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the socioeconomic burden of bone-associated disor-
ders. Autograft and allografts are the current gold stan-
dard treatments for localised bone loss; however, these 
therapies are associated with numerous challenges such 
as prolonged inflammation, donor site morbidity and 
limited tissue availability [4, 5]. Bone graft substitutes 
in combination with supraphysiologic doses of osteo-
inductive growth factors such as bone morphogenic 
protein 2 (BMP2) have been investigated with positive 
clinical results [6]. However, hyper-concentrated BMP2 
concentrations have been shown to result in severe 
complications such as hematoma, heterotopic ossifica-
tion, myelopathy and inflammation, which likely require 

Introduction
There is an urgent clinical need for effective therapeu-
tic strategies to treat damaged bone caused by trau-
matic injury, tumour resection or osteoporosis (OP) 
[1, 2]. Approximately 127  million people in the US are 
afflicted with musculoskeletal disorders, costing an 
estimated $213  billion to treat [3]. Moreover, the grow-
ing ageing population is expected to further exacerbate 
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Abstract
In the past decade, extracellular vesicles (EVs) have emerged as key regulators of bone devel-
opment, homeostasis and repair. EV-based therapies have the potential to circumnavigate key 
issues hindering the translation of cell-based therapies including functional tissue engraftment, 
uncontrolled differentiation and immunogenicity issues. Due to EVs’ innate biocompatibility, low 
immunogenicity, and high physiochemical stability, these naturally-derived nanoparticles have 
garnered growing interest as potential acellular nanoscale therapeutics for a variety of diseases. 
Our increasing knowledge of the roles these cell-derived nanoparticles play, has made them an 
exciting focus in the development of novel pro-regenerative therapies for bone repair. Although 
these nano-sized vesicles have shown promise, their clinical translation is hindered due to several 
challenges in the EV supply chain, ultimately impacting therapeutic efficacy and yield. From the 
biochemical and biophysical stimulation of parental cells to the transition to scalable manufac-
ture or maximising vesicles therapeutic response in vivo, a multitude of techniques have been 
employed to improve the clinical efficacy of EVs. This review explores state of the art bioengi-
neering strategies to promote the therapeutic utility of vesicles beyond their native capacity, thus 
maximising the clinical potential of these pro-regenerative nanoscale therapeutics for bone repair.
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additional surgical intervention [7, 8]. Thus, due to issues 
with conventional treatments, there is a critical need for 
novel strategies that can stimulate effective bone tissue 
regeneration.

There has been an increasing body of evidence dem-
onstrating the trophic effects of cell-secreted bioactive 
products in regulating cellular communication [9, 10]. Of 
these factors, extracellular vesicles (EVs) are considered 
one of the most important secretory products, involved 
in numerous trophic and immunomodulatory processes 
[11, 12].

EVs are defined as nanoscale lipid particles that contain 
a diverse biological cargo of nucleic acids, proteins and 
bioactive molecules [13–15]. These nanoparticles possess 
a phospholipid bilayer containing major histocompatibil-
ity complex molecules, receptors and tetraspanins (CD9, 
CD63 and CD81), whilst the lumen contains enzymes, 
proteins, nucleic acids and other signalling molecules [14, 

16]. EVs are generally classified into three subtypes based 
on their biogenesis, composition and size. Exosomes 
(30–150 nm) are formed from the endosomal route and 
are released when multivesicular bodies fuse with the 
plasma membrane [17]. Microvesicles (50–1000  nm) 
are created from the outward blebbing of the cell mem-
brane [18]. Apoptotic bodies (500–2000  nm) are highly 
heterogenous and are formed during apoptosis from the 
plasma membrane [19]. The intercellular communication 
via the delivery of these EV-associated bioactive factors 
is critical in mediating biological functions between cells 
[20, 21]. The rapid recent developments in the EV field 
[22], signify their potential impact on future healthcare 
technologies. Furthermore, the diverse biological cargo of 
EVs may enhance therapeutic benefits when compared to 
other nano-sized delivery systems such as synthetically-
derived nanoparticles and liposomes. For instance, EVs 
exhibit innate biocompatibility, low immunogenicity, and 

Graphical Abstract 

Keywords Bone, Extracellular vesicles, Nanomaterials, Bioengineering, Biomaterials, Regenerative medicine



Page 3 of 22Man et al. Journal of Nanobiotechnology          (2023) 21:137 

high physiochemical stability, key issues hindering the 
clinical utility of other synthetic or bioinspired mimetics 
nanomaterials [13, 18, 23]. Thus, these naturally-derived 
nanoparticles have garnered growing interest as potential 
nanoscale therapeutics for a variety of diseases [24, 25].

Within the bone context, several studies have reported 
the intrinsic role of EVs in regulating bone homeosta-
sis by mediating intercellular communication [26, 27]. 
Moreover, it is thought that these cell-derived nanopar-
ticles are fundamentally involved in bone development, 
as extracellular matrix bound vesicles are critical for 
endochondral ossification [28, 29]. Increasing evidence 
has demonstrated the comparable regenerative capac-
ity of EV-based therapies when compared to cell-based 
treatments for the repair of large bone defects in vivo 
[30, 31]. Thus, harnessing EVs for regenerative medicine 
is an attractive acellular, but biological approach to reca-
pitulate the complex process of bone tissue repair. Excit-
ingly, these EV-based therapeutics have the potential to 
circumnavigate key issues hindering the translation of 
cell-based therapies, such as their inherent heterogene-
ity, functional tissue engraftment, uncontrolled differen-
tiation, immune rejection and physiochemical instability 
[32–34]. Moreover, EVs are advantageous when com-
pared to similarly sized synthetic drug delivery systems 
as they exhibit reduced clearance rates, enhanced circu-
lation times and reduced risked of systemic toxicity [18].

Despite the growing promise of vesicles as acellular 
tools to stimulate bone repair, their clinical adoption 
has been hindered due to issues including the selection 
of an appropriate cell source, EVs inherent therapeutic 
efficacy, scalable manufacture and their clinical admin-
istration [13]. In this review, we will discuss the current 
status of EVs for bone regeneration, highlight novel bio-
engineering strategies to promote their clinical efficacy 
and identify key issues in the field hindering their clinical 
translation.

Extracellular vesicles in the bone 
microenvironment
The bone microenvironment consists of a diverse subset 
of cell types including mesenchymal stem/stromal cells 
(MSCs), osteoblast, osteoclast, osteocytes, macrophages, 
endothelial cells  (ECs), and many more within the mar-
row, which synergistically regulate bone homeostasis [35, 
36]. Due to the complexity of the bone microenviron-
ment, there have been extensive investigations aiming to 
elucidate the role of cell-specific EVs on the bone remod-
elling process (Fig. 1).

MSC-derived EVs
MSCs are an attractive cell population used in bone aug-
mentation due to their ease of procurement from numer-
ous tissues and their ability to differentiate into multiple 

lineages [37, 38]. Within the bone microenvironment, 
MSCs are the precursors to osteoblasts, which are the 
cell type responsible for bone formation (Fig.  1) [39]. 
Although, the therapeutic applicability of MSC-based 
therapies have been reported [40], their clinical transla-
tion is hindered by several challenges including their 
inherent heterogeneity, low transplanted cell viability, 
immune rejection, uncontrolled differentiation and tera-
toma formation [41–43]. The beneficial effects exerted by 
MSCs are now thought to be due to the paracrine factors 
they secrete which have numerous trophic and immu-
nomodulatory effects [44–46]. Thus, cell-free strategies 
harnessing the bioactive products within MSC-EVs rep-
resents a promising approach to stimulate bone regenera-
tion, overcoming the limitations regarding the translation 
of MSC-based therapies. As such, there has been grow-
ing evidence demonstrating the therapeutic efficacy of 
MSC-derived EVs for bone repair [47, 48]. For instance, 
Jiang et al. described the role of miR-25 enriched in bone 
marrow derived-MSCs (bMSC)-EVs in protecting Runx2 
from ubiquitination and degradation, ultimately promot-
ing bone fracture healing in mice [49]. Similarly, Zhai et 
al. demonstrated that EVs-derived from bMSCs were able 
to promote bone formation by stimulating the PI3K/Akt 
and MAPK signalling pathways via the upregulation of 
pro-osteogenic microRNAs and downregulation of anti-
osteogenic microRNAs [31].

Vesicles derived from MSCs have also been reported 
to regulate angiogenesis, a key process involved in bone 
fracture healing. For instance, Lu et al. demonstrated 
the role of MSC-EVs in promoting both angiogenesis 
and osteogenesis in vitro and in vivo [50]. EVs isolated 
from bMSCs promoted the migration, proliferation and 
tube formation of human umbilical vein endothelial cells 
(HUVECs). It was found that angiogenic-related miRNA, 
miR-29a, was upregulated within bMSC-EVs and was 
involved in promoting angiogenesis in recipient HUVECs 
by targeting VASH-1, a negative angiogenic regulator. 
The delivery of miR-29a-enriched EVs from genetically 
modified bMSCs, promoted angiogenesis and osteogen-
esis within a murine model. In a similar approach, Cheng 
et al. found that Nidogen1, an extracellular matrix pro-
tein, were enriched within bMSC-EVs [51]. These vesicles 
inhibited the formation and assembly of focal adhesions 
in rat arterial ECs by targeting myosin-10, resulting in 
promoting the migratory and angiogenic potential of 
recipient cells. Moreover, when delivered within a hydro-
gel system, the Nidogen1-enriched EVs enhanced rat 
femoral defect repair.

MSCs-EVs also exhibit similar immunoregulatory 
properties to their parental cells during different stages 
of osteogenesis. For example, Nakao et al. reported that 
treating human gingiva-derived MSCs with TNF-α, 
resulted in the production of EVs that enhanced the M2 
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polarisation of macrophages and inhibited periodontal 
bone loss [52]. Wei et al. investigated the role of MSC-
EVs in regulating the osteoimmune environment [53]. 
The authors showed that vesicles isolated from osteo-
genically differentiated bMSCs significantly reduced the 
expression of proinflammatory genes and M1 phenotypic 
markers in macrophages. Collectively, these studies high-
light the role of MSCs-EVs in regulating the osteoim-
mune environment.

Extensive research has indicated MSCs derived from 
different tissue origins exhibit differential capacity to pro-
mote bone regeneration [54, 55]. As EVs are essentially 
fingerprints of their parent cell, there has been increas-
ing studies showing the importance of MSCs tissue ori-
gins on EVs pro-regenerative capacity. Wang et al. (2020) 
conducted proteomics analysis of MSC-derived EVs pro-
cured from bone marrow, adipose and umbilical cord 
tissues [56]. They discovered that vesicles derived from 
bMSCs were enriched with pro-osteogenic proteins, 
while EVs from adipose-derived MSCs were loaded with 
immunoregulatory factors and umbilical cord MSCs-EVs 
contained proteins involved in mediating tissue repair. 
Another key factor impacting the therapeutic efficacy of 
MSC-derived EVs is the age of the donor. The process of 

aging is correlated with bone loss and delayed fracture 
healing [57]. Extensive research has shown that MSCs 
acquired from younger patients have been reported to 
elicit enhanced regenerative potential when compared to 
those procured from older patients [58–60]. Recently, Xu 
et al. (2020) showed that EVs derived from aged-MSCs 
exhibited diminished repair capacity to promote heal-
ing within a rat femoral fracture model compared to EVs 
acquired from younger MSCs [61]. Moreover, miRNA 
analysis confirmed the upregulation of miR-128-3p in 
aged-EVs, an inhibitor of Smad5, a key osteogenic tran-
scription factor. Taken together, these studies highlight 
the importance of cell sourcing on the therapeutic effi-
cacy of MSC-EVs for bone repair.

Osteoblast-derived EVs
Osteoblasts are derived from bone marrow MSCs and 
are responsible for the synthesis and mineralisation of 
the bone matrix (Fig.  1) [62, 63]. EVs from mineralis-
ing osteoblasts have been shown to promote the osteo-
genic differentiation of MSCs by activating the Wnt 
signalling pathway, calcium signalling, and the delivery 
of pro-osteogenic microRNAs [64]. Several studies have 
described the differential expression of proteins within 

Fig. 1 Schematic representation of the diverse role of cell secreted EVs in the bone microenvironment and regulation of bone homeostasis. Promotion 
(black arrows), Inhibition (red lines) and differentiation (black dash arrow) pathways

 



Page 5 of 22Man et al. Journal of Nanobiotechnology          (2023) 21:137 

osteoblast-derived EVs during osteogenesis. For example, 
EVs-derived from mineralising osteoblasts were found to 
be upregulated in factors such as Transforming growth 
factor beta 3, eukaryotic initiation factor 2, BMP-1, 
SMAD specific E3 Ubiquitin Protein Ligase 1 (SMURF-1) 
proteins [65, 66].

Interestingly, Uenaka et al. recently reported vesicles 
derived from mature osteoblasts inhibited bone for-
mation and enhanced osteoclastogenesis in vivo [67]. 
EVs were isolated from primary murine osteoblasts 
over 2-week period in mineralising conditions. These 
vesicles were enriched with miR-143, which inhib-
ited Runx2 expression and subsequent osteogenesis. 
Moreover, osteoblast-EVs enhanced the expression of 
receptor activator of NF-κB ligand (RANKL), thus pro-
moting osteoclastogenesis. This work was supported by 
Kobayashi-Sun et al. where their findings showed that 
osteoblast-EVs induced osteoclast differentiation within 
transgenic zebrafish [68]. Similarly, Deng et al. demon-
strated that osteoblast secreted EVs contained RANKL 
protein, which activated osteoclast formation [69].

Additionally, there is evidence indicating the role of 
osteoblast-derived EVs in regulating angiogenesis. Tang 
et al. reported that EVs derived from 21  day osteogeni-
cally cultured preosteoblast promoted EC angiogenesis 
via EV associated MMP activation of the VEGF/Erk1/2 
signalling pathway [70]. Collectively, these research find-
ings indicate the diverse roles of osteoblast-derived EVs 
in regulating bone remodelling.

Osteoclast-derived EVs
Osteoclasts are multinucleated cells generated from 
hematopoietic precursors including blood/bone marrow 
monocytes and macrophages (Fig. 1) [71]. These cells are 
responsible for the bone resorption activity within the 
bone microenvironment [72].

Osteoclast-derived EVs have been reported to pro-
mote osteoblast differentiation. For example, Chen et al. 
demonstrated that osteoclast EVs were able to promote 
the osteogenic differentiation of the mouse preosteoblast 
KusaO cell line [73]. Contrastingly, Yang et al. showed 
that EVs derived from osteoclasts were enriched with 
miR-23a-5p and suppressed osteoblast differentiation via 
inhibiting Runx2 expression, which regulated Yes-associ-
ated protein-1 mediated Metallothionein 1D Pseudogene 
inhibition [74]. Similarly, Li et al. described the inhibition 
of osteoblastic bone formation in ovariectomised (OVX) 
mice via the delivery of miR-214-3p within osteoclast-
derived EVs [75]. Furthermore, Sun et al. showed that 
suppressing osteoclast EVs secretion via Rab27a siRNA, 
enhanced bone mineral density in OVX mice.

Huynh et al. reported that EVs secreted from precur-
sor cells promoted osteoclastogenesis, whilst mature 
osteoclast-EVs inhibited osteoclast differentiation [76]. 

Mature osteoblast-derived EVs were found to be enriched 
with receptor activator of nuclear factor κB (RANK), thus 
likely involved in competitively binding to RANKL on the 
surface of osteoblast, inhibiting RANK-RANKL activa-
tion of osteoclastogenesis. Together, these studies dem-
onstrate the complex roles osteoclast-derived EVs have in 
regulating bone homeostasis.

Osteocyte-derived EVs
Osteocytes are terminally differentiated cells that are 
embedded within the mineralised matrix of bone (Fig. 1) 
[77]. These cells are mechanosensitive, allowing them to 
respond to specific external stimuli through modifying 
their trophic factors. Several studies have reported the 
role of osteocyte secreted EVs in promoting osteogenesis 
[78, 79]. For example, Lv et al. demonstrated that osteo-
cytes subjected to mechanical strain secreted EVs that 
stimulated osteogenic differentiation of human periodon-
tal ligament stem cells (hPDLSCs) via the miR-181b-5p/
PTEN/AKT signalling pathway [79]. Contrastingly, Qin 
et al. reported that EVs derived from myostatin-treated 
osteocytes suppressed osteoblast differentiation through 
miR-218 mediated inhibition of Runx2 and Wnt signal-
ling [80].

Endothelial cell-derived EVs
Angiogenesis is an essential process involved in normal 
fracture healing, with defective blood vessel development 
associated with poor outcomes [81, 82]. EC-derived EVs 
have been shown to modulate bone regeneration by stim-
ulating angiogenesis (Fig. 1).

Jia et al. showed during the process of distraction osteo-
genesis, EVs secreted from ECs were capable of acceler-
ating bone regeneration in rats. Specifically they found 
that the miR-126 enriched EVs stimulated angiogenesis 
by targeting the Raf/ERK signalling pathway [30]. More-
over, studies have shown that EC-derived EVs are capable 
of reversing osteoporotic phenotype. Song et al. reported 
EVs derived from ECs exhibited enhanced targeting to 
bone tissue in mice when compared to EVs from MSCs 
and osteoblasts [83]. Moreover, EC-derived EVs inhibited 
osteoclast activity in vitro and suppressed the osteopo-
rotic phenotype in OVX mice. MicroRNA sequencing 
identified the upregulation of miR-155 in EC-EVs, which 
was found to suppress osteoclast activation. Zhang et al. 
described the role of EC-derived EVs in preventing osteo-
necrosis of the femoral head by stimulating osteogenesis 
via the delivery of miR-27-a in EVs [84]. Together, these 
studies highlight the diverse role endothelial-derived EVs 
play in regulating bone homeostasis.

Macrophage-derived EVs
Macrophages are critical components of the immune 
response and have been shown to contribute to the 
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regulation of MSC and osteoblast function during bone 
repair (Fig. 1) [85–87]. At the initial inflammatory stage 
of bone repair, M1 polarised macrophages secrete a 
plethora of chemotactic and inflammatory factors, which 
are involved in the recruitment of multiple cell types such 
as ECs and MSCs to the injury site [88]. Subsequently, the 
polarisation of macrophages to the M2 anti-inflamma-
tory phenotype facilitate the osteogenic differentiation of 
MSCs at the late stage of bone regeneration [89, 90].

Studies have showed that macrophages are able to stim-
ulate MSCs osteogenic differentiation through EV signal-
ling [91]. Kang et al. investigated the role of EVs derived 
from polarised macrophages on bone regeneration [92]. 
Rat calvarial defects were treated with vesicles derived 
from M0, M1 or M2 macrophages. The M0 and M2 EVs 
promoted bone regeneration, whilst M1 EVs suppressed 
bone healing. Microarray analysis confirmed the role of 
polarisation on altering the expression of inhibitory and 
osteogenic microRNAs within M1 and M2 derived EVs 
respectively. Similarly, EVs derived from M2 polarised 
macrophages promoted MSC osteogenesis and inhibited 
adipogenesis through the miR-690/IRS-1/TAZ signalling 
axis [93]. Xiong et al. reported miRNA-5106 within EVs-
derived from M2 macrophages enhanced MSCs osteo-
genesis by targeting Salt-Inducible Kinase 2 and 3 [94]. 
Collectively, these studies demonstrated the role macro-
phages derived EVs play in regulating the osteoimmune 
environment.

Taken together, these studies emphasise the diverse 
roles of EVs within the bone microenvironment in regu-
lating skeletal tissue homeostasis and repair (Table 1).

Strategies to improve the clinical application of EVs 
for bone repair
As cells are highly sensitive to the environment they 
reside in, researchers have harnessed biochemical and 
biophysical cues to augment the cells phenotype and ulti-
mately the therapeutic efficacy of the EVs they secreted 
for bone regeneration.

Biochemical stimulation
Whilst there has been growing evidence reporting the 
regenerative capacity of EVs derived from numerous 
cell sources, the inherent therapeutic potency of these 
vesicles is still a factor hindering clinical translation [95]. 
As EVs are essentially fingerprints of their parental cell, 
increasing investigations have exploited cell engineer-
ing techniques to improve the biological potency of EV-
based products [13]. Biochemical stimulation has been 
demonstrated as an effective strategy to augment the 
therapeutic function of cells for bone regeneration [96, 
97]. In this section, we will describe novel ways in which 
these approaches have been adopted for engineering EVs, 
including exogenous stimulation, genetic modification, 

Table 1 Studies investigating the role of EVs within the bone 
microenvironment on regulating bone regeneration
Bone EV cell 
source

Bioactive cargo Study observations Refer-
ence

bMSCs miR-25 Protecting Runx2 from 
ubiquitination and 
degradation, enhanced 
fracture healing

[49]

miR-146a-5p, miR-
503-5p, miR-483-
3p, miR-129-5p

PI3K/Akt and MAPK 
signalling pathways

[31]

- Decreased pro-inflam-
matory gene expres-
sion and enhanced 
osteogenesis

[53]

miR-29a Promoted angiogen-
esis in HUVECs by 
targeting VASH-1

[50]

Osteoblasts miR-3084-3p, miR-
680, miR-677-3p, 
miR-5100

Enhanced osteogen-
esis by activating Wnt 
signalling pathway

[64]

miR-143 Inhibited osteogenesis 
by targeting Runx2. 
Enhanced NF-κB 
expression promoting 
osteoclastogenesis

[67]

Osteoclasts miR-214-3p Inhibition of osteoblas-
tic bone formation by 
inducing osteoclast 
differentiation via 
the PTEN/PI3k/AKT 
pathway

[75]

miR-23a-5p Suppressed osteoblast 
differentiation via 
inhibiting Runx2

[74]

Osteocytes miR-181b-5p Osteogenesis of 
hPDLSCs via the PTEN/
AKT signalling pathway

[79]

Annexin A5, 
Ywhae, Ywhab

Stimulation of MSC 
recruitment and 
osteogenesis

[78]

Endothelial 
cells

miR-126 Accelerated bone 
regeneration by stimu-
lating angiogenesis 
by targeting Raf/ERK 
signalling

[30]

miR-27-a Prevented femoral 
head osteonecro-
sis by stimulating 
osteogenesis

[84]

Macrophages miR-155 (M1 EVs)
miR-378a (M2 EVs)

M1 EVs inhibited 
osteogenesis, M2 EVs 
increased osteogenesis

[92]

miR-690 M2 EVs promotes 
osteogenesis and 
inhibited adipogenesis 
via IRS-1/TAZ signalling

[93]
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epigenetic reprogramming and hypoxic culture to 
improve their potency for bone repair (Fig. 2).

Exogenous stimulation
Increasing studies have shown the influence of cell cul-
ture parameters in modulating the phenotype of parental 
cells, ultimately augmenting the therapeutic potency of 
their EVs. For example, Davies et al. reported the impact 
of culture media composition on modulating the efficacy 
of secreted EVs [98]. The authors showed the importance 
of β-glycerophosphate on the mineralisation of bMSCs 
treated with osteoblast-derived EVs, thus emphasis-
ing the influence of culture media composition on EV-
induced mineralisation. The EV parental cell phenotype 
during isolation is likely dependent on the culture param-
eters (i.e. media composition, collection frequency/dura-
tion). As such, increasing studies have investigated the 
impact of isolating EVs at different stages of osteogenesis 
[99]. Wei et al. isolated EVs from osteoblasts at early, mid 
and mid-late stages of differentiation, and reported that 
mid-late stage EVs promoted the mineralisation of recipi-
ent MSCs in vitro. Moreover, the authors demonstrated 

that vesicles procured from the mid and mid-late stages 
of osteoblast differentiation exhibited enhanced bone-
targeting potential, via increased accumulation of fluo-
rescently labelled EVs observed in the femurs of mice 
following tail vein administration. Importantly, the mid-
late stage vesicles substantially improved bone mineral 
density in osteoporotic mice [100]. Researchers have 
also investigated augmenting EV immunomodulatory 
function in the context of bone repair [52, 101]. Kang 
et al. pre-conditioned MSCs with the pro-inflammatory 
cytokine TNF-α and assessed the osteoimmunomodula-
tory properties of their EVs [101]. The authors demon-
strated that while the native and TNF-α EVs promoted 
MSC osteogenesis at similar levels in vitro, the TNF-α 
EVs greatly reduced macrophage pro-inflammatory M1 
markers and increased anti-inflammatory M2 mark-
ers Importantly, treatment with TNF-α EVs enhanced 
bone repair within a critically-sized rat calvarial defect. 
MicroRNA analysis highlighted the enrichment of anti-
inflammatory microRNAs in the TNF-α EVs.

Overall, these studies indicate the importance of refin-
ing the EV parental cell culture parameters in order to 

Fig. 2 Biochemical stimulation strategies to engineer vesicles with improved pro-regenerative capacity for bone repair. These approaches include (A) 
stimulation through exogenous factors, (B) genetic modification, (C) epigenetic activation and (D) hypoxic conditioning
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procure vesicles with optimum pro-regenerative capacity 
(Fig. 2A).

Genetic modification
Manipulation of a cell’s genetic makeup is one of the 
most well-established approaches to augment cell func-
tion. Thus, it is not surprising that genetic engineering 
has been increasingly adopted as a strategy to improve 
EVs utility for bone repair [13] (Fig.  2). Several studies 
have demonstrated the promise of this approach in devel-
oping pro-osteogenic EVs. For example, Li et al. overex-
pressed the microRNA miR-101 within MSCs, resulting 
in enrichment of secreted vesicles [99]. The miR-101-EVs 
repressed the expression of FBXW7 in recipient MSCs, 
which in turn enhanced the expression of pro-osteogenic 
factors hypoxia-inducible factor-1α (HIF-1α) and FOXP3. 
Similarly, Chen et al. engineered miR-375 enriched EVs 
via the overexpression within human adipose MSCs 
[102]. MiR-375 enriched EVs promoted human bMSCs 
osteogenic differentiation in vitro and enhanced bone 
regeneration within a rat calvarial defect.

Besides the loading of nucleic acids, the overexpression 
of pro-regenerative proteins has also been conducted 
[103–105]. For instance, Li et al. investigated overex-
pressing the pro-osteogenic transcription factor HIF-1α 
within bMSCs [104]. The EVs derived from HIF-1α trans-
fected bMSCs were found to promote the osteogenic 
differentiation of recipient bMSCs and enhanced tube 
formation of HUVECs. Moreover, the authors observed 
enhanced angiogenesis and bone regeneration when EVs 
from HIF-1α transfected bMSCs were administered in 
rabbit models of glucocorticoid-induced osteonecro-
sis of the femoral head. Similarly, Huang et al. evalu-
ated the impact of BMP2 overexpression within MSCs 
on the osteoinductive potency of secreted EVs [105]. 
The authors found that EVs derived from BMP2 overex-
pressed MSCs promoted the osteogenic differentiation 
of recipient MSCs and enhanced the regeneration of rat 
calvaria defects in vivo when compared to unmodified 
vesicles. Interestingly, mechanistic studies confirmed 
the successful overexpression of BMP2 in parental cells, 
however, the secreted EVs lacked the protein of interest. 
Further investigations identified microRNAs enriched 
within these vesicles, which are involved in potentiat-
ing BMP2 signalling. Therefore, these studies highlight 
the possibility to advance osteogenic potency of EVs by 
overexpressing pro-osteogenic protein. However, the 
EVs osteoinductive mode of action will be dependent on 
whether the protein of interest is sufficiently loaded into 
the vesicle, or other non-specific cargos are enriched in 
its place.

Although there is growing evidence demonstrating the 
promise of engineering EVs through genetic modifica-
tions, concerns of transduction efficiency remain. The 

intensive cost and time associated with this approach 
may also hinders its clinical utility [13]. Moreover, due 
to safety concerns regarding the process, EVs derived 
from genetically-modified cells will likely be classed as 
Advanced Therapy Medical Products (ATMPs), which 
would require more rigorous testing in regard to its clini-
cal safety when compared to production from non-genet-
ically modified cells [106].

Epigenetic reprogramming
In recent years, epigenetic regulation has garnered 
increasing attention as a critical process in controlling 
cell fate [107, 108]. Epigenetics involves modifying a cell’s 
transcriptional activity without altering the underlying 
DNA sequence [109, 110], therefore potentially bypassing 
the limitations of genetic modification. Augmenting the 
acetylation state of the chromatin by modifying histone 
deacetylase (HDAC) activity and histone acetyltransfer-
ase enzymes have been shown to regulate the cells’ tran-
scriptional activity [111]. Chromatin hyperacetylation 
induced by HDAC inhibition has been reported to stimu-
late osteogenic differentiation, through the activation of 
osteoblast-related genes [112–114]. As such, there have 
been extensive investigations aiming to replicate the epi-
genetic landscape within cells during osteogenesis by 
employing epigenetic modifying compounds [111, 115, 
116].

Due to the growing influence of epigenetic regula-
tion on cell fate, an increasing number of studies have 
explored this approach to modulate EV therapeutic 
efficacy [117, 118]. Recently, it was demonstrated that 
epigenetic activation of osteoblasts substantially pro-
moted the osteogenic potential of secreted EVs (Fig.  2) 
[119]. The authors induced hyperacetylation in osteo-
blasts using the HDAC inhibitor Trichostatin A, which 
augmented the epigenetic function within the cells, 
accelerating mineralisation. EVs isolated from these epi-
genetically modified cells were found to be significantly 
enriched in several pro-osteogenic factors (i.e. microR-
NAs and transcriptional regulating proteins). Impor-
tantly, the epigenetically-modified cell-derived EVs 
significantly enhanced the recruitment and mineralisa-
tion of recipient human bMSCs through the delivery of 
pro-osteogenic factors. Thus, epigenetic reprogramming 
of the parental cells could produce EVs of a more mature 
osteogenic phenotype, due to the enrichment of multiple 
bioactive factors that work synergistically to promote 
bone formation. Collectively, these studies highlight the 
potential of exploiting biomimetic epigenetic mecha-
nisms to facilitate the manufacture of pro-regenerative 
vesicles for bone regeneration.
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Hypoxia
During the process of bone healing, hypoxia is a criti-
cal environmental stimulus regulating tissue regenera-
tion. In vivo oxygen concentrations range from 2 to 8%, 
whilst in vitro, cells are exposed to concentrations of 21% 
[120]. Several studies have reported the importance of 
hypoxic conditions within the bone defect in promot-
ing the osteogenic differentiation of precursor cells and 
stimulating repair [121, 122]. As such, researchers have 
investigated the influence of inducing hypoxia as a bio-
chemical stimulus to enhance the pro-regenerative 
capacity of secreted EVs (Fig. 2).

For instance, Liu et al. investigated the impact of 
hypoxia on the therapeutic efficacy of MSC-EVs on bone 
fracture healing. MSCs-derived from human umbilical 
cord tissue were subjected to either normoxic (21% O2) 
or hypoxic conditions (1% O2) [123]. The findings showed 
that hypoxic conditions significantly enhanced the quan-
tity of MSC-EVs (~ 1.5-fold) when compared to vesicles 
procured from cells in normoxic conditions. Hypoxia-
derived EVs promoted the recruitment and angiogen-
esis of ECs both in vitro and in vivo. Microarray analysis 
identified miR-126 to be upregulated within hypoxia-
derived EVs, which promotes HUVEC angiogenesis by 
activating the SPRED1/Ras/Erk pathway. Liang et al. 
chemically-induced hypoxia in MSCs via treatment with 
dimethyloxaloylglycine (DMOG) that stimulates HIF-1α 
expression [124]. In this work, EVs derived from DMOG 
treated MSCs stimulated the angiogenesis of HUVECs by 
activating the AKT/mTOR signalling pathway. Moreover, 
the DMOG-MSC-EVs substantially promoted healing 

of critical-sized calvarial defects in rats by stimulating 
neovascularisation.

Biophysical stimulation
To date, EVs are commonly procured from cells cultured 
on 2D planar tissue culture plastic, which does not rep-
licate the complex physiological environment within the 
body [125, 126]. Hence, harnessing more physiologically 
relevant substrates could provide a platform to improve 
the production of pro-regenerative EVs targeted for bone 
repair. In addition to the cell’s spatial orientation within 
the bone microenvironment, they are subjected to bio-
physical stimuli such as topography, strain, pressure, and 
fluid shear, all of which have been shown to contribute 
to bone mechanoadaptation [127–129]. As such, bio-
physical stimulation has been exploited as an approach 
to modulate cell behaviour in bone tissue engineering 
applications [130]. In this section, we explore novel engi-
neering strategies harnessing biophysical stimulation to 
enhance the production of pro-regenerative vesicles tar-
geted for bone regeneration (Fig. 3).

Bioactive 2D substrates
Titanium alloys have been widely used in numerous 
orthopaedic applications due to their biocompatibility, 
mechanical properties and osteoinductivity [131, 132]. 
Due to these favourable properties, studies have investi-
gated the use of these biomaterials as substrates for EV 
manufacture [133, 134]. For example, Ma et al. evaluated 
the impact of alkali and heat treatment to infer nanoto-
pography on titanium surfaces and improve the osteo-
genic potency of MSC-derived EVs (Fig.  3) [133]. The 

Fig. 3 Biophysical stimulation to generate pro-regenerative EVs for bone repair. Strategies include (A) utilising bioactive 2D culture substrates, (B) me-
chanical stimulation and (C) biomimetic 3D culture platforms
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findings showed that nanotopography (average rough-
ness = 400  nm) accelerated bMSCs osteogenic differen-
tiation when compared to polished titanium controls 
(average roughness = 40  nm). RNA sequencing demon-
strated that the nanotopography increased the enrich-
ment of pro-osteogenic microRNAs within secreted 
EVs as osteogenesis advanced. Moreover, when com-
bined with a polydopamine coated 3D printed polyether 
ether ketone scaffold, the EVs-functionalised construct 
substantially promoted bone repair within a rabbit 
femoral condyle defect model. Zhang et al. adopted a 
similar approach, investigating the influence of small-
scale topography, nano (50–200 nm) and micropits (10–
50  μm) applied to titanium surfaces on augmenting the 
regenerative capacity of EVs derived from macrophages 
[135]. This small-scale topography titanium was found 
to stimulate polarisation to the M2 phenotype and the 
vesicles derived from these macrophages significantly 
promoted osteoblast mineralisation. The authors uti-
lised RNA sequencing to identify enrichment of several 
microRNAs involved in regulating osteogenesis within 
the stimulated macrophage derived EVs. Similarly, Jin et 
al. reported the development of biomimetic hierarchical 
extrafibrillarly (EMC) or intrafibrillarly mineralised colla-
gen (IMC), which differentially orchestrated macrophage 
polarisation to the M1 and M2 phenotype respectively 
[136]. Moreover, IMC substrates promoted the recruit-
ment and osteogenic differentiation of MSCs to a greater 
degree when compared to EMC groups. Liu et al. isolated 
macrophage-derived EVs from these bioactive substrates 
and showed that IMC-EVs enhanced MSCs mineralisa-
tion when compared to EMC-EVs treatment [137].

3D culture platforms
Within the regenerative medicine field, growing research 
has investigated harnessing 3D culture platforms to 
more closely replicate the cells native environment. Sev-
eral studies have shown that cells in 3D culture exhibit 
enhanced osteogenic capacity when compared to cells on 
2D surfaces [138–140]. Of the numerous classes of bio-
material systems available, hydrogels are widely used due 
to the ability to tune their physical and biological char-
acteristics. Moreover, their capacity to replicate the cells 
native extracellular matrix is critical in promoting osteo-
genesis [141]. Recently, Yu et al. investigated the impact 
of culturing hPDLSCs within a collagen hydrogel on EV 
yield and osteoinductive potency [142]. The findings 
showed that there was a 2.5-fold increase in the number 
of EVs acquired from 3D culture when compared to 2D 
tissue culture. Moreover, vesicles derived from 3D culture 
significantly enhanced bMSCs proliferation, migration 
and osteogenic differentiation when compared to 2D-EVs 
and the EV-free group. Furthermore, these 3D-derived 
EVs combined with Matrigel accelerated bone healing 

within a rat alveolar bone critical defect model compared 
to the Matrigel alone group.

Although the use of hydrogel systems for the produc-
tion of pro-osteogenic EVs have shown promise, the 
sourcing of naturally-derived biomaterials could suffer 
from batch and lot inconsistencies, which will hinder 
the reproducible manufacture of EVs from these 3D sys-
tems [143, 144]. Moreover, several studies have reported 
the capacity of EVs to bind to natural matrix compo-
nents [145, 146], thus isolating vesicles from matrix-
based materials may prove challenging. Hence, there is 
great precedence to generate 3D culture systems utilis-
ing materials and processes that can facilitate reproduc-
ible and scalable manufacture of pro-regenerative EVs 
targeted for bone repair. In a recent study, researchers 
investigated the use of 3D printed titanium scaffolds 
coated with nano-needle hydroxyapatite (nnHA) for the 
production of pro-osteogenic vesicles (Fig. 3) [147, 148]. 
Osteoblast seeded scaffolds exhibiting increased perme-
ability (triangle pore shape, 1000 μm pore size), secreted 
an enhanced quantity of EVs (> 2-fold) when compared 
to the other scaffold designs (square pore shape, 500 μm 
pore size). Moreover, osteoblast-derived EVs from tri-
angle pore scaffolds accelerated bMSCs mineralisation 
when compared to vesicles from other scaffold designs 
and 2D controls. Interestingly, nnHA scaffold coating 
further improved EV production when compared to 
uncoated scaffolds (> 3.5-fold), attributed to the ceramic 
promoting intracellular calcium signalling.

Mechanical stimulation
Mechanical stimulation has garnered increased atten-
tion as an approach to improve the osteogenic capac-
ity of cells for bone augmentation strategies [149, 150]. 
Researchers have also attempted to replicate the physi-
ological mechanical strain of cells in vivo, to enhance 
the production of EVs for regenerative medicine [151]. 
Eicholz et al. reported that osteocytes subjected to physi-
ological fluid-flow resulted in the production of EVs that 
enhanced the recruitment and osteogenesis of bMSCs 
(Fig. 3) [78]. Moreover, proteomics analysis identified the 
upregulation of pro-osteogenic proteins such as Annex-
ins within the mechanically-stimulated vesicles, which 
likely contributed to the EVs enhanced osteoinductive 
potential. Similarly, Morrell et al. showed that fluid-shear 
stimulated the production of pro-osteogenic EVs through 
the activation of calcium-dependent contractions within 
the cell [152].

Interestingly, studies have investigated the impact 
of mechanical stimulation on the secretion of pro-
regenerative EVs when cultured in a 3D microenviron-
ment. For instance, Yu et al. cultured hPDLSCs within 
a collagen/Fe3O4 nanoparticle composite hydrogel and 
subjected the construct to 20% magnetic-induced strain 
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[153]. The authors observed that magnetic stimulation 
enhanced the biological potency of hPDLSCs-EVs, which 
promoted the recruitment and osteogenesis of bMSCs. 
Moreover, mechanically-stimulated vesicles accelerated 
the repair of alveolar bone defects in rats when compared 
to EVs derived from static cultures. Collectively, these 
studies highlight the considerable impact biophysical 
engineering has on the production of pro-regenerative 
EVs targeted for bone regeneration.

Scalable manufacture of EVs
Despite the promising osteoinductive capacity of EVs for 
bone repair, it is expected that large doses of vesicles are 
required to achieve regenerative effects clinically for both 
systemic and local EV administration [154]. This necessi-
tates the development of robust manufacturing processes 
that could increase the consistency and scalability of EV 
production, which are currently lacking. To achieve clin-
ically-relevant EV products, it is critical to employ the 
use of Good Manufacturing Practice (GMP)-compliant 
materials early in development to facilitate translation. 
EV-based products are a function of cell sourcing (donor, 
phenotype, expansion) and manufacturing parameters 
(culture conditions, production platform) [155]. Thus, it 
is critical to investigate the use of GMP-compatible mate-
rials and processes to facilitate clinical translation. This 
section will explore recent efforts to improve the clinical 
utility of major components in the EV supply chain, such 
as the use of an appropriate cell source, clinical grade 
media and scalable platforms (Fig. 4).

EV cell source
There has been extensive research harnessing vesicles 
derived from primary cells. However, issues with cell 
sourcing, limited window of expansion, heterogeneity, 

donor and lot variations will hinder the production of 
therapeutically effective EVs at clinically relevant quanti-
ties [32, 155]. Thus, there is great incentive to manufac-
ture EVs from cell lines that could enable a scalable and 
reproducible vesicle manufacturing solution as well as 
facilitating downstream processes (Fig. 4). This approach 
has already been utilised for the production of clinical 
grade stem cells for the treatment of central nervous sys-
tem disorders [156]. It is important to determine whether 
cell lines are able to produce EVs of similar therapeutic 
efficacy compared to their primary cell counterparts dur-
ing the scale up process. Chen et al. found that follow-
ing the immortalisation of embryonic stem cell-derived 
MSCs via MYC overexpression, there was extensive 
modulation in cellular protein expression, which likely 
impacts secreted EV composition [157].

Another approach to generating EV producer cells is 
the use of induced pluripotent stem cells (iPSCs). These 
cells were first generated in 2006 by the transduction of 
four transcription factors, Oct3/4, Sox2, c-Myc, and Klf4 
into adult fibroblast cells [158]. These iPSCs have the 
unlimited proliferative capacity of embryonic stem cells 
(ESCs), however, are not associated with the immunoge-
nicity and ethical concerns of ESCs. Thus, iPSCs could 
provide an inexhaustible source of cells for the produc-
tion of pro-regenerative EVs. Researchers have shown 
that these cells can produce up to 16 times more EVs 
when compared to vesicles derived from bMSCs, while 
exhibiting similar physiological functions [159]. Qi et al. 
reported that iPSC-MSC-EVs promoted the prolifera-
tion and osteogenic differentiation of MSCs derived from 
OVX rats in vitro [160]. Moreover, when combined with 
a β-TCP scaffold, these iPSC-MSC-EVs functionalised 
constructs enhanced bone regeneration and angiogenesis 
in an OVX rat critical-sized calvarial defect model in a 

Fig. 4 EV processing parameters in the scalable manufacture of pro-regenerative EVs for bone regeneration. Key components within the EV supply chain 
include using an appropriate EV cell source, the use of clinical grade media and harnessing compatible scalable systems. iPSCs - induced pluripotent stem 
cells, FBS - fetal bovine serum, hPL - human platelet lysate, CD - chemically-defined
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dose-dependent manner when compared to the EV-free 
scaffold group.

Clinical grade media
Another key factor affecting the production of therapeu-
tically-relevant EVs is the use of clinical-grade medium 
(Fig.  4). Currently, the majority of EV studies utilised 
media supplemented with sera such as fetal bovine serum 
(FBS), which usually contains a large number of vesi-
cles, therefore, ultracentrifugation is often conducted to 
remove EVs from FBS before onward use [161]. Although 
an effective strategy to remove contaminating EVs, it 
would be difficult to implement at a commercial scale as 
ultracentrifugation is more suited to scale out than scale 
up, which is cost intensive [162]. For the manufacture of 
cell therapies, researchers have started to shift towards 
the use of human platelet lysate (hPL) since it avoids the 
xenogeneic implications and supply issues of FBS [163]. 
Although its potential has been demonstrated, hPL is still 
derived from serum, contains EVs and may suffer from 
batch variability [155]. Thus, there is an urgent need for 
researchers to shift towards the use of chemically-defined 
(CD), xeno and blood-free culture medium that com-
plies with the regulatory framework. Employing the use 
of compatible CD media will improve the reproducibility 
of EV production at scale. Several studies have reported 
the promise of CD medium for the generation of thera-
peutically effective EVs [164]. It is important to validate 
whether the CD medium is able to not only support cell 
expansion, but also allow for the production of EVs that 
exhibit similar therapeutic efficacy compared to the use 
of conventional non-CD media. Scheiber et al. investi-
gated the impact of CD culture medium on the produc-
tion of bMSCs-derived EVs [165]. When compared to 
conventional medium supplemented with FBS, bMSCs 
exhibited a substantially reduced doubling time when 
cultured in CD media. Moreover, bMSCs cultured in CD 
media exhibited 13-fold increase in EV quantity when 
compared to non-CD cultures. Interestingly, the authors 
found that RNA content within the CD-derived EVs were 
significantly reduced, with microRNA profiles shifting 
towards cell growth and proliferation within these vesi-
cles. Similarly, Figueroa-Valdes et al. evaluated the use 
of regulatory complying medium, Oxium™ EXO, on the 
production yield and potency of MSC EVs [164]. Their 
findings revealed a ~ 4-fold increase in EV yield when 
umbilical cord-menstrual blood-derived MSCs were cul-
tured in the CD-medium compared to non-CD FBS-free 
medium after 6 days of culture. Moreover, EVs derived 
from CD-cultures exhibited similar expression of vesicu-
lar markers, in vitro internalisation and in vivo systemic 
biodistribution compared to EVs from control medium.

Scalable production
The acquisition of pro-regenerative EVs at large scales 
has the potential to transform the treatment of debilitat-
ing bone-associated disorders such as OP. The systemic 
administration of vesicles for OP has shown promise [48, 
166], however, low yield of EVs from current manufactur-
ing methods and variable dosing regimens has hindered 
their translation. In addition to systemic administra-
tion, the mass manufacturing of pro-regenerative EVs 
will significantly benefit the local administration of these 
vesicles for the repair of critical-sized bone defects/frac-
tures. Thus, it is clear there is an urgent need to develop 
approaches to effectively scale the manufacture of pro-
regenerative vesicles for bone regeneration.

Bioreactor platforms have been commonly utilised 
for the large-scale production of clinical-grade cells for 
therapeutic applications [167, 168]. As EVs are prod-
ucts of cells, recently researchers have investigated the 
use of these systems to facilitate the scalable manufac-
ture of EVs (Fig.  4). Bioreactor systems allow for better 
control of environmental parameters such as oxygen, 
carbon dioxide, temperature, pH levels and nutrient/
waste transport that together contributes to enhanced 
reproducibility and physiological recapitulation when 
compared to 2D flask culture [169]. Several studies have 
described the use of different bioreactor systems for EV 
scale up. For example, de Almeida Fuzeta et al. reported 
that MSCs cultured within a Vertical-Wheel™ bioreactor 
exhibited a 5.7-fold increase in EV quantity when com-
pared to MSCs cultured on tissue culture plastic [154]. 
Similarly, Yan and Wu showed a 7.5-fold increase in EV 
yield when MSCs were cultured within a hollow-fibre 
bioreactor compared to conventional 2D culture [170]. 
As with the use of an appropriate cell source and culture 
medium, it is important to determine whether harnessing 
bioreactor platforms will adversely affect the therapeu-
tic efficacy of EVs when generated at scale. Gobin et al. 
investigated the impact of hollow-fibre bioreactor culture 
on modulating the biological functionality of MSCs and 
their EVs [171]. The findings showed that bioreactor-
cultured MSCs retained their expression of MSC markers 
and trilineage mesoderm differentiation capacity. More-
over, EVs derived from these bioreactor-cultured MSCs 
exhibited immune-regulatory constituents, indicating 
the suitability of this system for the scalable manufac-
ture of therapeutic EVs. Although, there is growing evi-
dence demonstrating the clear advantages of harnessing 
bioreactor systems for the scalable manufacture of EVs, 
there is currently no consensus on the type of bioreactors 
to use in the field. Stirred and hollow-fibre bioreactor 
systems have been the most utilised to date [155, 172]. 
A key advantage of the stirred systems is the capability 
to introduce microcarriers, allowing for greater control 
of cell numbers during the manufacture process and 
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providing an additional degree of biophysical/chemical 
stimulation to modify cell/EV phenotype. However, the 
use of microcarrier-based bioreactor systems often result 
in large quantities of condition media, which requires 
extensive downstream processing for EV isolation/puri-
fication. A key benefit of hollow-fibre bioreactors is they 
allow for the retention of the EV product within the cul-
ture compartment, resulting is a more concentrated con-
dition media, facilitating downstream processing [173]. 
A limitation of using these perfusion-based systems, as 
with most scale out approaches, are the restraints regard-
ing cell number, where additional systems in parallel will 
be required to scale EV manufacture [172]. A critical dif-
ference between the stirred and hollow-fibre bioreactor 
systems is that there is shear stress applied to the cells 
in the stirred systems, whilst the hollow-fibre bioreac-
tors eliminates this biomechanical stress. The use of this 
physiological parameter will be highly dependent on the 
cell type utilised and the EV product.

Microcarriers have been extensively employed for the 
manufacture of clinical-grade cells in conjugation with 
bioreactors systems [174, 175]. Due to their extensive use 
in cell manufacture, increasing studies have harnessed 
microcarrier-based bioreactor systems for EV produc-
tion, with promising results observed [154, 176]. Three 
classes of microcarriers are commonly used for cell 
manufacturing, which are non-porous, microporous and 
macroporous in structure. The increased surface area of 
macroporous microcarriers directly resulted in higher 
cell yields in large scale cultures [177, 178]. In addition 
to the microcarrier structure, their underlying material is 
a crucial factor influencing cell behaviour. Microcarriers 
derived from synthetic sources (i.e. polystyrene, plastic, 
glass) can be manufactured in a reproducible manner 
and showed good mechanical properties, however, they 
often lack biological cues to facilitate cell adhesion and 
control cell function [179, 180]. Microcarriers derived 
from natural sources (i.e. gelatine, cellulose, agarose) 
are highly biocompatible and facilitate cell adhesion, but 
may suffer from batch and lot variability, whilst hinder-
ing clinical translation if derived from animal products. 
With increasing utilisation of additive manufacturing 
in regenerative medicine, fabricated microcarriers with 
increase controlled on the physical and chemical proper-
ties provides tremendous opportunity to tailor EV prod-
ucts during the scale up process [147, 181]. Thus, both 
the physical, chemical and manufacturing parameters of 
these microcarriers will be critical considerations for the 
scalable production of vesicle-based products for bone 
repair. Due to the additional biophysical/chemical cues 
microcarrier-based bioreactors systems provides when 
compared to 2D flask culture, it is critical to validate the 
transition of bioengineering approaches developed in 2D 
to 3D systems, to ensure the EV-based products retain 

their therapeutic potency during scalable manufacture. 
Additionally, it is important to determine if there are any 
degradation products from the microcarriers as this will 
affect downstream purification of these vesicles [155].

Thus, it is critical to assess the impact of the entire EV 
supply chain on the scalable and reproducible produc-
tion of clinically effective vesicles for bone augmentation 
strategies.

Therapeutic administration of pro-regenerative 
EVs for bone repair
Systemic delivery
The demonstration of EVs pro-osteogenic capacity in 
vitro has led researchers to investigate their potential use 
for the treatment of systematic skeletal diseases such as 
OP. Although EV administration via intravenous injec-
tion for the treatment of OP has shown promise [160], 
the nanoparticles rapid clearance from systemic circula-
tion hinders its therapeutic efficacy [182–184]. Moreover, 
natural unmodified EVs often exhibit insufficient tropism 
to the tissue of interest [185], hindering the desired ther-
apeutic response of these nanoparticles. Thus, there have 
been extensive investigations to enhance the targeting 
capacity of systemically administered vesicles to bone tis-
sues via surface modifications (Fig. 5).

Anti-resorptive drugs
One approach exploits the affinity of anti-resorptive 
drugs to bind to the mineral phase of bone tissue (Fig. 5). 
For instance, Wang et al. engineered a bone targeting EV 
by functionalising the bisphosphonate - alendronate on 
the surfaces of vesicles derived from murine MSCs [166]. 
In vitro these Ale-EVs exhibited high affinity to hydroxy-
apatite. When administered to OVX rats, Ale-EVs dis-
played enhanced accumulation in bone tissue when 
compared to the unmodified EVs. Moreover, Ale-EV 
treatment enhanced bone formation within OVX mice 
compared to groups treated with EVs and alendronate 
alone.

Bone-targeting peptides
In recent years, peptides have attracted increasing atten-
tion as targeting ligands due to their low immunogenicity, 
low cost and high specificity [186]. Cui et al. explored the 
use of bone-targeting peptides to improve the therapeu-
tic efficacy of EVs secreted by MSC derived from IPSCs 
to treat OP (Fig. 5) [187]. The siRNA of Shn3 was loaded 
into EVs via electroporation, then conjugated with the 
peptide SDSSD (Ser, Asp, Ser, Ser, Asp) through a diacyl-
lipid insertion method. This bone-targeting peptide binds 
to periostin, a protein expressed specifically on the sur-
face of osteoblasts [188]. The engineered vesicle delivered 
the siRNA specifically to osteoblasts, inhibiting Shn3 
expression and promoting osteogenic differentiation. 
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Moreover, the modified EVs exhibited enhanced accu-
mulation within mice bone tissue when compared to 
unmodified EV treatment. Importantly, the peptide-con-
jugated EVs significantly prevented OVX-induced bone 
loss in mice.

Aptamers
Several studies have investigated the use of aptamers, 
single-stranded RNA or DNA that are capable of folding 
into 3D structures and exhibit high affinity to specific tar-
gets [189, 190]. As such, aptamers are emerging as novel 
ligands to facilitate the targeting of pro-osteogenic EVs to 
appropriate tissues of interest (Fig. 5). For example, Luo 
et al. conjugated an MSC-specific aptamer to the surface 
of EVs derived from MSCs [191]. The authors showed 
that following intravenous injection in mice, the aptamer-
conjugated EVs exhibited enhanced accumulation within 
the long bones when compared to unmodified EVs. 
Moreover, intravenous injection of aptamer-function-
alised EVs enhanced bone mass in OVX mice and pro-
moted bone healing in a femur fracture mouse model.

Although, there have been increasing investigations 
using vesicles for the repair of systematic skeletal diseases 
such as OP [166, 192], there is tremendous variation in 
the frequency of treatment utilised in the field [193]. 
Thus, it is critical to determine the efficacy of different 
EV treatment doses and frequency to provide increased 
pre-clinical evidence to support onward translation for 
specific bone injury/disease indication.

Local delivery
For the repair of critical-sized bone defects, it is expected 
that a large quantity of EVs will be required to facili-
tate effective tissue regeneration. Due to issues with the 
administration of EVs via systemic routes and the man-
ufacture of vesicles at large quantities, researchers have 
investigated locally delivering these vesicles directly 
into the bone defect in conjunction with an appropri-
ate biomaterial [194–196]. This approach allows for the 
mechanical reinforcement of the bone defect, in addi-
tion to delivering a concentrated dose of pro-regenerative 
EVs to maximise their bioavailability and regenerative 
capacity. Moreover, locally delivering vesicles minimises 
potential off targets effects such as inducing ectopic bone 
formation.

As EVs exhibit a plethora of different physiochemi-
cal properties [197, 198], this provides researchers with 
numerous different approaches to enhance the bioavail-
ability of these nanoparticles through interactions with 
different biomaterial systems (Fig. 6).

Physical entrapment
The porosity of a biomaterial influences several factors 
such as cellular infiltration, proliferation, differentiation 
and nutrient/waste transport [199, 200]. Additionally, 
the biomaterials porosity and its associated degradation 
rate are important parameters impacting the release rate 
of encapsulated bioactive factors [201, 202]. Several stud-
ies have harnessed the capacity to physically immobilise 

Fig. 5 Schematic representation of surface modification strategies to promote the bone targeting efficacy of EVs for the treatment of systemic bone 
disorders. Surface modification approaches include the use of anti-resorptive drugs, conjugating bone-targeting peptides and functionalisation with 
aptamers
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EVs within biomaterial systems as a method to facilitate 
the delivery and sustained release of EVs (Fig.  6). Born 
et al. investigated the influence of photo-crosslinker 
concentration on the release kinetics of MSC-EVs from 
gelatin methacryloyl (GelMA) hydrogel [203]. The find-
ings showed that using a higher crosslinker concentration 
resulted in a hydrogel with a smaller average pore size. 
Moreover, EV release kinetics from these constructs were 
significantly reduced when compared to more porous 
gels, likely due to the influence of macromer concentra-
tion on GelMA porosity and degradation kinetics.

Although this approach has shown promise, biomateri-
als with rapid degradation rates may have a detrimental 
impact on the stabilisation of the defect, a critical aspect 
for the repair of load-bearing tissues [204, 205]. More-
over, the biomaterial porosity and effects on construct 
biomechanics are known to be essential physiological 
cues to promote bone formation [206, 207]. Therefore, it 
is important to fully investigate the impact of physically 
immobilising EVs within biomaterials on key biomechan-
ical processes involved in bone fracture healing.

Electrostatic interactions
Another approach to modulate the release of EVs from 
biomaterials is electrostatic interactions. Studies have 
reported that vesicles exhibit an overall negative sur-
face charge, thus harnessing biomaterials that possess 
positively charged groups provides an approach for EV 
immobilisation [208]. For example, studies have har-
nessed the positively charged polymer chitosan as an 

approach to deliver EVs for different regenerative appli-
cations [145, 209].

The synthetic nanosilicate Laponite (LAP) has been 
reported to exhibit a broad affinity to bioactive mole-
cules due to their positive rim charge and negative sur-
face charge [210, 211]. Moreover, these nanoclay particles 
have been shown to promote bone formation due to the 
osteoinductive potency of their degradation products 
[211, 212]. Recently, researchers have investigated har-
nessing LAP to control the release of epigenetically-acti-
vated osteoblast-derived EVs from a GelMA hydrogel for 
bone repair (Fig. 6) [213]. The authors showed that LAP 
significantly enhanced the retention of osteoblast-derived 
EVs within the hydrogel in a dose-dependent fashion. The 
GelMA-LAP composite combined with the epigeneti-
cally-activated EVs was found to significantly promote 
the recruitment and mineralisation of human bMSCs.

ECM-inspired biomaterials
EVs have been reported to bind to native extracellular 
components found within the bone matrix, thus provid-
ing a biomimetic platform to facilitate the local delivery 
of pro-regenerative vesicles for bone regeneration (Fig. 6) 
[146, 214]. For example, Narayanan et al. demonstrated 
that EVs derived from MSCs were able to effectively bind 
to type I collagen and fibronectin, two key components 
of the bone extracellular matrix (ECM) [214]. Similarly, 
Nieuwoudt et al. described the functionalisation of 
electrospun polycaprolactone scaffolds with ECM pro-
teins collagen and fibronectin to enhance mechanically 

Fig. 6 Overview of EV-biomaterial functionalisation strategies to improve the local retention and control delivery of pro-regenerative EVs targeted 
for bone fracture repair. EV functionalisation strategies include physical entrapment, electrostatic immobilisation and interaction with ECM-mimetic 
components
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stimulated osteocyte-derived EV binding [146]. The 
findings showed that both collagen type I and fibronec-
tin scaffold coating significantly improved EV reten-
tion within the construct. Moreover, EV-functionalised 
collagen-coated scaffolds substantially improved human 
bMSCs mineralisation when compared to collagen-
coated and uncoated constructs [215].

In a similar approach, researchers have developed an 
injectable ECM-mimetic hydrogel utilising chitosan and 
collagen to facilitate EV controlled release for bone repair 
[145]. Chitosan was selected due to its polysaccharide 
unit structurally resembling glycosaminoglycans, a key 
component of the bone matrix [216]. Moreover, due to 
chitosan’s positive charge [217], this allows for the elec-
trostatic interaction with the negative surface of EVs. 
Collagen has been reported to bind to EVs via integrins 
and annexin proteins found on the nanoparticles surface 
[218, 219]. The findings showed collagen type I and chi-
tosan incorporation differentially impacted cellular pro-
liferation and osteogenic differentiation of encapsulated 
cells. Importantly, EV release kinetics from the compos-
ite hydrogel could be tailored by altering the proportion 
of collagen and chitosan. EVs released from the ECM-
mimetic hydrogel enhanced the recruitment and miner-
alisation of bMSCs.

Future perspectives and challenges
There is a growing body of evidence highlighting EVs as a 
promising acellular but biological approach for the treat-
ment of bone disorders. Although these nanoparticles 
have shown their potential, from reviewing the current 
state of the literature, it is clear there are several chal-
lenges hindering the clinical translation of vesicles for 
bone repair (Fig. 7).

To facilitate the translation of pro-regenerative vesicles 
to the clinic, it is essential to elucidate EV composition 
to determine the “active drug substance(s)” involved 
in mediating the vesicles’ biological activity. Although 
increasing efforts in recent years have employed multi-
omic approaches to identify key bioactive factors (i.e. lip-
ids, proteins, metabolites, nucleic acids etc.), the majority 
of research has procured EVs from cells cultured on 2D 
tissue culture plastic, a highly artificial environment [125, 
220]. Researchers have shown that EVs derived from can-
cer cells cultured in a 3D environment exhibited a 96% 
RNA similarity to natively-derived EVs, compared to 80% 
similarity to EVs from 2D culture [221]. Thus, harness-
ing biomimetic in vitro systems would result in the pro-
curement of EVs that exhibit an in vivo-like composition, 
allow for a more accurate identification of their “active 
drug substance(s)” and mechanisms of action. This will 
also facilitate the development of critical quality assur-
ance markers to ensure lot-to-lot consistency of manu-
factured EVs.

As EVs have been shown to consist of multiple different 
biological constituents, they may be able to effect bone 
regeneration through several pathways, overcoming one 
of the limitations of current clinically available growth 
factors [222]. Furthermore, due to the synergistic role 
of EVs in modulating processes such as cell recruitment, 
immunomodulation, angiogenesis and osteogenesis in 
bone healing [223], it is critical to elucidate the biological 
function of pro-regenerative EVs in each of these critical 
physiological pathways. Thus, due to the multi-functional 
role of EVs on bone remodelling, it is recommended that 
combinatorial potency assays should be employed.

To date, there is no consensus on a standardised 
approach to manufacture pro-regenerative EVs at scale. 
As it is expected that a large quantity of EVs will be 

Fig. 7 Key challenges in the EV supply chain hindering the translation of clinically-viable EV-based products targeted for bone regeneration
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required for the treatment of bone disorders, the use of 
bioreactor systems for EV manufacture is a logical step 
toward translation. As the scalable manufacture employ-
ing bioreactor systems is cost intensive, it is critical to 
use GMP-compatible materials and processes early in 
research and development to facilitate the translation 
of EV-based products. Moreover, it is key to confirm 
whether the transition to scalable manufacture adversely 
impacts the therapeutic potency of EVs when produced 
at large quantities. This transition to large scale produc-
tion will ultimately be beneficial to the sustainable man-
ufacture of these pro-regenerative vesicles. An in-depth 
overview of critical challenges facing the broader EV field 
for the large scale production of EVs can be found in the 
“massivEVs” ISEV report [224]. In addition to the scal-
able manufacture of EVs targeted for bone repair, another 
critical challenge is the influence of different isolation 
and purification procedures on the clinical efficacy of the 
bioengineered EV-based therapies. Thus, it is critical to 
determine the influence of different isolation and puri-
fication approaches and the potential impurities or co-
isolates on the therapeutic efficacy of a bioengineered EV 
therapy.

As highlighted in our review, there has been extensive 
research harnessing novel bioengineering strategies to 
promote the therapeutic efficacy of EVs for the treatment 
of bone disorders. Although their promise has been dem-
onstrated, it is critical to ensure the robustness, repro-
ducibility and scalability of these approaches in order to 
facilitate the translation of these smart nanoscale thera-
peutics to the clinic.

In addition to the scalable manufacture of these 
nanoparticles, there is currently a lack of standardised 
quality assured functional assays to ensure appropri-
ate batch and lot consistency. It is important to develop 
GMP appropriate functional in vitro assays that offer 
enhanced reproducibility, high-quality quantification 
and avoids confounding biological processes. The Mini-
mal Information for Studies of Extracellular Vesicles 
from The International Society for Extracellular Vesicles 
provides guidelines for EV manufacture [225], however, 
these are often too generalised for the production of EVs 
targeted at a specific clinical application. Moreover, it is 
crucial to assess the safety and efficacy of manufactured 
pro-regenerative EVs in vivo within appropriate models 
of bone disease. Depending on the vesicle’s specific clini-
cal inclination, it is important to evaluate the effects of 
different dosages and administration frequency to pro-
vide increased pre-clinical evidence to support onward 
translation. Additionally, it is expected that EV products 
will exhibit differential regenerative capacity in models of 
impaired healing (i.e. osteoporotic/aged models) when 
compared to defects in healthy subjects, thus, it is crucial 

to effectively define the target clinical use for a specific 
EV based product.

There has been increasing research investigating the 
local delivery of EVs within biomaterials systems, to 
enhance their bioavailability and maximise their thera-
peutic response. Although promising results have been 
observed, it is crucial to determine the impact of the 
biomaterial on facilitating EV-induced bone formation 
following administration. Moreover, optimisation of the 
vesicles dosing regimen in vivo is critical to maximise 
the nanoparticles therapeutic response, in addition to 
informing appropriate manufacturing batch require-
ments for certain clinical inclinations.

Finally, the standardisation of storage methods is a 
critical step towards the translation of EVs [226]. Thus, 
it is important to systematically investigate the influence 
of different storage parameters (i.e. temperature, storage 
solution, pH, time etc.) on the therapeutic potency of EVs 
clinically.

Conclusion
While great developments have been made in elucidating 
the role of EVs in regulating bone remodelling, there are 
still several unmet challenges hindering the translation 
of clinically-viable vesicles for bone regeneration. This 
has propelled intensive investigations into novel bioengi-
neering approaches to improve EVs’ therapeutic efficacy 
for bone repair. In this review, we highlight strategies 
harnessing biochemical/biophysical stimulation, GMP-
compatible scalable production and maximising in vivo 
efficacy. We trust that continued progress in these areas 
will streamline the transition of promising bench-side 
results to clinically-viable smart nanoscale therapies for 
the effective treatment of bone disorders.

Acknowledgements
Figures were created with BioRender.com.

Author Contributions
K.M. conceptualisation; K.M. wrote the original article; N.M.E., D.A.H. and S.C.C. 
contributed with critical revisions and editing. All authors have read and 
agreed to the published version of the manuscript.

Funding
The authors acknowledge funding from the EPSRC (EP/S016589/1) and 
Science Foundation Ireland (SFI) Frontiers for the Future Project Grant (19/
FFP/6533).

Data Availability
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.



Page 18 of 22Man et al. Journal of Nanobiotechnology          (2023) 21:137 

Conflicts of Interest
The authors declare no conflict of interest.

Author details
1School of Chemical Engineering, University of Birmingham,  
Birmingham B15 2TT, UK
2Research and Clinical Innovation, Royal Centre for Defence Medicine, ICT 
Centre, Vincent Drive, Birmingham B15 2SQ, UK
3Institute of Translational Medicine, University of Birmingham, Heritage 
Building, Mindelsohn Way, Birmingham B15 2TH, UK
4Trinity Centre for Biomedical Engineering, Trinity Biomedical Sciences 
Institute, Trinity College, Dublin D02 R590, Ireland
5Dept. of Mechanical, Manufacturing, and Biomedical Engineering, School 
of Engineering, Trinity College, Dublin 2, D02 DK07 Dublin, Ireland
6Advanced Materials and Bioengineering Research Centre, Trinity College 
Dublin & RCSI, Dublin 2, D02 VN51 Dublin, Ireland

Received: 12 January 2023 / Accepted: 13 April 2023

References
1. Loi F, et al. Inflammation, fracture and bone repair. Bone. 2016;86:119–30.
2. Demontiero O, Vidal C, Duque G. Aging and bone loss: new insights for the 

clinician. Ther Adv Musculoskelet Dis. 2012;4(2):61–76.
3. United States Bone and Joint Initiative, The Burden of Musculoskeletal Dis-

eases in the United States (BMUS). Third Edition., 2014. Rosemont, IL, 2014.
4. Calori GM, et al. The use of bone-graft substitutes in large bone defects: any 

specific needs? Injury-International J Care Injured. 2011;42:S56–S63.
5. Djouad F, et al. Mesenchymal stem cells: New Insights into bone regenerative 

applications. J Biomaterials Tissue Eng. 2012;2(1):14–28.
6. Gresham RCH, Bahney CS, Leach JK. Growth factor delivery using extracel-

lular matrix-mimicking substrates for musculoskeletal tissue engineering and 
repair. Bioact Mater. 2021;6(7):1945–56.

7. James AW, et al. A review of the Clinical Side Effects of Bone morphogenetic 
Protein-2. Tissue Eng Part B Rev. 2016;22(4):284–97.

8. Epstein NE. Complications due to the use of BMP/INFUSE in spine surgery: 
the evidence continues to mount. Surg Neurol Int. 2013;4(Suppl 5):S343–52.

9. Daneshmandi L, et al. Emergence of the Stem Cell Secretome in Regenera-
tive Engineering. Trends Biotechnol. 2020;38(12):1373–84.

10. Kim HO, Choi SM, Kim HS. Mesenchymal stem cell-derived secretome and 
microvesicles as a cell-free therapeutics for neurodegenerative Disorders. 
Tissue Eng Regenerative Med. 2013;10(3):93–101.

11. Yanez-Mo M et al. Biological properties of extracellular vesicles and their physi-
ological functions. J Extracell Vesicles, 2015. 4.

12. Nawaz M et al. Extracellular Vesicles: Evolving Factors in Stem Cell Biology Stem 
Cells Int, 2016. 2016: p. 1073140.

13. Man K et al. Engineered Extracellular Vesicles: Tailored-Made Nanomaterials for 
Medical Applications. Nanomaterials, 2020. 10(9).

14. Raposo G, Stoorvogel W. Extracellular vesicles: Exosomes, microvesicles, and 
friends. J Cell Biol. 2013;200(4):373–83.

15. Colombo M, Raposo G, Thery C. Biogenesis, secretion, and intercellular inter-
actions of exosomes and other extracellular vesicles. Annu Rev Cell Dev Biol. 
2014;30:255–89.

16. Zaborowski MP, et al. Extracellular vesicles: composition, Biological relevance, 
and methods of study. Bioscience. 2015;65(8):783–97.

17. Doyle LM, Wang MZ. Overview of Extracellular Vesicles, Their Origin, Composi-
tion, Purpose, and Methods for Exosome Isolation and Analysis. Cells, 2019. 8(7).

18. Antimisiaris SG, Mourtas S, Marazioti A. Exosomes and Exosome-Inspired 
Vesicles for Targeted Drug Delivery. Pharmaceutics, 2018. 10(4).

19. Kakarla R, et al. Apoptotic cell-derived exosomes: messages from dying cells. 
Exp Mol Med. 2020;52(1):1–6.

20. Gnecchi M, et al. Paracrine action accounts for marked protection of ischemic 
heart by akt-modified mesenchymal stem cells. Nat Med. 2005;11(4):367–8.

21. Rani S, et al. Mesenchymal stem cell-derived Extracellular vesicles: toward 
cell-free therapeutic applications. Mol Ther. 2015;23(5):812–23.

22. Lotvall J, et al. Minimal experimental requirements for definition of extracel-
lular vesicles and their functions: a position statement from the International 
Society for Extracellular vesicles. J Extracell Vesicles. 2014;3:26913.

23. Robbins PD, Morelli AE. Regulation of immune responses by extracellular 
vesicles. Nat Rev Immunol. 2014;14(3):195–208.

24. Armstrong JPK, Holme MN, Stevens MM. Re-Engineering Extracell Vesicles as 
Smart Nanoscale Ther Acs Nano. 2017;11(1):69–83.

25. Nakamura Y, et al. Mesenchymal-stem-cell-derived exosomes accelerate 
skeletal muscle regeneration. FEBS Lett. 2015;589(11):1257–65.

26. Gao M, et al. Exosomes-the enigmatic regulators of bone homeostasis. Bone 
Res. 2018;6:36.

27. Tao SC, Guo SC. Extracellular vesicles in bone: “dogrobbers” in the “eternal battle 
field”. Cell Communication and Signaling, 2019. 17.

28. Ferreira E, Porter RM. Harnessing extracellular vesicles to direct endochondral 
repair of large bone defects. Bone Joint Res. 2018;7(4):263–73.

29. Ansari S et al. Matrix Vesicles: Role in Bone Mineralization and Potential Use as 
Therapeutics. Pharmaceuticals, 2021. 14(4).

30. Jia YC, et al. Exosomes secreted by endothelial progenitor cells accelerate 
bone regeneration during distraction osteogenesis by stimulating angiogen-
esis. Stem Cell Research & Therapy; 2019. p. 10.

31. Zhai MM et al. Human Mesenchymal Stem Cell Derived Exosomes Enhance 
Cell-Free Bone Regeneration by Altering Their miRNAs Profiles Advanced Science, 
2020. 7(19).

32. Izadpanah R, et al. Long-term in vitro expansion alters the biology of adult 
mesenchymal stem cells. Cancer Res. 2008;68(11):4229–38.

33. Heathman TR, et al. The translation of cell-based therapies: clinical landscape 
and manufacturing challenges. Regen Med. 2015;10(1):49–64.

34. Hourd P et al. Regulatory challenges for the manufacture and scale-out of 
autologous cell therapies, in StemBook. 2008: Cambridge (MA).

35. Al-Bari AA, Mamun AA. Current advances in regulation of bone homeostasis. 
Faseb Bioadvances. 2020;2(11):668–79.

36. Zhu SP, et al. Endothelial cells produce angiocrine factors to regulate bone 
and cartilage via versatile mechanisms. Theranostics. 2020;10(13):5957–65.

37. Marion NW, Mao JJ. Mesenchymal stem cells and tissue engineering. Meth-
ods Enzymol. 2006;420:339–61.

38. Oryan A, et al. Role of mesenchymal stem cells in bone regenerative medi-
cine: what is the evidence? Cells Tissues Organs. 2017;204(2):59–83.

39. Fakhry M, et al. Molecular mechanisms of mesenchymal stem cell differentia-
tion towards osteoblasts. World J Stem Cells. 2013;5(4):136–48.

40. Patel DM, Shah J, Srivastava AS. Therapeutic potential of mesenchymal stem 
cells in regenerative medicine Stem Cells Int, 2013. 2013: p. 496218.

41. Regmi S, et al. Mesenchymal stem cell therapy for the treatment of inflamma-
tory diseases: Challenges, opportunities, and future perspectives. Eur J Cell 
Biol. 2019;98:5–8.

42. Drela K et al. Experimental Strategies of Mesenchymal Stem Cell Propagation: 
Adverse Events and Potential Risk of Functional Changes Stem Cells Int, 2019. 
2019: p. 7012692.

43. Ide C, et al. Bone marrow stromal cell transplantation for treatment of sub-
acute spinal cord injury in the rat. Brain Res. 2010;1332:32–47.

44. Galderisi U, Giordano A. The gap between the physiological and therapeutic 
roles of mesenchymal stem cells. Med Res Rev. 2014;34(5):1100–26.

45. Toh WS, et al. MSC exosome as a cell-free MSC therapy for cartilage 
regeneration: implications for osteoarthritis treatment. Semin Cell Dev Biol. 
2017;67:56–64.

46. Fatima F, et al. Non-coding RNAs in mesenchymal stem cell-derived extracel-
lular vesicles: deciphering Regulatory Roles in Stem Cell Potency, Inflamma-
tory Resolve, and tissue regeneration. Front Genet. 2017;8:161.

47. Hu HF, et al. Role of microRNA-335 carried by bone marrow mesenchymal 
stem cells-derived extracellular vesicles in bone fracture recovery. Volume 12. 
Cell Death & Disease; 2021. 2.

48. Hu Y, et al. Extracellular vesicles from human umbilical cord blood ameliorate 
bone loss in senile osteoporotic mice. Metabolism. 2019;95:93–101.

49. Jiang YK et al. Bone Marrow Mesenchymal Stem Cell-Derived Exosomal miR-25 
Regulates the Ubiquitination and Degradation of Runx2 by SMURF1 to Promote 
Fracture Healing in Mice. Front Med, 2020. 7.

50. Lu GD et al. BMSC-Derived Exosomal miR-29a Promotes Angiogenesis and 
Osteogenesis. Front Cell Dev Biology, 2020. 8.

51. Cheng PZ, et al. Nidogen1-enriched extracellular vesicles accelerate 
angiogenesis and bone regeneration by targeting Myosin-10 to regulate 
endothelial cell adhesion. Bioactive Mater. 2022;12:185–97.

52. Nakao Y, et al. Exosomes from TNF-alpha-treated human gingiva-derived 
MSCs enhance M2 macrophage polarization and inhibit periodontal bone 
loss. Acta Biomater. 2021;122:306–24.



Page 19 of 22Man et al. Journal of Nanobiotechnology          (2023) 21:137 

53. Wei F, et al. Immunoregulatory role of exosomes derived from differentiating 
mesenchymal stromal cells on inflammation and osteogenesis. J Tissue Eng 
Regen Med. 2019;13(11):1978–91.

54. Shen CY, et al. Comparison of osteogenic differentiation capacity in mesen-
chymal stem cells derived from human amniotic membrane (AM), umbilical 
cord (UC), chorionic membrane (CM), and decidua (DC). Cell and Bioscience; 
2019. p. 9.

55. Aboushady IM, et al. Comparative study of the osteogenic potential of 
mesenchymal stem cells derived from different sources. J Clin Exp Dent. 
2018;10(1):e7–e13.

56. Wang ZG et al. Comprehensive proteomic analysis of exosomes derived from 
human bone marrow, adipose tissue, and umbilical cord mesenchymal stem 
cells. Stem Cell Res Ther, 2020. 11(1).

57. Manolagas SC, Parfitt AM. What old means to bone. Trends in Endocrinology 
and Metabolism. 2010;21(6):369–74.

58. Zhou S, et al. Age-related intrinsic changes in human bone-marrow-derived 
mesenchymal stem cells and their differentiation to osteoblasts. Aging Cell. 
2008;7(3):335–43.

59. Carvalho MS et al. Impact of Donor Age on the Osteogenic Supportive Capacity 
of Mesenchymal Stromal Cell-Derived Extracellular Matrix. Front Cell Dev Biol-
ogy, 2021. 9.

60. Sethe S, Scutt A, Stolzing A. Aging of mesenchymal stem cells. Ageing Res 
Rev. 2006;5(1):91–116.

61. Xu T et al. Exosomal miRNA-128-3p from mesenchymal stem cells of aged rats 
regulates osteogenesis and bone fracture healing by targeting Smad5. J Nano-
biotechnol, 2020. 18(1).

62. Long F. Building strong bones: molecular regulation of the osteoblast lineage. 
Nat Rev Mol Cell Biol. 2011;13(1):27–38.

63. Rutkovskiy A, Stenslokken KO, Vaage IJ. Osteoblast differentiation at a glance. 
Med Sci Monit Basic Res. 2016;22:95–106.

64. Cui YZ, et al. Exosomes derived from mineralizing osteoblasts promote ST2 
cell osteogenic differentiation by alteration of microRNA expression. FEBS 
Lett. 2016;590(1):185–92.

65. Ge M, et al. Value of osteoblast-derived Exosomes in Bone Diseases. J Cranio-
fac Surg. 2017;28(4):866–70.

66. Ge M, et al. Identification and proteomic analysis of osteoblast-derived 
exosomes. Biochem Biophys Res Commun. 2015;467(1):27–32.

67. Uenaka M et al. Osteoblast-derived vesicles induce a switch from bone-forma-
tion to bone-resorption in vivo. Nat Commun, 2022. 13(1).

68. Kobayashi-Sun J et al. Uptake of osteoblast-derived extracellular vesicles pro-
motes the differentiation of osteoclasts in the zebrafish scale. Commun Biology, 
2020. 3(1).

69. Deng LL, et al. Osteoblast-derived microvesicles: a novel mechanism for com-
munication between osteoblasts and osteoclasts. Bone. 2015;79:37–42.

70. Tang H et al. Exosomal MMP2 derived from mature osteoblasts promotes angio-
genesis of endothelial cells via VEGF/Erk1/2 signaling pathway. Exp Cell Res, 
2019. 383(2).

71. Kodama J, Kaito T. Osteoclast Multinucleation: Review of Current Literature. Int J 
Mol Sci, 2020. 21(16).

72. Novack DV, Teitelbaum SL. The osteoclast: friend or foe? Annual Rev 
Pathology-Mechanisms Disease. 2008;3:457–84.

73. Chen C, et al. Biological characteristics of Osteoclast Exosomes and their role 
in the osteogenic differentiation of somatic cells prior to Osteogenesis. J Biol 
Regul Homeost Agents. 2018;32(4):815–23.

74. Yang JX et al. Osteoclast-derived miR-23a-5p-containing exosomes inhibit 
osteogenic differentiation by regulating Runx2 Cellular Signalling, 2020. 70.

75. Li DF et al. Osteoclast-derived exosomal miR-214-3p inhibits osteoblastic bone 
formation. Nat Commun, 2016. 7.

76. Huynh N, et al. Characterization of Regulatory Extracellular vesicles from 
osteoclasts. J Dent Res. 2016;95(6):673–9.

77. Bonewald LF. Osteocytes as dynamic multifunctional cells. Volume 1116. 
Skeletal Biology and Medicine, Pt A,; 2007. pp. 281–90.

78. Eichholz KF, et al. Human bone marrow stem/stromal cell osteogenesis is 
regulated via mechanically activated osteocyte-derived extracellular vesicles. 
Stem Cells Translational Medicine. 2020;9(11):1431–47.

79. Lv PY et al. Osteocyte-derived exosomes induced by mechanical strain promote 
human periodontal ligament stem cell proliferation and osteogenic differentia-
tion via the miR-181b-5p/PTEN/AKT signaling pathway. Stem Cell Res Ther, 
2020. 11(1).

80. Qin Y, et al. Myostatin inhibits osteoblastic differentiation by suppressing 
osteocyte-derived exosomal microRNA-218: a novel mechanism in muscle-
bone communication. J Biol Chem. 2017;292(26):11021–33.

81. Hankenson KD, et al. Angiogenesis in bone regeneration. Injury-International 
J Care Injured. 2011;42(6):556–61.

82. Dickson K et al. Delayed unions and nonunions of open tibial fractures. Correla-
tion with arteriography results. Clin Orthop Relat Res, 1994(302): p. 189–93.

83. Song H, et al. Reversal of osteoporotic activity by endothelial cell-secreted 
bone targeting and biocompatible exosomes. Nano Lett. 2019;19(5):3040–8.

84. Zhang G, et al. Experimental study on improvement of osteonecrosis 
of femoral head with exosomes derived from miR-27a-overexpressing 
vascular endothelial cells. Zhongguo Xiu Fu Chong Jian Wai Ke Za Zhi. 
2021;35(3):356–65.

85. Schlundt C, et al. The multifaceted roles of macrophages in bone regen-
eration: a story of polarization, activation and time. Acta Biomater. 
2021;133:46–57.

86. Munoz J et al. Macrophage Polarization and Osteoporosis: A Review. Nutrients, 
2020. 12(10).

87. Man K et al. Immunological Responses to Total Hip Arthroplasty. J Funct Bioma-
ter, 2017. 8(3).

88. Lassus J et al. Macrophage activation results in bone resorption. Clin Orthop 
Relat Res, 1998(352): p. 7–15.

89. Gong L, et al. The macrophage polarization regulates MSC osteoblast dif-
ferentiation in vitro. Ann Clin Lab Sci. 2016;46(1):65–71.

90. Zhang Y, et al. Macrophage type modulates osteogenic differentiation of 
adipose tissue MSCs. Cell Tissue Res. 2017;369(2):273–86.

91. Ekstrom K et al. Monocyte Exosomes Stimulate the Osteogenic Gene Expression 
of Mesenchymal Stem Cells. PLoS ONE, 2013. 8(9).

92. Kang MY et al. Bone regeneration is mediated by macrophage extracellular 
vesicles Bone, 2020. 141.

93. Li ZY et al. Exosomes Derived From M2 Macrophages Facilitate Osteogenesis and 
Reduce Adipogenesis of BMSCs. Front Endocrinol, 2021. 12.

94. Xiong Y et al. M2 Macrophagy-derived exosomal miRNA-5106 induces bone mes-
enchymal stem cells towards osteoblastic fate by targeting salt-inducible kinase 2 
and 3 (vol 18, 66, 2020). Journal of Nanobiotechnology, 2021. 19(1).

95. Gimona M et al. Manufacturing of Human Extracellular Vesicle-Based Therapeu-
tics for Clinical Use. Int J Mol Sci, 2017. 18(6).

96. Zhang JY, et al. Enhancing osteogenic potential of hDPSCs by resveratrol 
through reducing oxidative stress via the Sirt1/Nrf2 pathway. Pharm Biol. 
2022;60(1):501–8.

97. Teng S, et al. Influence of biomechanical and biochemical stimulation on 
the proliferation and differentiation of bone marrow stromal cells seeded on 
polyurethane scaffolds. Exp Ther Med. 2016;11(6):2086–94.

98. Davies OG et al. Annexin-enriched osteoblast-derived vesicles act as an extracel-
lular site of mineral nucleation within developing stem cell cultures. Sci Rep, 
2017. 7.

99. Li Y, et al. Mir-101-loaded exosomes secreted by bone marrow mesenchymal 
stem cells requires the FBXW7/HIF1alpha/FOXP3 axis, facilitating osteogenic 
differentiation. J Cell Physiol. 2021;236(6):4258–72.

100. Wei Y, et al. Extracellular vesicles derived from the mid-to-late stage of 
osteoblast differentiation markedly enhance osteogenesis in vitro and in vivo. 
Biochem Biophys Res Commun. 2019;514(1):252–8.

101. Kang M, et al. Extracellular vesicles from TNFalpha Preconditioned MSCs: 
Effects on Immunomodulation and Bone Regeneration. Front Immunol. 
2022;13:878194.

102. Chen S et al. Exosomes derived from miR-375-overexpressing human adipose 
mesenchymal stem cells promote bone regeneration. Cell Prolif, 2019. 52(5).

103. Huang B et al. Extracellular vesicles from GPNMB-modified bone marrow mesen-
chymal stem cells attenuate bone loss in an ovariectomized rat model. Life Sci, 
2021. 272.

104. Li H, et al. Exosomes secreted from mutant-HIF-1alpha-modified bone-mar-
row-derived mesenchymal stem cells attenuate early steroid-induced avas-
cular necrosis of femoral head in rabbit. Cell Biol Int. 2017;41(12):1379–90.

105. Huang CC, et al. Functionally engineered extracellular vesicles improve bone 
regeneration. Acta Biomater. 2020;109:182–94.

106. Hanna E et al. Advanced therapy medicinal products: current and future perspec-
tives. J Mark Access Health Policy, 2016. 4.

107. Dompe C et al. Epigenetic Research in Stem Cell Bioengineering-Anti-Cancer 
Therapy, Regenerative and Reconstructive Medicine in Human Clinical Trials. 
Cancers, 2020. 12(4).

108. van Wijnen AJ, Westendorf JJ. Epigenetics as a New Frontier in Orthopedic 
Regenerative Medicine and Oncology. J Orthop Res. 2019;37(7):1465–74.

109. Huynh NC, Everts V, Ampornaramveth RS. Histone deacetylases and their 
roles in mineralized tissue regeneration. Bone Rep. 2017;7:33–40.



Page 20 of 22Man et al. Journal of Nanobiotechnology          (2023) 21:137 

110. Collas P, Noer A, Sorensen AL. Epigenetic basis for the differentiation poten-
tial of mesenchymal and embryonic stem cells. Transfus Med Hemother. 
2008;35(3):205–15.

111. Lawlor L, Yang XBB. Harnessing the HDAC-histone deacetylase enzymes, inhibi-
tors and how these can be utilised in tissue engineering. Int J Oral Sci, 2019. 11.

112. Jonason JH, et al. Post-translational regulation of Runx2 in bone and cartilage. 
J Dent Res. 2009;88(8):693–703.

113. Paino F, et al. Histone deacetylase inhibition with valproic acid downregu-
lates osteocalcin gene expression in Human Dental Pulp Stem cells and 
osteoblasts: evidence for HDAC2 involvement. Stem Cells. 2014;32(1):279–89.

114. Man KL, Jiang L, Yang L-H. The selective histone deacetylase inhibitor MI192 
enhances the osteogenic differentiation efficacy of Human Dental Pulp 
Stromal cells. Int J Mol Sci. 2021;22(10):1–17.

115. Man K, et al. Bone tissue engineering using 3D silk scaffolds and human den-
tal pulp stromal cells epigenetic reprogrammed with the selective histone 
deacetylase inhibitor MI192. Cell Tissue Res. 2022;388(3):565–81.

116. Huynh NC, et al. Inhibition of histone deacetylases enhances the osteo-
genic differentiation of Human Periodontal Ligament cells. J Cell Biochem. 
2016;117(6):1384–95.

117. Sandona M et al. HDAC inhibitors tune miRNAs in extracellular vesicles of dystro-
phic muscle-resident mesenchymal cells. EMBO Rep, 2020. 21(9).

118. Wang C-A, et al. A novel HDAC inhibitor suppresses extracellular vesicle 
VEGF-C-mediated lymphangiogenesis and pancreatic cancer early dissemi-
nation. Research Square; 2020.

119. Man K, et al. Epigenetic reprogramming enhances the therapeutic efficacy 
of osteoblast-derived extracellular vesicles to promote human bone marrow 
stem cell osteogenic differentiation. J Extracell Vesicles. 2021;10(9):e12118.

120. Stuart JA et al. How Supraphysiological Oxygen Levels in Standard Cell Culture 
Affect Oxygen-Consuming Reactions Oxidative Medicine and Cellular Longev-
ity, 2018. 2018.

121. Yu X, et al. Cellular hypoxia promotes osteogenic differentiation of mesen-
chymal stem cells and bone defect healing via STAT3 signaling. Volume 24. 
Cellular & Molecular Biology Letters; 2019. 1.

122. Wan C, et al. Activation of the hypoxia-inducible factor-1alpha pathway 
accelerates bone regeneration. Proc Natl Acad Sci U S A. 2008;105(2):686–91.

123. Liu W, et al. Hypoxic mesenchymal stem cell-derived exosomes pro-
mote bone fracture healing by the transfer of miR-126. Acta Biomater. 
2020;103:196–212.

124. Liang B, et al. Dimethyloxaloylglycine-stimulated human bone marrow mes-
enchymal stem cell-derived exosomes enhance bone regeneration through 
angiogenesis by targeting the AKT/mTOR pathway. Volume 10. Stem Cell 
Research & Therapy; 2019. 1.

125. Abbott A. Cell culture: Biology’s new dimension. Nature. 
2003;424(6951):870–2.

126. Duval K, et al. Modeling physiological events in 2D vs. 3D cell culture. Physiol 
(Bethesda). 2017;32(4):266–77.

127. Ramirez-Vick JE. Biophysical stimulation for bone regeneration. JSM Biotech-
nol Biomed Eng. 2013;1(2):1014.

128. Stavenschi E, et al. Physiological cyclic hydrostatic pressure induces osteo-
genic lineage commitment of human bone marrow stem cells: a systematic 
study. Stem Cell Res Ther. 2018;9(1):276.

129. Stavenschi E, Labour MN, Hoey DA. Oscillatory fluid flow induces the osteo-
genic lineage commitment of mesenchymal stem cells: the effect of shear 
stress magnitude, frequency, and duration. J Biomech. 2017;55:99–106.

130. Hao ZW et al. Biophysical Stimuli as the Fourth Pillar of Bone Tissue Engineering. 
Front Cell Dev Biology, 2021. 9.

131. Kaur M, Singh K. Review on titanium and titanium based alloys as bioma-
terials for orthopaedic applications. Mater Sci Eng C-Materials Biol Appl. 
2019;102:844–62.

132. Hanawa T. Titanium-Tissue interface reaction and its control with Surface 
Treatment. Front Bioeng Biotechnol. 2019;7:170.

133. Ma L, et al. Nanotopography sequentially mediates human mesenchymal 
stem cell-derived small Extracellular vesicles for enhancing Osteogenesis. 
ACS Nano. 2022;16(1):415–30.

134. Ma L, et al. Small extracellular vesicles with nanomorphology memory pro-
mote osteogenesis. Bioact Mater. 2022;17:425–38.

135. Zhang T, et al. Mechanism of Exosomes involved in Osteoimmunity promot-
ing Osseointegration around Titanium Implants with Small-Scale Topography. 
Frontiers in Bioengineering and Biotechnology; 2021. p. 9.

136. Jin SS, et al. A biomimetic hierarchical Nanointerface orchestrates macro-
phage polarization and mesenchymal stem cell recruitment to promote 
endogenous bone regeneration. ACS Nano. 2019;13(6):6581–95.

137. Liu AQ et al. Macrophage-derived small extracellular vesicles promote biomi-
metic mineralized collagen-mediated endogenous bone regeneration. Int J Oral 
Sci, 2020. 12(1).

138. Man K et al. MI192 induced epigenetic reprogramming enhances the therapeutic 
efficacy of human bone marrows stromal cells for bone regeneration Bone, 2021: 
p. 116138.

139. Payr S et al. Direct comparison of 3D and 2D cultivation reveals higher osteogenic 
capacity of elderly osteoblasts in 3D. J Orthop Surg Res, 2021. 16(1).

140. Tian XF, et al. Comparison of osteogenesis of human embryonic stem 
cells within 2D and 3D culture systems. Scandinavian J Clin Lab Invest. 
2008;68(1):58–67.

141. Man KA, Mekhileri C, Lim NV, Jiang KS, Woodfield L-H, Yang TBF. X.B, GelMA 
Hydrogel Reinforced with 3D Printed PEGT/PBT Scaffolds for Supporting 
Epigenetically-Activated Human Bone Marrow Stromal Cells for Bone Repair. J 
Funct Biomater, 2022. 13(2).

142. Yu W et al. Higher yield and enhanced therapeutic effects of exosomes derived 
from MSCs in hydrogel-assisted 3D culture system for bone regeneration. Mater 
Sci Eng C Mater Biol Appl, 2022: p. 112646.

143. Chen FM, Liu XH. Advancing biomaterials of human origin for tissue engi-
neering. Prog Polym Sci. 2016;53:86–168.

144. Catoira MC et al. Overview of natural hydrogels for regenerative medicine appli-
cations. J Mater Science-Materials Med, 2019. 30(10).

145. Man KB, Federici MY, Hoey AS, Cox DA. S. C.;, An ECM-Mimetic Hydrogel to 
Promote the Therapeutic Efficacy of Osteoblast-Derived Extracellular Vesicles for 
Bone Regeneration Frontiers in Bioengineering and Biotechnology 2022. 10.

146. Nieuwoudt M, et al. Functionalization of Electrospun Polycaprolactone scaf-
folds with matrix-binding osteocyte-derived extracellular vesicles promotes 
osteoblastic differentiation and mineralization. Ann Biomed Eng; 2021.

147. Man K, et al. Development of a bone-mimetic 3D printed Ti6Al4V Scaffold 
to enhance osteoblast-derived extracellular vesicles’ therapeutic efficacy for 
bone regeneration. Front Bioeng Biotechnol. 2021;9:757220.

148. Eichholz KF, et al. Development of a new bone-mimetic surface treatment 
platform: Nanoneedle Hydroxyapatite (nnHA) Coating. Adv Healthc Mater. 
2020;9(24):e2001102.

149. Sun YY et al. Mechanical Stimulation on Mesenchymal Stem Cells and Surround-
ing Microenvironments in Bone Regeneration: Regulations and Applications. 
Front Cell Dev Biology, 2022. 10.

150. Wang J, et al. Mechanical stimulation orchestrates the osteogenic differentia-
tion of human bone marrow stromal cells by regulating HDAC1. Cell Death & 
Disease; 2016. p. 7.

151. Luo L et al. Hydrostatic pressure promotes chondrogenic differentiation and 
microvesicle release from human embryonic and bone marrow stem cells. 
Biotechnol J, 2021: p. e2100401.

152. Morrell AE, et al. Mechanically induced ca(2+) oscillations in osteocytes 
release extracellular vesicles and enhance bone formation. Bone Res. 
2018;6:6.

153. Yu WT et al. Three-dimensional mechanical microenvironment enhanced osteo-
genic activity of mesenchymal stem cells-derived exosomes. Chem Eng J, 2021. 
417.

154. Fuzeta MD 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 Dev Biology, 2020. 8.

155. Adlerz K et al. Strategies for scalable manufacturing and translation of MSC-
derived extracellular vesicles. Stem Cell Research, 2020. 48.

156. Hodges H, et al. Making stem cell lines suitable for transplantation. Cell 
Transplant. 2007;16(2):101–15.

157. Chen TS et al. Enabling a robust scalable manufacturing process for therapeutic 
exosomes through oncogenic immortalization of human ESC-derived MSCs. J 
Translational Med, 2011. 9.

158. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from 
mouse embryonic and adult fibroblast cultures by defined factors. Cell. 
2006;126(4):663–76.

159. Liu S, et al. Highly purified human extracellular vesicles produced by stem 
cells alleviate Aging Cellular phenotypes of senescent human cells. Stem 
Cells. 2019;37(6):779–90.

160. Qi X, et al. Exosomes secreted by Human-Induced pluripotent stem cell-
derived mesenchymal stem cells repair critical-sized bone defects through 
enhanced angiogenesis and osteogenesis in osteoporotic rats. Int J Biol Sci. 
2016;12(7):836–49.

161. Shelke GV et al. Importance of exosome depletion protocols to eliminate 
functional and RNA-containing extracellular vesicles from fetal bovine serum. J 
Extracell Vesicles, 2014. 3.



Page 21 of 22Man et al. Journal of Nanobiotechnology          (2023) 21:137 

162. Lener T et al. Applying extracellular vesicles based therapeutics in clinical trials - 
an ISEV position paper. J Extracell Vesicles, 2015. 4.

163. Gstraunthaler G, Lindl T, van der Valk J. A plea to reduce or replace fetal 
bovine serum in cell culture media. Cytotechnology. 2013;65(5):791–3.

164. Figueroa-Valdes AI et al. A Chemically Defined, Xeno- and Blood-Free Culture 
Medium Sustains Increased Production of Small Extracellular Vesicles From 
Mesenchymal Stem Cells. Front Bioeng Biotechnol, 2021. 9.

165. Scheiber AL et al. Culture Condition of Bone Marrow Stromal Cells Affects Quan-
tity and Quality of the Extracellular Vesicles. Int J Mol Sci, 2022. 23(3).

166. Wang Y, et al. Bone-targeted extracellular vesicles from mesenchymal stem 
cells for osteoporosis therapy. Int J Nanomedicine. 2020;15:7967–77.

167. Stephenson M, Grayson W. Recent advances in bioreactors for cell-based thera-
pies. F1000Res, 2018. 7.

168. Eaker S, et al. Bioreactors for cell therapies: current status and future 
advances. Cytotherapy. 2017;19(1):9–18.

169. Yeatts AB, Choquette DT, Fisher JP. Bioreactors to influence stem cell fate: 
augmentation of mesenchymal stem cell signaling pathways via dynamic 
culture systems. Biochim Biophys Acta. 2013;1830(2):2470–80.

170. Yan LT, Wu X. Exosomes produced from 3D cultures of umbilical cord mesen-
chymal stem cells in a hollow-fiber bioreactor show improved osteochondral 
regeneration activity. Cell Biol Toxicol. 2020;36(2):165–78.

171. Gobin J 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 producer cell. Stem Cell Res 
Ther, 2021. 12(1).

172. Colao IL, et al. Manufacturing Exosomes: a promising therapeutic platform. 
Trends Mol Med. 2018;24(3):242–56.

173. Wen YT, et al. Collection of in vivo-like liver cell secretome with alternative 
sample enrichment method using a hollow fiber bioreactor culture system 
combined with tangential flow filtration for secretomics analysis. Anal Chim 
Acta. 2011;684(1–2):72–9.

174. Lembong J et al. Bioreactor Parameters for Microcarrier-Based Human MSC 
Expansion under Xeno-Free Conditions in a Vertical-Wheel System. Bioeng 
(Basel), 2020. 7(3).

175. Yang J, et al. Large-scale microcarrier culture of HEK293T cells and vero cells 
in single-use bioreactors. AMB Express. 2019;9(1):70.

176. Phelps J, et al. Production of mesenchymal progenitor cell-derived extracellu-
lar vesicles in suspension bioreactors for use in articular cartilage repair. Stem 
Cells Translational Medicine. 2022;11(1):73–87.

177. Eibes G, et al. Maximizing the ex vivo expansion of human mesenchymal 
stem cells using a microcarrier-based stirred culture system. J Biotechnol. 
2010;146(4):194–7.

178. Huang L et al. Biopolymer-Based Microcarriers for Three-Dimensional Cell Culture 
and Engineered Tissue Formation. Int J Mol Sci, 2020. 21(5).

179. Koh B, et al. Three dimensional microcarrier system in mesenchymal stem cell 
culture: a systematic review. Cell Biosci. 2020;10:75.

180. Li B, et al. Past, present, and future of microcarrier-based tissue engineering. J 
Orthop Translat. 2015;3(2):51–7.

181. Liu TK et al. 3D Printing of In Vitro Hydrogel Microcarriers by Alternating Viscous-
Inertial Force Jetting. Jove-Journal of Visualized Experiments, 2021(170).

182. Wiklander OPB et al. Extracellular vesicle in vivo biodistribution is determined by 
cell source, route of administration and targeting. J Extracell Vesicles, 2015. 4.

183. Imai T et al. Macrophage-dependent clearance of systemically administered 
B16BL6-derived exosomes from the blood circulation in mice. J Extracell Vesicles, 
2015. 4.

184. Di Rocco G, Baldari S, Toietta G. Towards Therapeutic Delivery of Extracellular 
Vesicles: Strategies for In Vivo Tracking and Biodistribution Analysis Stem Cells 
International, 2016. 2016.

185. Lee JH et al. Emerging biogenesis technologies of extracellular vesicles for tissue 
regenerative therapeutics. J Tissue Eng, 2021. 12.

186. Field LD, et al. Peptides for specifically targeting nanoparticles to Cellular 
Organelles: Quo Vadis? Acc Chem Res. 2015;48(5):1380–90.

187. Cui YZ, et al. A bone-targeted engineered exosome platform delivering siRNA 
to treat osteoporosis. Bioactive Mater. 2022;10:207–21.

188. Sun Y, et al. Osteoblast-targeting-peptide modified nanoparticle for siRNA/
microRNA delivery. ACS Nano. 2016;10(6):5759–68.

189. Sun HG, Tan WH, Zu YL. Aptamers: versatile molecular recognition probes for 
cancer detection. Analyst. 2016;141(2):403–15.

190. Sun TF, et al. In situ bone regeneration with sequential delivery of aptamer 
and BMP2 from an ECM-based scaffold fabricated by cryogenic free-form 
extrusion. Bioactive Mater. 2021;6(11):4163–75.

191. Luo ZW, et al. Aptamer-functionalized exosomes from bone marrow 
stromal cells target bone to promote bone regeneration. Nanoscale. 
2019;11(43):20884–92.

192. Yang BC, et al. Human umbilical cord mesenchymal stem cell-derived 
exosomes act via the miR-1263/Mob1/Hippo signaling pathway to 
prevent apoptosis in disuse osteoporosis. Biochem Biophys Res Commun. 
2020;524(4):883–9.

193. Tan SHS, et al. Mesenchymal stem cell exosomes in bone regenerative 
strategies-a systematic review of preclinical studies. Mater Today Bio. 
2020;7:100067.

194. Yan HC et al. The Delivery of Extracellular Vesicles Loaded in Biomaterial Scaffolds 
for Bone Regeneration. Front Bioeng Biotechnol, 2020. 8.

195. Qin YH et al. Bone marrow stromal/stem cell-derived extracellular vesicles 
regulate osteoblast activity and differentiation in vitro and promote bone regen-
eration in vivo. Sci Rep, 2016. 6.

196. Diomede F, et al. Three-dimensional printed PLA scaffold and human gingival 
stem cell-derived extracellular vesicles: a new tool for bone defect repair. 
Stem Cell Res Ther. 2018;9(1):104.

197. Busatto S, et al. The nanostructured secretome. Biomater Sci. 2019;8(1):39–63.
198. Pan Z et al. Extracellular Vesicles in Tissue Engineering: Biology and Engineered 

Strategy. Adv Healthc Mater, 2022: p. e2201384.
199. Karageorgiou V, Kaplan D. Porosity of 3D biomaterial scaffolds and osteogen-

esis. Biomaterials. 2005;26(27):5474–91.
200. Ebrahimi M. Porosity parameters in biomaterial science: definition, impact, 

and challenges in tissue engineering. Front Mater Sci. 2021;15(3):352–73.
201. Braunecker J, et al. The effects of molecular weight and porosity on 

the degradation and drug release from polyglycolide. Int J Pharm. 
2004;282(1–2):19–34.

202. Liu X, et al. SDF-1 Functionalized Hydrogel Microcarriers for skin flap repair. 
ACS Biomater Sci Eng. 2022;8(8):3576–88.

203. Born LJ et al. Sustained released of bioactive mesenchymal stromal cell-derived 
extracellular vesicles from 3D-printed gelatin methacrylate hydrogels. J Biomedi-
cal Mater Res Part A, 2022.

204. Wei S, et al. Biodegradable materials for bone defect repair. Mil Med Res. 
2020;7(1):54.

205. Liang H, et al. A long-lasting guided bone regeneration membrane from 
sequentially functionalised photoactive atelocollagen. Acta Biomater. 
2022;140:190–205.

206. Yavropoulou MP, Yovos JG. The molecular basis of bone mechanotransduc-
tion. J Musculoskelet Neuronal Interact. 2016;16(3):221–36.

207. Stewart S, et al. Mechanotransduction in osteogenesis. Bone & Joint 
Research. 2020;9(1):1–14.

208. Deregibus MC, et al. Charge-based precipitation of extracellular vesicles. Int J 
Mol Med. 2016;38(5):1359–66.

209. Li ZJ et al. Enhanced Therapeutic Effects of MSC-derived Exosomes with an Inject-
able Hydrogel for Hindlimb Ischemia Treatment. Circul Res, 2018. 123.

210. Koshy ST, et al. Injectable nanocomposite cryogels for versatile protein drug 
delivery. Acta Biomater. 2018;65:36–43.

211. Gaharwar AK, et al. Bioactive silicate nanoplatelets for osteogenic differentia-
tion of human mesenchymal stem cells. Adv Mater. 2013;25(24):3329–36.

212. Xavier JR, et al. Bioactive nanoengineered hydrogels for bone tissue Engi-
neering: a growth-factor-free Approach. ACS Nano. 2015;9(3):3109–18.

213. Man K et al. Controlled Release of Epigenetically-Enhanced Extracellular Vesicles 
from a GelMA/Nanoclay Composite Hydrogel to Promote Bone Repair. Int J Mol 
Sci, 2022. 23(2).

214. Narayanan R, Huang CC, Ravindran S. Hijacking the Cellular Mail: Exosome 
Mediated Differentiation of Mesenchymal Stem Cells Stem Cells International, 
2016. 2016.

215. Eichholz KF, et al. Extracellular vesicle functionalized Melt Electrowritten Scaf-
folds for bone tissue Engineering. Advanced NanoBiomed Research; 2021. p. 
2100037.

216. Khor E, Lim LY. Implantable applications of chitin and chitosan. Biomaterials. 
2003;24(13):2339–49.

217. Cheung RCF, et al. Chitosan: an update on potential Biomedical and Pharma-
ceutical Applications. Mar Drugs. 2015;13(8):5156–86.

218. Buzas EI, et al. Molecular interactions at the surface of extracellular vesicles. 
Semin Immunopathol. 2018;40(5):453–64.

219. Ramirez OJ, et al. Type I collagen hydrogels as a delivery matrix for royal jelly 
derived extracellular vesicles. Drug Delivery. 2020;27(1):1308–18.

220. Jensen C, Teng Y. Is It Time to Start Transitioning From 2D to 3D Cell Culture? 
Front Mol Biosci, 2020. 7.



Page 22 of 22Man et al. Journal of Nanobiotechnology          (2023) 21:137 

221. Thippabhotla S, Zhong CC, He M. 3D cell culture stimulates the secretion of in 
vivo like extracellular vesicles. Sci Rep, 2019. 9.

222. Hustedt JW, Blizzard DJ. The controversy surrounding bone morphoge-
netic proteins in the spine: a review of current research. Yale J Biol Med. 
2014;87(4):549–61.

223. Marsell R, Einhorn TA. The biology of fracture healing. Injury. 2011;42(6):551–5.
224. Paolini L, Monguió-Tortajada M, Costa M, Antenucci F, Barilani M, Clos-Sansal-

vador M, Andrade AC, Driedonks TAP, Giancaterino S, Kronstadt SM, Mizenko 
RR, Nawaz M, Osteikoetxea X, Pereira C, Shrivastava S, Boysen AT, van de Wak-
ker SI, van Herwijnen MJC, Wang X, Watson DC, Gimona M, Kaparakis-Liaskos 
M, Konstantinov K, Lim SK, Meisner-Kober N, Stork M, Nejsum P, Radeghieri 
A, Rohde E, Touzet N, Wauben MHM, Witwer KW, Bongiovanni A, Bergese P. 
Large-scale production of extracellular vesicles: report on the “massivEVs” ISEV 
workshop. J Extracell Biology, 2022. 1(e63).

225. Thery C, et al. Minimal information for studies of extracellular vesicles 2018 
(MISEV2018): a position statement of the International Society for Extracel-
lular vesicles and update of the MISEV2014 guidelines. J Extracell Vesicles. 
2018;7(1):1535750.

226. Mora EM, Alvarez-Cubela S, Oltra E. Biobanking of Exosomes in the Era of Preci-
sion Medicine: Are We There Yet? Int J Mol Sci, 2015. 17(1).

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


	Bioengineering extracellular vesicles: smart nanomaterials for bone regeneration
	Abstract
	Introduction
	Extracellular vesicles in the bone microenvironment
	MSC-derived EVs
	Osteoblast-derived EVs
	Osteoclast-derived EVs
	Osteocyte-derived EVs
	Endothelial cell-derived EVs
	Macrophage-derived EVs

	Strategies to improve the clinical application of EVs for bone repair
	Biochemical stimulation
	Exogenous stimulation
	Genetic modification
	Epigenetic reprogramming
	Hypoxia


	Biophysical stimulation
	Bioactive 2D substrates
	3D culture platforms
	Mechanical stimulation

	Scalable manufacture of EVs
	EV cell source
	Clinical grade media
	Scalable production

	Therapeutic administration of pro-regenerative EVs for bone repair
	Systemic delivery
	Anti-resorptive drugs
	Bone-targeting peptides
	Aptamers


	Local delivery
	Physical entrapment
	Electrostatic interactions
	ECM-inspired biomaterials

	Future perspectives and challenges
	Conclusion
	References


