wounds

Recruiting;phase 1 Burns BMMSC-EVs Dressing NCT05078385

3 A Safety Study of IV Stem 
Cell-derived Extracellular 
Vesicles (UNEX-42) in Pre-
term Neonates at High Risk 
for BPD

Terminated; phase 1 BPD BMMSC-EVs Intravenous infusion NCT03857841

4 Extracellular Vesicle Infusion 
Treatment for COVID-19 
Associated ARDS

Completed; phase 2 COVID-19, ARDS BMMSC-EVs Intravenous infusion NCT04493242

5 Bone Marrow Mesenchymal 
Stem Cell Derived Extracel-
lular Vesicles Infusion Treat-
ment for Mild-to-Moderate 
COVID-19: A Phase II Clinical 
Trial

Withdrawn; phase 2 COVID-19 BMMSC-EVs Intravenous infusion NCT05125562

6 ExoFlo™ Infusion 
for Post-Acute COVID-19 
and Chronic Post-COVID-19 
Syndrome

Not yet recruiting; phase 
1/2

COVID-19, postviral syn-
drome, dyspnea

BMMSC-EVs Intravenous infusion NCT05116761

7 Study of ExoFlo for the Treat-
ment of Medically Refrac-
tory Ulcerative Colitis

Recruiting; phase 1 UC, IBD BMMSC-EVs Intravenous infusion NCT05176366

8 A Clinical Study on Safety 
and Effectiveness of Mesen-
chymal Stem Cell Exosomes 
for the Treatment of COVID-
19

Recruiting; early phase1 COVID-19 pneumonia UCMSC-Exos Nebulized inhalation NCT05787288

9 Safety and Efficacy 
of Umbilical Cord Mesen-
chymal Stem Cell Exosomes 
in Treating Chronic Cough 
After COVID-19

Recruiting; early phase1 Long COVID-19 syndrome UCMSC-Exos Nebulized inhalation NCT05808400

10 Exosome of Mesenchymal 
Stem Cells for Multiple 
Organ Dysfuntion Syn-
drome After Surgical Repaire 
of Acute Type A Aortic 
Dissection

Not yet recruiting; NA Multiple organ failure UCMSC-Exos Intravenous infusion NCT04356300

11 The Effect of Stem Cells 
and Stem Cell Exosomes 
on Visual Functions 
in Patients With Retinitis 
Pigmentosa

Recruiting; phase 2/3 RP UCMSC-Exos Subtenon injection NCT05413148

12 Effect of Mesenchymal Stem 
Cells-derived Exosomes 
in Decompensated Liver 
Cirrhosis

Recruiting; phase 2 Decompensated liver cir-
rhosis

HucMSC-Exos / NCT05871463

13 MSC-Exos Promote Healing 
of MHs

Unknown; early phase1 MHs HucMSC-Exos Intravitreal injection NCT03437759

14 MSC EVs in Dystrophic 
Epidermolysis Bullosa

Not yet recruiting; phase 
1/2

Dystrophic epidermolysis 
bullosa

MSC-EVs Dressing NCT04173650

15 MSC-EV in Acute-on-
Chronic Liver Failure After 
Liver Transplantation

Not yet recruiting; phase 1 Liver failure, acute 
on chronic

MSC-EVs Injection NCT05881668
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development of 3D cell culture further advanced with the 
successful isolation and cultivation of human embryonic 
stem cells (hESCs) derived from blastocysts in 1998 [83]. 
Levenberg et al. showed that static 3D polymer scaffold 
culture could promote the growth, differentiation and 
formation of three-dimensional vascular networks in 
hESCs in 2003 [84]. Subsequent studies demonstrated 
that AdSCs cultured in 3D dynamic spinner flasks exhib-
ited better morphology, viability and greater differentia-
tion capacity compared to cells cultured statically [85]. 
Dynamic 3D culture could enhance the properties and 
therapeutic potential of MSCs [86]. From no scaffolds to 
the use of gels and scaffolds, and from static to dynamic 
culture, 3D cell culture has gradually provided a more 
favorable environment for cell growth. With the progress 
of biomaterials science, the emergence of 3D cell culture 
based on microcarriers [87], 3D printed scaffolds [88], 
hollow fiber bioreactors [28], and other methods have 
provided new directions for the development of 3D cell 
culture.

Available 3D cell culture technologies
At present, there are a variety of 3D cell culture technolo-
gies, which can be mainly divided into two categories: 
scaffold-free technologies and scaffold-based technolo-
gies (Fig. 1).

Scaffold-free 3D cell culture is where cells self-assem-
ble to form spheroids in the absence of scaffolds [89]. The 
major ones include forced floating, hanging drop, mag-
netic levitation and stirring spinner flask culture. The 
forced floating method primarily uses ultra-low attach-
ment plates, which are usually treated with hydrophilic 

or hydrophobic coatings, or agarose, to prevent cell adhe-
sion to the substrate, promoting spheroid formation [90, 
91]. Although this method is simple and easy to execute, 
it cannot control the number of cells per spheroid and is 
not easy to repeat [89]. The hanging drop method elimi-
nates surface attachment by placing cell suspensions in 
droplets at the underside of petri dish lids, where grav-
ity induces cell aggregation at the bottom of the drop-
lets to form spheroids [92, 93]. While this method 
offers good repeatability, it is complicated to change 
the culture medium and apply to cell-based assays [91]. 
In the magnetic levitation method, cells are incubated 
with nanoparticles to make them magnetic overnight, 
then resuspended and re-seeded, and a magnetic field 
is applied to aggregate cells at the gas–liquid interface 
and form aggregates [94]. This method can rapidly form 
spheroids and is applicable to a variety of cell types [95]. 
However, all of these methods have a common issue: the 
culture medium is in a stagnant state, which can result 
in uneven nutrient supplies and improper waste disposal, 
thus adversely affecting the long-term culture of the 
spheroids. Therefore, the stirring-based dynamic spin-
ner flask culture without scaffold is more suitable for the 
long-term culture of spheroids. In the spinner flask, the 
impeller provides sufficient nutrient supplies by continu-
ously stirring the medium to uniformly suspend the cells, 
while reducing the adhesion of the cells to the solid sur-
face and increasing the cell-to-cell contact, thereby facili-
tating spheroid formation [96].

Scaffold-based 3D cell culture uses scaffolds to simulate 
extracellular matrix components, providing structural 
and mechanical support for cell culture [70], as well as 

*  Study titles are indicated as listed on ClinicalTrials. https://​clini​caltr​ials.​gov/.​Acces​sed 25 September 2023

Table 1  (continued)

NO Study title* Status Condition Type of EV Intervention NTC number

16 Intra-articular Injection 
of MSC-derived Exosomes 
in Knee Osteoarthritis 
(ExoOA-1)

Not yet recruiting; phase 1 Osteoarthritis, knee MSC-Exos Intra-articular injection NCT05060107

17 Safety and Tolerability Study 
of MSC Exosome Ointment

Completed; phase 1 Psoriasis MSC-Exos Ointment NCT05523011

18 Induced Pluripotent Stem 
Cell Derived Exosomes 
for the Treatment of Atopic 
Dermatitis

Recruiting; early phase1 Atopic dermatitis; iPSC-Exos Drops NCT05969717

19 Induced Pluripotent Stem 
Cell Derived Exosomes Nasal 
Drops for the Treatment 
of Refractory Focal Epilepsy

Recruiting; early phase1 Refractory focal epilepsy iPSC-Exos Nasal drip NCT05886205

20 Safety of Injection of Placen-
tal Mesenchymal Stem Cell 
Derived Exosomes for Treat-
ment of Resistant Perianal 
Fistula in Crohn’s Patients

Unknown; phase 1/2 Perianal fistula in patients 
with CD

HPMSC-Exos Injected in fistula tract NCT05499156

https://clinicaltrials.gov/.Accessed
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Table 2  Published clinical trials with SC-EVs

NO Clinical trial ID* Condition Type of EV Cell Culture Method Outcome Refs.

1 / Severe COVID-19 HBMMSC-Exos / 17 of 24 (71%) SARS-CoV-2-pos-
itive patients recovered and 3 
of 24 (13%) were stable but still 
in critical condition. Overall, Exos 
were safe and effective in treat-
ing severe COVID-19

[71]

2 ChiCTR2000030261 COVID‑19 pneumonia HucMSC-Exos 2D cell flask culture Nebulization therapy with Exos 
did promote the absorp-
tion of pulmonary lesions 
and decrease the duration 
of hospitalization in patients 
with mild cases of COVID-19 
pneumonia without causing 
allergic reactions

[72]

3 / Refractory perianal fistula in IBD HucMSC-Exos 2D cell flask culture The results within 6 months 
of receiving Exos therapy showed 
that 4 patients responded 
to treatment, 3 patients dem-
onstrated complete healing, 1 
patient showed no improve-
ment, and none of the 5 patients 
experienced adverse effects

[73]

4 / CKD Human UCBMSC-EVs 2D monolayer culture Human UCBMSC-EVs improved 
the inflammatory immune 
response and enhanced 
overall renal function in patients 
with grade III-IV and were safe 
for patients

[68]

5 NCT05402748 Complex perianal fistula HPMSC-Exos 2D cell flask culture Among 11 patients with complex 
perianal fistulae, 1 patient did 
not improve significantly and 5 
patient’s tracts recovered com-
pletely. All patients had no aller-
gic reactions or complications

[74]

6 / COPD HPMSC-Exos 2D multiflask culture Exo-d-MAPPS treatment sig-
nificantly enhanced pulmonary 
status and quality of life in COPD 
patients, and none of the 30 
COPD patients experienced 
adverse effects, and Exo-d-
MAPPS was well tolerated

[75]

7 / Acne scars Human AdSC-Exos / Fractional CO2 laser combined 
with Exos treatment for acne 
scars resulted in a greater reduc-
tion in the percentage of scars 
clinically assessed, less erythema, 
and a shorter post-treatment 
recovery time with fewer side 
effects

[69]

8 NCT04276987 Severe COVID-19 Human adipose MSC-Exos 2D cell-factory culture Seven patients with severe 
COVID-19 pneumonia treated 
with nebulized Exos had varying 
degrees of regression of pulmo-
nary lesions, which was more 
obvious in four of them. All 
patients tolerated the Exos nebu-
lization well

[76]

9 NCT04313647 Healthy volunteers Human adipose MSC-EVs 2D cell-factory culture Twenty-four healthy volunteers 
tolerated EVs nebulization well, 
with no serious adverse events 
during the 7-day observation 
period

[77]
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promoting cell attachment and growth [97]. These scaf-
folds can be classified into three types: natural scaffolds, 
synthetic scaffolds and hybrid scaffolds [98]. Natural scaf-
folds mainly include scaffolds made of natural biomateri-
als such as collagen [99], fibrin [100, 101], gelatin [102, 
103], hyaluronic acid [104], chitosan [105], alginate [106], 
agarose [107], matrigel [108] and other biomaterials. On 
the other hand, synthetic scaffolds contain scaffolds syn-
thesized from materials such as polyethylene glycol (PEG) 
[109, 110], polyvinyl alcohol (PVA) [111], poly lactic-co-
glycolic acid (PLGA) [112, 113], polylactic acid (PLA) 

[114], polycaprolactone (PCL) [115, 116] and others [70]. 
Both natural and synthetic materials can be fabricated 
into porous scaffolds for 3D cell culture [105, 112]. While 
natural scaffolds offer better biocompatibility, they may 
vary between batches or donors. In contrast, synthetic 
scaffolds possess stronger mechanical properties and bet-
ter control over scaffold characteristics, allowing adjust-
ments based on specific requirements to address batch 
variations, but they lack bioactivity [91, 117]. Hybrid 
scaffolds, combining raw materials from both natural and 
synthetic scaffolds, aim to overcome these limitations of 

Table 2  (continued)
* Clinical trial ID is from ClinicalTrials. https://​clini​caltr​ials.​gov/ and Chinese Clinical Trial Registry. https://​www.​chictr.​org.​cn/. Accessed 25 September 2023

Fig. 1  Available 3D cell culture technologies. They are mainly divided into scaffold-free and scaffold-based technologies. Scaffold-free technologies 
include forced floating (ultra-low attachment plate), hanging drop, magnetic levitation and stirring spinner flask. Scaffold-based technologies 
include porous and hydrogel scaffolds made from natural or synthetic materials, hybrid scaffolds, hollow fiber bioreactors and microcarrier-based 
bioreactors

https://clinicaltrials.gov/
https://www.chictr.org.cn/
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both [118]. For example, hybrid scaffolds made from syn-
thetic PEG and natural collagen have been demonstrated 
to have sufficient mechanical strength and higher cell 
adhesion to further enhance the efficiency of adipogenic 
differentiation of adipose-derived SCs [110]. The algi-
nate-PVA scaffold, produced through a solvent casting 
method, has been demonstrated that it can promote the 
wound healing efficiently and quickly [119]. Furthermore, 
natural hydrogels or synthetic hydrogels made from basic 
raw materials have important applications in 3D cultures 
[120–123] and the basic scaffolds can be modified with 
bioactive molecules to produce better scaffolds for 3D 
cultures [113, 124]. Hollow fiber bioreactor and micro-
carrier-based bioreactor cultures have also been devel-
oped on the basis of scaffolds [125]. In addition to the 
methods described above, cell sheet engineering [126], 
organ-on-a-chip [127], organoid [128], and 3D bioprint-
ing [129] can also be used for 3D cell cultures.

Current applications of EVs derived from 3D 
cultured SCs
In this section, we first introduce the characteristics of 
3D cultured SCs and their derived EVs. Then we thor-
oughly discuss the existing applications of EVs derived 
from 3D cultured various sources of SCs, including bone 
marrow, umbilical cord, placenta, embryo, amniotic, den-
tal pulp and periodontal ligament.

Characteristics of 3D cultured SCs and their EVs
Growing evidences that 3D culture can better simulate 
the in  vivo microenvironment. The biological behavior 
of cells in 3D culture diverges from that of cells in tra-
ditional 2D culture, and 3D culture simulates cell–cell 
and cell-substrate interactions more realistically [43]. 
3D culture has been shown to promote the proliferation 
and differentiation of SCs [122, 130, 131], supporting 
the long-term self-renewal of them [132–135]. Bioreac-
tor-based 3D culture could enable large-scale produc-
tion of SCs [136]. Furthermore, 3D culture enhances the 
immunomodulatory and angiogenesis ability of MSCs, 
strengthens their paracrine activity, and promotes the 
secretion of cytokines and growth factors [137, 138]. 3D 
culture can alter the characteristics of SCs, and EVs are 
secreted by them, similarly, some studies have confirmed 
that 3D culture will have an effect on EVs.

3D culture of SCs has been shown to enhance their 
ability to secrete EVs, leading to increased produc-
tion of EVs [32, 139–141]. For instance, UCMSCs cul-
tured in hollow fiber bioreactor have been found to 
produce 7.5-fold higher amounts of exosomes com-
pared to those produced by 2D culture flasks [142]. 
Additionally, Kronstadt et al. reported that 3D printed 
scaffold-perfused bioreactor culture increased the 

yield of BMMSC-EVs by approximately 40- to 80-fold 
(depending on the measurement method) compared 
to conventional 2D cell culture [143]. The production 
of exosomes by hBMMSCs in 3D culture using hang-
drop and poly (2-hydroxyethyl methacrylate) coating 
methods was also found to be approximately twofold 
and 2.4-fold higher, respectively, compared to 2D mon-
olayer culture [144]. The fold increase in EVs produc-
tion may be different for various 3D culture methods 
when culturing different SCs, but overall 3D culture 
does promote the secretion of EVs.

Furthermore, 3D-EVs showed superior bioactivity [143, 
145]. Haraszti et  al. confirmed that exosomes derived 
from 3D cultured UCMSCs, obtained by tangential flow 
filtration, exhibited a seven-fold greater ability to trans-
fer siRNA to neurons compared to 2D-Exos obtained by 
differential ultracentrifugation [32]. Kim et al. also dem-
onstrated that EVs derived from 3D cultured hucMSCs 
had a stronger ability to promote angiogenesis, wound 
healing, and their anti-inflammatory, anti-apoptosis and 
anti-fibrosis abilities were also stronger than those of 
2D-EVs by using in  vitro angiogenesis experiment, cell 
migration assays, fluorescence detection and flow analy-
sis, which may be related to the 3D-EVs’ contents [140]. 
In addition, hBMMSC-EVs obtained from the superna-
tant in hollow fiber bioreactors contained lower levels 
of the pro-inflammatory factors IL-6 and TNF-β, and 
higher levels of the immunomodulatory factor IL-8 in 
their contents, which had great potential in treating anti-
inflammatory and immunomodulatory diseases [146]. 
From the above, 3D-EVs were stronger than 2D-EVs in 
their ability to deliver siRNA, promote wound healing, 
and anti-inflammation.

3D culture could alter the contents of SC-EVs [147, 
148]. Culturing hBMMSCs via 3D coaxial bioprinting 
technology resulted in significant differences in the pro-
tein content of the derived EVs compared to those from 
traditional 2D cultured cells. 3D-EVs exhibited a greater 
diversity of proteins, with 1,023 compared to 605 in 
2D-EVs, including 487 unique proteins in 3D-EVs and 
only 69 unique proteins in 2D-EVs. KEGG analysis also 
revealed that the unique proteins in 3D-EVs were mainly 
enriched in “metabolic pathways”, “ribosomes” and “pro-
tein processing in the endoplasmic reticulum”, whereas 
proteins specific to 2D-EVs were mainly associated with 
“axon guidance”, “complement and coagulation cascades” 
[149]. Additionally, 3D culture also resulted in altered 
miRNAs in hESCs-derived Exos. Microarray analysis 
showed that 39 were up-regulated and 29 were down-
regulated in 3D-Exos compared to 2D-Exos, and the 
researchers identified miR-6766- 3p by analyzing the first 
11 altered miRNAs and verified its role in liver fibrosis 
diseases [42].
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In conclusion, 3D culture of SCs enhances the produc-
tion and activity of their secreted EVs while also modify-
ing the contents of EVs, including proteins and miRNAs. 
This may be attributed to the influence of 3D culture 
on the cell shape, shear stress, extracellular matrix and 
other factors, which alter the characteristics of cells, thus 
affecting the characteristics of EVs secreted by them. It 
is important to note that EVs obtained from different 
sources of SCs using various 3D culture methods may 
possess distinct roles, as depicted in Fig. 2 and Table 3.

Applications of EVs derived from bone marrow‑derived 
MSCs
EVs derived from planar 2D cultured BMMSCs have 
been shown to be effective in injury repair and regenera-
tion, promotion of osteogenic differentiation, and anti-
cancer activities [63, 64, 150–157]. However, researchers 
have found that EVs derived from 3D cultured BMMSCs 
were superior to 2D-EVs in promoting wound healing 
and angiogenesis. In a diabetic mouse wound-healing 
model, BMMSCs were cultured using a 3D-printed 

Fig. 2  Current applications of EVs derived from 3D cultured SCs. EVs derived from 3D culture of BMMSCs for wound healing, angiogenesis, 
neurogenesis, SCI, TBI, AD, lung fibrosis; EVs derived from 3D culture of UCMSCs for osteochondral defect, wound healing, AKI, AD, AMI and silicosis; 
EVs derived from 3D culture of UCBMSCs for promoting signal factor secretion. EVs derived from 3D culture of ESCs for liver fibrosis; EVs derived 
from 3D culture of PMSCs for I/R; EVs derived from 3D culture of AMSCs for angiogenesis; EVs derived from 3D culture of DPSCs for periodontitis, 
colitis and neurogenesis; EVs derived from 3D culture of PDLSCs for alveolar bone defect
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scaffold perfusion bioreactor, and it was discovered that 
their EVs significantly promoted wound healing and 
neoangiogenesis. In contrast, EVs derived from 2D flask 
cultured BMMSCs did not have this effect [143]. Similar 
results were observed by Yuan et al. and Jeske et al., who 
demonstrated that EVs derived from BMMSCs cultured 
in 3D aggregation wave reactor and a novel microcarrier-
based vertical-wheel bioreactor were able to promote cell 
growth and accelerate wound closure faster than 2D-EVs 
in an in vitro wound healing model using primary human 
dermal fibroblasts [139, 148]. Another study also showed 
that exosomes derived from 3D printed hydroxyapatite 
scaffolds cultured BMMSCs were more active in promot-
ing proliferation, migration and angiogenesis of HUVEC 
in the mouse model of in vivo angiogenesis compared to 
2D-Exos [158].

In addition, several studies have confirmed that 3D-EVs 
are stronger than 2D-EVs in nerve regeneration. Han 
et  al. established a SCI rat model, and then intervened 
with 2D-Exos and 3D-Exos. Exosomes derived from gela-
tin methacryloyl (GelMA) hydrogel hybrid 3D cultured 
MSCs were able to reduce the level of neuroinflammation 
in SCI rats, significantly decrease SCI-induced formation 
of cavities, improve the spinal cord tissue morphology, 
and attenuate SCI (Fig. 3A) [43]. Similarly, another study 
examined the effects of 3D-EVs derived from hBMMSCs 
cultured in a microcarrier-based 3D bioreactor. The 
researchers found that 3D-EVs were able to better pro-
mote neural neurite growth, elongation and complex-
ity, compared to the 2D-EVs, which was demonstrated 
through in vitro assays using trigeminal ganglia neuronal 
cells [160]. Moreover, Zhang et al. obtained 3D-Exos by 
3D collagen scaffold cultured hBMMSCs, and compared 
their effect with that of 2D-Exos in a well-established 
controlled cortical impact rat model of traumatic brain 
injury (TBI), which revealed that both of them could 
improve sensorimotor functional recovery and promote 
angiogenesis in rats after TBI without significant differ-
ence. Nevertheless, 3D-Exos strengthened the number 
of newborn mature neurons, significantly reduced the 
glial fibrillary acidic protein (GFAP) + astrocyte density 
and the CD68 + cell number in the damaged cortex and 
dentate gyrus (DG), thereby reducing brain inflammation 
and enhancing the spatial learning ability of the rats bet-
ter than 2D-Exos (Fig.  3B) [161].In addition to promot-
ing wound healing, angiogenesis and nerve regeneration, 
3D-EVs can also reduce amyloid plaque deposition and 
GFAP levels in the brains of 5 familial Alzheimer’s dis-
ease (AD) mutation mice, significantly improving their 
cognitive abilities and slowing the progression of AD 
[162].

Overall, these studies suggest that EVs derived from 
3D cultured BMMSCs are generally more effective than 

2D-EVs in various in vitro and in vivo models. However, 
there are also some potential inconsistencies. For exam-
ple, a study on bleomycin-induced lung injury in aged 
mice showed that EVs obtained by 3D spheroid culture 
of hBMMSCs were not as effective as 2D-EVs in terms of 
anti-inflammatory, anti-ECM remodeling and anti-fibro-
sis on lung fibrosis [172]. In conclusion, the EVs obtained 
from BMMSCs cultured in different 3D culture methods 
had different effects in different studies, some of them 
were similar, for example, 3D-EVs were all stronger than 
2D-EVs in wound healing, but in nerve regeneration and 
angiogenesis the researchers would have different con-
clusions, and in the study of lung fibrosis the effects of 
3D-EVs were not as effective as 2D-EVs. This may be due 
to the different responsiveness of different tissues to the 
contents of 3D-EVs, with some tissues being sensitive 
and others less responsive.

Applications of EVs derived from umbilical cord‑derived 
MSCs
Here we present 3D culture of umbilical cord-derived 
SCs, mainly UCMSCs and umbilical cord blood MSCs 
(UCBMSCs). Similar to BMMSC-EVs, EVs derived from 
2D cultured UCMSCs have been found to exert protec-
tive effects in various ways, such as acute and chronic 
renal injury, heart injury, liver injury, brain injury, and 
immunomodulation, as well as alleviation of type 2 dia-
betes mellitus [23, 173–179]. As with BMMSCs, in an 
in vivo wound healing model, EVs derived from 3D sphe-
roid culture and 3D spinner flask culture of UCMSCs 
were able to promote epithelialization of wounds and 
accelerate post-injury skin healing, with a more dramatic 
effect than 2D-EVs [147, 163]. Furthermore, exosomes 
derived from 3D cultured UCMSCs displayed stronger 
effects than 2D-Exos in repairing osteochondral dam-
age, improving osteochondral activity, and promoting 
cartilage regeneration. Yan and Wu et  al. compared the 
effects of 2D-Exos and 3D-Exos in the rabbit cartilage 
defect model and found that 3D-Exos could increase 
the number of chondrocytes and enhance the function 
of chondrocytes by stimulating cell proliferation, migra-
tion and inhibiting apoptosis, and the effect of repair-
ing osteochondral injury was significantly better than 
2D-Exos (Fig.  4A) [142]. Another study on a rat articu-
lar osteochondral defect model also demonstrated the 
stronger ability of 3D-Exos to promote osteochondral 
repair, and the most complete osteochondral repair was 
achieved when 3D-Exos were used in combination with 
3D-printed scaffolds [164].

EVs derived from 2D cultured hucMSCs suffered 
from low yield and limited therapeutic effect in the 
treatment of acute kidney injury (AKI) [23, 28]. There-
fore, Cao et  al. applied the hollow fiber bioreactor to 
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culture hucMSCs, and the same number of hucMSCs 
harvested exosomes 19.4-fold higher than those har-
vested from cells cultured in conventional 2D culture. 
Furthermore, in a mouse model of cisplatin-induced 
AKI, treatment with 3D-Exos led to a more significant 
reduction in serum creatinine, IL-6, and TNF-α levels 
compared to 2D-Exos. Additionally, 3D-Exos exhib-
ited a significant attenuation of proximal tubular epi-
thelial cell vacuolar degeneration, necrosis, and cast 
formation, and remarkably reduced renal interstitial 
infiltration of inflammatory cells such as T cells (CD3 
positive) and macrophages (CD68 positive), indicating 

a more potent therapeutic effect in attenuating cispl-
atin-induced AKI in mice (Fig. 4B) [28].

In addition to stronger protection against kidney injury, 
hucMSC-derived 3D-Exos has shown excellent results 
in the treatment of AD. In APP/PS1 double transgenic 
mice with AD, the researchers cultured hucMSCs with 
3D graphene scaffold and 2D graphene film to obtain 
3D-Exos and 2D-Exos, respectively. The results showed 
that 3D-Exos could down-regulate the β-secretase and 
up-regulate the α-secretase through its unique con-
tents, thus alleviating the production of amyloid-β in AD 
mice, thereby more significantly improving memory and 

Fig. 3  Applications of EVs derived from 3D cultured BMMSCs. A SD rat BMMSC-derived 3D-Exos applied to SCI rat model. Representative HE 
staining of tissue damage following SCI insult. Quantitative analysis of cavity volume in each group.  Reproduced with permission from reference 
[43]. Copyright 2022, American Chemical Society B HBMMSC-derived 3D-Exos applied to TBI rat model. CD68 and GFAP staining and statistics 
on the number of positive cells in rat brain tissues. Reproduced with permission from reference [161]. Copyright 2017, Elsevier
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cognitive defects of AD mice. Notably, 3D-Exos exhibited 
stronger therapeutic effects than 2D-Exos, demonstrat-
ing its potential in the treatment of AD [165].

The role of 3D-EVs in acute myocardial infarction 
(AMI) has also been reported. Sun et al. verified the role 
of EVs derived from 2D culture and hollow-fiber-bio-
reactor based 3D culture of hucMSCs in a rat model of 
AMI by immunofluorescence staining, histological stain-
ing and echocardiographic assay. The results indicated 
that 3D-EVs more significantly reduced the infarcted 
area and fibrotic area of myocardial infarction rats, pro-
moted angiogenesis and improved the cardiac function of 

rats which had a stronger cardioprotective effect [33]. In 
addition, the researchers validated the role of exosomes 
derived from 3D spinner flask culture of hucMSCs alone 
in a silica-induced silicosis model, without comparing 
it to 2D-Exos. The results showed that 3D-Exos attenu-
ated the numbers of cellular nodules and collagen I dep-
osition in the lungs of damaged mouse tissues, relieved 
the degree of interstitial fibrosis, and ameliorated the 
impaired respiratory function of the mice. This sug-
gests that exosomes derived from 3D dynamic culture of 
husMSCs provide a new approach for improving clinical 
treatment induced by silica [166].

Fig. 4  Applications of EVs derived from 3D cultured UCMSCs. A UCMSC-derived 3D-Exos applied to rabbit cartilage defect model. Representative 
macroscopic images of the regenerated tissues. Staining results of HE, TB, Saf-O and immunohistochemical staining for type II collagens. Wakitani 
scores for the histological sections.  Reproduced with permission from reference [142]. Copyright 2020, Springer Nature B HucMSC-derived 3D-Exos 
applied to AKI mouse model. Representative images of PAS staining of renal cortex. Representative immunostaining images of CD68+ macrophages 
or CD3+ T cells in the tubulointerstitium. Serum creatinine graph. Reproduced with permission from reference [28]. Copyright 2020, Springer Nature
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As well as the effects of EVs derived from 3D cultured 
UCMSCs, the researchers also studied the functions of 
UCBMSC-derived MVs. The results showed that MVs 
derived from human UCBMSCs cultured by suspension 
droplet method were stronger than 2D-MVs in stimulat-
ing cytokine secretion from 661W retinal photorecep-
tor neurons. Moreover, 3D-MVs inhibited CD14 + cell 
migration stronger than 2D-MVs, which might be due 
to the increased secretion of anti-inflammatory factors. 
Therefore, 3D-MVs have a better role in reducing inflam-
mation in degenerative retinal diseases and may be a 
superior way to achieve regenerative therapy for retinal 
diseases [168].

The existing reported EVs from 3D-cultured umbili-
cal cord-derived MSCs mainly showed stronger effects 
than 2D-EVs in skin wound healing, osteochondral injury 
repair, AKI, AD and AMI. EVs generated by umbilical 
cord-derived MSCs cultured using different 3D culture 
methods, such as spheroid culture, rotary flask culture, 
and hollow fiber reactor culture, all showed stronger 
therapeutic effects in all of the different disease models 
mentioned above, but their applications in other diseases 
still need to be explored.

Applications of EVs derived from other SCs
In addition to the applications of EVs derived from 
BMMSCs and UCMSCs, the researchers also explored 
the therapeutic potential of EVs derived from 3D cultured 
hESCs, human placental mesenchymal stem cells (hPM-
SCs), human amnion mesenchymal stem cells (hAMSCs), 
human periodontal ligament stem cells (hPDLSCs), and 
human dental pulp stem cells (hDPSCs). For example, 
Wang et  al. studied EVs derived from hESCs, compar-
ing exosomes derived from 3D spheroid cultured cells 
in ultra-low attachment culture plates with exosomes 
derived from 2D monolayer cultured cells to investigate 
their therapeutic effects on liver fibrosis [42]. In a mouse 
model of liver fibrosis induced by CCL4 and alcohol for 
8 weeks, it was found that 3D-Exos significantly reduced 
lipid accumulation, decreased collagen I and α-SMA 
levels, inhibited the synthesis of pro-fibrotic markers in 
fibrotic livers, dramatically attenuated the expression of 
inflammatory markers such as IL-6, interferon-gamma 
(IFN-γ), and monocyte chemotactic protein 1 (MCP1) 
expression with enhanced anti-inflammatory effects. 
TUNEL results also showed that 3D-Exos significantly 
attenuated apoptosis in liver tissue of fibrotic mice after 
treatment. 3D-Exos exhibited a more pronounced inhibi-
tion of hepatic fibrosis and restoration of hepatic func-
tion than 2D-Exos, showing a significant therapeutic 
effect on liver fibrosis (Fig.  5A). The researchers also 
showed that the therapeutic effects of 3D-Exos were 
mediated through the targeting of the TGFβRII-SMADS 

pathway via its enriched miR-6766-3p [42]. Furthermore, 
in a renal I/R injury model, the investigators also dem-
onstrated that EVs derived from 3D spheroid cultured 
hPMSCs were more effective in reducing inflammatory 
response, tissue damage, improving renal function and 
mitigating the progression of ischemic AKI compared to 
2D-EVs [41]. EVs derived from 3D cultured hESCs and 
hPSCs showed better therapeutic effects in liver fibrosis 
and AKI, while in vitro HUVEC migration assay and cap-
illary-like formation assay, no significant difference was 
observed between 3D-Exos derived from hAMSCs cul-
tured in ultra-low adhesion culture plates and 2D-Exos in 
inducing capillary formation and endothelial cell migra-
tion [169].

For hDPSCs cultured in 3D spheroidal culture based on 
ultra-low adhesion petri dishes, their derived exosomes 
restored the balance of reactive T helper 17 cell/Treg in 
inflamed periodontal tissues with stronger anti-inflam-
matory effects and significantly reduced alveolar bone 
loss in a ligature-induced periodontitis model, as well as 
significantly reducing experimental colitis (Fig. 5B). And 
through miRNA sequencing, the researchers found the 
miRNA with the greatest difference between 3D-Exos 
and 2D-Exos, namely miR-1246, proving that 3D-Exos 
played a role in restoring the Th17cell/Treg balance 
through the miR-1246/Nfat5 axis, which laid the founda-
tion for treating inflammatory bowel disease by restor-
ing the immune response of inflamed periodontal tissue 
[44]. Two other researches on EVs derived from 3D cul-
tured hDPSCs have demonstrated their neurological 
applications. EVs derived from 3D fibra-cell scaffolds 
cultured hDPSCs significantly promoted rat neuronal 
axon sprouting in  vitro [170], while EVs derived from 
3D microcarrier cultured cells showed neuroprotective 
properties against 6-OHDA-induced apoptosis of dopa-
minergic neuronal cells in  vitro, making them a new 
potential therapeutic tool for Parkinson’s disease [171]. 
Two studies demonstrated that 3D-EVs obtained by cul-
turing hDPSCs in different 3D culture modalities were 
stronger than 2D-EVs in terms of nerve growth and pro-
tection. Similarly, exosomes derived from 3D cultured 
hPDLSCs exhibited stronger effects on promoting osteo-
genesis, proliferation, migration and inhibiting apoptosis 
of hBMMSCs in  vitro compared to 2D-Exos. However, 
in vivo SD rat alveolar bone defect model, the researchers 
did not compare 3D-Exos with 2D-Exos, but only studied 
the effect of 3D-Exos. The results showed that 3D-Exos 
promoted the expression of osteogenic proteins Runx2 
and OPN, and enhanced new bone formation in rats with 
alveolar bone defect [145].

These studies suggest that EVs derived from different 
SCs cultured in 3D methods may be more effective than 
2D-EVs in preventing liver fibrosis, alleviating colitis and 
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periodontitis, and promoting new bone formation, or 
may not differ, for example, in inducing angiogenesis and 
endothelial cell migration. Some researchers have made 
preliminary explorations of the mechanism of action of 
3D-EVs, such as EVs derived from 3D cultured hESCs in 
liver fibrosis and 3D hDPSC-derived Exos in periodonti-
tis and colitis, and some have only validated the effects of 
3D-EVs. We still need further exploration of EVs derived 
from 3D cultured SCs.

Although many studies have confirmed that 3D-EVs 
alone are better than 2D-EVs in injury repair and regen-
eration, the effects of 3D-EVs are further enhanced when 
they are used in combination with other experimental 

techniques. For example, Min Lim et  al. demonstrated 
that when exogenous transforming growth factor beta-3 
(TGF-β3) was used to interfere with an advanced 3D 
culture system of hucMSCs to obtain EVs (T-a3D-EVs), 
it was able to further increase the yield of EVs and lead 
to significantly improved migration of dermal fibro-
blasts and wound closure in an excisional wound model 
(Fig.  6A) [147]. 3D-Exos loaded with A151 ODN (an 
exogenous immunosuppressive oligodeoxynucleotide) 
could induce systemic immunosuppression during the 
later stages of wound healing to aid wound healing 
[163]. For UCMSC-Exos, the best osteochondral repair 
results were obtained when 3D-Exos was combined with 

Fig. 5  Applications of EVs derived from 3D cultured hESCs and hDPSCs. A HESC-derived 3D-Exos applied to liver fibrosis mice model. 
Representative images of HE, masson and oil red staining of liver tissue. Quantification of positive cells in TUNEL staining of liver tissues.  
Reproduced with permission from reference [42]. Copyright 2021, Springer Nature B HDPSC-derived 3D-Exos applied to periodontitis and colitis 
model. 3D reconstructions of maxillae revealed by micro-CT. HE staining showed histopathological changes in the colon. Representative colon 
pictures of the mice in each group. Reproduced with permission from reference [44]. Copyright 2021, Springer Nature
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3D-printed scaffolds (Fig. 6B) [164]. Just like 2D-EVs, we 
can further engineer 3D-EVs to enhance the effects of 
3D-EVs by loading them with specific substances or stim-
ulating the growth of SCs from which they are derived 
in vitro. This not only addresses the issue of limited EV 
quantity, but also further enhances their effects, thus 
contributing to the clinical translation of EVs.

Currently, the applications of EVs derived from 
3D cultured BMMSCs and UCMSCs were the most 
reported, and EVs derived from 3D cultured SCs were 
the most common in the study of injured skin healing, 

angiogenesis and neuroprotection. The effect of EVs pro-
duced from the same SCs applied to different 3D culture 
methods, such as scaffold-free (e.g., 3D culture based on 
ultra-low adhesion plates) or with scaffolds (e.g., based 
on hydrogels, collagen scaffolds, 3D printed hydroxyapa-
tite scaffolds, etc.), static (the above mentioned static cul-
tures without scaffolds or with scaffolds) or dynamic (e.g., 
3D spinner flask culture, 3D aggregation wave reactor, 
etc.), may be altered, which may be due to the fact that 
different 3D culture methods create different microen-
vironments for cells, resulting in changes in the relevant 

Fig. 6  Methods to improve the efficacy of 3D-EVs. A HucMSC-derived T-a3D-EVs applied to wound healing mouse model. Representative 
in vivo wound closing images. Quantitative wound closure rate.  Reproduced with permission from reference [147]. Copyright 2023, Elsevier B 
HucMSC-derived 3D-Exos combined scaffolds applied to rat knee osteochondral defect model. Microscopic observation of the repaired tissues. 
Micro-CT images showing 2D and 3D reconstructions of the repaired cartilage. ICRS score of the cartilage defect. Reproduced with permission 
from reference [164]. Copyright 2023, Elsevier
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properties of the extracellular matrix such as stiffness, 
viscoelasticity and others [180–182], thus affecting the 
biological behavior of cells, resulting in alterations in the 
yield and characteristics of EVs. EVs derived from 3D cul-
tured SCs have been examined in various types of inju-
ries including in skin, liver, lung, kidney, brain, SCI, bone 
defect and AMI. However, further exploration of the 
potential benefits of these EVs is still required.

Conclusions and perspectives
Although 3D culture can increase the yield of SC-EVs and 
improve their activity in some aspects to enhance their 
effects, different 3D culture methods result in different 
biophysical factors such as shear stress and mechanical 
structure [143], which have a significant impact on the 
properties of EVs and lead to the production of EVs with 
large differences. However, there are many different 3D 
culture methods at present, and even the EVs produced 
by the same culture method still need to be further char-
acterized. While there are currently standards for the 
identification of EVs, the EVs derived from 3D cultured 
cells still require uniform standards to ensure standardi-
zation. This is because 3D culture is distinct from 2D cul-
ture, and different 3D culture methods lead to variations 
in EV characteristics, limiting the versatility of 3D cul-
ture and hindering its clinical application. In the future, 
common standards can be established for EVs produced 
by 3D cultured cells of the same method, such as a set 
of standards for 3D culture using the suspension droplet 
method, a set of standards for those using the scaffold 
method, and a set of standards for those using the biore-
actor method. Furthermore, when comparing the effects 
of 3D-EVs with 2D-EVs, some studies used the same 
number of particles as a criterion, and some used the 
same protein concentration as a criterion, but the two are 
not completely unified, and a set of standard interven-
tions, such as the simultaneous verification of the same 
number of particles and the same protein concentration, 
are also needed in the future.

Exogenous intervention in 3D culture may enhance 
the efficacy of EVs [147], so we can add some interven-
tion factors in future studies and combine them with 
the disease models studied to enhance some functions 
of EVs and better generate and apply EVs. We can also 
engineer 3D-EVs, or combine 3D-EVs with biomateri-
als. According to our research, we can select appropri-
ate 3D culture methods and appropriate biomaterials 
to further improve the applicability of EVs [164, 183], 
which will not only speed up experimental research, but 
also save manpower and material resources. Although 
it has been confirmed that the contents of 3D-EVs, 
including proteins and miRNAs [148], significantly dif-
fer from that of 2D-EVs, but the mechanism of action of 

3D-EVs remains largely unknown, and we don’t know 
exactly what substances in 3D-EVs play a role. There-
fore, future studies that delve deeper into the differ-
ences between the two may be important in finding out 
what specific components in 3D-EVs play a role, and at 
the same time, it is helpful to find out the reasons why 
3D culture changes EVs’ characteristics. The premise of 
these studies is that we need to verify the contents of 
3D-EVs obtained each time to ensure consistency for 
quality control. In conclusion, there is still much pro-
gress needed for the clinical applications of EVs derived 
from 3D cultured SCs.

Furthermore, EVs derived from 3D culture of other 
cells has been progressively applied in research. Recent 
studies showed that EVs derived from 3D cultured der-
mal papilla cells exhibited significant advantages in pro-
moting angiogenesis, accelerating wound healing and 
improving wound healing efficiency both in  vivo and 
in  vitro [184]. Consequently, researchers can select the 
corresponding cells for 3D culture according to the dis-
ease under study, so as to obtain EVs more suitable for 
this disease and achieve better therapeutic effects. This 
discussion on the existing application studies of EVs 
derived from 3D cultured SCs to provide a foundation 
for future expansion studies on EVs derived from 3D cul-
tured other cells.

Although the research on EVs derived from 3D cul-
tured SCs is exciting, there are many limitations to the 
clinical translation and application of EVs. One of the 
problems with EVs is the lack of standardized protocol 
for purification. Currently, there are many methods to 
isolate EVs, such as ultracentrifugation, immunoaffinity 
capture, size exclusion chromatography and others [185]. 
However, none of them is perfect and each method has 
its own advantages and disadvantages. Therefore, a stand-
ardized protocol to isolate and purify EVs for clinical use 
is urgently needed. The publication of minimal informa-
tion for studies of extracellular vesicles (MISEV2023) 
[186] is important to push forward the standardization 
of EVs isolation and purification. Clinical applications 
require large quantities of EVs, and although the 3D cul-
ture method can increase the production of EVs, there is 
still a long way to go before the large-scale manufacturing 
of EVs. Moreover, EVs should be subjected to strict qual-
ity control before clinical applications, but there is a lack 
of documents on industry-standard quality specifications 
for EVs [187]. In addition, the safety evaluation of EVs for 
long-term in vivo application still needs to be tracked and 
recorded to determine whether EVs are safe and reliable 
in vivo. We believe that with the joint efforts of research-
ers around the world, the limitations on the applications 
of EVs will be solved step by step, and their applications 
in clinical diseases will be more promising and valuable.



Page 21 of 26Chen et al. Journal of Nanobiotechnology          (2024) 22:215 	

Abbreviations
SCs	� Stem cells
EVs	� Extracellular vesicles
2D	� Two-dimensional
3D	� Three-dimensional
MSCs	� Mesenchymal stromal/stem cells
AdSCs	� Adipose tissue-derived SCs
ESCs	� Embryo-derived SCs
Exos	� Exosomes
MVs	� Microvesicles
SC-EVs	� Stem cell-derived EVs
2D-EVs	� EVs derived from 2D planar cultured SCs
3D-EVs	� EVs derived from 3D cultured SCs
SCI	� Spinal cord injury
iPSCs	� Induced pluripotent stem cells
BMMSCs	� Bone marrow MSCs
MSC-EVs	� MSC-derived EVs
hucMSCs	� Human umbilical cord MSCs
hucMSC-EVs	� Human umbilical cord MSC-derived EVs
COPD	� Chronic obstructive pulmonary disease
hBMMSCs	� Human bone marrow MSCs
hBMMSC-EVs	� Human bone marrow MSC-derived EVs
iPSC-EVs	� Induced pluripotent stem cell-derived EVs
UCMSCs	� Umbilical cord MSCs
ARDS	� Acute respiratory distress syndrome
BPD	� Bronchopulmonary dysplasia
UC	� Ulcerative colitis
IBD	� Inflammatory bowel diseases
RP	� Retinitis pigmentosa
MHs	� Macular holes
CD	� Crohn’s disease
Exo-d-MAPPS	� Exosome-derived multiple allogeneic protein paracrine 

signaling
CKD	� Chronic kidney disease
BMMSC-EVs	� Bone marrow MSC-derived EVs
UCMSC-Exos	� Umbilical cord MSC-derived exosomes
hucMSC-Exos	� Human umbilical cord MSC-derived exosomes
HPMSC-Exos	� Human placental MSC-derived exosomes
HPMSC-EVs	� Human placental MSC-derived EVs
MSC-Exos	� MSC-derived exosomes
iPSC-Exos	� Induced pluripotent stem cell-derived exosomes
hBMMSC-Exos	� Human bone marrow MSC-derived exosomes
AdSC-Exos	� Adipose tissue stem cell-derived exosomes
UCBMSC-EVs	� Umbilical cord blood MSC-derived EVs
hESCs	� Human embryonic SCs
PEG	� Polyethylene glycol
PVA	� Polyvinyl alcohol
PLGA	� Poly lactic-co-glycolic acid
PLA	� Polylactic acid
PCL	� Polycaprolactone
2D-Exos	� Exosomes derived from 2D planar cultured SCs
3D-Exos	� Exosomes derived from 3D cultured SCs
GelMA	� Gelatin methacryloyl
hBMMSC-MVs	� Human bone marrow MSC-derived microvesicles
BMMSC-Exos	� Bone marrow MSC-derived exosomes
UCBMSC-MVs	� Umbilical cord blood MSC-derived microvesicles
hESC-Exos	� Human embryonic stem cell-derived exosomes
hAMSC-Exos	� Human amnion MSC-derived exosomes
hPDLSC-Exos	� Human periodontal ligament stem cell-derived exosomes
hDPSC-Exos	� Human dental pulp stem cell-derived exosomes
hDPSC-EVs	� Human dental pulp stem cell-derived EVs
TBI	� Traumatic brain injury
5XFAD	� 5 Familial Alzheimer’s disease mutations
GFAP	� Glial fibrillary acidic protein
DG	� Dentate gyrus
AD	� Alzheimer’s disease
HUVEC	� Human umbilical vein endothelial cell
IBE	� Ischemic brain extract
IBE-MVs	� MVs secreted by IBE-stimulated hBMMSCs
VEGFs	� Vascular endothelial growth factors
NGFs	� Nerve growth factors

AKI	� Acute kidney injury
AMI	� Acute myocardial infarction
2D-MVs	� Microvesicles derived from 2D planar cultured SCs
3D-MVs	� Microvesicles derived from 3D cultured SCs
I/R	� Ischemia/reperfusion
DSS	� Dextran sulfate sodium
6-OHDA	� 6-Hydroxy-dopamine
hPMSCs	� Human placental MSCs
hAMSCs	� Human amnion MSCs
hPDLSCs	� Human periodontal ligament SCs
hDPSCs	� Human dental pulp SCs

Acknowledgements
Not applicable.

Author contributions
HQ and CL conceived and revised the paper. WYC drafted the manuscript 
and prepared the figures and tables. PPW, CJ and YJC performed manuscript 
reviewing and editing. All authors read and approved the final manuscript.

Funding
This work was supported by the National Natural Science Foundation of China 
(82172102, 82303775), the Jiangsu Province’s Major Project in Research and 
Development (BE2021689), Zhenjiang Key Laboratory of High Technology 
Research on Exosomes Foundation and Transformation Application (Grant 
ss2018003).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors gave their consent for publication.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Orthopaedics, Affiliated Kunshan Hospital of Jiangsu Uni-
versity, Kunshan 215300, Jiangsu, China. 2 Jiangsu Key Laboratory of Medical 
Science and Laboratory Medicine, Department of Laboratory Medicine, 
School of Medicine, Jiangsu University, 301 Xuefu Road, Zhenjiang 212013, 
Jiangsu, China. 3 Department of Laboratory Medicine, The First Affiliated 
Hospital of USTC, Division of Life Sciences and Medicine, University of Science 
and Technology of China, Hefei 230001, Anhui, China. 

Received: 5 January 2024   Accepted: 2 April 2024

References
	 1.	 Sebastiao MJ, Serra M, Gomes-Alves P, Alves PM. Stem cells characteriza-

tion: OMICS reinforcing analytics. Curr Opin Biotechnol. 2021;71:175–81.
	 2.	 Zhou C, Zhang B, Yang Y, Jiang Q, Li T, Gong J, et al. Stem cell-derived 

exosomes: emerging therapeutic opportunities for wound healing. 
Stem Cell Res Ther. 2023;14:107.

	 3.	 Zakrzewski W, Dobrzynski M, Szymonowicz M, Rybak Z. Stem cells: past, 
present, and future. Stem Cell Res Ther. 2019;10:68.

	 4.	 Kimbrel EA, Lanza R. Next-generation stem cells—ushering in a new era 
of cell-based therapies. Nat Rev Drug Discov. 2020;19:463–79.

	 5.	 Hu C, Zhao L, Zhang L, Bao Q, Li L. Mesenchymal stem cell-based cell-
free strategies: safe and effective treatments for liver injury. Stem Cell 
Res Ther. 2020;11:377.



Page 22 of 26Chen et al. Journal of Nanobiotechnology          (2024) 22:215 

	 6.	 Veceric-Haler Z, Cerar A, Perse M. (Mesenchymal) stem cell-
based therapy in cisplatin-induced acute kidney injury animal 
model: risk of immunogenicity and tumorigenicity. Stem Cells Int. 
2017;2017:7304643.

	 7.	 Barkholt L, Flory E, Jekerle V, Lucas-Samuel S, Ahnert P, Bisset L, et al. Risk 
of tumorigenicity in mesenchymal stromal cell-based therapies–bridg-
ing scientific observations and regulatory viewpoints. Cytotherapy. 
2013;15:753–9.

	 8.	 Yang M, Peng GH. The molecular mechanism of human stem cell-
derived extracellular vesicles in retinal repair and regeneration. Stem 
Cell Res Ther. 2023;14:84.

	 9.	 Cocozza F, Grisard E, Martin-Jaular L, Mathieu M, Théry C. SnapShot: 
extracellular vesicles. Cell. 2020;182:262-262.e261.

	 10.	 Gao H, Zeng Y, Huang X, Luodan A, Liang Q, Xie J, et al. Extracellular 
vesicles from organoid-derived human retinal progenitor cells prevent 
lipid overload-induced retinal pigment epithelium injury by regulating 
fatty acid metabolism. J Extracell Vesicles. 2024;13:e12401.

	 11.	 Kalluri R, LeBleu VS. The biology, function, and biomedical applications 
of exosomes. Science. 2020;367:eaau6977.

	 12.	 Jeppesen DK, Zhang Q, Franklin JL, Coffey RJ. Extracellular vesicles and 
nanoparticles: emerging complexities. Trends Cell Biol. 2023;33:667–81.

	 13.	 Weng Z, Zhang B, Wu C, Yu F, Han B, Li B, et al. Therapeutic roles of mes-
enchymal stem cell-derived extracellular vesicles in cancer. J Hematol 
Oncol. 2021;14:136.

	 14.	 Wu P, Zhang B, Ocansey DKW, Xu W, Qian H. Extracellular vesicles: a 
bright star of nanomedicine. Biomaterials. 2021;269:120467.

	 15.	 Zhang Y, Dou Y, Liu Y, Di M, Bian H, Sun X, et al. Advances in therapeutic 
applications of extracellular vesicles. Int J Nanomed. 2023;18:3285–307.

	 16.	 Wu J, Ma Y, Chen Y. Extracellular vesicles and COPD: foe or friend? J 
Nanobiotechnol. 2023;21:147.

	 17.	 Kou M, Huang L, Yang J, Chiang Z, Chen S, Liu J, et al. Mesenchymal 
stem cell-derived extracellular vesicles for immunomodulation and 
regeneration: a next generation therapeutic tool? Cell Death Dis. 
2022;13:580.

	 18.	 Zhou T, Yuan Z, Weng J, Pei D, Du X, He C, et al. Challenges and 
advances in clinical applications of mesenchymal stromal cells. J Hema-
tol Oncol. 2021. https://​doi.​org/​10.​1186/​s13045-​021-​01037-x.

	 19.	 Dong L, Wang Y, Zheng T, Pu Y, Ma Y, Qi X, et al. Hypoxic hUCMSC-
derived extracellular vesicles attenuate allergic airway inflammation 
and airway remodeling in chronic asthma mice. Stem Cell Res Ther. 
2021;12:4.

	 20.	 Hou L, Zhu Z, Jiang F, Zhao J, Jia Q, Jiang Q, et al. Human umbilical cord 
mesenchymal stem cell-derived extracellular vesicles alleviated silica 
induced lung inflammation and fibrosis in mice via circPWWP2A/miR-
223-3p/NLRP3 axis. Ecotoxicol Environ Saf. 2023;251:114537.

	 21.	 Hu X, Shen N, Liu A, Wang W, Zhang L, Sui Z, et al. Bone marrow 
mesenchymal stem cell-derived exosomal miR-34c-5p ameliorates 
RIF by inhibiting the core fucosylation of multiple proteins. Mol Ther. 
2022;30:763–81.

	 22.	 Eirin A, Zhu XY, Puranik AS, Tang H, McGurren KA, van Wijnen AJ, et al. 
Mesenchymal stem cell-derived extracellular vesicles attenuate kidney 
inflammation. Kidney Int. 2017;92:114–24.

	 23.	 Wu P, Tang Y, Jin C, Wang M, Li L, Liu Z, et al. Neutrophil membrane 
engineered HucMSC sEVs alleviate cisplatin-induced AKI by enhancing 
cellular uptake and targeting. J Nanobiotechnol. 2022;20:353.

	 24.	 Zhang Z, Shang J, Yang Q, Dai Z, Liang Y, Lai C, et al. Exosomes derived 
from human adipose mesenchymal stem cells ameliorate hepatic 
fibrosis by inhibiting PI3K/Akt/mTOR pathway and remodeling choline 
metabolism. J Nanobiotechnol. 2023;21:29.

	 25.	 Zhang Y, Zhang X, Zhang H, Song P, Pan W, Xu P, et al. Mesenchymal 
stem cells derived extracellular vesicles alleviate traumatic hemorrhagic 
shock induced hepatic injury via IL-10/PTPN22-mediated M2 kupffer 
cell polarization. Front Immunol. 2021;12:811164.

	 26.	 Yang Z, Liang Z, Rao J, Xie H, Zhou M, Xu X, et al. Hypoxic-precondi-
tioned mesenchymal stem cell-derived small extracellular vesicles 
promote the recovery of spinal cord injury by affecting the phenotype 
of astrocytes through the miR-21/JAK2/STAT3 pathway. CNS Neurosci 
Ther. 2023. https://​doi.​org/​10.​1111/​cns.​14428.

	 27.	 Zhong Z, Tian Y, Luo X, Zou J, Wu L, Tian J. Extracellular vesicles 
derived from human umbilical cord mesenchymal stem cells protect 

against DOX-Induced heart failure through the miR-100-5p/NOX4 
pathway. Front Bioeng Biotechnol. 2021;9:703241.

	 28.	 Cao J, Wang B, Tang T, Lv L, Ding Z, Li Z, et al. Three-dimensional cul-
ture of MSCs produces exosomes with improved yield and enhanced 
therapeutic efficacy for cisplatin-induced acute kidney injury. Stem 
Cell Res Ther. 2020;11:206.

	 29.	 Costa EC, Moreira AF, de Melo-Diogo D, Gaspar VM, Carvalho MP, Cor-
reia IJ. 3D tumor spheroids: an overview on the tools and techniques 
used for their analysis. Biotechnol Adv. 2016;34:1427–41.

	 30.	 Asghar W, El Assal R, Shafiee H, Pitteri S, Paulmurugan R, Demirci U. 
Engineering cancer microenvironments for in vitro 3-D tumor mod-
els. Mater Today. 2015;18:539–53.

	 31.	 In JG, Foulke-Abel J, Estes MK, Zachos NC, Kovbasnjuk O, Donow-
itz M. Human mini-guts: new insights into intestinal physiology 
and host-pathogen interactions. Nat Rev Gastroenterol Hepatol. 
2016;13:633–42.

	 32.	 Haraszti RA, Miller R, Stoppato M, Sere YY, Coles A, Didiot M-C, 
et al. Exosomes produced from 3D cultures of MSCs by tangential 
flow filtration show higher yield and improved activity. Mol Ther. 
2018;26:2838–47.

	 33.	 Sun L, Ji Y, Chi B, Xiao T, Li C, Yan X, et al. A 3D culture system 
improves the yield of MSCs-derived extracellular vesicles and 
enhances their therapeutic efficacy for heart repair. Biomed Pharma-
cother. 2023;161:114557.

	 34.	 Ravi M, Paramesh V, Kaviya SR, Anuradha E, Solomon FD. 3D cell 
culture systems: advantages and applications. J Cell Physiol. 
2015;230:16–26.

	 35.	 Fontoura JC, Viezzer C, Dos Santos FG, Ligabue RA, Weinlich R, Puga 
RD, et al. Comparison of 2D and 3D cell culture models for cell growth, 
gene expression and drug resistance. Mater Sci Eng C Mater Biol Appl. 
2020;107:110264.

	 36.	 Duval K, Grover H, Han LH, Mou Y, Pegoraro AF, Fredberg J, et al. 
Modeling physiological events in 2D vs. 3D cell culture. Physiology 
(Bethesda). 2017;32:266–77.

	 37.	 Pampaloni F, Reynaud EG, Stelzer EHK. The third dimension bridges 
the gap between cell culture and live tissue. Nat Rev Mol Cell Biol. 
2007;8:839–45.

	 38.	 Millan C, Prause L, Vallmajo-Martin Q, Hensky N, Eberli D. Extracellular 
vesicles from 3d engineered microtissues harbor disease-related cargo 
absent in EVs from 2D cultures. Adv Healthc Mater. 2022;11:e2002067.

	 39.	 Rocha S, Carvalho J, Oliveira P, Voglstaetter M, Schvartz D, Thomsen 
AR, et al. 3D cellular architecture affects microrna and protein cargo of 
extracellular vesicles. Adv Sci (Weinh). 2019;6:1800948.

	 40.	 Phan J, Kumar P, Hao D, Gao K, Farmer D, Wang A. Engineering mes-
enchymal stem cells to improve their exosome efficacy and yield for 
cell-free therapy. J Extracell Vesicles. 2018;7:1522236.

	 41.	 Zhang X, Wang N, Huang Y, Li Y, Li G, Lin Y, et al. Extracellular vesicles 
from three dimensional culture of human placental mesenchymal stem 
cells ameliorated renal ischemia/reperfusion injury. Int J Artif Organs. 
2021;45:181–92.

	 42.	 Wang N, Li X, Zhong Z, Qiu Y, Liu S, Wu H, et al. 3D hESC exosomes 
enriched with miR-6766-3p ameliorates liver fibrosis by attenuating 
activated stellate cells through targeting the TGFβRII-SMADS pathway. J 
Nanobiotechnol. 2021;19:437.

	 43.	 Han M, Yang H, Lu X, Li Y, Liu Z, Li F, et al. Three-dimensional-cultured 
MSC-derived exosome-hydrogel hybrid microneedle array patch for 
spinal cord repair. Nano Lett. 2022;22:6391–401.

	 44.	 Zhang Y, Chen J, Fu H, Kuang S, He F, Zhang M, et al. Exosomes derived 
from 3D-cultured MSCs improve therapeutic effects in periodontitis 
and experimental colitis and restore the Th17 cell/Treg balance in 
inflamed periodontium. Int J Oral Sci. 2021;13:43.

	 45.	 Wiklander OPB, Brennan MÁ, Lötvall J, Breakefield XO, El Andaloussi S. 
Advances in therapeutic applications of extracellular vesicles. Sci Trans 
Med. 2019;11:eaav8521.

	 46.	 Ahn SY, Park WS, Kim YE, Sung DK, Sung SI, Ahn JY, et al. Vascular 
endothelial growth factor mediates the therapeutic efficacy of 
mesenchymal stem cell-derived extracellular vesicles against neonatal 
hyperoxic lung injury. Exp Mol Med. 2018;50:1–12.

	 47.	 Lou G, Chen Z, Zheng M, Liu Y. Mesenchymal stem cell-derived 
exosomes as a new therapeutic strategy for liver diseases. Exp Mol Med. 
2017;49:e346–e346.

https://doi.org/10.1186/s13045-021-01037-x
https://doi.org/10.1111/cns.14428


Page 23 of 26Chen et al. Journal of Nanobiotechnology          (2024) 22:215 	

	 48.	 Ding JY, Chen MJ, Wu LF, Shu GF, Fang SJ, Li ZY, et al. Mesenchymal stem 
cell-derived extracellular vesicles in skin wound healing: roles, opportu-
nities and challenges. Mil Med Res. 2023;10:36.

	 49.	 Lu X, Guo H, Wei X, Lu D, Shu W, Song Y, et al. Current status and 
prospect of delivery vehicle based on mesenchymal stem cell-derived 
exosomes in liver diseases. Int J Nanomed. 2023;18:2873–90.

	 50.	 Varderidou-Minasian S, Lorenowicz MJ. Mesenchymal stromal/stem 
cell-derived extracellular vesicles in tissue repair: challenges and oppor-
tunities. Theranostics. 2020;10:5979–97.

	 51.	 Cao H, Cheng Y, Gao H, Zhuang J, Zhang W, Bian Q, et al. In Vivo track-
ing of mesenchymal stem cell-derived extracellular vesicles improving 
mitochondrial function in renal ischemia-reperfusion injury. ACS Nano. 
2020;14:4014–26.

	 52.	 Xu X, Wang Y, Luo X, Gao X, Gu W, Ma Y, et al. A non-invasive strategy for 
suppressing asthmatic airway inflammation and remodeling: inhalation 
of nebulized hypoxic hUCMSC-derived extracellular vesicles. Front 
Immunol. 2023;14:1150971.

	 53.	 Do AD, Kurniawati I, Hsieh C-L, Wong T-T, Lin Y-L, Sung S-Y. Application 
of mesenchymal stem cells in targeted delivery to the brain: potential 
and challenges of the extracellular vesicle-based approach for brain 
tumor treatment. Int J Mol Sci. 2021;22:11187.

	 54.	 Turano E, Scambi I, Virla F, Bonetti B, Mariotti R. Extracellular vesicles 
from mesenchymal stem cells: towards novel therapeutic strategies for 
neurodegenerative diseases. Int J Mol Sci. 2023;24:2917.

	 55.	 Qiu L, Cai Y, Geng Y, Yao X, Wang L, Cao H, et al. Mesenchymal stem 
cell-derived extracellular vesicles attenuate tPA-induced blood–brain 
barrier disruption in murine ischemic stroke models. Acta Biomater. 
2022;154:424–42.

	 56.	 Doyle LM, Wang MZ. Overview of extracellular vesicles, their origin, 
composition, purpose, and methods for exosome isolation and analysis. 
Cells. 2019;8:727.

	 57.	 Wortzel I, Dror S, Kenific CM, Lyden D. Exosome-mediated metastasis: 
communication from a distance. Dev Cell. 2019;49:347–60.

	 58.	 Rong Y, Wang Z, Tang P, Wang J, Ji C, Chang J, et al. Engineered 
extracellular vesicles for delivery of siRNA promoting targeted repair of 
traumatic spinal cord injury. Bioact Mater. 2023;23:328–42.

	 59.	 Wang L, Wang D, Ye Z, Xu J. Engineering extracellular vesicles as 
delivery systems in therapeutic applications. Adv Sci (Weinh). 
2023;10:e2300552.

	 60.	 Ridzuan N, Zakaria N, Widera D, Sheard J, Morimoto M, Kiyokawa H, 
et al. Human umbilical cord mesenchymal stem cell-derived extracel-
lular vesicles ameliorate airway inflammation in a rat model of chronic 
obstructive pulmonary disease (COPD). Stem Cell Res Ther. 2021;12:54.

	 61.	 Xiao X, Li W, Rong D, Xu Z, Zhang Z, Ye H, et al. Human umbilical cord 
mesenchymal stem cells-derived extracellular vesicles facilitate the 
repair of spinal cord injury via the miR-29b-3p/PTEN/Akt/mTOR axis. 
Cell Death Discov. 2021;7:212.

	 62.	 Zheng J, Lu T, Zhou C, Cai J, Zhang X, Liang J, et al. Extracellular vesicles 
derived from human umbilical cord mesenchymal stem cells protect 
liver ischemia/reperfusion injury by reducing CD154 expression on 
CD4+ T cells via CCT2. Adv Sci (Weinh). 2020;7:1903746.

	 63.	 Dabrowska S, Andrzejewska A, Strzemecki D, Muraca M, Janowski M, 
Lukomska B. Human bone marrow mesenchymal stem cell-derived 
extracellular vesicles attenuate neuroinflammation evoked by focal 
brain injury in rats. J Neuroinflammation. 2019;16:216.

	 64.	 Wang S-J, Qiu Z-Z, Chen F-W, Mao A-L, Bai J-C, Hong Y-J, et al. Bone mar-
row mesenchymal stem cell-derived extracellular vesicles containing 
miR-181d protect rats against renal fibrosis by inhibiting KLF6 and the 
NF-κB signaling pathway. Cell Death Dis. 2022;13:535.

	 65.	 Duan TQ, Gao ZL, Luo AX, Chen D, Tong JB, Huang JF. Adipose mes-
enchymal stem cell-derived extracellular vesicles reduce glutamate-
induced excitotoxicity in the retina. Neural Regen Res. 2023;18:2315–20.

	 66.	 Levy D, Abadchi SN, Shababi N, Ravari MR, Pirolli NH, Bergeron C, 
et al. Induced pluripotent stem cell-derived extracellular vesicles 
promote wound repair in a diabetic mouse model via an anti-
inflammatory immunomodulatory mechanism. Adv Healthc Mater. 
2023;12:e2300879.

	 67.	 Yin T, Liu Y, Ji W, Zhuang J, Chen X, Gong B, et al. Engineered mes-
enchymal stem cell-derived extracellular vesicles: a state-of-the-art 
multifunctional weapon against Alzheimer’s disease. Theranostics. 
2023;13:1264–85.

	 68.	 Nassar W, El-Ansary M, Sabry D, Mostafa MA, Fayad T, Kotb E, et al. 
Umbilical cord mesenchymal stem cells derived extracellular vesicles 
can safely ameliorate the progression of chronic kidney diseases. 
Biomater Res. 2016;20:21.

	 69.	 Kwon HH, Yang SH, Lee J, Park BC, Park KY, Jung JY, et al. Combination 
treatment with human adipose tissue stem cell-derived exosomes and 
fractional CO2 laser for acne scars: a 12-week prospective, double-blind, 
randomized, split-face study. Acta Derm Venereol. 2020;100:adv00310.

	 70.	 Marchini A, Gelain F. Synthetic scaffolds for 3D cell cultures and 
organoids: applications in regenerative medicine. Crit Rev Biotechnol. 
2022;42:468–86.

	 71.	 Sengupta V, Sengupta S, Lazo A, Woods P, Nolan A, Bremer N. Exosomes 
derived from bone marrow mesenchymal stem cells as treatment for 
severe COVID-19. Stem Cells Dev. 2020;29:747–54.

	 72.	 Chu M, Wang H, Bian L, Huang J, Wu D, Zhang R, et al. Nebulization 
therapy with umbilical cord mesenchymal stem cell-derived exosomes 
for COVID-19 pneumonia. Stem Cell Rev Rep. 2022;18:2152–63.

	 73.	 Nazari H, Alborzi F, Heirani-Tabasi A, Hadizadeh A, Asbagh RA, Behboudi 
B, et al. Evaluating the safety and efficacy of mesenchymal stem cell-
derived exosomes for treatment of refractory perianal fistula in IBD 
patients: clinical trial phase I. Gastroenterol Report. 2022;10:075.

	 74.	 Pak H, Hadizadeh A, Heirani-Tabasi A, Soleimani M, Asbagh RA, Fazeli 
MS, et al. Safety and efficacy of injection of human placenta mesenchy-
mal stem cells derived exosomes for treatment of complex perianal fis-
tula in non-Crohn’s cases: clinical trial phase I. J Gastroenterol Hepatol. 
2023;38:539–47.

	 75.	 Harrell CR, Miloradovic D, Sadikot R, Fellabaum C, Markovic BS, 
Miloradovic D, et al. Molecular and cellular mechanisms responsible 
for beneficial effects of mesenchymal stem cell-derived product “Exo-d-
MAPPS” in attenuation of chronic airway inflammation. Anal Cell Pathol 
(Amst). 2020;2020:3153891.

	 76.	 Zhu YG, Shi MM, Monsel A, Dai CX, Dong X, Shen H, et al. Nebulized 
exosomes derived from allogenic adipose tissue mesenchymal stromal 
cells in patients with severe COVID-19: a pilot study. Stem Cell Res Ther. 
2022;13:220.

	 77.	 Shi MM, Yang QY, Monsel A, Yan JY, Dai CX, Zhao JY, et al. Preclinical 
efficacy and clinical safety of clinical-grade nebulized allogenic adipose 
mesenchymal stromal cells-derived extracellular vesicles. J Extracell 
Vesicles. 2021;10:e12134.

	 78.	 Wilson HV. A new method by which sponges may be artificially reared. 
Science. 1907;25:912–5.

	 79.	 Moscona A, Moscona H. The dissociation and aggregation of cells from 
organ rudiments of the early chick embryo. J Anat. 1952;86:287–301.

	 80.	 Ehrmann RL, Gey GO. The growth of cells on a transparent gel of recon-
stituted rat-tail collagen. J Natl Cancer Inst. 1956;16:1375–403.

	 81.	 Haji-Karim M, Carlsson J. Proliferation and viability in cellular spheroids 
of human origin. Cancer Res. 1978;38:1457–64.

	 82.	 Montgomery RK. Morphogenesis in vitro of dissociated fetal rat small 
intestinal cells upon an open surface and subsequent to collagen gel 
overlay. Dev Biol. 1986;117:64–70.

	 83.	 Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, 
Marshall VS, et al. Embryonic stem cell lines derived from human blasto-
cysts. Science. 1998;282:1145–7.

	 84.	 Levenberg S, Huang NF, Lavik E, Rogers AB, Itskovitz-Eldor J, Langer R. 
Differentiation of human embryonic stem cells on three-dimensional 
polymer scaffolds. Proc Natl Acad Sci U S A. 2003;100:12741–6.

	 85.	 Zhu Y, Liu T, Song K, Fan X, Ma X, Cui Z. Ex vivo expansion of adipose tis-
sue-derived stem cells in spinner flasks. Biotechnol J. 2009;4:1198–209.

	 86.	 Frith JE, Thomson B, Genever PG. Dynamic three-dimensional culture 
methods enhance mesenchymal stem cell properties and increase 
therapeutic potential. Tissue Eng Part C Methods. 2010;16:735–49.

	 87.	 Wang J, Cheng Y, Yu Y, Fu F, Chen Z, Zhao Y, et al. Microfluidic generation 
of porous microcarriers for three-dimensional cell culture. ACS Appl 
Mater Interfaces. 2015;7:27035–9.

	 88.	 Ferlin KM, Prendergast ME, Miller ML, Kaplan DS, Fisher JP. Influence of 
3D printed porous architecture on mesenchymal stem cell enrichment 
and differentiation. Acta Biomater. 2016;32:161–9.

	 89.	 Mohandas S, Gayatri V, Kumaran K, Gopinath V, Paulmurugan R, 
Ramkumar KM. New frontiers in three-dimensional culture platforms to 
improve diabetes research. Pharmaceutics. 2023;15:725.



Page 24 of 26Chen et al. Journal of Nanobiotechnology          (2024) 22:215 

	 90.	 Jensen C, Teng Y. Is it time to start transitioning from 2D to 3D cell 
culture? Front Mol Biosci. 2020;7:33.

	 91.	 Anthon SG, Valente KP. Vascularization strategies in 3D cell culture 
models: from scaffold-free models to 3D bioprinting. Int J Mol Sci. 
2022;23:14582.

	 92.	 Cesarz Z, Tamama K. Spheroid culture of mesenchymal stem cells. Stem 
Cells Int. 2016;2016:9176357.

	 93.	 Huang SW, Tzeng SC, Chen JK, Sun JS, Lin FH. A dynamic hanging-drop 
system for mesenchymal stem cell culture. Int J Mol Sci. 2020;21:4298.

	 94.	 Verjans ET, Doijen J, Luyten W, Landuyt B, Schoofs L. Three-dimensional 
cell culture models for anticancer drug screening: worth the effort? J 
Cell Physiol. 2018;233:2993–3003.

	 95.	 Caleffi JT, Aal MCE, Gallindo HOM, Caxali GH, Crulhas BP, Ribeiro AO, 
et al. Magnetic 3D cell culture: state of the art and current advances. 
Life Sci. 2021;286:120028.

	 96.	 Lv D, Hu Z, Lu L, Lu H, Xu X. Three-dimensional cell culture: a 
powerful tool in tumor research and drug discovery. Oncol Lett. 
2017;14:6999–7010.

	 97.	 Huang X, Huang Z, Gao W, Gao W, He R, Li Y, et al. Current advances in 
3D dynamic cell culture systems. Gels. 2022;8:829.

	 98.	 Nikolova MP, Chavali MS. Recent advances in biomaterials for 3D scaf-
folds: a review. Bioact Mater. 2019;4:271–92.

	 99.	 Li XY, Deng WS, Wang ZQ, Li ZC, Chen SL, Song Z, et al. Injectable 
collagen scaffold with human umbilical cord-derived mesenchymal 
stem cells promotes functional recovery in patients with spontane-
ous intracerebral hemorrhage: phase I clinical trial. Neural Regen Res. 
2023;18:1999–2004.

	100.	 Shi W, Wu Y, Wu J, Gao Y, Zhao P, Lu X. NPS-crosslinked fibrin gels load 
with EMSCs to repair peripheral nerve injury in rats. Macromol Biosci. 
2023;23:e2200381.

	101.	 Li K, O’Dwyer R, Yang F, Cymerman J, Li J, Feldman JD, et al. Enhance-
ment of acellular biomineralization, dental pulp stem cell migration, 
and differentiation by hybrid fibrin gelatin scaffolds. Dent Mater. 
2023;39:305–19.

	102.	 Lukin I, Erezuma I, Garcia-Garcia P, Reyes R, Evora C, Kadumundi FB, 
et al. Sumecton reinforced gelatin-based scaffolds for cell-free bone 
regeneration. Int J Biol Macromol. 2023;249:126023.

	103.	 Fu J, Chen F, Chai H, Gao L, Lv X, Yu L. Lyophilized Gelatin@non-Woven 
scaffold to promote spheroids formation and enrich cancer stem cell 
incidence. Nanomaterials (Basel). 2022;12:808.

	104.	 Jeong JE, Han SS, Shim HE, Kim W, Lee BS, Kim YJ, et al. Hyaluronic 
microparticle-based biomimetic artificial neighbors of cells for three-
dimensional cell culture. Carbohydr Polym. 2022;294:119770.

	105.	 Ando Y, Chang FC, James M, Zhou Y, Zhang M. Chitosan scaffolds as 
microcarriers for dynamic culture of human neural stem cells. Pharma-
ceutics. 2023;15:1957.

	106.	 Mohabatpour F, Duan X, Yazdanpanah Z, Tabil XL, Lobanova L, Zhu 
N, et al. Bioprinting of alginate-carboxymethyl chitosan scaffolds for 
enamel tissue engineering in vitro. Biofabrication. 2022. https://​doi.​org/​
10.​1088/​1758-​5090/​acab35.

	107.	 Jiang S, Xu F, Jin M, Wang Z, Xu X, Zhou Y, et al. Development of a 
high-throughput micropatterned agarose scaffold for consistent and 
reproducible hPSC-derived liver organoids. Biofabrication. 2022. https://​
doi.​org/​10.​1088/​1758-​5090/​ac933c.

	108.	 Wang J, Chu R, Ni N, Nan G. The effect of Matrigel as scaffold material 
for neural stem cell transplantation for treating spinal cord injury. Sci 
Rep. 2020;10:2576.

	109.	 Lin D, Cai B, Wang L, Cai L, Wang Z, Xie J, et al. A viscoelastic PEGylated 
poly(glycerol sebacate)-based bilayer scaffold for cartilage regeneration 
in full-thickness osteochondral defect. Biomaterials. 2020;253:120095.

	110.	 Lee H, Hong HJ, Ahn S, Kim D, Kang SH, Cho K, et al. One-pot synthesis 
of double-network PEG/collagen hydrogel for enhanced adipogenic 
differentiation and retrieval of adipose-derived stem cells. Polymers 
(Basel). 2023;15:1777.

	111.	 Wu IC, Liou JW, Yang CH, Chen JH, Chen KY, Hung CH. Self-assembly of 
gelatin and collagen in the polyvinyl alcohol substrate and its influence 
on cell adhesion, proliferation, shape, spreading and differentiation. 
Front Bioeng Biotechnol. 2023;11:1193849.

	112.	 Liu Y, Amissah OB, Huangfang X, Wang L, Dieu Habimana J, Lv L, et al. 
Large-scale expansion of human umbilical cord-derived mesenchymal 
stem cells using PLGA@PLL scaffold. Bioresour Bioprocess. 2023;10:18.

	113.	 Zheng L, Li D, Wang W, Zhang Q, Zhou X, Liu D, et al. Bilayered scaf-
fold prepared from a kartogenin-loaded hydrogel and BMP-2-Derived 
peptide-loaded porous nanofibrous scaffold for osteochondral 
defect repair. ACS Biomater Sci Eng. 2019;5:4564–73.

	114.	 Salehi S, Tavakoli M, Mirhaj M, Varshosaz J, Labbaf S, Karbasi S, et al. 
A 3D printed polylactic acid-Baghdadite nanocomposite scaffold 
coated with microporous chitosan-VEGF for bone regeneration 
applications. Carbohydr Polym. 2023;312:120787.

	115.	 Liu Y, Peng L, Li L, Huang C, Shi K, Meng X, et al. 3D-bioprinted 
BMSC-laden biomimetic multiphasic scaffolds for efficient repair of 
osteochondral defects in an osteoarthritic rat model. Biomaterials. 
2021;279:121216.

	116.	 Barcena AJR, Perez JVD, Damasco JA, Bernardino MR, San Valen-
tin EMD, Klusman C, et al. Gold nanoparticles for monitoring of 
mesenchymal stem-cell-loaded bioresorbable polymeric wraps for 
arteriovenous fistula maturation. Int J Mol Sci. 2023;24:11754.

	117.	 Chen R, Pye JS, Li J, Little CB, Li JJ. Multiphasic scaffolds for the repair 
of osteochondral defects: outcomes of preclinical studies. Bioact 
Mater. 2023;27:505–45.

	118.	 Biju TS, Priya VV, Francis AP. Role of three-dimensional cell culture in 
therapeutics and diagnostics: an updated review. Drug Deliv Transl 
Res. 2023;13:2239–53.

	119.	 Mai B, Jia M, Liu S, Sheng Z, Li M, Gao Y, et al. Smart hydrogel-based 
DVDMS/bFGF nanohybrids for antibacterial phototherapy with multi-
ple damaging sites and accelerated wound healing. ACS Appl Mater 
Interfaces. 2020;12:10156–69.

	120.	 Ghandforoushan P, Alehosseini M, Golafshan N, Castilho M, 
Dolatshahi-Pirouz A, Hanaee J, et al. Injectable hydrogels for carti-
lage and bone tissue regeneration: a review. Int J Biol Macromol. 
2023;246:125674.

	121.	 Dvořáková J, Trousil J, Podhorská B, Mikšovská Z, Janoušková O, Proks 
V. Enzymatically cross-linked hydrogels based on synthetic poly(α-
amino acid)s functionalized with RGD peptide for 3D mesenchymal 
stem cell culture. Biomacromol. 2021;22:1417–31.

	122.	 Teng B, Zhang S, Pan J, Zeng Z, Chen Y, Hei Y, et al. A chondrogenesis 
induction system based on a functionalized hyaluronic acid hydrogel 
sequentially promoting hMSC proliferation, condensation, differen-
tiation, and matrix deposition. Acta Biomater. 2021;122:145–59.

	123.	 Jose G, Shalumon KT, Chen JP. Natural polymers based hydrogels for 
cell culture applications. Curr Med Chem. 2020;27:2734–76.

	124.	 Dhasmana A, Malik S, Ranjan A, Chauhan A, Tashkandi HM, Haque S, 
et al. A bioengineered quercetin-loaded 3D bio-polymeric graft for 
tissue regeneration and repair. Biomedicines. 2022;10:3157.

	125.	 Casajuana Ester M, Day RM. Production and utility of extracellular 
vesicles with 3D culture methods. Pharmaceutics. 2023;15:663.

	126.	 Wei X, Wang L, Duan C, Chen K, Li X, Guo X, et al. Cardiac patches 
made of brown adipose-derived stem cell sheets and conductive 
electrospun nanofibers restore infarcted heart for ischemic myocar-
dial infarction. Bioact Mater. 2023;27:271–87.

	127.	 Yan J, Li Z, Guo J, Liu S, Guo J. Organ-on-a-chip: a new tool for in vitro 
research. Biosens Bioelectron. 2022;216:114626.

	128.	 Kim W, Gwon Y, Park S, Kim H, Kim J. Therapeutic strategies of three-
dimensional stem cell spheroids and organoids for tissue repair and 
regeneration. Bioact Mater. 2023;19:50–74.

	129.	 Matai I, Kaur G, Seyedsalehi A, McClinton A, Laurencin CT. Progress in 
3D bioprinting technology for tissue/organ regenerative engineer-
ing. Biomaterials. 2020;226:119536.

	130.	 Tang X, Wu H, Xie J, Wang N, Chen Q, Zhong Z, et al. The combination 
of dextran sulphate and polyvinyl alcohol prevents excess aggrega-
tion and promotes proliferation of pluripotent stem cells in suspen-
sion culture. Cell Prolif. 2021;54:e13112.

	131.	 Kim GJ, Lee KJ, Choi JW, An JH. Modified industrial three-dimensional 
polylactic acid scaffold cell chip promotes the proliferation and dif-
ferentiation of human neural stem cells. Int J Mol Sci. 2022;23:2204.

	132.	 Xu X, Feng Q, Ma X, Deng Y, Zhang K, Ooi HS, et al. Dynamic 
gelatin-based hydrogels promote the proliferation and self-renewal 
of embryonic stem cells in long-term 3D culture. Biomaterials. 
2022;289:121802.

	133.	 Cesare E, Urciuolo A, Stuart HT, Torchio E, Gesualdo A, Laterza C, et al. 
3D ECM-rich environment sustains the identity of naive human iPSCs. 
Cell Stem Cell. 2022;29:1703-1717.e1707.

https://doi.org/10.1088/1758-5090/acab35
https://doi.org/10.1088/1758-5090/acab35
https://doi.org/10.1088/1758-5090/ac933c
https://doi.org/10.1088/1758-5090/ac933c


Page 25 of 26Chen et al. Journal of Nanobiotechnology          (2024) 22:215 	

	134.	 Zhao S, Duan K, Ai Z, Niu B, Chen Y, Kong R, et al. Generation of cortical 
neurons through large-scale expanding neuroepithelial stem cell from 
human pluripotent stem cells. Stem Cell Res Ther. 2020;11:431.

	135.	 Xu Y, Zeng X, Zhang M, Wang B, Guo X, Shan W, et al. Efficient expan-
sion of rare human circulating hematopoietic stem/progenitor cells 
in steady-state blood using a polypeptide-forming 3D culture. Protein 
Cell. 2022;13:808–24.

	136.	 Ho DLL, Lee S, Du J, Weiss JD, Tam T, Sinha S, et al. Large-scale produc-
tion of wholly cellular bioinks via the optimization of human induced 
pluripotent stem cell aggregate culture in automated bioreactors. Adv 
Healthc Mater. 2022;11:e2201138.

	137.	 Yen BL, Hsieh CC, Hsu PJ, Chang CC, Wang LT, Yen ML. Three-dimen-
sional spheroid culture of human mesenchymal stem cells: offering 
therapeutic advantages and In Vitro glimpses of the In Vivo state. Stem 
Cells Transl Med. 2023;12:235–44.

	138.	 Fuentes P, Torres MJ, Arancibia R, Aulestia F, Vergara M, Carrion F, et al. 
Dynamic culture of mesenchymal stromal/stem cell spheroids and 
secretion of paracrine factors. Front Bioeng Biotechnol. 2022;10:916229.

	139.	 Jeske R, Liu C, Duke L, Canonicco Castro ML, Muok L, Arthur P, et al. 
Upscaling human mesenchymal stromal cell production in a novel 
vertical-wheel bioreactor enhances extracellular vesicle secretion and 
cargo profile. Bioact Mater. 2023;25:732–47.

	140.	 Kim JY, Rhim W-K, Cha S-G, Woo J, Lee JY, Park CG, et al. Bolstering the 
secretion and bioactivities of umbilical cord MSC-derived extracellular 
vesicles with 3D culture and priming in chemically defined media. 
Nano Convergence. 2022;9:57.

	141.	 de Almeida FM, Bernardes N, Oliveira FD, Costa AC, Fernandes-Platzg-
ummer A, Farinha JP, et al. Scalable production of human mesenchymal 
stromal cell-derived extracellular vesicles under serum-/xeno-free 
conditions in a microcarrier-based bioreactor culture system. Front Cell 
Develop Biol. 2020;8:553444.

	142.	 Yan L, Wu X. Exosomes produced from 3D cultures of umbilical cord 
mesenchymal stem cells in a hollow-fiber bioreactor show improved 
osteochondral regeneration activity. Cell Biol Toxicol. 2020;36:165–78.

	143.	 Kronstadt SM, Patel DB, Born LJ, Levy D, Lerman MJ, Mahadik B, et al. 
Mesenchymal stem cell culture within perfusion bioreactors incorpo-
rating 3D-printed scaffolds enables improved extracellular vesicle yield 
with preserved bioactivity. Adv Healthcare Mater. 2023;12:e2300584.

	144.	 Kim M, Yun H-W, Park DY, Choi BH, Min B-H. Three-dimensional spheroid 
culture increases exosome secretion from mesenchymal stem cells. 
Tissue Eng Regenerat Med. 2018;15:427–36.

	145.	 Yu W, Li S, Guan X, Zhang N, Xie X, Zhang K, et al. Higher yield and 
enhanced therapeutic effects of exosomes derived from MSCs in 
hydrogel-assisted 3D culture system for bone regeneration. Biomater 
Adv. 2022;133:112646.

	146.	 Gobin J, Muradia G, Mehic J, Westwood C, Couvrette L, Stalker A, et al. 
Hollow-fiber bioreactor production of extracellular vesicles from 
human bone marrow mesenchymal stromal cells yields nanovesicles 
that mirrors the immuno-modulatory antigenic signature of the pro-
ducer cell. Stem Cell Res Ther. 2021;12:127.

	147.	 Min Lim K, Kim S, Yeom J, Choi Y, Lee Y, An J, et al. Advanced 3D 
dynamic culture system with transforming growth factor-β3 enhances 
production of potent extracellular vesicles with modified protein 
cargoes via upregulation of TGF-β signaling. J Adv Res. 2023;47:57–74.

	148.	 Yuan X, Sun L, Jeske R, Nkosi D, York SB, Liu Y, et al. Engineering 
extracellular vesicles by three-dimensional dynamic culture of human 
mesenchymal stem cells. J Extracell Vesicles. 2022;11:e12235.

	149.	 Chen J, Zhou D, Nie Z, Lu L, Lin Z, Zhou D, et al. A scalable coaxial bio-
printing technology for mesenchymal stem cell microfiber fabrication 
and high extracellular vesicle yield. Biofabrication. 2022. https://​doi.​org/​
10.​1088/​1758-​5090/​ac3b90.

	150.	 Xiang Y, Lv D, Song T, Niu C, Wang Y. Tumor suppressive role of 
microRNA-139-5p in bone marrow mesenchymal stem cells-derived 
extracellular vesicles in bladder cancer through regulation of the KIF3A/
p21 axis. Cell Death Dis. 2022;13:599.

	151.	 Zhang J, Gao J, Li X, Lin D, Li Z, Wang J, et al. Bone marrow mesen-
chymal stem cell-derived small extracellular vesicles promote liver 
regeneration via miR-20a-5p/PTEN. Front Pharmacol. 2023;14:1168545.

	152.	 Cheng P, Cao T, Zhao X, Lu W, Miao S, Ning F, et al. Nidogen1-
enriched extracellular vesicles accelerate angiogenesis and bone 

regeneration by targeting Myosin-10 to regulate endothelial cell 
adhesion. Bioact Mater. 2022;12:185–97.

	153.	 Zhou J, Lin Y, Kang X, Liu Z, Zhang W, Xu F. microRNA-186 in extracel-
lular vesicles from bone marrow mesenchymal stem cells alleviates 
idiopathic pulmonary fibrosis via interaction with SOX4 and DKK1. 
Stem Cell Res Ther. 2021;12:96.

	154.	 Yu T, Chu S, Liu X, Li J, Chen Q, Xu M, et al. Extracellular vesicles 
derived from EphB2-overexpressing bone marrow mesenchymal 
stem cells ameliorate DSS-induced colitis by modulating immune 
balance. Stem Cell Res Ther. 2021;12:181.

	155.	 Zhang X, Wang W, Wang Y, Zhao H, Han X, Zhao T, et al. Extracellular 
vesicle-encapsulated miR-29b-3p released from bone marrow-
derived mesenchymal stem cells underpins osteogenic differentia-
tion. Front Cell Dev Biol. 2020;8:581545.

	156.	 Zhang X, Wang Y, Zhao H, Han X, Zhao T, Qu P, et al. Extracellular 
vesicle-encapsulated miR-22-3p from bone marrow mesenchymal 
stem cell promotes osteogenic differentiation via FTO inhibition. 
Stem Cell Res Ther. 2020;11:227.

	157.	 Ding F, Liu J, Zhang X. microRNA-375 released from extracellular vesi-
cles of bone marrow mesenchymal stem cells exerts anti-oncogenic 
effects against cervical cancer. Stem Cell Res Ther. 2020;11:455.

	158.	 Gao W, Liang T, He R, Ren J, Yao H, Wang K, et al. Exosomes from 3D 
culture of marrow stem cells enhances endothelial cell prolifera-
tion, migration, and angiogenesis via activation of the HMGB1/AKT 
pathway. Stem Cell Research. 2020;50:102122.

	159.	 Cha JM, Shin EK, Sung JH, Moon GJ, Kim EH, Cho YH, et al. Efficient 
scalable production of therapeutic microvesicles derived from 
human mesenchymal stem cells. Sci Rep. 2018;8:1171.

	160.	 Jalilian E, Massoumi H, Bigit B, Amin S, Katz EA, Guaiquil VH, et al. 
Bone marrow mesenchymal stromal cells in a 3D system produce 
higher concentration of extracellular vesicles (EVs) with increased 
complexity and enhanced neuronal growth properties. Stem Cell Res 
Ther. 2022;13:425.

	161.	 Zhang Y, Chopp M, Zhang ZG, Katakowski M, Xin H, Qu C, et al. 
Systemic administration of cell-free exosomes generated by human 
bone marrow derived mesenchymal stem cells cultured under 2D 
and 3D conditions improves functional recovery in rats after trau-
matic brain injury. Neurochem Int. 2017;111:69–81.

	162.	 Cone AS, Yuan X, Sun L, Duke LC, Vreones MP, Carrier AN, et al. 
Mesenchymal stem cell-derived extracellular vesicles ameliorate 
Alzheimer’s disease-like phenotypes in a preclinical mouse model. 
Theranostics. 2021;11:8129–42.

	163.	 Camoes SP, Bulut O, Yazar V, Gaspar MM, Simoes S, Ferreira R, et al. 
3D-MSCs A151 ODN-loaded exosomes are immunomodulatory and 
reveal a proteomic cargo that sustains wound resolution. J Adv Res. 
2022;41:113–28.

	164.	 Yan Z, Yin H, Wu J, Tian G, Li M, Liao Z, et al. Engineering exosomes by 
three-dimensional porous scaffold culture of human umbilical cord 
mesenchymal stem cells promote osteochondral repair. Mater Today 
Bio. 2023;19:100549.

	165.	 Yang L, Zhai Y, Hao Y, Zhu Z, Cheng G. The regulatory functionality of 
exosomes derived from hUMSCs in 3D culture for Alzheimer’s disease 
therapy. Small. 2020;16:e1906273.

	166.	 Xu C, Zhao J, Li Q, Hou L, Wang Y, Li S, et al. Exosomes derived from 
three-dimensional cultured human umbilical cord mesenchymal 
stem cells ameliorate pulmonary fibrosis in a mouse silicosis model. 
Stem Cell Res Ther. 2020;11:503.

	167.	 Faruqu FN, Liam-Or R, Zhou S, Nip R, Al-Jamal KT. Defined serum-free 
three-dimensional culture of umbilical cord-derived mesenchymal 
stem cells yields exosomes that promote fibroblast proliferation and 
migration in vitro. FASEB J. 2021;35:e21206.

	168.	 Xie L, Mao M, Zhou L, Zhang L, Jiang B. Signal factors secreted by 2D 
and spheroid mesenchymal stem cells and by cocultures of mesen-
chymal stem cells derived microvesicles and retinal photoreceptor 
neurons. Stem Cells Int. 2017;2017:2730472.

	169.	 Miceli V, Pampalone M, Vella S, Carreca AP, Amico G, Conaldi PG. 
Comparison of immunosuppressive and angiogenic properties of 
human amnion-derived mesenchymal stem cells between 2D and 
3D culture systems. Stem Cells Internat. 2019;2019:7486279.

https://doi.org/10.1088/1758-5090/ac3b90
https://doi.org/10.1088/1758-5090/ac3b90


Page 26 of 26Chen et al. Journal of Nanobiotechnology          (2024) 22:215 

	170.	 Guo S, Debbi L, Zohar B, Samuel R, Arzi RS, Fried AI, et al. Stimulating 
extracellular vesicles production from engineered tissues by mechani-
cal forces. Nano Lett. 2021;21:2497–504.

	171.	 Jarmalaviciute A, Tunaitis V, Pivoraite U, Venalis A, Pivoriunas A. 
Exosomes from dental pulp stem cells rescue human dopaminergic 
neurons from 6-hydroxy-dopamine-induced apoptosis. Cytotherapy. 
2015;17:932–9.

	172.	 Kusuma GD, Li A, Zhu D, McDonald H, Inocencio IM, Chambers DC, et al. 
Effect of 2D and 3D culture microenvironments on mesenchymal stem 
cell-derived extracellular vesicles potencies. Front Cell Develop Biol. 
2022;10:819726.

	173.	 Ma D, Wu Z, Zhao X, Zhu X, An Q, Wang Y, et al. Immunomodulatory 
effects of umbilical mesenchymal stem cell-derived exosomes on 
CD4(+) T cells in patients with primary Sjogren’s syndrome. Inflammop-
harmacology. 2023;31:1823–38.

	174.	 Zhang L, Lin Y, Bai W, Sun L, Tian M. Human umbilical cord mesenchy-
mal stem cell-derived exosome suppresses programmed cell death 
in traumatic brain injury via PINK1/Parkin-mediated mitophagy. CNS 
Neurosci Ther. 2023;29:2236–58.

	175.	 Hou Z, Yang F, Chen K, Wang Y, Qin J, Liang F. hUC-MSC-EV-miR-24 
enhances the protective effect of dexmedetomidine preconditioning 
against myocardial ischemia-reperfusion injury through the KEAP1/
Nrf2/HO-1 signaling. Drug Deliv Transl Res. 2024;14:143–57.

	176.	 Zhang ZX, Zhou YJ, Gu P, Zhao W, Chen HX, Wu RY, et al. Exosomes 
derived from human umbilical cord mesenchymal stem cells alleviate 
Parkinson’s disease and neuronal damage through inhibition of micro-
glia. Neural Regen Res. 2023;18:2291–300.

	177.	 Sun Y, Shi H, Yin S, Ji C, Zhang X, Zhang B, et al. Human mesenchymal 
stem cell derived exosomes alleviate type 2 diabetes mellitus by revers-
ing peripheral insulin resistance and relieving beta-cell destruction. 
ACS Nano. 2018;12:7613–28.

	178.	 Ji C, Zhang J, Zhu Y, Shi H, Yin S, Sun F, et al. Exosomes derived from 
hucMSC attenuate renal fibrosis through CK1delta/beta-TRCP-mediated 
YAP degradation. Cell Death Dis. 2020;11:327.

	179.	 Yang F, Wu Y, Chen Y, Xi J, Chu Y, Jin J, et al. Human umbilical cord 
mesenchymal stem cell-derived exosomes ameliorate liver steatosis by 
promoting fatty acid oxidation and reducing fatty acid synthesis. JHEP 
Rep. 2023;5:100746.

	180.	 Bao M, Xie J, Huck WTS. Recent advances in engineering the stem cell 
microniche in 3D. Adv Sci (Weinh). 2018;5:1800448.

	181.	 Yamada KM, Sixt M. Mechanisms of 3D cell migration. Nat Rev Mol Cell 
Biol. 2019;20:738–52.

	182.	 Saraswathibhatla A, Indana D, Chaudhuri O. Cell–extracellular matrix 
mechanotransduction in 3D. Nat Rev Mol Cell Biol. 2023;24:495–516.

	183.	 Kim ES, Kida K, Mok J, Seong Y, Jo SY, Kanaki T, et al. Cellhesion VP 
enhances the immunomodulating potential of human mesenchymal 
stem cell-derived extracellular vesicles. Biomaterials. 2021;271:120742.

	184.	 Wang Y, Shen K, Sun Y, Cao P, Zhang J, Zhang W, et al. Extracellular 
vesicles from 3D cultured dermal papilla cells improve wound healing 
via Kruppel-like factor 4/vascular endothelial growth factor A -driven 
angiogenesis. Burns Trauma. 2023;11:tkad034.

	185.	 Ming-Kun C, Zi-Xian C, Mao-Ping C, Hong C, Zhuang-Fei C, Shan-Chao 
Z. Engineered extracellular vesicles: a new approach for targeted 
therapy of tumors and overcoming drug resistance. Cancer Commun 
(Lond). 2024;44:205–25.

	186.	 Welsh JA, Goberdhan DCI, O’Driscoll L, Buzas EI, Blenkiron C, Bus-
solati B, et al. Minimal information for studies of extracellular vesicles 
(MISEV2023): from basic to advanced approaches. J Extracell Vesicles. 
2024;13:e12404.

	187.	 Tan F, Li X, Wang Z, Li J, Shahzad K, Zheng J. Clinical applications of stem 
cell-derived exosomes. Signal Transduct Target Ther. 2024;9:17.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Advances in the application of extracellular vesicles derived from three-dimensional culture of stem cells
	Abstract 
	Introduction
	Advantages of EVs applications
	Clinical studies of stem cell-derived EVs
	3D cell culture
	The history of 3D cell culture
	Available 3D cell culture technologies

	Current applications of EVs derived from 3D cultured SCs
	Characteristics of 3D cultured SCs and their EVs
	Applications of EVs derived from bone marrow-derived MSCs
	Applications of EVs derived from umbilical cord-derived MSCs
	Applications of EVs derived from other SCs

	Conclusions and perspectives
	Acknowledgements
	References


