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Research has advanced considerably since the first clinical trial of human mesenchymal stem cells (MSCs)

in the early 1990s. During this period, our understanding of MSC biology and our ability to expand and

manipulate these cells have provided hope for the repair of damaged tissues due to illness or injury. MSCs

have conventionally been injected systemically or locally into target tissue; however, inconsistent cell

homing and engraftment efficiencies represent a major bottleneck that has led to mixed results in clinical

studies. To overcome these issues, MSCs have been pre-conditioned with biomolecules, genetically

altered, or surface engineered to enhance their homing and engraftment capabilities. In parallel, a variety

of cell-encapsulating materials have been designed to improve cell delivery and post-transplantation sur-

vival and function. In this review, we discuss the current strategies that have been employed on cultured

MSCs to improve targeted cell delivery and retention for tissue repair. We also discuss the advances in

injectable and implantable biomaterial technologies that drive the success of MSC-based therapies in

regenerative medicine. Multi-faceted approaches combining cellular modification and cell-instructive

material design can pave the way for efficient and robust stem cell transplantation for superior therapeutic

outcomes.

Introduction

Throughout life, multicellular organisms maintain healthy
homeostasis by regulating a delicate balance between cell
regeneration, replacement, and death. However, exposure to
disease, injury, infection, and/or age can upset this balance.
While some tissues, such as the epithelial lining of the intes-
tine or skin, are more resilient to such stresses due to their
superior regenerative abilities, other tissues such as cardio-
myocytes are challenging to regenerate. When tissues are
damaged beyond their intrinsic repair capabilities, external
interventions are required to promote tissue regeneration and
regain tissue function.

Over the past two decades, stem cells have gained signifi-
cant attention with the potential to renew damaged tissues
and enhance tissue function. Of the various stem cells
reported in the literature, mesenchymal stem cells (MSCs),
also known as mesenchymal stromal cells, have found greatest
clinical application in cell therapies.1 The attraction of MSCs
lies not only in their biological ability to self-renew, to secrete

tropic factors, and to differentiate into multiple mesodermal
lineages, but also in their accessibility from various tissue
sources (e.g. bone marrow, adipose tissue, placenta, umbilical
cord, dental pulp), economics of expansion and transplan-
tation, reduced immunogenicity,2 and limited ethical con-
siderations compared to their embryonic counterparts.3

Mesenchymal stem cells have been explored in pre-clinical to
clinical therapies, for neuropathies (spinal cord injury,
Parkinson’s disease, Alzheimer’s disease), cardiomyopathies,
diabetic nephropathies, cancer, and other disorders of the eye,
bone, skeletomuscular tissue, cartilage, and skin.4,5

To standardize the implementation of stem cell therapies, a
reference plan was established called DOSES: D – donor (auto-
logous, allogenic or xenogeneic), O – origin of tissue, S – separ-
ation method, E – exhibited cell behaviour, S – site of
delivery.6–9 A search for clinical trials (https://clinicaltrials.gov)
from 2015 to 2023 using keyword “mesenchymal stem cells”
results in about 963 trials. Of these, 657 studies have been
initiated in the last five years (since 2018), with more than
60% in phase 1 and 2, clearly showing the rapid emergence of
MSCs as a therapeutic modality. While North America and
China have been the leaders in the conduct of MSC clinical
trials, South Korea, Japan and India have approved more MSC
clinical products than other countries10 (Table 1). A number of
recently published review articles have discussed the timeline
of MSC clinical therapies.9–13
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The clinical success of MSC-based cell therapies requires
the optimisation of various ex vivo and in vivo aspects, includ-
ing MSC isolation, expansion, characterization, delivery,
homing, and engraftment. Moreover, MSCs are highly hetero-
genous in nature, containing populations with various pro-
genitors, cell states, and functional profiles.16 The first ver-
sions of MSC therapies have relied on the intrinsic homing
ability of the injected cells to migrate to sites of injury, which
can be ineffective. Recent advancements in tissue engineering
and cell biology have explored more efficient delivery modal-
ities that can enhance MSC homing and engraftment to target
tissues.

Survival of MSCs following transplantation to the site of
injury is another critical factor for successful MSC therapies.
The harsh local microenvironment at the site of injury often
reduces transplanted cell viability due to anoikis and oxidative
stress. Anoikis is a form of programmed cell death caused by
the loss of extracellular matrix-dependent cell adhesion.
Furthermore, damaged tissues often generate imbalanced
levels of reactive oxygen species relative to intrinsic antioxida-
tive mechanisms. Therefore, strategies to improve cell engraft-
ment, retention and survival under stress conditions are cru-
cially needed to fully attain the benefits of MSC therapies.

In this review, we summarise the available approaches to MSC
administration and implantation as part of cell-based therapies.
We discuss the conventional methods of cell delivery via injec-
tion, outline the key processes underpinning MSC homing, and
explore current strategies of enhancing MSC delivery, engraft-
ment, and retention in target sites. Specifically, we highlight
recent advances that have been made in the areas of MSC pre-
conditioning, genetic modification, surface engineering, and bio-

material design, which have led to pre-clinical benefits and hold
promise for therapeutic success in the clinic.

Cell delivery and retention: a challenge
in cell therapies

MSC therapies date back more than half a century, with the
first clinical application by Thomas and co-workers in 1957,17

and rose to prominence in the early 1990s.18 The hype of
MSCs as a “magic bullet” to treat a range of conditions gave
rise to a number of unregulated “off-the-shelf” therapies.19

One of the main reasons for this uptick in MSC products was
the relative ease with which MSCs could be cultured and
expanded. For instance, 25 mL of bone marrow can be propa-
gated into about 100 million cells in two weeks, which is
sufficient for a clinical dose.8 However, clinical outcomes are
not defined solely by cell dosage, but by a compounded range
of factors including MSC homing, engraftment, and survival.

While injecting stem cells can be beneficial for initiating the
repair of small injuries, this approach is often inadequate for
severe injuries where cell-for-cell replacement is required. For
instance, the human heart is the size of a closed fist,20 and an
infarct region may destroy tissue volume equivalent to that of one
or two fingers, which is challenging to repair with a single dose of
100 million cells. Recovery can be further complicated by the
limited engraftment and survival of injected cells, as only <1% are
known to survive by 24 to 48 hours post-injection,21 depending on
the state of the disease and age of the patient.22 These issues of
cell delivery and retention are not only limited to MSC-based
therapies but are also prevalent in other cellular therapies.8

Table 1 Commercially available MSC-based therapeutic products targeted to various conditions

Name MSC type Target condition Formulation Administration route Country
Market
approval

Prochymal Ex vivo cultured
allogenic BM-MSCs

Acute GvHD in
children

100 million cells Intravenous Canada 2012

Ixmyelocel-T Autologous BM-
expanded
multicellular cells

Heart failure due to
DCM

35 to 295 million cells14 Intramyocardial USA 2017

Alofisel Allogenic adipose-
derived MSCs

Complex anal fistulas
in adults with Crohn’s
disease

120 million cells Locally in fistula
region

European
Union

2018

Cellgram-AMI Autologous
BM-MSCs

Acute myocardial
infarction

50 million cells/10 mL,
70 million cells/14 mL,
90 million cells/18 mL

Intracoronary artery South
Korea

2011

CARTISTEM® Allogenic UCB-MSCs Knee cartilage defects
with osteoarthritis

2.5 million cells/500 µL
cm−2 (size of knee carti-
lage defect)

Locally via surgical
method or
arthroscope

South
Korea

2012

Cupistem Autologous adipose-
derived MSCs

Crohn’s fistula 30 million cells per mL Locally in fistula
region

South
Korea

2012

NeuroNata®-
R

Autologous
BM-MSCs

ALS 40 million cells/4 mL Intrathecal South
Korea

2014

TEMCELL®
HS

Allogenic MSCs Acute GvHD 72 million cells/bag
(10.8 mL)

Intravenous Japan 2015

Stempeucel® Allogenic BM-MSCs Critical limb ischemia 100 or 200 million cells/
15 mL (ref. 15)

Intramuscular India 2016

MSCs – mesenchymal stem cells; BM-MSCs – bone marrow-derived MSCs; UCB-MSCs – umbilical cord blood-derived MSCs; GvHD – graft-versus-
host disease; DCM – dilated cardiomyopathy; ALS – amyotrophic lateral sclerosis.
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Systemic and local injection of MSCs

One of the easiest and most common modes of cell delivery is
via the intravenous (IV) route (Fig. 1). However, while it is rela-
tively non-invasive and technically straightforward, entrapment
of stem cells in other host tissues may significantly reduce
clinical efficacy.21 In a myocardial infarct animal model, IV
injection of stem cells achieved modest cardiac recovery, with
only a small fraction of cells engrafted in the myocardium and
significant non-cardiac entrapment of cells.23–25 While the
heart may be considered a particularly challenging injection
site due to its regular contractions, injecting MSCs in other
organs has also led to modest benefits. For example, Liu et al.
(2022) performed a meta-analysis study to evaluate the efficacy
and safety of MSC therapies for chronic liver disease. While
MSC IV injections appeared to improve biochemical markers
such as albumin levels and clinical severity scores, no benefits
to survival rate were ultimately observed.26 Celis-Ruiz et al.

(2022) recently reported on >60-year-old patients with moder-
ate to severe stroke, who were injected with adipose-derived
MSCs. After 24 months, there was no observed improvement
in clinical outcomes when compared to the placebo group.17

In another meta-study of 13 clinical studies of acute respiratory
distress syndrome (ARDS), MSC treatment did not trigger
adverse effects and reduced mortality rates when compared to
controls; although findings may have been limited by the
sample size and lack of secondary endpoints.27 In a multi-
centric randomised trial for myocardial infarct reperfusion
injury, IV-injected MSCs reduced ventricular tachycardia, and
improved ejection fractions compared to the placebo group.28

While other similar studies also demonstrate reversal in heart
remodelling after MSC injections, the debate on their thera-
peutic efficacy is far from settled,21 due to the lack of consist-
ency between initial patient conditions and evaluation protocols
and endpoints.29 Apart from MSC entrapment in non-target
tissues, the IV route of delivery is also not suited to patients

Fig. 1 Various methods of MSC delivery for clinical applications, including potential advantages and disadvantages. Cell delivery approaches can be
broadly categorised into systemic and local/targeted routes.
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with occluded arteries. Furthermore, homing and engraftment
are highly dependent on internal homing signals that peak a
few days after myocardial infarction, and are hence unlikely to
be effective in patients with chronic myocardial infarcts.21

In general, while there is consensus regarding the safety of
MSC administration via the IV route, therapeutic efficacy ranges
between low to moderate in various organs due to limited reten-
tion. Jiang et al. (2013) demonstrated that only 0.25% of IV-deli-
vered MSCs were retained within the myocardium in an
ischemic-reperfusion model of myocardial infarction,30 likely due
to entrapment of cells in various tissues.31,32 In vivo tracking of
firefly luciferase-transfected murine MSCs showed that most
transplanted MSCs were trapped in the lungs, due to their large
size (15–19 µm) relative to capillaries (5–10 µm).33

Almost all studies support MSC entrapment in the lungs as
an inevitable consequence of systemic infusion. This entrap-
ment could occur not only due to the size of the MSCs but also
the receptor–ligand interactions between MSCs and lung
endothelia. Nystedt and co-workers showed that systemic injec-
tion of differently-sized bone marrow and umbilical cord
MSCs were trapped in the lung post-injection, but clearance of
umbilical cord MSCs was more rapid than that of bone
marrow MSCs, suggesting that smaller cells display reduced
lung retention. Furthermore, umbilical cord MSCs expressed
significantly higher levels of α4 and α6 integrins, hepatocyte
growth factor receptor, and general fucosylation levels than
bone marrow MSCs, linking these cell surface proteins to MSC
lung clearance.34 Conversely, increased fibronectin expression
by MSCs is proposed to correlate to lung adherence,34 as is the
surface expression of VCAM-1, which may mediate cell
adhesion to pulmonary vasculature.35

In another comprehensive study in a rat lung injury model,
Schmuck and colleagues (2016) determined the distribution and
survival of IV-injected MSCs in different organs over a period of
days. Results suggest that 82% of injected cells were found in
non-target organs within an hour of injection, with the highest
concentration of cells in the liver (78%), followed by the lungs
(20%). Two days after injection, only 0.06% of the infused cells
were detected in all organs, with the liver still retaining the
highest number of cells.36 Other studies have also shown cell
accumulation in organs like the spleen.37,38 This non-target
tissue entrapment of MSCs may be promoted by coagulation
reactions induced by systemic infusion of the cells.39

To alleviate this issue, pre-treatment of mice with sodium
nitroprusside, a drug used for lowering blood pressure, has
been shown to reduce lung entrapment of MSCs during IV
delivery.33 Similarly, inactivation of the VCAM-1 counter-ligand
(VLA-4/CD49d) on MSCs significantly increases pulmonary
passage in rats.35 Heparin pre-treatment has also been shown
to reduce lung embolisms, triggered by the administration of
large doses of MSCs, and enhance migration of MSCs in a
mouse model.39 While these options significantly increase pul-
monary passage, the cell numbers reaching arterial circulation
are still only a small fraction of the initial administered dose.

Therefore, other systemic delivery routes, such as intraperi-
toneal (IP) and intra-arterial (IA) routes, have been investigated

to address MSC entrapment in non-target tissues. These deliv-
ery methods bypass initial cell uptake by lungs, enhancing
engraftment in target sites compared to IV injection.37 A com-
parison of IV vs. IA administration of MSCs labelled with super-
paramagnetic iron oxide showed successful cell delivery and
engraftment in a cerebral ischemic rat model after IA but not
after IV injection, and the reduction of laser doppler flow during
cell infusion correlated well with the degree of intracerebral
engraftment.40 Wang and co-workers (2013) performed a meta-
analysis of 21 small animal studies using MSCs to treat impaired
kidney function. Results suggested that arterial delivery of MSCs
favourably reduced serum creatinine levels when compared to
intravenous injections.41 However, a study on a type I diabetic
nephropathy rat model found that while 20% of IA administered
MSCs localised to the injury site after 24 hours, only 3% of the
cells were retained after two months.42 Similarly, hypoxia-grown
MSCs injected intra-arterially in a murine hind limb ischemia
model demonstrated only 0.2% cell retention at two weeks post-
transplantation,43 indicating that the initial cell engraftment
enhanced by IP or IA delivery routes does not necessarily improve
longer-term retention.

To overcome issues of low cell migration and retention
associated with systemic MSC administration, localised cell
delivery routes (Fig. 1) such as intracoronary, intramyocardial
or transendocardial injections are viable options for the heart.
As cells are directly injected in the peri-infarct area, there is
less reliance on their homing capability, which is expected to
boost cell engraftment and therapeutic function above levels
achieved via the IV route. Unfortunately, clinical trials on
cardiac conditions with cells delivered through either intra-
coronary or intramyocardial routes have produced mixed
outcomes.44–47 Moreover, the efficacy of cell engraftment, as
measured by a reduction in infarct size, was not observed,
except in a phase I/II randomised transendocardial autologous
cells in ischemic heart failure trial (TAC-HFT), where transen-
docardially injected cells reduced infarct size by 18.9% as com-
pared to 5.2% in the placebo group in patients with chronic
ischemic cardiomyopathy.48 Furthermore, most clinical
studies lack data on cell retention or survival that could have
provided information on the fate of grafted cells. However,
studies in porcine models indicate that only 3–6% of cells are
retained in the heart after intra-coronary injection, and only
3–11% are retained after intra-myocardial injection.25,49

As with the heart, other organ-specific delivery routes have
been adapted to achieve better functional outcomes. For
instance, MSCs were intraarticularly injected in rats with
injured anterior cruciate ligament, medial meniscus and
articular cartilage. Evaluations at 4 weeks showed homing and
engraftment of MSCs at the injured sites, and in situ differen-
tiation aiding in tissue regeneration.50 Similarly, in a porcine
model of cartilage defect, MSCs suspended in hyaluronic acid
were intraarticularly injected, and results were evaluated at 6
and 12 weeks. Marked improvements were observed at both
time points based on histopathological evaluations, associated
with the presence of transplanted MSCs in the host cartilage.51

In a rodent model of bronchopulmonary dysplasia, intratra-
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cheal delivery of MSCs improved survival and attenuated alveo-
lar and lung vascular injury. However, engraftment of cells was
disproportionately low (0.1%), and the benefits were attributed
to paracrine-mediated mechanisms.52

In general, there is substantial evidence that MSC adminis-
tration via the systemic route is operationally straightforward,
less invasive, clinically economical, and feasible for repeat
infusions, but this approach carries limitations for cell
homing and engraftment due to off-target effects. On the other
hand, MSC administration through local routes is direct and
can result in improved cell delivery due to a reduced reliance
on cell homing capabilities, but post-transplantation retention
and survival are highly variable and organ-dependent.
Moreover, some local delivery approaches like intramyocardial
or intraarticular routes would require surgery, increasing the
costs associated with cell therapies. Both systemic and local
delivery modalities are currently used clinically, depending on
the target organ and condition, as shown in Table 1.

Mechanisms underpinning MSC
homing and engraftment

MSC delivery, via systemic and, to some extent, local injection
methods, relies on the homing of cells to the target tissue.
However, the process of homing is not yet fully understood,
and there is limited understanding of the fate of injected cells.
It is also debated if MSCs localize to host tissue due to passive
entrapment, or if there are active factors that guide cells to
specific tissues.53 MSC homing requires modulation by che-
motactic factors, extracellular matrix components,54 and recep-
tors like selectins and integrins.55 The molecular mechanisms

of homing are reviewed in detail elsewhere.55,56 In brief, MSCs
express cluster of differentiation 44 (CD44), which binds to
selectins expressed by endothelial cells, causing MSCs to roll
along the vascular wall, initiating the rolling process.57 This is
followed by an activation step that is mediated by a G-protein
coupled chemokine receptor, generally in response to an
inflammatory signal. One of the most well-studied homing
signals is the stromal derived factor-1 (SDF-1) and C-X-C motif
chemokine receptor 4 (CXCR4) axis.58 Other factors like mono-
cyte chemoattractant factor-1 (MCP-1) and CC motif chemo-
kine receptor 2 (CCR2) are also known to play a role.59 Stable
activation-dependent arrest, the third step in the sequence, is
regulated by integrins. SDF-1 activates integrin α4β1 (VLA-4)
on MSCs, which in turn binds to VCAM-1 on endothelial
cells.60 In the next phase of transmigration, MSCs traverse the
endothelial membrane by secreting matrix metalloproteases
(MMPs), resulting in the breakdown of the endothelial base-
ment membrane.61 In the last stage of the homing process,
MSCs migrate to the site of injury. There are a plethora of sig-
nalling factors and receptors that tightly control and orches-
trate this complex process (Fig. 2). Detailed knowledge of these
events has been used to develop various strategies to enhance
homing of MSCs for clinical purposes.

Cellular strategies for improving MSC
homing and retention

Over the years, MSC homing and engraftment have been
demonstrated to occur with limited efficiency,56 potentially
due to the low and heterogeneous cell expression of factors/
receptors involved during this process, such as CXCR4.62–64 Ex

Fig. 2 Schematic representation of MSC homing and migration, which involve five specific stages; namely, rolling, activation, arrest, transmigration
and migration. The key proteins involved during each stage are indicated.
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vivo expansion of MSCs is thought to lead to a gradual loss of
these homing receptors, and MSCs of different origins may
also express different receptor profiles.65 To mitigate these
issues, various strategies have been applied to enhance MSC
homing and engraftment (Fig. 3). These approaches mostly
target one or multiple steps of the homing process (i.e.,
rolling, activation, arrest, transmigration, and migration).

Pre-conditioning of MSCs

Enhancing internal homing signals. Since cultured MSCs
downregulate the expression of homing molecules, one of the
first approaches to improve homing has been to activate or
enhance the levels of these molecules by the addition of cyto-
kines, either individually or in a cocktail, during in vitro expan-
sion. Expression of the major homing receptor CXCR4 can be
upregulated by a cytokine cocktail, which significantly
improves MSC homing to the bone marrow, compared to
untreated MSCs.66 Similarly, pre-treatment of rat MSCs with
insulin-like growth factor 1 (IGF1) enhances CXCR4 expression
and its migratory response to SDF-1 via the PI3K pathway.67

Priming of MSCs with two mood stabilizing agents, valproic
acid and lithium, also elevates levels of CXCR4 and matrix
metalloprotease 9 (MMP9), respectively. Both molecules inde-
pendently increase SDF-1-mediated MSC migration through
different target mediators.68 The primed MSCs show increased
homing to infarcted cerebral regions, resulting in improved
functional recovery, reduced infarct volume and enhanced

angiogenesis.69 Similarly, MSCs cultured with GSK3β inhibi-
tors (LiCl, SB-415286 and AR-A014418) display increased
in vitro migration, attributed to increased levels of migration
factors, including CXCR4 and phosphor-β-PAK-interacting
exchange factor (PIX).70 In another study, interleukin 1β (IL1β)
primed MSCs show upregulated CXCR4, enhanced migration
to the inflammation site, and improved therapeutic efficacy in
a murine colitis model.71 Similar priming studies with deferox-
amine, an iron chelator,72 and complement component 1q
(C1q)73 have demonstrated similar results. Inflammatory cyto-
kines like interferon-gamma (IFNγ) have also been used to
prime MSCs. MSCs pre-treated with IFNγ show beneficial
effects in a murine model of colitis, exhibiting better survival
rates, reduced colitis scores, suppressed amyloid and proin-
flammatory cytokine levels, and increased body weight as com-
pared to non-primed MSCs. Moreover, interferon treated MSCs
show significantly higher (10–15%) homing to the intestine
during colitis compared to untreated cells.74

The homing capability of MSCs can also be enhanced by
culturing them in platforms that approximate the three-dimen-
sional (3D) architecture of their native environment. Studies
have shown that MSCs cultured in a 3D environment, either as
spheroids or on biomaterials, tend to preserve homing,
migratory and immunomodulatory capabilities that are gener-
ally lost in planar cultures.75 It is suggested that these changes
are closely regulated with the activation or inhibition of cell
behaviour signalling pathways. When umbilical cord-derived

Fig. 3 Strategies to enhance homing of MSCs, including (a) targeted delivery to specific organs, (b) in vitro priming of cells with different factors, (c)
genetic modification, (d) cell surface modification, and (e) three-dimensional organization of cells alone or within biomaterials.
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MSCs were cultured in a 3D porcine acellular dermal matrix
and injected in mice, the cells demonstrated better homing
and migratory abilities to various organs due to the higher
expression of toll-like receptors and CXCR4. The authors also
demonstrated that 3D cultured MSCs showed reduced lung
entrapment and higher host tissue engraftment than 2D cul-
tured cells.76 These studies indicate that MSCs can be pre-con-
ditioned to enhance CXCR4 expression to improve homing in
animal models.

Factors improving engraftment and retention. Priming with
various growth factors to enhance MSC homing and engraft-
ment has also been explored. Granulocyte colony stimulating
factor (GCSF), a 25 kDa haematopoietic cytokine, is well-estab-
lished to mobilize stem cells.22 MSCs, pre-treated with GCSF
before transplantation into a pulmonary fibrosis model,
exhibit significant homing to the lungs and enhanced anti-
fibrotic effects. Homing was inhibited by CXCR4 knockdown,
indicating the role of this protein in GCSF-stimulated MSC
mobilisation.77 In a rat model of Parkinson’s disease, co-treat-
ment of bone marrow MSCs with GCSF improved biochemical
markers of disease, and allowed the cells to cross the blood–
brain barrier and engraft to the brain.78 Furthermore, Pan
et al. (2009) showed that administration of amniotic fluid
MSCs, along with GCSF, suppresses apoptosis and inflam-
mation, and increases survival of transplanted cells. Cells deli-
vered with GCSF are associated with increased nerve myelina-
tion and improved motor function compared to cell prep-
arations without GCSF.79

The loss of grafted cells and lack of cell integration into the
host tissue may be due to a microenvironment that is uncon-
ducive to cell adhesion. Enhancing cell production of extra-
cellular matrix components can therefore improve engraftment
efficacy. MSCs primed with low levels of transforming growth
factor (TGFβ1) are shown to increase expression of matrix pro-
teins and matrix-contacting receptors, including fibronectin,
collagen I and IV, tenascin-C, and integrins. When TGFβ1-
primed or control MSCs were intravenously injected in a rat
LPS-induced model of acute lung injury, the primed MSCs
reduced the severity of injury. Furthermore, primed MSCs sur-
vived in damaged lungs until day 14 compared to untreated
cells, suggesting the role of matrix proteins in increasing cell
survival and retention.80 As another example, a cocktail of
fibroblast growth factor-2 (FGF2), platelet-derived growth
factor-AA (PDGF-AA), forskolin and human heregulin-β1 was
used to prime MSCs for 8 days and injected in a mouse model
of hind limb ischemia. After transplantation, the primed
MSCs significantly improved tissue perfusion and increased
capillary formation, allowing the limb to be salvaged com-
pared to non-primed MSCs. The primed MSCs also exhibited
better retention and survival in vivo, which can be attributed to
secreted pro-angiogenic and growth factors, vascular endo-
thelial growth factor (VEGF) and hepatocyte growth factor
(HGF).81 Recently, Willer and colleagues (2022) showed that
administration of human MSCs loaded with a defined set of
cargo significantly accelerates wound healing in a diabetic rat
model, which was characterised by increased epidermal and

dermal maturation, collagen formation, vascularization, and
cell infiltration.82 The cargo consists of thirteen factors,
including brain derived neurotropic factor (BDNF), epidermal
growth factor (EGF), GCSF, TGFβ1, HGF, FGF2, VEGFA, leuke-
mia inhibitory factor (LIF), prostaglandin E2 (PGE2), osteopon-
tin, indoleamine 2,3-dioxygenase (IDO) and interleukins (IL1α
and IL6). Beneficial effects were seen with repeated topical
administration of cells at specific stages of wound repair,
namely inflammation, proliferation, and remodelling. The
human MSCs survived and were detected in the wound area
interspersed with rat tissue until four days post-delivery.

In addition to growth factors, antioxidants and drugs have
also been used to prime MSCs. MSCs, pre-conditioned with a
natural antioxidant, fucoidan, and IV injected in a murine
model of hind limb ischemia, show five-fold higher engraft-
ment compared to non-primed MSCs. This finding suggests
that pre-conditioning with antioxidants can promote cell survi-
val and proliferation in ischemic tissues, resulting in improved
functional recovery.83 Similarly, pre-treatment of MSCs with
haemin, a potent heme oxygenase-1 (HO-1) inducer, in serum-
deprived and hypoxic conditions, enhances cardioprotection
and improved heart function in a mouse myocardial infraction
model. While both primed and untreated MSCs were detected
four weeks after transplantation, the number of primed MSCs
was more than two-fold higher than control cells, indicating
the ability of haemin priming to promote MSC survival in
ischemic tissue.84

Stress-regulated homing and engraftment. Pre-exposure of
MSCs to low levels of cellular stress is another method to
enhance cell homing, engraftment and post-transplantation
survival in sites of tissue damage. Stress can be induced by
altering the normal culture conditions of MSCs, primarily by
maintaining cells in hypoxia, growing cells in serum-free con-
ditions, or subjecting cells to oxidative stress.

Many stem cell niches are hypoxic.85 Hence, pre-condition-
ing of MSCs by culturing them in hypoxia recapitulates con-
ditions closer to their native niche. MSCs expanded in nor-
moxic conditions can undergo stress when transplanted to
hypoxic injury sites in vivo, which triggers premature death
and reduced homing and engraftment.86 As such, adapting
MSCs to hypoxic conditions (1–5% O2) may enhance their per-
formance post-transplantation. Hypoxic conditions have been
shown to increase expression of CXCR4, CX3CR1 and CXCL7,
which are vital for the homing process.87–90 Vertelov and col-
leagues (2013) showed that MSCs cultured in hypoxic (5% O2)
conditions demonstrate markedly higher targeted migration,
compared to cells grown in a normoxic (21% O2) environment,
alongside an upregulation of growth factors (HGF, PDGF-AB,
EGF, VEGF, FGF2 and IGF), chemokines (MIP1α, BCA-1,
RANTES, and SDF1α) and inflammatory cytokines (IL6, IL1β
and tumour necrosis factor alpha (TNFα)). The group also
demonstrated that hypoxic conditions enhance the activation
of RhoA,91 a vital signalling factor in MSC migration.85,92

Consistent with this model, hypoxia-primed MSCs displayed
improved survival and retention in a murine hind limb
ischemic model compared to normoxia-cultured cells, and are
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associated with enhanced vascularization and accelerated res-
toration of blood flow.43 Similarly, MSCs cultured in hypoxia
(1% O2), when injected intramuscularly in SCID mice, showed
better survival and retention in vivo than cells maintained in
normoxic conditions.93 In another study, hypoxia-grown MSCs
were intratracheally instilled into mice with bleomycin-
induced pulmonary fibrosis. Histopathological examination
showed a high number of the primed MSCs in the mouse
lungs at day 21, while normoxic controls were not detected.94

Likewise, hypoxia pre-conditioned MSCs, intranasally delivered
to the brain in a mouse intracerebral hemorrhagic stroke
model, successfully migrated to peri-wound regions and
secreted growth factors to increase neurogenesis.95

However, there has not been a consensus on the optimal
hypoxic conditions for MSC pre-conditioning, as different
studies employ varying levels and durations of oxygen
depletion and utilise MSCs from different tissue and donor
sources. Optimising hypoxic priming conditions is important,
as different extents of oxygen depletion induce distinct cell
responses. For example, severe hypoxia (<1% O2) activates a
quiescent-like state that relies on anaerobic glycolysis;96 1% O2

levels increase MSC proliferative lifespan and reduce suscepti-
bility to genetic damage;97 whereas 2–5% O2 levels stimulate
MSC viability, stemness and proliferation.98–100 These results
are improved by a shorter (24 hours) duration of hypoxia
exposure compared to a longer (72 hours) duration.100

In addition to hypoxia, serum deprivation has been shown
to significantly enhance expression of pro-survival and pro-
angiogenic factors such as VEGF, ANGPT, IGF and HGF. MSCs
cultured in serum-deprived conditions exhibit a subpopulation
of cells that maintains a longer telomere length, displays
higher expression of the pluripotency transcriptional factor
Oct-4, and proliferates at a higher rate than MSCs cultured
with serum.101 Furthermore, serum-deprived MSCs demon-
strate significantly higher angiogenic potential in a chorioal-
lantoic membrane assay than control MSCs.102 Similarly,
serum-free grown MSCs show improved lung engraftment,
increased IL-6 levels, increased regulatory T cells in circulation,
and enhanced antifibrotic effects, suppressing bleomycin-
induced inflammation in a pulmonary inflammation
model.103 In an acute colitis model, umbilical cord MSCs
grown without serum demonstrate improved migration to the
injured colon, and dampened inflammation by promoting
polarization of intestinal macrophages to produce anti-inflam-
matory cytokines (IL-10) and lower their secretion of inflam-
matory signals (TNFα), compared to serum-grown MSCs.104

Reactive oxygen species (ROS)-induced oxidative stress is
one of the main causes of MSC death following engraftment.
However, studies have demonstrated that exposure to low
levels of ROS protects cells against subsequent oxidative
stress.105,106 MSCs pre-conditioned with H2O2 showed
decreased cell death, increased expression of phosphorylated
Akt-1, and upregulated HIF1α in vitro compared to unprimed
MSCs, which may translate to better survival after transplan-
tation.107 In a rodent wound healing model, H2O2 pre-con-
ditioned MSCs not only improved wound healing (character-

ised by increased microvessel density and more rapid wound
closure), but also demonstrated enhanced proliferation,
migration and survival in the wound site compared to non-
treated MSCs.108 In a mouse model of idiopathic pulmonary
fibrosis, intratracheal instillation of umbilical cord vein MSCs
pre-conditioned with H2O2 demonstrated increased survival,
proliferation and grafting rates, along with increased alveolar
space and reduced collagen deposition.109 While exposure to
oxidative stress is effective in enhancing MSC post-transplan-
tation retention and function, it is a dual-edged sword, and
exploring optimal ROS concentrations for cell preconditioning
is a pre-requisite for therapeutic applications.

In summary, pre-conditioning of MSCs is a highly feasible
clinical option as the adaptability of several priming methods,
like hypoxia, can easily be integrated into a clinical pipeline.
Some growth factors like GCSF have already been used in clini-
cal trials, and a combinatorial approach with other bio-
molecules may improve priming efficacy and the persistence of
functional benefits.

Surface modification of MSCs

Another method to enhance the homing ability of human
MSCs is via modification of the cell surface to increase cell
recognition of homing and engraftment signals. Surface modi-
fication can be performed with natural or synthetic polymers.
These polymers interact with the cell surface either by covalent
conjugation, hydrophobic interaction, and/or electrostatic
interaction, and allow subsequent attachment of functional
moieties.110 Studies have shown that the capacity of MSCs for
homing decreases with ex vivo passaging, compared to
primary MSCs.111 Surface modification of MSCs with lipid-PEG
and recombinant CXCR4 is shown to enhance the cell
migratory response to an SDF-1 gradient by two-fold in vitro.110

In another example, Sarkar and co-workers developed a bioti-
nylated cell rolling ligand, Sialyl Lewisx (SLeX), and conjugated
it to the MSC surface. The engineered SLeX-MSCs demon-
strated a rolling response on a P-selectin coated substrate
in vitro.112 In a mice model of inflammatory bowel disease,
MSCs coated with antibodies against addressins showed
enhanced delivery to the colon and increased therapeutic
effects. Likewise, VCAM antibody-coated MSCs demonstrated
higher homing to the mesenteric lymph node and colon, and
improved survival rates when compared to non-coated
MSCs.113

Cell surface modifications offer a functionally-targeted and
potentially reversible approach to modulate cellular
homing.114,115 However, more in vivo studies need to be per-
formed to validate several fundamental principles of biocom-
patibility, such as cell viability, interference of the surface
coating with the diffusion of molecules across membranes, or
disruption of growth factor-ligand interactions that may be
important for cellular homeostasis and membrane flexi-
bility.115 To allow broader clinical translation, the cost of
surface engineering for therapeutic applications must also be
affordable.
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Genetic modification of MSCs

Genetic engineering provides a valuable tool to alter the DNA
of an organism to obtain a desired phenotype. This can be
achieved via various methods such as viral transduction,
nuclear transfer or transfection.116 Genetic modification of
MSCs can enhance the expression of specific genes that
promote homing and engraftment. Like the priming methods
discussed above, genetic modification was first attempted to
increase the expression of the chemokine receptor CXCR4.
Transduced MSCs with elevated CXCR4 levels show increased
migration towards the SDF-1 chemokine gradient, and
improved homing to the infarcted myocardium compared to
non-transduced MSCs.117,118 Similarly, CXCR4-overexpressing
bone marrow-derived rat MSCs exhibit enhanced chemotactic
and paracrine characteristics. Injecting these MSCs into an
LPS-induced acute lung injury model improves homing in
target tissues and suppresses inflammatory molecules.119

Various iron-based magnetic nanoparticles that actively
augment CXCR4 expression in MSCs have also been tested in
brain injury models.120 MSCs were non-virally transfected with
magnetosome-like ferrimagnetic iron oxide nanochains
(MFIONs) to overexpress brain-derived neurotrophic factor
(BDNF) for stroke treatment in a rodent model. Interestingly,
internalization of MFIONs promoted the homing of MSCs to
the ischemic cerebrum by upregulating CXCR4 levels.121 In
addition to CXCR4, the chemokine receptor CCR1 is also
known to be important for engraftment and survival.
Overexpression of CCR1 in MSCs protects from serum depri-
vation-induced apoptosis in vitro and increases cell accumu-
lation in an infarcted murine myocardium.122

Similarly, genetic overexpression of growth factors can
improve targeted MSC migration and retention. Human
pigment epithelium-derived growth factor (PEDF) over-
expression via lentiviral delivery in MSCs increases MSC local-
ization towards hepatocellular carcinoma in both in vivo and
in vitro migration assays. Furthermore, homing of PEDF-trans-
duced MSCs to primary tumors suppresses tumor growth and
metastasis, resulting in better therapeutic outcomes.123 Chen
and coworkers (2021) transplanted adenovirally-transduced
VEGF165-expressing MSCs in a rat model of acute liver failure,
and reported enhanced multipotency and increased homing
and colonization of cells in liver tissue.124 Likewise, MSCs,
which have been modified to express growth differentiation
factor 11 (GDF11) and maintained in hypoxia, display reduced
cellular apoptosis, increased paracrine effects and preserved
mitochondrial function. When transplanted into infarcted
mouse hearts, these cells survive and are retained in the peri-
infarct regions, resulting in increased angiogenesis, reduced
scar size, and improved cardiac function.125 Similar results are
observed with MSCs overexpressing FGF2. Upon transplan-
tation to infarcted myocardium, these cells exhibit increased
viability in host tissue.126

To increase MSC survival post-transplantation, genetic
approaches have also targeted various signaling mediators of
cell survival or proliferation pathways like Akt1, a serine/threo-

nine kinase known for its anti-apoptotic effects against oxi-
dative or osmotic stress, irradiation, and ischemic shock.127

Retroviral transduction of Akt1 in mouse MSCs reduces apop-
tosis, and improves homing and survival until 14 days post-
transplantation in a GvHD model. Akt1 expression in MSCs
additionally increases their immunomodulatory capacity via
IL10 secretion, resulting in decreased levels of inflammatory
cytokines TNFα and IFNγ, and attenuated liver injury.128 In
further support of this strategy, transplantation of Akt1-trans-
duced MSCs in ischemic rat heart significantly reduces remo-
delling, regenerates 80–90% of lost myocardial volume, and
normalizes cardiac function. These positive outcomes are pro-
posed to be due to the enhanced retention and myocyte differ-
entiation of Akt-MSCs in the infarcted myocardium.129

MSCs transfected to express Bcl-2, a regulator of apoptosis,
display 32% decreased apoptosis after transplantation to a
myocardial infarct region. This improved survival is associated
with therapeutic benefits, including increased ventricular
function, VEGF secretion, increased capillary density in the
peri-infarct region, and reduced infarct size.130 MSCs overex-
pressing both Bcl-2 and VEGF demonstrate increased prolifer-
ation and paracrine effects, and reduced apoptosis and auto-
phagy, compared to cells transduced with a single gene con-
struct.131 In another study, MSCs overexpressing protein
kinase C epsilon (PKCε), a regulator of cell apoptosis and sur-
vival, are shown to persist and be retained post-transplan-
tation, resulting in improved cardiac function and
remodelling.132

Post-transplantation survival of MSCs can also be enhanced
by engineering the cells to increase expression of cytoprotec-
tive or stress response proteins. For example, lentiviral gene
delivery of heat shock protein 70 (Hsp70) increases MSC survi-
val and resistance to cell death under conditions of hypoxia
and ischemia.133 MSCs overexpressing Hsp20 escape oxidative
stress-induced apoptosis in vitro and accordingly, show two-
fold increased survival after transplantation, contributing to
increased angiogenesis and reduced fibrosis in a rat cardiac
infarct model.134 Similarly, MSCs transfected with plasmids
bearing the cytoprotective HO-1 gene show significantly
reduced apoptosis in an ischemic heart. Seven days post-trans-
plantation, these MSCs show five-fold increased cell survival
compared to control cells.135 HO-1-overexpressing MSCs also
show promise in an ischemia/reperfusion rat model of acute
kidney failure, by decreasing tubular necrosis and improving
kidney function compared to controls. These improved thera-
peutic benefits are attributed to the increased cell retention of
HO-1 bearing MSCs.136

MSCs can also be modified with non-coding microRNA to
enhance post-delivery outcomes. MSC transfection with
microRNA-378 enhances cell survival and vascularization
potential under hypoxic conditions in vitro, as marked by
increased proliferation, development of more extensive vascu-
lar branches, increased VEGF, PDGF, and TGFβ levels, and
decreased TNFα levels.137

More recently, MSCs can also be modified to deliver bio-
logic drugs like Etanercept, which is a fusion protein combin-
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ing soluble TNF receptor 2 with the Fc domain of IgG.
Etanercept alleviates elevated TNF levels in patients with rheu-
matoid arthritis. Transduced MSCs locally injected in a mouse
collagen-induced arthritis model reduce joint inflammation
and promote joint repair. These benefits are proposed to be
due to the enhanced cell homing, engraftment, and survival
until 14 days post-injection. Furthermore, transduced MSCs
possess a longer life-span and stronger chondrogenic potential
compared to naïve MSCs.138

While genetic modification shows promise as a means of
improving MSC delivery, retention and survival, such
approaches are accompanied by safety concerns, such as
tumorigenic risks or potential host integration of viral DNA.56

To address these concerns, MSCs can be transfected with non-
viral agents such as mRNA.139 Cells engineered with a triple
construct of P-selectin glycoprotein ligand-1, Sialyl-Lewis X,
and interleukin 10 display better homing to the inflamed
spinal cord in a multiple sclerosis model, driving microvascu-
lature formation, protection from CD4+ T lymphocytes, and
improved myelination.140 However, the effects of mRNA trans-
fections are transient, and transfection efficiencies are rela-
tively lower compared to viral methods.141

In summary, commercial advancements in various engin-
eered cell therapies have made genetic modifications in MSCs
feasible for clinical use. However, approval for clinical appli-
cation and large-scale manufacturing could make these thera-
pies expensive (USD 30–100 K per treatment),55 which can sig-
nificantly hamper their accessibility in clinical practice.

Biomaterials for MSC transplantation

Biomaterial-assisted or biomaterial-based cell therapies hold
great promise, as biomaterials serve as a platform to enhance
cell delivery, engraftment, and survival during and after

implantation (Fig. 4). Moreover, biomaterials offer the ability
to couple the physical environment of cells with chemical and
biological agents that can additionally determine cell fate.
Researchers have employed a range of naturally derived and
synthetic materials as biomaterials. Natural materials, such as
alginate,142 chitosan, dextran,143 gelatin,144 hyaluronic
acid,145–147 silk fibroin,148–150 elastin151 and its monomer
tropoelastin152,153 are favoured due to their natural cell reco-
gnition sites and biocompatibility. However, natural biomater-
ials often exhibit poor mechanical strength, rapid degradation,
batch-to-batch variation, and limited availability.154 Synthetic
biomaterials, such as polyethylene glycol (PEG),155 polycarbo-
nate (PC), polyurethane (PU),156 poly(lactic-co-glycolic acid)
(PLGA),145 and polycaprolactone (PCL),157 offer tuneable
mechanical properties and low immunogenicity upon trans-
plantation.158 The lack of cell recognition sites on synthetic
materials can be addressed through biofunctionalisation,
which involves decorating bioinert surfaces with binding sites
for cytokines, growth factors, and peptides. Functional moi-
eties can be non-covalently and/or covalently immobilised on
biomaterial surfaces, via chemical, enzymatic, and/or plasma
surface modifications,159 to facilitate cell-material integration
or to instruct cell responses.

Material properties, such as biocompatibility, bioactivity,
biodegradability, and mechanical properties, determine the
suitability of a biomaterial as a stem cell delivery platform.160

In the context of biocompatibility, parameters such as cyto-
toxicity, sensitisation, hemocompatibility, pyrogenicity, geno-
toxicity, and carcinogenicity are among the many tests that are
performed whenever a material is intended to be implanted
alongside cells.161 Administered biomaterials must be degrad-
able through natural metabolic pathways, and the by-product
must not be toxic.162 Mechanical properties such as topogra-
phy, stiffness, and elasticity can be tailored to guide cell
migration, tissue regeneration, and vascularisation.163 The

Fig. 4 Biomaterial-assisted cell therapies utilise injectable and implantable biomaterials to improve stem cell transplantation. Injectable biomater-
ials, such as bulk hydrogels, microcarriers, or microcapsules, and implantable scaffolds with sponge-like, lattice-form, or fibrous compositions, can
be functionalised with bioactive molecules to achieve better cell delivery, engraftment, retention, and survival for improved clinical outcomes.
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design of material biomechanical properties to instruct stem
cell fate has been comprehensively reviewed elsewhere.164

Materials for MSC delivery can be classified into two major
categories: injectable and implantable biomaterials.160 Each
method of delivery has its advantages and disadvantages, and
both have been explored to repair a wide range of tissues
including heart, cartilage, bone, and tendon.165–168 For
example, in the treatment of myocardial infarction, injectable
biomaterials are more commonly used to deliver MSCs to the
intramyocardial space due to the relative accessibility of this
approach. Alternatively, implantable cardiac patches can also
be applied to deliver MSCs proximally to injured tissue.
Similarly, implantation of a heart pouch allows the repeated
administration of MSCs, without repeated invasive open chest
surgeries.156,169 Both injectable and implantable MSC-laden
biomaterials have been extensively investigated for MSC deliv-
ery, and some of these advances are highlighted in the next
sections.

Injectable MSC-encapsulating biomaterials

Injectable biomaterials can be fabricated using various
methods, such as Diels–Alder reaction, Schiff base reaction,
photo-crosslinking, electrostatic crosslinking, and click
chemistry.170–172 Injectable hydrogels are utilised as a cell
carrier to help retain injected cells and provide a microenvi-
ronment that enhances cell viability and function. These
hydrogels can take the form of a bulk material with suspended
MSCs or MSC aggregates, microcarriers with MSCs seeded on
the surface, microcapsules with encapsulated MSCs, or as a
combination of these forms. Bulk hydrogels are the simplest
injectable materials in terms of material preparation, cell
encapsulation, and administration,173 but may possess limited
nutrient and oxygen diffusion relative to hydrogel density and
dimensions.174 Encapsulation of MSCs within a bulk hydrogel
poses an upper limit for the dimension and size of the
injected biomaterial. When the distance between cells and
blood vessels is more than ∼150–200 µm, necrosis is observed
due to the limited nutrient and oxygen diffusion.175,176

Additionally, bulk hydrogels are not beneficial for cell infiltra-
tion, which is crucial for tissue regeneration, due to the lack of
microporosity. To improve material porosity while retaining
ease of manufacturing, granular hydrogels or microgels were
developed. Muir et al. has demonstrated the injectability and
mechanical properties of photo-crosslinkable norbornene-
modified hyaluronic acid-based granular hydrogels fabricated
through extrusion fragmentation.177 Multicellular spheroids of
HUVECs and MSCs in a 2 : 1 ratio were mixed and co-injected
with the granular hydrogels, and cytocompatibility was evi-
denced by cellular outgrowth after three days.178 Although
additional cell studies are required to demonstrate the use of
granular hydrogels for MSC administration, this advancement
holds promise for bulk hydrogels as an injectable cell delivery
vehicle.

As alternatives to bulk hydrogels, microcarriers provide
interconnected pores that aid cell migration and inter-
action,179 while microcapsules provide customisable encapsu-

lation and protection for individual cells.180 Microcarriers and
microcapsules have natural void space between the cell-laden
pockets, which allow nutrient diffusion and cell ingrowth.
However, both approaches require lengthy processing steps
before transplantation, such as microcarrier manufacturing,
cell seeding and encapsulation. In response, advancements
have been made using high throughput microfluidics to gene-
rate microcarriers and microcapsules in a rapid and scalable
manner.181,182

Injectable biomaterials are commonly used for stem cell
delivery due to their relative ease of administration. Hydrogels
are particularly advantageous in retaining cells at the site of
implantation, due to their viscous, Newtonian fluid nature and
the ability to crosslink the material either ex situ or in situ after
injection.183 Increasing hydrogel viscosity prolongs the time
that cells are localised at the desired location, and reduces the
risk of cells being removed before they can attach to the target
site.184 It is essential that crosslinking parameters, such as the
chemical initiator, pH, temperature, ion concentration, and
wavelength, are well-tolerated by the encapsulated cells.
Additionally, the hydrogel matrix provides a high surface area
for cell interaction, while facilitating the diffusion of nutrients
and waste.

Another critical cytoprotective feature of injectable hydro-
gels is their shear-thinning property. When MSC suspensions
are directly injected through a needle, cells experience
mechanical stresses, such as shear or extensional stress, due
to the frictional force exerted parallel to the needle wall during
liquid ejection. Using a narrow needle bore size increases the
apoptosis of ejected cells,185 which can be ameliorated by a
slower flow rate.186 Encapsulating MSCs within a hydrogel
solution mimics the effects of a slower flow rate. When MSCs
are suspended in saline water, injecting the cells through a
larger needle bore size (26G) and with a slow flow rate (1 µL
min−1) reduces cell death by half, compared to using a small
needle bore size (32G) and high flow rate (10 µL min−1). In
contrast, when MSCs are suspended in a more viscous pluro-
nic hydrogel, the increase in cell death associated with a high
flow rate is blunted.185 Other shear-thinning hydrogels fabri-
cated from alginate187,188 and collagen189 have similarly
improved cell delivery and retention at the implant site.

Cai et al. showcased a double crosslinked hydrogel system
termed shear-thinning hydrogel for injectable encapsulation
and long-term delivery (SHIELD). The SHIELD construct pro-
tects cells during injection and improves retention at the site
of implantation. These dual effects are achieved by first encap-
sulating adipose derived MSCs within the hydrogel via
peptide-based crosslinking, followed by in situ thermal tran-
sition of poly(N-isopropylacrylamide) (PNIPAM) chains with
PEG after injection. The first crosslinking step provides cells
with mechanical protection, resulting in 93% post-injection
cell viability, compared to 69% when cells are co-injected with
saline. The secondary in situ crosslinking step enhances cell
retention, with 60% of hydrogel-encapsulated cells remaining
viable cells at day 3, in contrast to 13% of control cells co-
injected with phosphate-buffered saline (PBS). These benefits
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persist until day 14, cumulating in a six-fold increase in cell
retention over control samples.190

Similarly, Lee et al. reported on cell viability and retention
within an injectable thiolated hyaluronic acid hydrogel, when
administered in a mouse model of atopic dermatitis.
Subcutaneous application of MSCs within the hydrogel
increases cell detection by 50-fold, compared to cells in PBS, at
three weeks post-injection. Hydrogel encapsulation of the
MSCs is also associated with improved immunomodulation
capability, leading to reduced epidermal thickness and mast
cell infiltration, and a lower expression of major inflammatory
cytokines such as IL13, C–C motif chemokine ligand 11
(CCL11), and CCL24.173

In addition to cell retention, cell survival at the implant site
is another key consideration for successful cell therapy. MSC-
laden hydrogels are often transplanted to injured sites that are
typically inflamed, hypoxic, nutrient-poor, and lacking in cell
binding signals. To offer additional protection against cellular
stresses at the implant site, hydrogels can be designed to
incorporate functional groups such as cell-binding motifs and
antioxidative agents.191 Crosslinking hydrogels with extracellu-
lar matrix-derived cell-adhesive motifs, such as the Arg-Gly-Asp
(RGD) peptide derived from fibronectin,192 the Ile-Lys-Val-Ala-
Val (IKVAV) peptide derived from laminin,193 and/or collagen
binding domains,194 has been shown to improve MSC reten-
tion post-transplantation. For instance, at 28 days post-injec-
tion, stem cells loaded within a self-assembling peptide
amphiphile gel functionalised with the IKVAV epitope are
retained in significantly higher numbers than control cells in
DMEM.195 As another example, cross-linking hydrogels with
ROS-degradable polymers is shown to improve cell viability up
to 40%, compared to conventional MMP-degradable hydrogels.
Martin et al. suggested that MMP production at pathological
sites is highly variable; therefore, by harnessing the presence
of ROS instead, a more stable and antioxidative environment
can be constructed for improved cell viability.155

To combat the issue of MSC clearance by immune cells,
immunomodulatory factors such as cytokines and drugs can
be used in conjunction with cell-laden hydrogels.196–198 For
instance, after immobilising IGF1 into a chitosan-based hydro-
gel, the encapsulated MSCs show enhanced proliferation,
retention at the site of implantation, and improved clinical
outcomes in a mouse colitis model. It was hypothesised that
this therapeutic improvement is due to the elevated secretion
of PGE2 by MSCs, which, with IL10, mediates polarisation
towards M2 macrophages, thus lowering the immune response
and improving cell survival.196 Another approach immobilises
the anti-inflammatory drug, infliximab, in hydrogels, which
suppresses TNFα activity. This antibody-functionalised hydro-
gel improves MSC proliferation, differentiation and extracellu-
lar matrix production in vitro. Upon implantation into a rabbit
rheumatoid arthritis model, the cell-laden material suppresses
inflammatory cytokine levels, and improves cartilage and sub-
chondral bone repair.198 Similarly, an antioxidative drug,
tempol, has been conjugated onto nanoparticles and encapsu-
lated in a hydrogel. When co-delivered with ectomesenchymal

stem cells in a rat inflammatory periodontitis model, the func-
tionalised construct attenuates oxidative and inflammatory
responses, which correlates with increased cell survival and
osteogenic differentiation.197

Injured or disease sites are often nutrient- and oxygen-
deprived, which is challenging for cell survival and mainten-
ance. The “dying stem cell” hypothesis postulates that trans-
planted MSCs are removed by innate and adaptive immune
responses.199 Recently, it was demonstrated that the short life-
span of transplanted MSCs is due to the activation of cellular
hypoxia signalling pathways, followed by caspase 3-mediated
apoptosis, which leads to local recruitment of immune cells,
and eventual engulfment and clearance by macrophages.200

Therefore, the survival of transplanted MSCs may depend on
the extent of local oxygenation. To facilitate long-term cell sur-
vival, cells should be supplied with oxygen until vascularisa-
tion occurs. Oxygen- and nutrient-carrying hydrogels have
been designed to maintain a favourable environment for trans-
planted MSCs. Different approaches of short- and long-term
oxygenation exist to increase stem cell survival and therapeutic
efficacy, such as the use of hyperbaric oxygenation to systemi-
cally deliver oxygen;201 in situ oxygen generation with MgO2,

202

CaO2,
203 and H2O2;

204,205 and material functionalisation with
oxygen carriers, such as hemoglobin,206 myoglobin,207 and
fluorinated compounds such as perfluorocarbons (PFC).208

Niu et al. have reported that under 1% O2 condition, MSCs
encapsulated in a PFC-carrying hydrogel show significantly
improved cell survival and proliferation over unprotected
MSCs for 14 days, further highlighting the importance of oxy-
genation during biomaterial-based stem cell
transplantation.208

The lack of glucose, a primary source of cellular energy, is
another major factor that hampers MSC survival after
transplantation.209,210 Several studies have examined the
benefits of locally supplying glucose for MSC maintenance.
For example, MSCs incubated with glucose-carrying micro-
spheres survive better within the first 36 hours post-implan-
tation, compared to cells in PBS, or cells incubated with free
glucose.210 To prolong cell survival, a slow glucose-releasing
hydrogel has been developed based on the laminaran glucan.
The hydrogel is designed to be degradable by the Bgl1B
enzyme, which hydrolyses laminaran into glucose. Over 14
days, the hydrogel is shown to improve in vitro and in vivo cell
survival when compared to no-enzyme controls.211

The benefits of injectable biomaterial-based MSC delivery
platforms are attributed to several factors. Firstly, their inject-
ability and ease of handling make them an attractive option
for minimally invasive implantation, which is favourable for
clinical applications to reduce surgery costs and enable
repeated administration. Secondly, the hydrogels serve as a
platform that can incorporate dynamic physical, chemical and
biological cues to support encapsulated cells and instruct resi-
dent cells at the injection site. By incorporating nutrients,
oxygen, growth factors, and drugs into the hydrogel, stress-
induced cell death is reduced, and local cell retention and sur-
vival are enhanced.147,173 Due to their injectability, such bio-
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materials usually possess lower mechanical strength, which is
useful for soft tissue repair. However, despite encouraging
results in many preclinical and some early clinical studies,
therapeutic outcomes can vary between individuals. Therefore,
future approaches should explore the combinational use of
multiple biomaterials, functional molecules and cell types, to
help achieve an integrated stem cell niche for long-term
dynamic modulation of intracellular and extracellular
responses throughout the process of tissue regeneration, and
to suit different host environments and a broad range of clini-
cal applications.

A summary of notable advances in the design and use of
injectable hydrogels for improved MSC delivery, retention, and
survival is outlined in Table 2.

Implantable MSC-laden biomaterials

Stem cell transplantation via implantable biomaterials typi-
cally requires more invasive procedures such as open chest or
knee surgeries.217,218 Additionally, if MSC re-implantation is
required, additional surgery may not be immediately feasible.
Nevertheless, this approach to stem cell transplantation har-
bours promise due to the potential of macroporous scaffolds
to mimic the native MSC microenvironment. Such scaffolds
can possess more suitable biomechanical properties over
injectable systems, with tailorable stiffness, pore size, and
topography, which can enhance tissue integration and facili-
tate the formation of complex tissue architecture.219 Pre-
seeding MSCs on polymer surfaces also reduces the risk of
anoikis, or cell death triggered by the detachment of ancho-
rage-dependent cells from the extracellular matrix.220

Macroporous scaffolds are commonly fabricated using syn-
thetic polymeric substrates through various methods such as
solvent casting, electrospinning, gas foaming, freeze-drying,
particle leaching, laser sintering, photolithography, stereo-
lithography, and additive manufacturing.172,221

Sponge-like, fibrous, and lattice-form scaffolds have been
extensively tested as cell delivery vehicles in pre-clinical and
clinical settings.219,222 The large, interconnected pores of these
scaffolds offer advantages in efficient nutrient and waste
diffusion, as well as cell migration and tissue integration. Both
natural and synthetic materials are used to fabricate porous
scaffolds, while additional steps of surface modification and
functionalization may be required for synthetic materials. As
conventional surface modification techniques such as plasma
cleaning are limited to thin planar films, three-dimensional
scaffolds are often pre-soaked with serum-containing media
for extended periods of time, with the aim of coating the
scaffold surfaces with cell-binding proteins. However, such
physisorbed proteins can subsequently be replaced by other
molecules with a higher affinity to the surface, which can lead
to undesired cell detachment from the scaffold after implan-
tation.223 To enable covalent anchorage of biomolecules across
3D scaffolds, recent advances include additive manufacturing
coupled with plasma treatment technology in a layer-by-layer
fashion to print 3D porous scaffolds with covalent binding
capability.224 Porous scaffolds are also shown to be surface

modified across the scaffold thickness using packed-bed
plasma ion implantation.225,226 Surface modification enables
scaffolds to be functionalised with cell-instructive bio-
molecules such as extracellular matrix proteins, peptide
motifs, cytokines, or growth factors. Matrix proteins, such as
collagen, fibronectin, laminin, elastin, or vitronectin, and
peptide derivatives, have been used to enhance the biocompat-
ibility of implantable materials.159,227,228 Growth factors, such
as VEGF, FGF2, EGF, TGFβ, or PDGF have been used to
promote cell proliferation, wound healing and tissue
morphogenesis.159

The benefits of stem cell delivery via implantable biomater-
ials are widely showcased in literature (Table 3). Zamproni
et al. demonstrated in a mouse stroke model that porous PLA
scaffolds support enhanced MSC delivery and retention at the
injury site, thus significantly reducing lesion area, compared
to direct intracerebral injection of cells. Increased local cell
retention is potentially attributed to the increased integrin α6
and CXCL12 secretion by MSCs on the scaffolds compared to
those on flat coverslips.229 As another example, poly-p-xylylene
porous scaffolds fabricated using ice templating and functio-
nalised with FGF2 and L-ascorbic acid 2-phosphate are shown
to enhance MSC proliferation, renewal, differentiation, and
in vivo outcomes, including blood vessel ingrowth and induc-
tion of osteoblast growth enhancing osteointegration upon
implantation in a rat calvarial bone defect, compared to
scaffolds lacking one or both bioactive molecules.230 Similar to
injectable materials that increase local oxygen supply for admi-
nistered MSCs, 3D printed PCL and nanohydroxyapatite
scaffolds can also be oxygenated using gelatin-CaO2 micro-
spheres mixed with the polymer filaments. Compared to non-
oxygenated scaffolds, the oxygenated scaffolds exhibit favour-
able mechanical properties, promote MSC survival in hypoxic
conditions, and enhance MSC proliferation and osteogenic
differentiation, resulting in enhanced bone regeneration at 4
and 12 weeks after implantation in a rabbit cranial defect.231

A major therapeutic mechanism of MSCs is their secretion
of extracellular vesicles (EV), which carry a range of intercellu-
lar signalling factors. Scaffolds can be designed to not only
improve cell retention and survival, but also promote EV
secretion. For example, MSCs can be encapsulated within a
PLA/PLLA/PEG-based porous scaffold, which allows exosome
release through the scaffold pores. The scaffold is shown to
support increased EV secretion, cell retention and survival
upon implantation in a myocardial infraction model, com-
pared to direct injection of MSCs.235 Additionally, to bypass
the need for and challenges of MSC reimplantation into
organs such as heart, Mei et al. have developed a similar strat-
egy to harness the paracrine effects of MSCs, while protecting
the cells with a scaffold. Their design of an origami-shaped
heart pouch allows multiple reinjections of MSCs after the
initial device implantation. The cell-containing pouch is made
of thermoplastic PU or polyethylene and PC, while a nylon
semi-permeable membrane allows the diffusion of EVs to
neighbouring diseased tissue. MSCs encapsulated in the
pouch display increased viability and enhanced VEGF, HGF,
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Table 2 Injectable biomaterial-based platforms for MSC delivery

Biomaterial MSC origin Cell incorporation Benefits and outcomes Animal model Ref.

Gelatin methacrylate and oxidised
dextran composite hydrogel
functionalised with graphene oxide

Human
umbilical
cord

MSCs encapsulated
in bulk hydrogel

Enhanced cell retention, improved
differentiation potential, reduced
infarct size and cardiac fibrosis in
infarct zone, increased ventricular
ejection fraction

Rat (heart) 212

Hyaluronic acid hydrogel containing
human VE-cadherin coated poly
(lactic-co-glycolic acid) (PLGA)
microparticles

Human MSC aggregates
encapsulated in
hydrogel

Decreased expression of inflammatory
cytokines, increased expression of
angiogenic factors, reconstruction of
rat cardiac function, structure, and
revascularisation

Rat (heart) 145

Naphthalene modified hydrogel with
glycine–phenylalanine–
phenylalanine–tyrosine–glutamic
acid and linked with two glutamic
acids

Human
placenta

MSCs encapsulated
in bulk hydrogel

Increased cell viability, enhanced pro-
angiogenic and anti-apoptotic effects,
improved in vivo cell retention and
blood perfusion

Mouse
(intramuscular)

213

Polyethylene glycol (PEG) hydrogels
crosslinked with acrylated heparin

Rat bone
marrow

MSCs encapsulated
in bulk hydrogel

Improved MSC retention at injection
site, reduced ventricular remodelling,
stimulation of neo-vasculogenesis,
increased secretion of pro-angiogenic
factors

Rat (heart) 169

Growth factor reduced Matrigel Human
umbilical
cord

MSCs crosslinked
with microspheres
in hydrogel

Increased and prolonged retention
until day 35, increased endometrium
thickness and fertility

Rat
(endometrium)

214

Hydroactive gel (187990, CONVATEC,
USA)

Human
Wharton’s
jelly

MSCs encapsulated
in bulk hydrogel

Prolonged cell retention, improved
diabetic wound healing and
regeneration, increased M1 to
M2 macrophage transformation,
increased cell proliferation,
neovascularisation at wound site

Rat
(intraperitoneal)

146

Thiol-functionalised hyaluronic acid Human
adipose

MSCs encapsulated
in bulk hydrogel

High cell viability, good
biocompatibility, increased expression
of anti-inflammatory cytokines,
reduced thickness of epidermis and
mast cell infiltration

Mouse
(subcutaneous)

173

PEG macromers and thiolated
hyaluronic acid

Adipose MSCs encapsulated
in bulk hydrogel

Good mechanical properties, improved
cell retention at site of injection,
improved healing, inhibited
inflammation, enhanced angiogenesis
and re-epithelialisation

Mouse
(subcutaneous)

147

Gelatin microcarriers Human
umbilical
cord

MSCs seeded on
microcarrier

Reduced dosage of MSCs, decreased
levels of inflammatory factors,
accelerated chondrogenesis, increased
extracellular matrix interaction and
phenotypic maintenance of
chondrocytes

Rat
(subcutaneous)

144

Alginate hydrogel Human bone
marrow

MSCs encapsulated
in hydrogel
microspheres

Increased cell viability, enhanced
immunomodulatory effects, reduced
cartilage degeneration

Rat
(intraarticular)

142

Graphene oxide, poly(N-
isopropylacrylamid) and gelatin
methacrylate microcarriers loaded
with lipopolysaccharide

Not specified MSCs seeded on
microcarrier

Improved MSC retention over 7 days,
improved anti-inflammatory ability,
improved liver regeneration.

Rat
(intraperitoneal)

215

Polyethylene glycol diacrylate and
poly(vinyl alcohol) hydrogel
microcapsules

Human
umbilical
cord blood

MSCs encapsulated
in microcapsules

Enhanced MSC retention and survival,
localised tissue repair, reduced colonic
macrophage infiltration, reduced
severity of irritable bowel disease

Mouse (oral to
colon)

180

Hyaluronic acid core and alginate
shell microcapsules

Human
umbilical
cord

MSCs encapsulated
by microcapsules

Improved MSC survival against
oxidative and shear stress, enhanced
growth factor secretion, increased
angiogenesis

Mouse
(subcutaneous)

216

Polyethylene glycol hydrogels
crosslinked with reactive oxygen
species-degradable poly(thioketal)
polymers

Mouse bone
marrow

MSCs encapsulated
in hydrogel

Increased cell viability and retention Mouse
(subcutaneous)

155

Polyethylene glycol microgels coated
with FXIII or thrombin

Mouse MSCs co-injected
with microgel

Enhanced MSC retention, proliferation
and survival, tissue ingrowth and
vascularisation

Mouse
(subcutaneous)

179
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and IGF1 secretion compared to control MSCs. Upon implan-
tation of the heart pouch in rats, the protected cells were
retained at higher levels compared to directly injected cells.
Repeated MSC administration via the pouch is demonstrated
to reduce infarct size, increase infarct wall thickness, and
enhance viable cardiac tissue generation.156,236

Implantable biomaterial-based delivery of MSCs has
emerged as a promising approach for cell therapy due to its
advantages over injectable methods, including enhanced cell
survival and reduced issues of administration and in situ cross-
linking. However, implantable biomaterials need to deliver all
required therapeutic outcomes in a single administration,
since re-implantation is less feasible. Furthermore, achieving
long-term tissue mimicry and modulation is a complex chal-
lenge that requires careful consideration of several factors,
including stable immobilization and presentation of bio-
molecules on the scaffold,237 dynamic exchange of adhered
biomolecules with non-target molecules in the implant site,223

degradation profile of scaffolds relative to tissue healing,238

mechanical compatibility of scaffolds with native tissue, and
potential biofilm formation on the implant.239 To facilitate the
clinical translation of implantable biomaterials, interdisciplin-
ary efforts to understand the effects of material properties on
cell biology are crucial to developing a long-lasting solution
that addresses these challenges. For example, recent research
has highlighted the impact of scaffold mechanical properties,

such as stiffness, pore size,240 and filament alignment,241 on
the modulation of host immune responses. Understanding the
interplay of material properties and the function, not only of
embedded MSCs, but also of cells resident in the implant site,
is important to enhance the compatibility and longevity of
cell-laden implantable biomaterials.

Both injectable and implantable biomaterials have been
extensively investigated for MSC delivery and have shown great
promise to enhance the cells’ therapeutic effects. The design
and fabrication of these advanced materials share similar per-
spectives on improving cell engraftment, retention, survival,
and function at target sites. As current materials have typically
aimed to facilitate these processes via singular mechanisms,
future work should employ a multi-strategy approach to
develop multi-functional constructs that holistically promote
MSC post-transplantation efficiency and therapeutic
responses, including paracrine instruction of resident cells or
differentiation into replacement cells.

Conclusions

Stem cell transplantation has received substantial interest, but
is accompanied by reduced post-transplant survival, retention,
and engraftment due to poor cell–cell or cell–ECM inter-
actions. Improved strategies that modify internal pathways or

Table 3 Implantable biomaterials for MSC delivery

Biomaterial MSC origin Cell incorporation Benefits and outcomes Model Ref.

Heart pouch made of
thermoplastic polyurethane
(TPU) film on top, and nylon
semi-permeable membrane at
bottom, separated by a TPU
origami lattice (rodent study) or
polyethylene film (pig study)

Human bone
marrow

MSCs injected and
encapsulated in
pouch

Improved cell retention compared to
direct cell injection, improved
paracrine function, increased
myocardium thickness, reduced infarct
size, and increased viable cardiac
tissue

Rat and pig
(heart)

156

Poly(L-lactic acid-ε-caprolactone)
and hydroxyapatite nanoparticle
scaffold

Rat bone
marrow

MSCs seeded in
porous scaffold

Enhanced MSC adhesion, retention,
survival, and ingrowth, improved cell-
scaffold interaction, supported
immunomodulatory, angiogenic and
osteogeneic paracrine effects,
enhanced bone vascularisation

Rat
(subcutaneous)

219

Bulk platelet-rich plasma
hydrogels added into 3D-printed
rigid poly(lactic-co-glycolic acid)
scaffold

Rabbit bone
marrow

MSCs encapsulated
in hydrogel and
loaded onto porous
scaffold

Supported MSC survival, improved
differentiation potential, increased
osteochondral regeneration due to
paracrine effects

Rabbit (hind
limb)

222

Demineralised bone matrix
coated with collagen-binding
domain/IKVAV-cRGD peptide

Human bone
marrow

MSCs seeded in
porous scaffold

Superior MSC retention and in vivo
osteogenesis

Mouse (bilateral
femur)

217

3D bioprinted nanocellulose or
nanocellulose-collagen 1 scaffold

Human adipose
tissue, bone
marrow, corneal
stroma

MSCs encapsulated
in hydrogel

Supported in vitro cell survival but not
in vivo cell post-transplantation
retention

Porcine (cornea) 232

3D bioprinted gelatin/
hydroxyapatite hybrid scaffold

Human
umbilical cord
blood

MSCs seeded in
porous scaffold

Supported in vitro cell adhesion,
growth, chondrogenic differentiation,
aided cartilage repair at 12- and
24-weeks post-implantation

Porcine
(cartilage)

233

Alginate–chitosan polyelectrolyte
complex scaffold

Rat bone
marrow

MSCs seeded in
porous scaffold

Improved cell retention, maintained
cell viability, supported vascularisation
and integration with surrounding
muscle

Rat
(intramuscular)

234
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provide a protective external environment can improve trans-
plantation efficiency and promote cell-mediated tissue repair.
Evidence-based studies suggest that genetic modification, cell
surface engineering, or pre-conditioning of MSCs by regulating
environmental signals increases the homing and engraftment
capabilities of transplanted cells, with room for improvement.
Biomaterial-assisted platforms, whether natural or synthetic,
and crosslinked with a wide variety of bioactive moieties,
provide a gradient of signalling cues that stimulate cellular
behaviour in vivo. Furthermore, the spatiotemporal signalling
generated by these bioengineered constructs, along with those
from the host tissue microenvironment, can orchestrate better
cell engraftment, retention, and survival, and afford trans-
planted cells the opportunity to exert therapeutic benefits.
However, there are certain challenges that need to be
addressed, such as the conversion of products from research
or pre-clinical grade to clinical grade, large scale manufactur-
ing under cGMP conditions, and the cost of these translations
for clinical applications. Integrating cellular and biomaterial
strategies holds promise for overcoming the current hurdles of
stem cell delivery and retention, improving the efficiency of
cell usage, and reducing demands on cell supply. Developing
long-term, functional, and multicellular biomaterials that can
effectively integrate with host tissue and guide the regenerative
response is necessary for achieving success in this field.
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