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Abstract
The use of mesenchymal stem cells (MSCs) for clinical purposes has skyrocketed in the past decade. Their 
multilineage differentiation potentials and immunomodulatory properties have facilitated the discovery of therapies 
for various illnesses. MSCs can be isolated from infant and adult tissue sources, which means they are easily 
available. However, this raises concerns because of the heterogeneity among the various MSC sources, which limits 
their effective use. Variabilities arise from donor- and tissue-specific differences, such as age, sex, and tissue source. 
Moreover, adult-sourced MSCs have limited proliferation potentials, which hinders their long-term therapeutic 
efficacy. These limitations of adult MSCs have prompted researchers to develop a new method for generating 
MSCs. Pluripotent stem cells (PSCs), such as embryonic stem cells and induced PSCs (iPSCs), can differentiate into 
various types of cells. Herein, a thorough review of the characteristics, functions, and clinical importance of MSCs is 
presented. The existing sources of MSCs, including adult- and infant-based sources, are compared. The most recent 
techniques for deriving MSCs from iPSCs, with a focus on biomaterial-assisted methods in both two- and three-
dimensional culture systems, are listed and elaborated. Finally, several opportunities to develop improved methods 
for efficiently producing MSCs with the aim of advancing their various clinical applications are described.
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Introduction
The use of stem cells for cell therapy has recently 
increased. This is especially true for adult stem cells, 
which are used to treat various injuries. Mesenchymal 
stem cells (MSCs) are a type of adult stem cells that have 
shown promising potential in clinical trials for treating 
various diseases  [1, 2]. The therapeutic properties and 
large-scale use of MSCs have been researched exten-
sively, and different methods have been developed for 
their isolation and production. MSCs are used owing to 
their self-renewal capabilities, multipotency, paracrine 
effects, immunoregulatory, and other cell-supportive 
properties  [3, 4]. They regulate their own survival and 
impact the growth of neighboring cells or cells in the 
transplanted site. Their differential potential has been 
studied comprehensively and explored for the production 
of osteoblasts, adipocytes, chondrocytes, neurons, and 
myocytes [5]. These fibroblast-plastic-adherent cells are 
identified and isolated based on the presence of cluster 
of differentiation (CD) markers, including CD73, CD90, 
CD105, and stromal precursor antigen-1 (Stro-1) mark-
ers, and the absence of CD34, CD45, CD19, CD11, and 
human leukocyte antigen (HLA)-DR markers. This sur-
face marker characterization was established by the 
International Society of Cellular Therapy (ISCT) to sepa-
rate MSCs from heterogeneous populations of mononu-
clear adherent cells [6]. In addition to their multipotency, 
MSC sources are present throughout the body with little 
variation in their differentiation potential and surface 
markers across locations, and all of them can be used for 
cell therapy [5].

Generally, there are two mechanisms underlying the 
action of MSCs in treating diseased or damaged tissues 
or cells. The first is attributed to their multilineage dif-
ferentiation capacity. They home to and engraft within 
injured sites and then differentiate into end-stage func-
tional cells, thereby replacing the injured cells at those 
sites. Many articular cartilage injuries, for instance, 
injured knees, are treated by introducing MSCs into the 
damaged tissue, which then differentiate into articular 
chondrocytes to replace the damaged cartilage [7]. The 
second is the paracrine mechanism of MSCs. It has been 
well established that MSCs release various cytokines, 
such as angiogenic and neurogenic factors and immu-
nomodulatory cytokines [8–10]. These factors promote 
the repair and regeneration of damaged tissue. Although 
MSCs have been widely used for clinical cell therapy, they 
have few limitations. For instance, MSCs have a limited 
self-renewal capacity when cultured in vitro. In addition, 
studies have demonstrated that they tend to lose their 
regenerative properties when cultured for long periods 
[11]. Furthermore, their source must be managed prop-
erly and subjected to quality control to avoid batch-
to-batch variations. With the current developments in 

induced pluripotent stem cell (iPSC) technology, iPSC-
derived MSCs can eliminate the drawbacks associated 
with the MSCs derived from the existing sources.

This review examines the molecular morphology and 
medical applications of MSCs in treating various diseases 
and injuries. Here, the existing sources of adult MSCs 
are compared, with a focus on their isolation methods, 
proliferation rate differences, and multilineage differen-
tiation potentials. Moreover, limitations in the clinical 
use of adult MSCs and approaches to overcome these 
drawbacks by generating MSCs from iPSCs are dis-
cussed. Finally, the existing methods for the differentia-
tion of iPSCs into clinically relevant MSCs are identified 
and described. Moreover, recent advancements in two-
dimensional (2D) and three-dimensional (3D) biomate-
rial-based directed differentiation of iPSCs into MSCs 
and the effects of various inducing growth factors are 
listed and compared.

MSCs: characteristics and potential promise for cell 
and tissue engineering
With changing lifestyles, health issues are increasing, 
and new drugs are being developed to treat these issues. 
However, therapeutic drugs often have serious side 
effects and low success rates. Cell therapy is an alterna-
tive and promising treatment approach. Cell therapy 
involves the use of cells instead of chemicals, and it often 
yields similar results in vitro and in vivo. For instance, 
when MSCs are used therapeutically at a bone injury 
site, they can expand, differentiate into osteoblasts, and 
release essential growth factors and paracrine molecules 
that support osteoblast proliferation [12]. Human embry-
onic stem cells (hESCs), iPSCs, and MSCs are among the 
most suitable sources of stem cells for use in cell therapy. 
It is important to note that the use of ESC is still debat-
able due to the possibility of teratoma formation and the 
ethical concerns regarding their isolation (destruction of 
an embryo) and thus are less preferred compared with 
iPSCs [13]. By contrast, MSCs are proven safe and have 
been used in several clinical trials [14, 15]. They are mul-
tipotent cells that can self-regenerate and can be grown 
in vitro. MSCs possess fibroblast-like morphology with 
plastic-adherent ability, which allows them to grow in tis-
sue culture plates without requiring additional substrates.

Cellular and molecular properties of MSCs
MSC-like cells were first discovered by Friedenstein in 
1970 in guinea-pig bone marrow (BM) [16]. However 
multiple cell types in the BM led to controversy in select-
ing a specific name for these cells. Later, the ISCT termed 
these cells multipotent mesenchymal stromal cells based 
on specific properties such as having a fibroblast mor-
phology, and plastic-adherence capability [17].
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Later, many surface markers specific to these cells were 
found; the CD on their surface allowed for the identifica-
tion of MSCs from other groups of plastic-adherent cells. 
The presence of CD73, CD90, CD105, and Stro-1 and the 
absence of CD45, CD34, CD14, CD19, and HLA class II 
identified the presence of MSCs in cell cultures [18–22]. 
These characteristic markers are used for their isolation 
as well.

Slight differences in the expression of surface markers 
may occur based on the origin of MSCs. Depending on 
the source of MSC (adipose tissue, bone marrow, umbili-
cal cord), some MSC populations have different cell sur-
face markers, which may contribute to and be reflected 
in their differentiation potentials [5, 23–25]. These differ-
ences allow the selection of a particular type of MSCs for 
a specific therapeutic purpose.

MSCs are multipotent cells that can differentiate into 
different types of cells. Generally, they are recognized 
for their potential to differentiate into osteoblasts, chon-
drocytes, and adipocytes. However, they not only dif-
ferentiate into mesoderm-type cells but also into other 
lineages, such as cardiomyocytes, neurons, germ cells, 
and hepatocytes, and this is achieved by altering various 
signaling pathways during the development of MSCs to 
induce specific differentiations [26–28]. Treating differ-
ent growth factors can alter the differentiation potential 
of MSCs [26, 28, 29].

Another important property of MSCs is their ability 
to dodge the immune system and improve transplanta-
tion efficiency. The major histocompatibility complexes 
MHC-I and MHC-II are proteins that play a major role in 
the recognition of allogenic cells by the host immune sys-
tem. Low expression of these molecules in MSCs enables 
them to be not recognized by the host’s immune system 
[8, 30, 31]. In addition, the immunomodulation capability 
of MSCs promotes angiogenesis, inhibits apoptosis and 
inflammation, and modulates the extracellular matrix 
(ECM) through paracrine factors [32]. They are also 
involved in suppressing the proliferation of T cells and 
the maturation of dendritic cells (DCs) and monocytes 
[33]. Overall, MSCs can control the immune regulatory 
system of the body by promoting or suppressing proteins 
that have important functions in the immune system.

The paracrine effect of MSCs additionally plays a major 
role in injury treatment and cell growth. MSCs release 
around 43 angiogenic factors, among which 11 factors 
are involved in bone regeneration; 2 in neuroprotection; 
and the other 30 in vascular repair, peripheral artery 
disease, and myocardial infarction treatment [9, 10, 34]. 
Moreover, immunomodulatory effects are managed 
by paracrine factors. making release of cytokines and 
growth factors has been observed to inhibit immune cell 
proliferation [35]. Overall, these results demonstrate that 
the properties of MSCs can significantly affect healing 

and regeneration. A diagram depicting all these charac-
teristics is presented in Fig. 1.

Clinical applications of MSCs
Owing to the low efficacy and efficiency of drugs available 
for treating several diseases, a shift has occurred toward 
cell therapy, and recognition of the therapeutic poten-
tial of MSCs is perhaps the most exciting advance in cell 
therapy [36–38]. Recently, MSCs have been profusely 
used in cell replacement strategies to treat cartilage inju-
ries caused by chronic load, autoimmune diseases such 
as arthritis, and physical trauma. For instance, autolo-
gous transplantation of BM-derived MSCs embedded in 
a 2-mm-thick collagen gel onto a patient’s patella led to 
improvement in the patient’s movement and promoted 
complete regeneration of the cartilage tissue [39–41]. 
MSCs derived from other sources have yielded similar 
results, thereby proving the benefits of MSCs in treating 
osteoarthritis and other cartilage-associated defects [7, 
40–47].

Furthermore, MSCs have been used to treat various 
bone defects caused by bone loss, fragility, and fracture. 
With technological advancements, various biomaterials 
have been used in combination with MSCs to achieve 
improved results. MSCs were successfully combined with 
a bovine bone mineral to reconstruct the atrophic max-
illa [48]; this approach facilitated bone formation in the 
elevated region owing to the presence of MSCs in the 
biomineral. Similarly, MSCs combined with bio-ceramics 
have been used to treat long bone non-unions [49].

Other clinical applications of MSCs include treat-
ment of spinal cord injuries, graft-versus-host diseases 
(GVHDs), and various cardiovascular diseases [50–54]. 
Moreover, the injection of autologous BMMSCs at injury 
sites led to improvements in motor power, daily motor 
tasks, and recovery of injured areas. These improve-
ments, however, were subjective and patient-dependent 
[50, 51].

Although the use of MSCs for cell therapy has paved 
ways in treating various diseases, there are still some 
limitations. First, adult MSC have limited prolifera-
tion capacity. Thus, a constant supply of adult MSCs is 
needed to sustain treatment. Although this can be solved 
by obtaining MSCs from several donors, cells obtained 
from various donors and tissues have differences. In gen-
eral, MSC condition depend on the donor’s sex, age, race, 
and existing pre-medical conditions (Fig.  2) [55, 56]. A 
detailed explanation of the limitations of MSCs is dis-
cussed in the following sections.

Current sources of MSCs and their limitations
It has been well established that MSCs derived from vari-
ous tissues and donor sources have different proliferation 
and differentiation potentials. Therefore, it is imperative 
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Fig. 2 Sources and heterogeneities of MSCs. Heterogeneity in MSCs can be classified into different levels: donor-to-donor inconsistencies, tissue-
dependent variations, and the presence of sub-populations. Due to these variations, the therapeutic potentials of MSC are hindered, which encouraged 
scientists to shift their focus towards the development of a new source of MSCs.

 

Fig. 1 Cellular and molecular properties of MSCs. MSCs display multipotency and different CD markers. They are great candidates for immune-regu-
lation by means of T-cell and B-cell inhibition, as well as M2 phenotype encouragement. Paracrine secretion of different growth-regulating and inhibitory 
factors provides them distinct therapeutic properties to support other cells
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to know the source of MSCs to establish whether they are 
fit for purpose and ensure a successful outcome. These 
sources can be categorized into two types based on the 
age of the donor: adult and infant sources. Adult tissue 
sources include BM, AD, dental pulp, peripheral blood, 
synovium and synovial fluid (SF), endometrium, skin, 
and muscle. Infant tissue sources include amniotic fluid, 
the placenta, umbilical cord blood (UCB), and Wharton’s 
jelly (WJ) [5, 57].

In general, adult-sourced MSC are easily accessible 
but with lower proliferation capacity. On the other hand, 
infant-sourced MSCs have higher proliferation but are 
not always available [14]. Specific differences and limita-
tions are discussed in the subsequent sections.

Adult tissue sources
The major sources of adult MSC in the human body are 
bone marrow and adipose. BM was considered the only 
multipotent MSC source after its discovery in 1970 [58]. 
Isolation of MSCs from BM is rather invasive and pain-
ful, but cells isolated from BM can differentiate into 
adipocytes, chondrocytes, osteocytes, cardiomyocytes, 
neurons, and many other types of cells [5, 59]. The immu-
noregulatory effects of these cells are weaker than those 
of umbilical cord-derived MSCs (UCMSCs), but their 
immunomodulatory properties are adequate, and they 
promote angiogenesis, myogenesis, and growth and 
development of other cells, which make them a great 
candidate for cell therapeutics [8, 60, 61].

Another source of MSCs is AD tissue, which is easily 
accessible and abundant throughout the body. Adipose-
derived MSCs (ADMSCs) are isolated from the subcu-
taneous AD tissue harvested by liposuction or as large 
pieces of tissue [62]. They exhibit high plasticity, which 
leads to differentiation into various cell types, such as 
adipocytes, chondrocytes, osteoblasts, cardiomyocytes, 
neuronal cells, hepatocytes, and, more recently, germ 
cells; moreover, they have immunosuppressive effects 
and release more angiogenic regulators [5, 63–65].

Dental pulp-derived MSCs (DPMSCs) are isolated from 
the dental pulp tissue of the third molar teeth, decidu-
ous teeth, or any extracted teeth [66, 67]. They are eas-
ier to isolate, have a high proliferative rate, and provide 
adequate amounts of MSCs for therapeutic use, despite 
the small area of teeth. Nonetheless, their differentia-
tion potency is limited to neural ectoderms, myoblasts, 
osteoblasts, chondrocytes, adipocytes, and odontoblasts, 
compared to that of bone marrow-derived mesenchymal 
stem cells (BMMSCs), which have vast plasticity [67]. 
Other sources of MSCs include synovium, SF, and syno-
vial membrane [68–70].

Infant tissue sources
Similar to adult tissue sources, MSCs can be isolated 
from various infant tissues. These sources of MSCs are 
available starting from embryo development until the 
infant’s birth, and they include tissues from the embryo 
and the mother [25].

The umbilical cord (UC) is a tissue composed of the 
umbilical arteries (UCAs) and umbilical veins (UCVs) 
and is surrounded by a gelatinous extracellular mem-
brane called WJ [71]. UCs are considered medical waste 
and are, therefore, an easily and noninvasively available 
source of MSCs. MSCs isolated from UC arteries and 
veins are often called UCMSCs while the ones isolated 
from the WJ are called WJMSCs. It is important to note, 
however, that these terms are used interchangeably in 
most publications. These UCMSCs/WJMSCs have a high 
proliferative rate, short doubling time, are abundant, and 
exhibit excellent immunosuppressive properties, and 
were found to prefer chondrogenic differentiation [31, 
72–78].

Umbilical cord blood (UCB) is another source and 
termed as UCBMSC that is abundantly available and eas-
ily retrieved [79, 80]. These MSCs have high doubling 
number, can be cultured for higher passages and can 
efficiently differentiate into osteocytes and chondrocytes 
compared to BMMSC and ADMSC. In some studies, it 
is suggested that they outperform WJ-MSCs by releasing 
anti-fibrotic factor HGF and genes associated with ECM 
remodeling, which are helpful in scarless wound heal-
ing [79–81]. Likewise, placenta and amniotic fluid dem-
onstrated MSC like properties with good immunogenic 
properties and high proliferative rate [82–84].

Limitations and heterogeneity of existing MSC sources
Although most types of MSC have same cellular mor-
phology and properties, these cells are also found to have 
differences in molecular phenotype and thus functions. 
The heterogeneity among various MSC populations can 
be subdivided into three categories: Donor-to-donor 
inconsistencies, tissue-dependent variations, and exis-
tence of cell sub-populations. The heterogeneity of MSCs 
is depicted in Figs. 2 and 3.

The first level of heterogeneity in MSC is the donor-
to-donor variations. The age, sex/gender, and the pres-
ence of pre-existing medical conditions of the donors are 
found to affect MSC proliferation, differentiation, and 
therapeutic potentials. For instance, BMMSCs derived 
from a female donor showed higher therapeutic efficacy 
compared to BMMSC from a male donor [56]. Similarly, 
MSCs isolated from young donors have higher prolif-
eration, increased anti-inflammatory cytokine secretion, 
and enhanced immunoregulation compared to MSCs 
from an old donor [85]. Finally, the donor’s pre-existing 
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medical conditions and genetic variations are other types 
of limitations that affect MSC properties [11, 86].

The next level of heterogeneity is the tissue-specific 
differences of various MSCs. Depending on the tissue 
source, isolation procedure, accessibility, and differen-
tiation potentials may vary. BMMSCs have been used 
in clinical trials for osteogenic and chondrogenic inju-
ries, as well as cardiovascular and neurogenic diseases, 
among others. BMMSCs have great potential, but their 
retrieval procedure causes pain, potentially life-threat-
ening infection, and donor site morbidity in patients 
[87]. In addition, the quantity of harvested cells is lim-
ited. MSC collection from the BM isolates only approxi-
mately 0.001−0.01% of the total MSCs, which need to be 
expanded in vitro to a higher passage number. Conse-
quently, the isolated cells lose their potency and genetic 
stability [65, 88, 89]. In terms of differentiation poten-
tials, BMMSCs have better chondrogenic and osteogenic 
potentials than adipogenesis.

On the other hand, adipose tissues (AD) provide ten-
fold more MSCs than bone marrow. These tissues are 
more accessible, and the tissue collection is less invasive 
compared with the bone marrow [24]. Having an adipose 

origin, ADMSCs prefer adipogenesis but are also effec-
tive in capable of osteogenesis and chondrogenesis. In 
contrast, UCMSCs involves a more noninvasive isola-
tion method and provide an abundant supply of stem 
cells, but they are not always available timeously because 
they can be obtained only when an infant is born, which 
limits their supply [75]. Compared with other sources, 
UCMSCs can efficiently undergo chondrogenesis, osteo-
genesis, and adipogenesis.

The final level of heterogeneity involves the presence of 
several sub-populations of MSCs.

For instance, the CD105− ADMSCs exhibit stronger 
osteogenic potential than the CD105+ cells [90–93]In a 
parallel study, CD271+ BMMSCs are superior in repair-
ing articular cartilage defects [94, 95]. On the other hand, 
CD200+ BMMSCs have shown better osteogenic and 
immunoregulatory effects than CD200− MSCs [96]. A list 
of various sub-populations of MSCS are listed in Table 1.

These underlying heterogeneities of MSC popula-
tions hinders its therapeutic potentials. Although adult- 
and infant-sourced MSCs have been widely used in cell 
therapies, they are insufficient as there is still a need for 
a constant supply of healthy, highly proliferative, and 

Table 1 Different existing sub-populations of MSC. Various sub-populations exist within a particular type of MSCs. Based on the 
presence of cell surface markers, some sub-population may have different properties, and thus may be used for a specific function
MSC subpopulation Source Differentiation capacity and Enhanced Properties References
CD105+ AD and UC Enhanced angiogenesis, chondrogenesis, and increased proliferation (97)

CD105- AD and UC Enhanced osteogenesis, higher immunosuppressive ability (91,98)

CD200+ BM and UC Enhanced osteogenesis and immunoregulation (92)

STRO-1+ BM, DP, SM Arteriogenesis, cardiac recovery and homing ability (88)

CD271+ AD, BM and synovium High CFU, enhanced HSC engraftment, superior chondral repair, 
high proliferation

(90,91)

Fig. 3 Comparative analyses between several types of MSCs. MSC have multiple sources of origin such as bone marrow, adipose tissue, umbilical 
cord, dental pulp, and peripheral blood. Each source has varying level of accessibility and isolation method. Moreover, depending on the source of MSC, 
differences in proliferation capacity, differentiation potentials, immunogenicity, and immunoregulation are observed. Comparison was based from the 
most current studies on MSC.
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homogenous population of MSCs for medical purposes. 
Thus, there is a high demand to differentiate PSCs into 
functional MSCs. For instance, in recent years, MSCs 
have been derived from iPSCs, and they are called 
induced mesenchymal stem cells (iMSCs). iMSCs have 
reformed the MSCs used in therapeutics because they 
overcome the limitations of conventional MSC sources. 
Based on the most recent studies in MSC, a comparison 
between BMMSC, ASC, UCMSC, and PSC-derived MSC 
is shown in Fig. 3.

Biochemical and physiochemical factors affecting 
MSC fate
To better understand MSC development, it is important 
to understand the micro-environment or niche in which 
these cells reside in-vivo. Several factors associated with 
these niches, such as biochemical and physiochemical 
cues, regulate molecular processes such as cell prolifera-
tion, differentiation, and survival. Understanding these 
microenvironments in-vivo allows scientists to mimic cell 
development in-vitro and maximize the use of cells, in 
this case MSCs, for therapeutic purposes. Because MSCs 
have multiple tissue sources, we focused on discussing 
the bone marrow microenvironment where BMMSCs are 
located. The BM microenvironment is a dynamic region 
composed of several cell types, growth factors, and cyto-
kines. It is a rich area that supports the production and 
development of all blood cells in the body. In this section, 
we chose to discuss BMMSCs as these cells are one of the 
longest and most utilized cell sources for stem cell ther-
apy. In comparison with other types of MSCs, BMMSCs 
have shown better multi-lineage potential than ADM-
SCs, and are more accessible compared with UCMSCs. 
Finally, the biochemical and physiochemical cues pro-
vided by the BM for BMMSCs proliferation, migration, 
differentiation, and paracrine secretion have also been 
well established.

Biochemical factors affecting MSC development
In bone marrow, MSCs reside and interact with vari-
ous cells such as osteoblasts, osteoclasts, immune cells, 
pericytes, and hematopoietic cells. These cells secrete 
various factors and signaling molecules that affect MSC 
proliferation, fate decision, paracrine secretion, and dif-
ferentiation. A complex network of signaling pathways 
is involved in MSC development, but only a few MSC 
signaling pathways have been explored thus far. These 
signaling pathways are strongly influenced by several 
growth factors, hormones, and cytokines [99, 100]. Well-
studied key regulatory factors include growth factors 
such as TGFβ1, IGF1, bFGF, and VEGF and cytokines 
such as IL-6, IL-1β, IFN-γ, and TNF-α. In addition to 
these, oxygen, calcium, and the other hormones that are 

generally released in diseased conditions play an impor-
tant role in MSC development [101, 102].

In the BM, numerous studies suggest that MSCs are in 
quiescence (G0) state in the perivascular spaces. When 
the body perceives any local or distant injury or tissue 
damage, they become activated, are induced to prolifer-
ate, and are the signaled to migrate to injury sites to pro-
mote healing and tissue repair [103]. Depending on the 
location in which MSCs are needed, the MSCs are then 
induced to differentiate into a specific cell type, i.e. osteo-
blasts for bone repair or chondrocytes for cartilage repair. 
The ability of the MSCs to self-proliferate or also called 
“stemness” is regulated by cytokines and growth fac-
tors such as IL-6 the TGFβ proteins, BMPs, EGF, PDGF, 
and others [104]. Activated and proliferated cells then 
migrate and home to the damaged tissue via the upregu-
lation of Stro-1 surface proteins [105]. Here they differen-
tiate in response to the upregulated cytokines or growth 
factors in the injury site. In bone fractures, for instance, 
macrophages in the injury site secretes IL-1, IL-6, and 
tumor necrosis factor-alpha (TNF-α) that recruits MSC 
to start the process of healing and osteoblast differentia-
tion [106]. Other growth factors of MSCs proliferation 
and differentiation are discussed below.

One of the most abundant growth factors present in 
bone matrix is IGF-1, and has been determined to be 
involved in the proliferation, self-renewal, and in some 
parts, osteogenic differentiation of MSCs [107–109]. 
IGF-1 is primarily involved in proliferation, but during 
the process of MSC differentiation, it additionally helps 
with the mineralization of cells through the activation of 
the mTOR pathway, indicating its possible dual role in 
MSC regulation [107, 110]. In a parallel study, the pres-
ence of IGF-1 promoted the enhanced proliferation of 
MSCs under hypoxic conditions [111].

Another abundantly available growth factor (GF) in 
the BM microenvironment is the TGFβ family of pro-
teins composed of TGFβ1, TGFβ2, and TGFβ3, and all 
BMPs. It is well established that the TGFβ family regu-
lates MSC development. For instance, TGFβ1 binds to 
MSCs during bone remodeling, induces the migration of 
MSCs to the target location, and promotes the chondro-
genic and osteogenic differentiations of MSCs [99, 112, 
113]. Another protein belonging to the same family is 
BMP4, which is primarily involved in adipocyte genera-
tion [114]. The TGF family has additionally been found 
to regulate MSC proliferation through crosstalk with the 
Wnt signaling pathways [115]. A study demonstrated that 
TGFβ1 supports Wnt signaling through the activation of 
Smad3, which induces enhanced nuclear translocation 
of β-catenin, and thus, increased proliferation. Interest-
ingly, this crosstalk reduces the osteogenic differentiation 
of MSC and is, therefore, important for maintaining the 
self-renewal capacity of MSCs [116]. Similar crosstalk 
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was observed between TGFβ1 and FGF2, which pro-
motes MSC proliferation, whereas HGF and IGF-1 pro-
mote osteogenesis [117].

Other chemical cues present in the bone microenviron-
ment include several cytokines and oxygen. Cytokines 
such as TNFα, IL-1β, and IL-6 were found to be involved 
in the differentiation of MSCs into osteoblasts [99]. Oxy-
gen, by contrast, has been found to regulate both the pro-
liferation and differentiation of MSCs. A lower oxygen 
concentration supports MSC proliferation, while a higher 
oxygen concentration induces osteogenesis and angio-
genesis [111, 118].

Physiochemical factors affecting MSC development
To develop a suitable biomaterial-based platform for the 
differentiation of iPSCs into MSCs in vitro, it is important 
to identify the physiochemical factors that regulate MSC 
development in-vivo. Herein, factors such as ECM com-
position, microenvironment stiffness, and topography 
are discussed. The bone is a spongy microenvironment 
comprising several minerals (hydroxyapatite, calcium), 
proteins (ECM proteins, Type I collagen, laminin), lipids, 
and water [119]. The concentration and arrangement of 
these molecules ultimately affect bone fragility and help 
maintain angiogenesis, oxygen regulation, and overall 
growth of MSCs [120–122].

Collagen is one the most abundant ECM proteins in 
BM. The presence of collagen not only provides tensile 
strength but also allows for the mineralization of calcium 
and other ions and eventually creates a special microen-
vironment for cell growth and survival, including MSCs. 
Additionally, collagen allows for enhanced cell adher-
ence and proliferation of MSCs by reducing their dou-
bling time [123]. Other ECM proteins such as fibronectin 
and laminin, too, regulate the development of MSCs by 
interacting with the various integrins expressed by MSCs 
[124, 125]. Aside from ECM proteins, several miner-
als have been found to determine the fate of MSCs in 
the BM niche. For instance, calcium ions enhance bone 
regeneration by promoting MSC migration and induc-
ing osteoblast generation [126]. Such regulated calcium 
release was achieved in vitro on a hydroxyapatite scaffold 
to induce osteoblast differentiation of MSCs [127].

BM is composed of the endosteal niche, which is heav-
ily populated with various bone-forming cells, and the 
vascular niche, which is populated with endothelial cells, 
adipocytes, and stromal cells [128, 129]. These niches 
differ in terms of cell composition, stiffness, oxygen con-
centration, and for this reason, they have varying effects 
on cell development in BM. MSCs can be localized in 
both niches, and therefore, it is imperative to note that 
the properties of these niches affect the general fate 
of MSCs [130]. The endosteal niche is relatively stiffer 
(35–40  kPa) than the vascular niche (3  kPa). In vitro 

studies have attempted to determine the effect of ECM 
stiffness on MSCs by mimicking its in-vivo condition. It 
has been demonstrated that the stiffer fibronectin-coated 
polyacrylamide hydrogel (13–68 kPa) supports BMMSC 
adhesion and spreading [131]. Moreover, chondrogenic 
and osteogenic differentiation has been found to be 
greatly enhanced when BMMSCs are seeded in 4-methyl 
acrylate polymer, which has a stiffness of 10 MPa [132]. 
This can be attributed to the fact that in vivo, bone for-
mation usually occurs in the stiffer endosteal niche, 
where MSCs are recruited and programmed to differenti-
ate into bone-forming cells. Other important properties 
of this niche that can affect MSC fate include porosity 
and topography of the ECM. Although only a few studies 
have been conducted to determine these factors in-vivo, 
several attempts have been made to determine them in 
vitro. In Vissers et al.’s study, a scaffold with a pore size of 
500–850 μm, exhibited the strongest osteogenic response 
[133]. In a similar study, a scaffold with cubic pores 
greatly increased the gene expression of MSCs under-
going chondrogenesis and adipogenesis compared to a 
scaffold with cylindrical pores [134]. In terms of topog-
raphy, it is known that cells can detect surface patterns of 
matter from 10 nm to 100 μm and control their ability to 
differentiate and proliferate. In one study, a 15-µm ridge 
increased the efficiency of adipogenic differentiation, 
while a 2-µm ridge increased the efficiency of osteogenic 
differentiation [135]. In another study, the MSCs grown 
on micro-grooved surfaces exhibited higher expressions 
of pluripotency-related markers and two to threefold 
faster proliferation capabilities compared to those of the 
MSCs grown in a conventional culture flask [136].

Existing strategies for differentiating PSCs into 
MSCs
Because the sources of MSCs are limited and incapable of 
retaining their characteristics for long periods in in-vitro 
environments, a stable source of MSCs is required. Plu-
ripotent stem cells (PSCs) have the potential to overcome 
these limitations and serve as a superior source of MSCs 
than the existing sources. This conversion is directed 
through a particular route. Conventionally, PSCs are first 
converted into mesodermal cells and then differentiated 
into MSC-like cells. A few researchers have directly con-
verted PSCs into MSCs. In one study, MSC-like proper-
ties were induced in somatic cells by transducing human 
adult blood CD34+ with lentivirus OCT4 under MSC-
inducing conditions [137]. The different routes of and 
recently developed methods for producing MSCs from 
iPSCs are described below and summarized in Table  2, 
while the advantages and disadvantages of each tech-
nique is summarized in Table 3.



Page 9 of 26Prakash et al. Biomaterials Research           (2023) 27:31 

Growth factor and small molecule-induced differentiation
The proliferation and differentiation of cells depend on 
their signaling pathways. These pathways involve intrinsic 
or extrinsic signaling molecules. Cells do not experience 
fate change without utilizing these signaling molecules, 
and same is the case for MSCs. A complex network of 
signaling pathways is involved in MSC proliferation, dif-
ferentiation, and generation. However, limited MSC sig-
naling pathways have been explored thus far. Recently, 
MSCs have been generated from PSCs by manipulating 
environmental and signaling cues during PSC culture.

BMP4 has been used to obtain MSCs from the mesen-
dodermal and trophoblast lineages by varying FGF2 
incorporation [138–140]. Similarly, iPSC to MSC 

differentiation can be induced through the ectodermal 
lineage route. Zhang et al. identified neural crest cells 
(NCCs) as a fast and efficient route for MSC generation 
through MSX2 overexpression [141, 142]. MSX2 has 
been found to be affected by Smad1/5/8, which is a main 
downstream molecule in the BMP4 pathway. Therefore, 
BMP4 can regulate MSX2 expression to differentiate 
iPSCs into NCCs or mesendodermal cells. Apart from 
growth factors, the small molecule SB431542 has been 
used to derive MSCs from iPSCs [143–145]. This mol-
ecule inhibits the phosphorylation of Smad2/3, which, in 
turn, inhibits TGF-β1 signaling in the ESCs that generate 
mesodermal progenitors (MP) [144].

Table 2 Existing techniques for generation of MSCs from PSCs. Various methods such as growth factor induction, embryonic 
body formation, gene modification, and biomaterials have been utilized to differentiate various PSCs into MSCs.
Type of 
Technique

Method Cells used MSC properties Publica-
tion

Growth 
Factors

BMP4 hESCs EMT gene upregulation (158)

BMP4 with activin inhibitor (A83-01) in 
MesenCult™ media

hESCs 3–4 weeks for differentiation; CD73+, CD90+, and CD105+ cells 
with trilineage properties

(135)

ESCs were cultured with SB431542 hiPSCs MSCs were generated rapidly in 10 days, and they exhibited 
good trilineage potential and efficient passaging capability

(140)

IκB kinase/NF-κB signaling inhibitor and 
p65 inhibitor were used with MSC culture 
medium

hiPSCs MSCs with high osteogenic and chondrogenic properties (155)

Embryoid 
body

ESCs were cultured in suspension culture 
and outgrowths were isolated

hESCs 10-day differentiation; CD73+, CD90+, and CD105+ cells with 
chondrogenic properties

(147)

ESCs were cultured in suspension culture. 
The EBs formed were plated in 0.1% gela-
tin low-glucose media, and outgrowths 
were isolated

hESCs MSCs markers were observed, and the expressions of the 
CD73 and CD105 markers increased with the passage 
number

(148)

Cells were plated in low-attachment 
plates, and the EBs formed were replated 
in 0.1 gelatin with MSC media

iPSCs After 35 days, MSC-like cells were generated with low CD105 
expression, immunomodulatory properties, and adipogenic 
potential

(149)

EBs were formed in non-tissue culture 
plates with knockout serum replacement 
medium, transferred to the MSC medium, 
and treated with SB431542

iPSCs and 
hESCs

MSCs were generated in 10 days with SB431542 treatment; 
the CD105 and adipogenic potential were low. The other 
markers were normal, osteogenic and chondrocyte potential 
were normal, and proliferation rate was higher

(139)

EBs were formed with BMP4, bFGF, and 
VEGF on a low-attachment surface. Me-
sangioblast were formed, which were then 
cultured in serum-free methylcellulose 
medium over Matrigel®

hESC The output was higher than that of BMMSCs with higher 
doubling rate and smaller size; the Stro-1 marker was lacking

(160)

Other 
techniques

OP9 stromal cells were co-cultured with 
hESC; CD73+ cells were isolated with FACS 
and cultured

hESC Induction time was longer at 40 days. Other than CD90, all 
markers were present, and the trilineage potential was good

(150)

Repeated passage of ESCs on gelatin-
coated plates

hESC Passage pressure generated MP, which exhibited homoge-
neous population, tumor-free nature, and good tri-lineage 
potential

(155,161)

Lentivirus-induced HOX genes in miPSCs miPSCs HOX gene was overexpressed, and vascular wall MSCs were 
generated

(152)

DOX-induced MSX2 overexpression in 
hiPSCs in MSCs medium

hiPSCs Overexpression of MSX2 generated immature MSCs, but with 
small molecules, mature MSCs were generated, and their 
trilineage potential was similar to that of BMMSCs

(138)

EZH2 inhibitor was added to hESC me-
dium, and cells were sorted

hESC MSCs were generated within 7 days; no CD105 markers were 
used, and the generated MSCs had low adipogenic and 
chondrogenic potential but good osteogenic potential

(153)
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Wnt and basic fibroblast growth factor (bFGF) have 
been observed to affect MSC generation. A few research-
ers have used CHIR, a GSK3β inhibitor, to induce MSC 
characteristics in iPSC-derived NCCs, while other 
researchers have used bFGF for similar purposes [138, 
139, 142, 146]. Other growth factors, siRNA and differ-
ent small molecules used for MSC generation are listed 
in Table 2.

EB formation
Embryoid body (EB) formation changes the effect of a 
2D environment on cell growth. EBs are 3D aggregates 
of PSCs cultured in suspension media. When left in sus-
pension media or on non-adherent plates, ESCs or iPSCs 
accumulate and form aggregates that have spheroidal 
structures (143–145). A few EB aggregate formation 
methods are based on the forced self-aggregation, hang-
ing drop, and AggreWell™ methods [147, 150]. EBs are 
widely used to provide a 3D platform for generating cells 
of different lineages [148, 149].

Interestingly, EB formation can be used to generate 
MSCs from PSCs. MSCs are generally obtained as an 
outgrowth from EBs because they have a fibroblast-like 
morphology and extend themselves on flat surfaces to 
ensure their growth and survival. EBs were first gener-
ated by culturing small clumps of ESCs in suspension 
culture for 10 days and then transferring them to gelatin-
coated plates that generate MSC-like cells with increased 
expressions of the CD73 and CD105 markers [151–153]. 
Some of these cells were then cultured in 10% human 
platelet lysate under MSC culture conditions. After 35 

days, the growth of fibroblast-like cells was observed. 
Various other methods have been developed, as summa-
rized in Table 2.

Other techniques
Apart from the above-mentioned techniques for MSC 
generation, there are other methods that do not fall into 
the categories discussed herein but are important to pro-
duce MSCs from PSCs. One such technique is the use 
of murine OP9 stromal cells for deriving MSCs. Barberi 
et al. cultured hESC over OP9 monolayer cells to induce 
mesenchymal differentiation [154]. ). In this direct co-
culture system, the OP9 cells provide the necessary cyto-
kines and growth factors to support the differentiation of 
hESC to MSC. After several days of co-culture, the cells 
were harvested and sorted for CD73 + surface marker. 
The CD73 + cells were then expanded in αMEM without 
mouse stromal cells.

Another method is the inclusion of a xeno-free envi-
ronment. Karlsson et al. attempted to derive mesen-
chymal progenitor cells (MPCs) through the selective 
pressure technique. First, ESCs were cultured in high-
glucose media containing bFGF for several days. The 
cells were then enzymatically dissociated into single cells 
and sub-cultured on a new gelatin-coated dish. This pro-
cess of cell culture, cell dissociation, and passaging were 
repeated several times until homogeneous cell popula-
tions are achieved [155]. After several passages, these 
cells that no longer express any ESC surface marker are 
then characterized as MPCs.

Table 3 Advantages and disadvantages of various PSC to MSC differentiation techniques. Some differentiation techniques are 
superior that others in terms of length (time), economy (cost), the level of difficulty, and the yield (number of differentiated cells) of the 
technique
Techniques Advantages Disadvantages
Growth Factors Easy and faster treatment, Multiple growth factor options 

available
Efficient in 2D differentiation.
Production of more homogeneous cell population

This method involves 2D differentiation thus 
does not mimic human in-vivo condition.
Longer differentiation time that requires 
numerous sub-cultures.
Requires enormous amount of growth factors

Embryoid Body Mimics human physiological (in-vivo condition).
Fast, more effective, and more efficient differentiation.

Possibility of necrotic zone formation.
Production of heterogeneous cell population

Other 
techniques

OP9 monolayer cells OP9 cells provide the necessary supplements, cytokines and 
growth factors for MSC differentiation.
Results to production of cells with better trilineage 
differentiation.

Possibility of animal cells contamination.
Longer differentiation time
Additional sorting step is required

Selective pressure Homogeneous cell population.
Animal free cells,
Results to production of cells with better trilineage 
differentiation.

Longer time required,
Negative effect of trypsin over cells,
High batch-to-batch variations due to the 
complete dependency on cell passaging

Genetic 
manipulations

Faster differentiation,
Effective and efficient differentiation
Results to production of cells with better trilineage 
differentiation.

Trained laboratory technicians required.
Costly,
Possibility of genetic mutations.

Epigenetic inhibitor Fast differentiation, good osteogenic potential Results to production of cells with poor 
trilineage differentiation.
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Another method to generate MSCs involves directly 
transducing iPSCs with Hox genes that are upregulated in 
vascular wall MSCs (VWMSCs) [156]. Lentiviral trans-
duction of these factors differentiates mouse iPSCs into 
VWMSCs [142].

Probably the most recent technology, epigenetics 
has also been used as a unique method for differentiat-
ing PSCs into MSCs. The enhancer of zeste homolog 
2 (EZH2), an epigenetic regulator, was inhibited, and 
hESCs were differentiated into MSCs three times more 
efficiently than that in the case without such inhibition 
[157].

Biomaterials affecting MSC development
Chemical cues play an interesting role in the differen-
tiation of PSCs into MSCs and have been used widely. 
Mostly, growth factors, small molecules, and biomol-
ecules such as RNA and DNA are used for this purpose, 
and they exhibit highly effective differentiation abilities. 
In spite of its great successes, this line of research has 
several limitations. For instance, the lack of biomimetic 
properties, unstable efficiency of growth factors, and tis-
sue maturation are the drawbacks of utilizing only chem-
ical cues to differentiate PSCs into MSCs. In addition to 
chemical cues, proper growth or maturation of cells can 
only be achieved through the regulation of their physi-
cal cues by using materials that can act as an ECM for 
cells. Biomaterials, which are common nowadays and 
have been utilized in many recent studies, successfully 
provide these physical cues. By using biomaterials, cell-
cell and cell-matrix interactions are regulated efficiently. 
These biomaterials can also be conjugated with different 
growth factors (GF) which in turn stabilizes these GF and 
regulate their release into media for cellular consump-
tion. In addition, cell adhesion, differentiation, and mat-
uration can also be regulated by biomaterials [162]. It is 
important to note that the use of biomaterials to regulate 
cellular functioning varies depending on their properties, 
nature, formulation, and interactions with cells.

Types of biomaterials
Natural biomaterials
Natural biomaterials are from natural sources, such 
as human, plant, and animal sources. Owing to their 
organic origin, natural biomaterials are biocompatible 
and biodegradable. In addition, they possess all the fac-
tors required for cell adhesion, proliferation, and differ-
entiation, which aids cellular functioning [163]. Materials 
in this category include proteins, polysaccharides, pro-
teoglycans, and glycosaminoglycans, and each of them 
has specific advantages and disadvantages in terms of 
cell function. These naturally derived biomaterials have 
been used to culture different types of cells and develop 

advanced medical products with increased cell implanta-
tion efficiencies [151].

Gelatin Gelatin is one of the most widely used conven-
tional ECM proteins for preparing biomaterials. It is 
normally obtained from the irreversible denaturation 
of collagen protein, and both materials exhibit simi-
lar molecular properties and functions in cell culture 
and tissue engineering. Gelatin has been demonstrated 
to be effective in the isolation and mass production of 
early-stage BMMSC [164]. Gelatin contains the integrin 
binding moiety: arginine–glycine–aspartic acid (RGD) 
sequence. The binding of the integrins present on the sur-
face of BMMSCs to the RGD peptide of gelatin promotes 
better attachment of cells to the substrate. The enhanced 
attachment in turn increased proliferation of cells, and 
thus mass expansion of BMMSC. [165, 166].

Collagen Collagen, the most common protein available in 
the human ECM, is a biomaterial that can promote the 
differentiation of MSCs into the osteogenic lineage [123]. 
Expansion on a collagen type I-coated plate is adequate 
to induce high levels of osteogenic differentiation. Pericel-
lular collagen I facilitate MSC adhesion and differentia-
tion into chondrocytes [167]. It is important to note that 
compared with gelatin, the highly organized structure of 
collagen is still superior in promoting cell adhesion and 
proliferation at any seeding density [168]. This indicates 
that the full version of the ECM protein is better in acti-
vating cellular processes. However, gelatin is way cheaper 
and readily available. Moreover, gelatin is highly soluble 
and modifiable which are essential characteristics for 
biomaterials. Because of these reasons, gelatin is utilized 
more, especially in routinary cell culture experiments.

Other Natural Biomaterials Recently, silk fibroin scaf-
fold has been used in stem cell engineering and has been 
found to be effective for repairing bone, cartilage, liga-
ment, and skin [169, 170]. In addition, it has been espe-
cially helpful in achieving cell attachment and growth, but 
it performs better when conjugated with other materials. 
Chen et al. reported that the surface modification of silk 
fibroin with arginyl-glycyl-aspartic acid (RGD) peptide 
resulted in higher BM stomal cell attachment, cell density, 
and collagen matrix formation [171]. Likewise, there are 
other biomaterials, such as hyaluronic acid for alleviating 
osteoarthritis symptoms, fibrin as a sealant, and alginate 
for ESC-derived beta cell encapsulation [169].

In general, natural biomaterials contain the RGD bind-
ing moieties that aid in the attachment of cells to the cul-
ture plate. The initial attachment of cells to a substrate is 
an essential step in the differentiation of PSC into MSC. 
Stronger attachment would generally ensures better cel-
lular responses such as proliferation and differentiation. 
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In the case of PSC to MSC differentiation, it has been 
shown that PSC differentiating to MSC express high lev-
els of integrins α5β1, a known protein that binds to integ-
rin. Thus, the use of fibronectin coated dishes were found 
to enhance the isolation of PSC-derived MSC in-vitro 
[172].

Although natural biomaterials are effective and effi-
cient in inducing cellular responses, their use in cell and 
tissue engineering is limited due to some limitations. 
First, natural materials may not be easily accessible in 
large quantities and thus are not preferred in upscaled or 
routinary experiments[173, 174]. Another reason is that 
they are normally extracted from different living organ-
isms which is a labor-intensive process. Upon extraction, 
these materials need to be further purified and devoid 
of contamination. Because of these, natural biomaterials 
are expensive compared with synthetic materials. Finally, 
due to the complexity of these full-sized ECM proteins, 
tuning its mechanical strength for specific purposes is 
rather inefficient. Modifications to the base material is 
also often limited [175]. As a result, some scientist shifted 
towards the development and use of synthetic materials.

Synthetic biomaterials
Apart from natural polymers, synthetic polymers are 
promising as biomaterials. Synthetic biomaterials are 
artificially derived polymeric materials that are synthe-
sized by combining small monomeric units, for example, 
polyethylene glycol (PEG), poly(glycolic acid) [PGA], 
poly(d,l-lactic acid) [PLA], poly(d,l-lactic acid-co-gly-
colic acid) (PLGA), poly(3-hydroxybutyrate), and poly(ε-
caprolactone) (PCL). These monomers are polymerized 
to form stable structures that can alter cellular activity. 
Unlike natural biomaterials, synthetic biomaterials are 
devoid of batch-to-batch variation, mechanically stron-
ger, more durable, and their structures can be modified 
easily to achieve various porosities and permeabilities 
[173]. Generally, these materials are unreactive to cells 
owing to the presence of hydrophilic groups on their sur-
faces. However, their interaction can be modified by con-
jugating them with growth factors, proteins, and small 
molecules to facilitate cell−material interactions. One 
of the most commonly used conjugates is the RGD pep-
tide, which induces the attachment of cells onto materi-
als owing to the inert binding capacity of integrin on cell 
surfaces and conjugation the RGD peptide conjugated to 
the material [176]. However, when selecting a biomate-
rial to obtain a particular cellular activity, its biocompat-
ibility, biodegradability, and toxicity must be considered 
carefully.

Polyethylene Glycol PEG is a polyether compound derived 
from petroleum and used for medical purposes. PEG is a 
non-ionic, biocompatible, hydrophilic compound that can 

be crosslinked using several methods to modify its physi-
cochemical and biological properties. When iMSCs were 
cultured in PEG diacrylate conjugated with RGD peptide, 
they efficiently differentiated into valve interstitial cells 
[177]. Other modifications such as N-cadherin-loaded 
PEG dimethacrylate hydrogels and poly(N-isopropyl 
acrylamide-co-)PEG supports expansion and differentia-
tion of mESC and hPSCs respectively [178, 179].

Polyvinyl alcohol (PVA) Polyvinyl alcohol (PVA) is 
another hydrophilic polymer that is prepared through the 
hydrolysis of polyvinyl acetate or vinyl ester. It is a bio-
compatible and non-toxic material that requires surface 
modification for cell adhesion. In a study, PVA-co-itaconic 
acid hydrogel grafted with fibronectin and oligopep-
tide derived from the cell ECM led to stable expansion 
of hPSCs for several passages without any signs of dif-
ferentiation [180, 181]. The stiffness of the hydrogel was 
maintained at 25.3 kPa throughout the PSC proliferation 
test. The stiffness of this range is found to be favorable for 
stem cell proliferation, but differentiation was observed in 
hydrogel with higher stiffness. Thus, to increase stiffness 
of the material, PVA is combined with PEG which helped 
in the differentiation of hESC toward mesoderm[182].

Polylactic acid (PLA)/ Poly(d,l-lactic acid-co-glycolic acid) 
(PLGA) Polylactic acid (PLA) is a hydrophobic, biocom-
patible, tunable, and non-immunogenic polymer that is 
commonly used as a scaffold in cell culture [183]. It has 
been used for MSC cell culture and differentiation. This 
polymer, however, is normally found blended with other 
polymers to obtain materials of various strengths, degra-
dation rates, and thermal stabilities.

For example, co-polymerization of PLA with glycolic 
acid leads to the formation of PLGA copolymer. This 
copolymer has enhanced material properties that are 
important for cell and tissue culture. The PGA compo-
nent imparts degradable properties, whereas the PLA 
component provides improved cell adhesion, which 
makes PLGA extremely useful for regulating various cel-
lular activities [184]. In one study, MSC cultured over a 
PLGA scaffold containing simvastatin led to bone growth 
when transplanted at a bone defect site [185]. Having the 
capability for growth factor attachment and to conjugate 
proteins and small molecules, PLGA has been utilized in 
differentiating PSCs into MSCs via the controlled release 
of growth factors specific for MSC differentiation. For 
instance, the encapsulation of miRNA extracted from 
active protein kinase A (PKA) expressing ESC in PLGA 
nanoparticles induces mesoderm differentiation in ESC 
that further differentiate into MSC [186]. Apart from the 
type of biomaterials, their design and interaction with 
cells regulate changes in cellular properties.
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Various biomaterial designs and platforms affect cell 
behavior
Apart from the nature of the starting materials, the spa-
tio-physical presentation of these materials to cells is 
equally important for designing a biomaterial-based plat-
form to achieve the differentiation of iPSCs to MSCs. The 
design of a biomaterial imparts different cell behaviors 
and, in turn, affects cellular processes such as prolifera-
tion, differentiation, and survival. Such biomaterial plat-
forms include scaffolds, hydrogels, micro/nanoparticles, 
and fibers. Depending on the goal of the research, the 
biomaterial design should be selected carefully to obtain 
optimum results. For instance, hydrogels provide cells 
with a 3D microenvironment for survival and contain 
pores that affect the proliferation and differentiation abil-
ities of cells [187]. Similarly, microparticles are helpful for 
forming spheroids and avoiding necrotic zone formation 
within these spheroids [188]. Other important stem cell 
regulations are discussed in the subsequent paragraphs.

Hydrogels
Hydrogels are 3D polymers composed of hydrophilic 
compounds, and for this reason, they have the capacity 
to retain water molecules and swell in response to such 
retention. These structures are not impermeable solids; 
instead, they are porous materials that allow water or 
any solvent to enter wihtin them and expand [189, 190]. 
Hydrogels are generally composed of polymers with 
hydroxyl, carboxyl,  and amide groups for interaction, 
hydrophilicity, and gelation. Different hydrogel formation 
methods have been developed, and each method imparts 
different physical and chemical properties for various 
applications. In tissue engineering, hydrogels are primar-
ily prepared from various types of natural (chitosan, col-
lagen, and gelatin) and synthetic (methacrylate, polyvinyl, 
and polyethylene glycol) materials [191]. By altering these 
materials and varying their concentrations, researchers 
can produce different hydrogels with wide ranges of com-
pressibility and elasticity. Hydrogels are known for their 
biocompatibility and biodegradability, and they demon-
strably support cell attachment, drug and growth factor 
delivery, and cell encapsulation. For these reasons, they 
have been used to culture various cells, including MSCs 
and PSCs [192].

One advancement in hydrogel research is the develop-
ment of composite hydrogels that allow for the forma-
tion of different microenvironments through “switching” 
of the active component. For instance, a hydrogel com-
posed of alginate and collagen can be switched from a 
composite (alginate–collagen) to a pure collagen hydro-
gel through subsequent chelation and alginate washing. 
In this setup, the “switch” from composite to pure algi-
nate induces the differentiation of PSCs into the meso- 
and ectodermal lineages [193]. Moreover, hydrogels can 

be incorporated with microparticles to create composite 
hydrogels. Dong et al. incorporated stromal-derived fac-
tor-1 (SDF-1) and kartogenin into modified chitosan-
silk fibroin hydrogel and PLGA particles, respectively, to 
increase BMMSC proliferation and migration [194].

Porous and solid scaffolds
Scaffolds are 3D constructs that can support cellular 
processes such as attachment, proliferation, and growth. 
Although hydrogels can be classified as scaffolds, not all 
scaffolds are composed of hydrogels, and they can be pre-
pared from various materials, including a wide range of 
metals, non-metals, fibers, composites, and even decel-
lularized tissues. Similar to hydrogels, scaffolds provide a 
base structure for cellular attachment and growth. They 
are more solid and less porous compared to hydrogels 
[189].

Depending on the purpose, several scaffold prepara-
tion methods have been developed to obtain scaffolds 
of various shapes, compositions, and porosities. The 
most widely used method is particulate leaching, which 
involves the dissolution of particles pre-incorporated 
within the base biomaterial. Upon dissolution, the mate-
rial retains its shape while leaving permeable “pores.” 
This method is widely used to obtain porous scaffolds, 
in addition to other methods such as solvent casting, gas 
foaming, emulsion templating, fiber formation, electros-
pinning, and 3D printing [189].

Various scaffolds have been used to regulate the fate 
of MSCs. For instance, BMMSC migration, adhesion, 
and osteogenic differentiation were enhanced by using a 
mesenchymal- and preosteoclast-protein-enriched den-
tal bone matrix scaffold [195]. This scaffold contained 
proteins that facilitated the migration of cells toward the 
scaffold. In addition, the natural stiffness of the DBM 
matrix enhanced osteogenic differentiation. In another 
study, it was found that a patterned porous honey/silk 
fibroin scaffold prepared by means of soft lithography 
enhanced the proliferation of seeded MSCs [196]. A 
similar result was observed when MSCs were cultured in 
chitosan calcium polyphosphate and pigeonite scaffold 
[197].

A few of these scaffolds play an essential role in PSC 
proliferation and differentiation. A peptide polyvinyl 
butyral-based polymer scaffold synthesized by means of 
acrylic polymerization led to effective proliferation and 
differentiation of PSCs into cells of the mesodermal lin-
eage, and therefore, it can potentially be useful for gener-
ating MSCs [198].

Microparticles/nanoparticles
Micro/nanoparticles are small spherical particles that can 
deliver growth factors or small molecules for cell growth 
or differentiation. One of the interesting roles of these 
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particles is stabilizing the growth factors, which lose 
their efficiency in a free soluble state [199]. In cell and 
tissue culture, microparticles can be conjugated with the 
growth factors necessary for various cell functions such 
as proliferation and differentiation. Moreover, micropar-
ticles with varying properties such as stiffness, size, and 
sensitivity to certain stimuli, such as temperature, can be 
synthesized to control the release of conjugated growth 
factors. For instance, a thermo- responsive poly-N-iso-
propylacrylamide (PNIPAM) loaded with retinoic acid 
(RA) nanoparticles was used to induce the differentia-
tion of iPSCs into neural cells [200]. The release of RA in 
these nanoparticles was achieved by changing the incu-
bation temperature of the cells. Similarly, by considering 
the degradation properties of microparticles, the release 
of matrilin3 and TGF-β3 was controlled to achieve effec-
tive differentiation of MSCs into chondrocytes [201].

Moreover, microparticles can be used to stabilize cer-
tain biomolecules that are rather sensitive such as nucleic 
acids. In one study, the siRNA of chondrin was stabi-
lized when loaded in crosslinked gelatin microparticles. 
The stabilized siRNA, in turn, facilitated efficient osteo-
genic differentiation of MSCs [202, 203]. Microparticles 
can also be used to provide greater surface area for cell 
attachment. In one study, functionalization of PLA mic-
roparticles with aminopropylmethacrylamide led to 
increased MSC attachment on its surface and produced 
larger cell aggregates compared to those produced on 
non-functionalized surfaces [204]. In another study, 
an approach to use RGD peptide on microparticles to 
achieve selective isolation of MSCs from spontaneously 
differentiated ESCs by using fibronectin was described 
[172].

Micro/Nanofibers
Another type of biomaterial designs are the micro/
nanofibers. These are elongated and extended materials 
with varying lengths and diameters, and they are useful 
for creating fibrous scaffolds. Unlike porous scaffolds, 
fibrous scaffolds are primarily produced by spinning vari-
ous materials by using methods such as electrospinning, 
wet spinning, biospinning, interfacial complexation, 
microfluidic spinning, and melt spinning (extrusion). 
These different spinning techniques allow for the fabrica-
tion of fibers having varying diameters, lengths, elastici-
ties, and overall strengths. In this manner, different types 
of fibers can be generated for various tissue engineering 
applications [205].

Apart from the fabrication technique, the mechanical 
and biochemical properties of fibers are highly dependent 
on the type of polymer/material used. A few studies have 
suggested that the combination of two or more polymers 
can increase the mechanical stability or enhanced the 
biocompatibility of fibers [206]. In one study, a hybrid 

scaffold generated by coating knitted scaffolds with a thin 
film of poly (ε-caprolactone) (group I), poly (D, L-lactide-
co-glycolide) nanofibers (group II), and type 1 collagen 
(group III) enhanced BM stromal cell attachment owing 
to the optimal mechanical strength of the hybrid scaffold 
[207].

The surface topography of the spun fibers can contrib-
ute to the overall cellular response and development. For 
instance, MSCs cultured on aligned electrospun poly-
L-lactide-co-ε-caprolactone fibers exhibited cell prolif-
eration, enhanced spindle morphology, and increased 
chondrogenic potential as those cultured on randomly 
oriented fibers [208]. In another study, the alignment of 
PCL nanofibers affects the differentiation potential of 
ESCs. Cells outgrow from the differentiated EBs devel-
oped along the aligned grooves of nanofibers formed 
neurites [209]. Indeed, fiber orientations allow cells to 
change their morphology. This phenomenon can be 
attributed to changes in the expression of the FAK mole-
cule, actin, and microtubules, which are major regulators 
of cell attachment and morphology [210].

Existing biomaterial-based systems for 
differentiation of PSCs into MSCs
The differentiation of PSCs into different cells mostly 
involves the use of a 2D culture supplied with culture 
medium and growth factors, which limits the effects of 
other variables that influence their proliferation and dif-
ferentiation. The in-vivo cell microenvironment plays an 
important role in cell functioning. Cells possess different 
receptors that are activated after their interaction with 
the components present in these microenvironments. 
Nowadays, biomaterials are used to mimic the role of 
the ECMs present in the human body. This allows cells 
to express genes at higher levels than in cultures without 
biomaterials [211]. These materials can influence cellular 
behavior through their controlled degradation rates, cell 
surface-environment interactions, biomolecule release, 
and varying stiffness [211]. In particular, PSCs express 
ECM-associated genes, which affects their differentia-
tion and proliferation [212]. To improve the efficiency 
of PSCs, processed biomaterials derived from natural 
sources, such as human and animal proteins, and bio-
compatible synthetic materials can be used. In addition, 
various biomaterial-based culture techniques, such as 
monolayer or 3D culture, have been proven to affect cel-
lular functions.

Natural biomaterials for differentiation of PSCs into MSCs
As described in the previous section, natural biomateri-
als affect MSC fate and are, therefore, great candidates 
for differentiating PSCs into MSCs. This is primarily 
attributed to the presence of cell-binding sites that sup-
port MSC induction and generation. For instance, gelatin 
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and collagen are effective for deriving MSCs from murine 
iPSCs. Obara et al. cultured iPSCs on collagen- and 
gelatin-coated plates; after 8 days, fibroblast-like cells 
were generated, which were sub-cultured again on col-
lagen- and gelatin-coated plates for further maturation, 
as depicted in Fig.  4a [213]. In another study, Liu et al. 
cultured PSCs, and their differentiation in collagen type 
I-coated culture plates increased the EMT of PSCs, which 
induced their differentiation into MSCs [214]. These 
researchers cultured dissociated single cells for MSC 
production because PSCs cultured in colonies did not 
exhibit the fibroblast-like morphology. In another study, 
iPSCs cultured on fibrin-coated plates differentiated into 
MSCs that exhibited enhanced fibronectin secretion and 
increased migratory activity. This result suggested that 
the attachment of cells in fibrin induced cytoskeletal 
changes in iPSCs, directing them toward MSC differenti-
ation [215]. As for 3D systems, the conventional method 
involves formation of iPSC cell-spheroids called EBs and 
the attachment of these spheroids onto a surface coated 
with biomaterials such as gelatin, as described by Fro-
bel, et al. Differentiated iPS-MSCs form cell outgrowths 
from these spheroids, and these outgrowths are collected 
for further characterization, as depicted in Fig. 4c [216]. 
Representative studies on a few of these biomaterial-
based 2D and 3D systems are summarized and depicted 
in Fig. 5, and Fig. 4, respectively.

Synthetic biomaterials for differentiation of PSC into MSCs
The properties of synthetic biomaterials have been shown 
to be effective for MSC derivation, provided that the 
material is modified to improve cell attachment for iPSC-
derived MSC generation. Diaz et al. established a differ-
entiation protocol for iPSC-derived MSCs by culturing 
iPSCs on poly(2-[methacryloyloxy] ethyl dimethyl-[3-sul-
fopropyl] ammonium hydroxide) (PMEDSAH)-coated 
culture plates; EBs were formed, which were then trans-
ferred onto gelatin-coated plates and differentiated into 
MSCs in an MSC medium [217]. These cells exhibited 
enhanced osteogenic properties, indicating changes 
in the metabolism of the iPSCs owing to the culturing 
material [218]. Although these materials were used for 
differentiation, their interactions with cells were not ade-
quately illustrated.

Integrins are among the most studied molecules in 
terms of cell−ECM interactions. Integrin-associated 
signaling is a major mediator of biomaterial−cell inter-
actions and is considered an important factor in the dif-
ferentiation of PSCs [219]. For instance, ESCs cultured 
on polystyrene well plates engineered with conjugation 
of peptide ligands of integrin α5β1 and integrin α6β1 in 
mesodermal differentiation medium containing BMP4 
expressed early mesodermal markers [220]. These cells 
exhibited remarkable differentiation potential toward the 
mesodermal lineage, indicating the possibility of produc-
ing MSC-like cells by using this method [221]. Some of 
these synthetic materials are mentioned in Table 4.

Fig. 4 Representative studies: Existing biomaterial-based technologies for the differentiation of PSC to MSC. (a) Gelatin- and collagen-coated 
culture dishes as 2D systems for iPS-MSC generation by Obara. et al. [213]. (b) Fibronectin-coated dishes for efficient 2D isolation of iPSC-MSCs from 
spontaneously differentiated iPS cells by Cha et al. [172] (c) Embryonic bodies cultured in a gelatin-coated dish for generation of iPS-MSC outgrowths by 
Frobel et al. [216]. Images have been reused with permission

 



Page 16 of 26Prakash et al. Biomaterials Research           (2023) 27:31 

Fig. 5 Conventional 2D and 3D biomaterial-based differentiation of PSC to MSCs. 2D systems generally involve repeated culturing of PSCs in dishes 
coated with ECM proteins such as gelatin, collagen, fibronectin, and fibrin. 3D systems, by contrast, involve the formation of embryonic bodies (cell spher-
oids), attachment on coated dishes, and collection of cell outgrowths (MSCs).
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The use of different types of biomaterials is not the only 
factor that affects the differentiation of iPSCs. Another 
factor is the system in which the cells are cultured. 2D or 
3D culture systems and how they are formed affect the 
cell proliferation and differentiation efficiencies of iPSCs. 
These factors regulate cell-cell and cell-matrix interac-
tions, which further affect the cellular activity results.

Two-dimensional (2D) systems for differentiation of PSCs 
into MSCs
2D cell culture is the conventional method, and it 
involves the growth and maintenance of cells on flat 
surfaces. This system provides cells with a substrate for 
attachment, which is necessary for growth and prolifera-
tion. The main drawback of using a 2D culture is that it 
does not fully recapitulate the physiological conditions of 
tissues in-vivo, wherein cells are arranged such that they 

Table 4 Various natural and synthetic materials for generation of MSCs from PSCs. Several natural and synthetic materials have 
been utilized for efficient and effective differentiation of PSCs into MSCs. These materials strongly recapitulate the microenvironment 
in which MSCs reside in vivo, and therefore, provide a superior platform for MSC generation in in-vitro.

Biomaterial Method Cells used MSC properties References
Natural 
biomaterials

Gelatin and 
collagen

One-step MSCs derivation method; 
gelatin and collagen are coated 
repeatedly for two passages over 
culture plates

miPSCs CD73 is expressed; CD90 expression 
increases with passage, whereas 
CD105 expression decreases

(213)

Gelatin EB are formed for 7 days, and then 
they are cultured on 0.1% gelatin-
coated plates for 2 weeks to attain 
confluency

hESCs CD73 and Stro1 markers are 
expressed; MSCs are successfully 
differentiated into osteoblasts and 
adipocytes

(229, 230)

iPSCs are cultured over 0.1% gelatin 
for 14 days in MSC medium

iPSCs All major MSCs markers are expressed 
with stable passage capacity until 17 
passages

(231)

EBs formed are cultured in 1% 
gelatin-coated plates; some EBs 
attach and exhibit outgrowth; the 
unattached EBs are transferred to 
another 1% gelatin-coated plate in 
which MSC-like cells are formed in 
this culture.

hiPSCs Both attached and transferred EBs 
form MSCs, which are termed as aiM-
SCs and tiMSCs, respectively. aiMSCs 
exhibit greater CD90 expression than 
tiMSCs. MSCs markers are expressed 
in the second passage

(232)

Collagen type I Collagen I is used to coat plates, 
PSCs are cultured over colla-
gen, and repeated passaging is 
performed

iPSCs and 
hESCs

After the fourth passage, adult 
MSCs characteristics are gained; 
CD90, CD73, and CD105 are strongly 
expressed. Trilineage potential is 
observed, but with less adipogenic 
characteristics

(214)

Collagen type-IV EBs are cultured on collagen type 
IV-coated plate with growth factors 
to induce expressions of mesoder-
mal and neuroepithelial cells, which 
are then converted into MSC-like 
cells in MSC medium for 1 month

hiPSCs High expression of MSCs markers is 
observed; differences in paracrine 
factors can be seen

(233)

Fibrin Fibrin is used for differentiation, and 
both 2D and 3D environment are 
formed

hiPSCs All MSCs markers are found; only 
adipogenic differentiation potential is 
found; 3D culture yields poorer results

(215)

Fibronectin ESC differentiates spontaneously 
and are then cultured in fibronec-
tin-coated plates

hESCs After 7 days, MSC markers are 
observed, isolation of MSCs from het-
erogeneous population is achieved; 
further passages generate mature 
MSCs with all surface markers and tri-
lineage differentiation potential

(172)

Synthetic 
biomaterials

PMEDSAH EBs formed from cells are cultured 
over PMEDSAH-coated plates and 
subsequently transferred to gelatin-
coated plates for MSC generation

hiPSCs CD90 markers are not observed; high 
adipogenic, chondrogenic, and osteo-
genic potentials are noted

(217)

Polypeptide conju-
gated gold-coated 
plates

Integrin ligand-engineered plates 
are prepared; mesodermal differen-
tiation medium supplemented with 
BMP4 is used

hESCs After 48 h, mesodermal markers are 
observed: further downstream dif-
ferentiation occurs

(220)
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can interact with the environment in 3D. Although 2D 
cell cultures may not fully represent tissues in vivo, much 
of the existing molecular biology and medical knowledge 
has been obtained using 2D cultures.

2D methods play a major role in the proliferation and 
differentiation of iPSCs into different cells. The use of 
biomaterials has improved cell maturity and efficacy. 
Both natural and synthetic materials, as well as hybrid 
forms, have been used to grow cells. In the 2D culture 
technique, biomaterials are generally used as a scaffold to 
provide iPSCs with the traction force needed to differen-
tiate them into different lineages. iPSCs can differentiate 
into different lineages based on the stiffness, composi-
tion, and patterning of the biomaterial scaffold. Soft and 
stiff substrates support ectodermal and mesodermal 
lineages, respectively. This defines the effect of biomate-
rial stiffness on iPSC differentiation in 2D environments 
[222].

Similarly, a poly(dimethylsiloxane) (PDMS) scaffold 
with a stiffness of 100  Pa can be used to differentiate 
iPSCs into neural cells more efficiently than a substrate 
with a higher stiffness [223]. In another study, cells were 
induced to express the cardiac gene marker through elec-
trical and mechanical signaling when a PLGA fiber scaf-
fold coated with the conductive polymer polypyrrole was 
used as the substrate [224]. Similar culturing techniques 
have led to the efficient generation of MSCs from PSCs. 
Collagen-, gelatin-, fibrin-, and PMEDSAH-coated plates 
have been helpful for the conversion of PSCs to MSCs 
[213–215, 217]. In a study by Cha et al., ESCs cultured on 
fibronectin-coated plates in a spontaneous differentiation 
medium efficiently isolated and enhanced MSC-like cells 
among mixed populations of differentiated cells [172], 
as depicted in Fig.  4b. The MSCs expressed high levels 
of α5β1 integrin, a fibronectin receptor, which indicated 
that this method efficiently generated MSCs from PSCs. 
Similarly, it is important to identify the factors that affect 
cell physiology to produce MSC-like cells. These exam-
ples illustrate how 2D culturing methods can affect and 
even regulate the differentiation processes of cells.

Three-dimensional (3D) systems for the differentiation of 
PSCs to MSCs
Culturing cells in a 3D environment is an efficient 
method for replicating the human physiological condi-
tion. Cell-cell and cell-ECM interactions are maintained 
and regulated from every plane in this culture system. 
There are two methods to create a 3D environment for 
iPSCs in in-vitro—one involves forming 3D cell aggre-
gates called EBs and the other involves using biomaterials 
to encapsulate cells. For instance, neuron growth factor-
conjugated alginate–chitosan–gelatin hydrogel allowed 
iPSCs to grow in a 3D environment, thereby enabling 
them to differentiate into neuron-like cells [225]. In 

a study by Zoldan et al., a 3D construct composed of a 
PLGA hydrogel with varying stiffness enhanced the dif-
ferentiation efficiency by 50–80-fold [226]. Constructs 
with higher stiffness promoted the production of meso-
dermal lineage cells, whereas softer constructs promoted 
the production of endodermal lineage cells similar to the 
2D methods but with higher expression [222]. Although 
this is an efficient method for iPSC differentiation, sev-
eral results indicate that 3D methods generally produce 
smaller cell populations than 2D methods, which can be 
attributed to the formation of a necrotic zone at the cen-
ter of the spheroid. This phenomenon has been observed 
in the 3D culture of fibrin-embedded iPSCs as well. The 
culture exhibited a heterogeneous population of MSCs 
with apoptotic clump formation and some fibroblas-
tic colonies among the iPSC population, indicating the 
influence of limited nutrient supply at different locations 
in this 3D system [215]. However, this drawback can be 
resolved by incorporating gelatin microparticles inside 
the EBs to prevent the formation of necrotic cores [227]. 
Nevertheless, the biomaterial-based 3D culture of ESCs 
is a promising approach for inducing their differentiation 
into the mesodermal lineage [226].

A proper environment that supports efficient differ-
entiation of iPSCs into MSCs must be considered. Little 
research has been conducted on the biomaterial-assisted 
differentiation of iPSCs into MSCs. However, the use of 
0.1% gelatin in the differentiation of iPSCs into MSCs 
indicates that the cell surface-expressed αvβ3 and α5β1 
integrins may be the primary factors driving this differen-
tiation [166, 217]. Similarly, 3D environments composed 
of biomaterials can be developed. A 3D environment cre-
ated from a PCL nanofiber scaffold with varying stiffness 
was used by Nam et al. to differentiate embryonic MPCs 
into different unipotent cells. This technique can be used 
to differentiate PSCs into MSCs because the stiffness of 
the scaffold supports mesodermal generation [219, 228].

Future perspective on the biomaterial-based 
differentiation of iPSCs to MSCs
Recent advances in the differentiation of iPSCs to MSCs 
mainly include the regulation of molecular signaling 
pathways through the addition of growth factors or small 
molecules, whereas few studies have focused on the use 
of mechanical stimuli. Mechanical signals are provided 
by the cell’s surrounding ECM, and these signals, in turn, 
affect cell-cell and cell-ECM interactions to induce sev-
eral molecular processes [234]. Although the exact mech-
anism by which the ECM regulates cell function has not 
been fully explored yet, it is hypothesized that mechani-
cal signals affect integrin and laminin proteins expressed 
on the cell surface, which transfer the signal into the cell’s 
cytoskeleton. This activates the interaction between the 
Yes-associated protein (YAP) and the transcriptional 
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coactivator with the PDZ-binding motif (TAZ), which 
eventually alters the cell’s behavior [235, 236].

Depending on the provided mechanical cue, several 
changes can be observed in cells subjected to mechanical 
stimuli. In the case of hPSCs, cells transitioned from the 
pluripotent state to the differentiated state when cultured 
over a switching hydrogel composed of alginate and colla-
gen, with alginate degradation occurring before collagen 
degradation [193]. This change in the cell’s microenviron-
ment initiated efficient differentiation of hPSCs into ecto-
derms within 3 days and into mesoderm and endoderm 
within 5 days. Similarly, modulation of the ECM stiffness 
can affect the differentiation of hPSCs. In one study, soft 
ECM (100 and 700 Pa) supported the neuronal differen-
tiation of hPSCs, as indicated by increases in neurogenic 
and dopaminergic markers within 9 days [223]. Apart 
from stiffness, neuronal cells from iPSCs were obtained 
by varying the topographies of PCL through electrospin-
ning [237]. Recent advances in biomaterials and method-
ologies include the introduction of various mechanical 
signals to aid the production of different cells from iPSCs 
[238]. Various methods that use these mechanical cues 
to generate cardiomyocytes from PSCs have been devel-
oped. Puig–Sanvicens et al. reported a biologically 
inspired self-assembling peptide hydrogel (RAD16-I) that 
could replace the supplement required for cardiac gene 
expression, which indicates that the mechanical cues 
derived from biomaterials can differentiate cells [239]. 
Similarly, the use of relatively stiffer substrates supports 
biomaterial in the differentiation process in forming 
mesoderm lineage cells [240, 241]. In a study by Quinton 
et al., a PDMS stiffness of 1.7 MPa led to greater meso-
dermal gene expression than a PDMS stiffness of 3 kPa, 

indicating the upregulation of mesodermal markers on 
relatively stiffer substrates [240]. These studies support 
the assertion that varying the stiffness and topology of 
biomaterials induces mechanical cues for the differentia-
tion of hPSCs into mesodermal lineage cells [162]. This 
procedure can be further extended to produce MSCs 
from iPSCs because MSCs belong to the mesodermal lin-
eage [221].

Another potential method for MSC production is 
immobilization of protein on a biomaterial scaffold to 
initiate PSC differentiation. Immobilizing factors, such 
as BMP4 and SB431542 and inhibitors of nuclear factor-
kappa B (IκB) kinase (IKK), on PDMS can induce the 
differentiation of iPSCs into MSCs [144, 159]. Although 
only a few studies have investigated the role of bioma-
terials and their impact on iPSC-derived MSC genera-
tion, similar studies have indicated the potential of using 
biomaterials to efficiently produce MSCs from iPSCs. 
However, proper selection of the base material, bioma-
terial system (2D versus 3D), correct stiffness, topology, 
and other MSC-inducing factors should be considered 
carefully to develop an ideal biomaterial-based system 
for producing MSCs from iPSCs [242]. The future scope 
for biomaterial-based MSC production is schematically 
depicted in Fig. 6.

Conclusion
The use of MSCs for cell therapy and regenerative medi-
cine has increased in recent years owing to the various 
properties of MSCs that are deemed important in cell 
and tissue regeneration. MSCs can differentiate into sev-
eral cell types, such as osteocytes, chondrocytes, and 
adipocytes. Moreover, MSCs secrete various cytokines 

Fig. 6 Future prospects of biomaterial-based MSC generation from PSCs. MSCs can be generated from iPSCs with the help of various biomimicking 
materials. Several natural and synthetic materials can induce the efficient growth and differentiation of MSCs. Functionalization of these materials through 
the conjugation of select MSC-inducing growth factors, exosomes, and modifications by varying stiffness and topology represent promising improve-
ments to effectively and efficiently differentiate PSCs into MSCs.
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that promote the growth of neighboring cells or regulate 
immune responses. Owing to these properties, MSCs 
have been widely used in several clinical trials to treat 
tissue injuries, such as brain, heart, bone, and cartilage 
injuries. Their role in treating GVHDs has eased trans-
plantation procedures. These results indicate the prom-
ising potential of the use of MSCs to achieve successful 
transplantations.

MSCs are adult stem cells that are present in almost 
all tissues of the body. However, variations in their pro-
liferative capacity or differentiation potentials have been 
observed, and these characteristics are strongly depen-
dent on the tissue and donor from which the cells are 
isolated. This heterogeneity is the major reason limiting 
the use of adult MSCs in cell therapy. These limitations 
can be resolved by deriving MSCs from PSCs. When 
PSCs are differentiated into MSCs through more defined 
and regulated procedures, an unlimited supply of clini-
cally relevant MSCs can be obtained. Several strategies, 
such as growth factor induction, 3D culture, biomateri-
als, and epigenetics, have been studied. Each technique 
has unique advantages and disadvantages. However, 
given that the differentiation of iPSCs into MSCs can be 
induced via several techniques, it is suggested that a stan-
dardized protocol should be developed to realize better 
and more efficient production of clinically relevant MSCs 
for use in cell therapy and tissue regeneration.
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