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Abstract—Stem-cell-based therapy is a promising
approach for the treatment of a myriad of diseases and
injuries. However, the low rate of cell survival and the un-
controlled differentiation of the injected stem cells currently
remain key challenges in advancing stem cell therapeutics.
Hydrogels are biomaterials that are potentially highly ef-
fective candidates for scaffold systems for stem cells and
other molecular encapsulation approaches to target in vivo
delivery. Hydrogel-based strategies can potentially address
several current challenges in stem cell therapy. We present
a concise overview of the recent advances in applications
of hydrogels in stem cell therapies, with a focus particularly
on the recent advances in the design and approaches for ap-
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F-42023, France, and also with the Faculty of Medicine, Depart-
ment of Biochemistry and Molecular Genetics, American Univer-
sity of Beirut Medical Center, Beirut 1107 2020, Lebanon (e-mail:
farhatw92@gmail.com).

A. Hasan is with the Department of Mechanical and Indus-
trial Engineering, Qatar University, Doha 2713, Qatar (e-mail:
ahasan@qu.edu.qa; hasan.anwarul.mit@gmail.com).

L. Lucia is with the College of Natural Resources, Department of
Forest Biomaterials, North Carolina State University, Raleigh, NC 27695
USA, and also with the Key Laboratory of Pulp & Paper of Science and
Technology, Qilu University of Technology, Jinan 250353, China (e-mail:
lucian.lucia@gmail.com).
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plication of hydrogels in tissue engineering. The capability
of hydrogels to either enhance the function of the trans-
planted stem cells by promoting their controlled differenti-
ation or enhance the recruitment of endogenous adult stem
cells to the injury site for repair is also reviewed. Finally,
the importance of impacts and the desired relationship be-
tween the scaffold system and the encapsulated stem cells
are discussed.

Index Terms—Biomimetic, hydrogels, scaffolds, stem
cells, tissue engineering.

I. INTRODUCTION

S TEM cell transplantation is one of the great advances in
modern medicine. The current treatment of organ failure is

actually performed either with organ transplantation or by arti-
ficial organ. Unfortunately, both approaches have fundamental
problems such as medical cost, ethical issues, and a shortage of
donors. The need for organ and/or tissue donors is much greater
than the number of people who donate. In the United States,
each year thousands of people die waiting for a transplant. Fur-
thermore, nearly one thousand people each year die in the U.K.
while waiting for a transplant [1], [2]. Regenerative medicine
utilizing stem cells has been a promising therapy as evidenced
by the explosion of the progress of stem-cell-based therapeutics
for complete tissue and organ replacement and as a treatment of a
myriad of diseases and injuries, including leukemia, hereditary
blood diseases, severe immunodeficiency diseases, and acute
radiation injury [3].

Stem cells are undifferentiated cells found in the body with the
ability to continuously divide, self-renew, and display pluripo-
tency, i.e., differentiate into a variety of different lineages [4].
Diverse stem cell types have been recognized and isolated from
embryos (fetal tissues and umbilical cord blood) and adults
(bone marrow, brain, skin, eyes, heart, kidneys, lungs, gastroin-
testinal tract, pancreas, liver, breast, ovaries, prostate, and testis)
[5]. In theory, stem cells and their derivatives can repair the body
tissue(s)/organ(s) that is/are damaged by injury [Fig. 1(a)]. The
present stem-cell-based therapy includes restoring bone growth
after bone injury, repairing vision in retinal disease, stimulat-
ing nerve cell function in spinal cord injury, and repairing heart
tissue after heart attack [6].

Undifferentiated embryonic stem cells (ESCs), derived from
the inner cell mass (ICM) of the developing blastocyte, are

1937-3333 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.

Authorized licensed use limited to: American University of Beirut. Downloaded on May 14,2024 at 13:09:15 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0002-1050-3723
https://orcid.org/0000-0001-8380-2233
https://orcid.org/0000-0002-5008-6944


334 IEEE REVIEWS IN BIOMEDICAL ENGINEERING, VOL. 12, 2019

Fig. 1. Stem cell therapy and the recent advances in hydrogels in
tissue engineering. (a) Schematic illustration of the concept of the stem-
cell-based therapy. (b) Schematic illustration of hydrogels as a soft tis-
sue supporting matrix for stem cell implantation or injection to defec-
tive tissue. (c) Hydrogel formation methods. (c.i) Hydrogels produced by
polymerization of water soluble monomers in the presence of multifunc-
tional cross-linkers. (c.ii) Hydrogels formed by direct crosslinking of a
hydrophilic polymer.

regularly isolated and cultured in either mouse embryonic fi-
broblast feeder layers (MEFs) or human feeder (HFF), in which
they proliferate and maintain their pluripotent abilities [7], [8].
However, to induce differentiation, enzymes can be applied to
detach the ESCs from the feeder layers and can be recultured in
the form of simple or cystic embryoid bodies (EBs) on a stromal
layer or on extracellular matrix (ECM) [9]. The EBs differ in
the layers surrounding the ESCs.

The transfer of the ESCs from one culture media to another
for switching between self-renewal and differentiation is a lim-
itation of the standard ESC culture protocol. Indeed, during
embryonic development, the ESCs are organized in a three-
dimensional (3-D) matrix that controls both their self-renewal
and differentiation [10], [11]. Other limitations of stem cells
therapy are the low cell survival, uncontrolled, low differen-
tiation into desired phenotypes, induction of the host immune
response, and the risk of teratoma formation [12]. Therefore, in
order to maintain the stemness properties of stem cells, they
must be isolated and cultured in a system that mimics the

physiological conditions required for successful development.
Hydrogel scaffolds are an ideal medium because it allows for
incorporation of the ESCs with the required biomolecules that
permit their self-renewal and induces their differentiation to a
specific lineage only in response to a selective stimulus.

Hydrogels are 3-D cross-linked polymeric networks with a
high affinity for water without the opportunity to dissolve princi-
pally due to their chemically or physically cross-linked network.
They are capable of absorbing large volumes of water or biolog-
ical fluids in a short time [13], a major reason behind their varied
applications ranging from food additives to pharmaceuticals and
clinical applications. In 1926, Dorothy Jordan Lloyd defined a
hydrogel as “the colloidal condition, the gel, is one which is eas-
ier to recognize than to define” [14]. This definition was raised
because hydrogels owe certain solids and liquids properties. In-
deed, as solids, they do not flow and they do allow the diffusion
of small molecules as liquids. However, nowadays, hydrogels
are viewed as a smart and/or stimulus-responsive material that
change their swelling property in response to environmental
changes (pH, temperature, and ionic strength).

In 1960, Wichterle and Lim synthesized the first hydrogel
with potential biomedical uses [15]. At that time, hydrogels
were appealing for biological and biomedical applications due to
their high water content, softness, flexibility, capability to act as
a growth medium and their biocompatibility. These characteris-
tics endowed hydrogels with the physiochemical, structural, and
mechanical properties that resembled the native ECM of diverse
body tissues [16]. Hydrogels can also form a barrier to microbial
penetration, while still permitting diffusion of small molecules
[17]. The overall attractive features already mentioned of hy-
drogels demonstrate that they are a desirable scaffold system
for culturing, encapsulating, and in vivo delivery of stem cells
[see Fig. 1(b)].

II. STRATEGIES IN HYDROGELS ENGINEERING

Hydrogels for biomedical and pharmaceutical applications
have great significance because of their biomimetic qualities that
include biocompatibility, elasticity, and high water content [18].
They typically adopt a 3-D network composed of two princi-
pal parts: their networked and cross-linked nature and the water
volume that is absorbed within the interstices of the network. In
their swollen state, they typically present a far greater mass frac-
tion of water than the “dry” hydrogel because of the space they
provide and their expendability. They typically consist of water-
soluble monomers/polymers when not cross-linked, which can
by a series of distinct physical and/or chemical approaches
can achieve hydrogelation and by definition water absorption.
For example, polymerization of hydrophilic molecules in the
presence of multifunctional crosslinkers whereby the monomer
can undergo polymerization and crosslinking in one step [see
Fig. 1(c.i)]. In the second strategy, water-soluble polymers (e.g.,
natural polymers) can be directly crosslinked by a crosslinking
agent, radiation, or heat to develop a 3-D hydrogel network [see
Fig. 1(c.ii)] [19], [20].

The functional groups of the backbone polymers of the hy-
drogel display a crucial role in determining the type and the
structure of the hydrogels. Hydrogels are either neutral or ionic
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depending on the quantity of the electrical charge on the cross-
linked polymeric chains. Furthermore, the polymeric network
morphology is either amorphous or semicrystalline based on
the polymer nature. The chemical forces that hold the structure
together may include hydrogen-bonding or supramolecular self-
assembly mediated by van der Waals forces, π-π interactions,
dipole–dipole interactions, etc. Moreover, the hydrogel network
morphology can be categorized as macroporous, microporous,
or nonporous depending on the size and distribution of pores
[21]. The formulation and manufacture of hydrogels can be ac-
complished over a gamut of regulation strategies for structural
control (e.g., cross-linking density) and tailored properties, such
as biodegradation, mechanical strength, and chemical and bio-
logical response to stimuli.

The class of hydrogels that are prominently targeted for
biomedical applications must possess adequate biodegradabil-
ity and biocompatibility for success. Thus, the development of
innovative syntheses and crosslinking to design these hydrogels
are of paramount importance. There are several methods to de-
sign and synthesize hydrogels that to a great extent depend on
the polymerization. Any procedure to develop a cross-linked
polymer that accommodates water and expansivity (stretchi-
ness/elasticity) can be used for the production of hydrogels.
Several approaches were used to crosslink the polymeric chains
for the development of hydrogel scaffolds. For a comprehensive
review of the different crosslinking methods to design and pre-
pare hydrogel scaffolds, refer to previous work [3], [22]. In this
section, different strategies for preparing hydrogels, mainly in
situ forming hydrogels, are discussed, as well as a focus on the
contribution of the different synthetic and natural polymers for
stem cell delivery.

A. In situ Forming Hydrogels

Premade conventional implanted hydrogels have several lim-
itations that include the use of a surgical procedure for imple-
mentation, cannot completely fill the spaces of injured tissues,
and remaining gaps between the implanted hydrogel and host
tissue. In contrast, in situ hydrogels display far greater benefits
to conventional implantable hydrogels because they can be ad-
ministered through minimally invasive procedures to transplant
the stem cells at a desired host tissue site. The in situ forming
hydrogels are injectable soluble materials that undergo gelling
changes within the parameters of the system such as tempera-
ture and pH, and therefore, do not need surgery for implantation
[23], [24]. Furthermore, their fluid/loose nature enables them to
cover and completely fill defective and injured host tissue [see
Fig. 2(a)].

Several approaches have been utilized for the development
of in situ forming hydrogels for stem cells transplant and other
biomedical applications. The in situ formed hydrogels can be
subdivided into different types based on the strategy used for
their development which include photo-crosslinked, thermos-
sensitive, and pH-sensitive hydrogels.

The photo-crosslinked hydrogels are in situ formed hy-
drogels formed by photo-initiated polymerization of soluble
macromolecular monomers [25]. The UV light acts as a

photo-initiator for the cleavage of the photo-initiator molecules
into free radicals, which in turn initiates polymerization for a
relatively stable network [26]. The generated free radicals also
interact with cellular components such as membranes, proteins,
and DNA, which can induce a reduction in cell viability and/or
malfunction of the DNA repair system [26], [27]. In spite of the
fact that the in situ forming photo-crosslinked hydrogels dis-
play durable stability for desired long-term applications, they
may contain toxic molecules such as unreacted monomers and
initiators constraining their clinical applications. A number of
photo-activated chemistries have been realized for the syntheses
of network scaffolds [28]–[31]. Jeon et al. developed coacer-
vated microdroplet-laden photo-crosslinked hydrogels based on
simple mixing of oxidized, methacrylated alginate (OMA) and
methacrylated gelatin (GelMA) to cultivate mesenchymal stem
cells (MSCs) via the tunable release of the loaded growth fac-
tor [human bone morphogenetic protein-2 (BMP-2)] [32]. The
formation of coacervates and coacervate-laden hydrogels was
stimulated by photo-crosslinking in the presence of low-level
UV light and a photo-initiator to form the hydrogel directly
after mixing. In fact, the imine bond-based complex coacer-
vate microdroplets were formed through a Schiff base reac-
tion between the aldehyde groups of the OMA and the amine
groups of the GelMA. The combined analyses revealed that
persistent hosting of BMP-2 in the coacervate hydrogels ma-
trix augments osteogenic differentiation of photoencapsulated
stem cells and bone-related mineralization of the extracellular
environment [32]. These gels are actually potential materials
for localized, sustained bioactive molecule delivery to encapsu-
lated stem cells for therapeutic applications such as bone tissue
engineering.

Thermo-sensitive hydrogels are formed in situ upon system
temperature changes. Typical thermo-sensitive hydrogels un-
dergo gelling at body temperature. However, at or below am-
bient temperature they are soluble free-flowing materials [33].
Indeed, thermo-sensitive polymers undergo changes in solu-
bility and gel through self-assembly by improving inter- and
intramolecular hydrophobic interactions by increasing the tem-
perature above the lower critical solution temperature (LCST)
[34]. The temperature dependence of specific molecular bond-
ing, such as hydrogen bonds and hydrophobic interactions, con-
tribute to phase separation. At the LCST, hydrogen bonding
between the polymer and water becomes unfavorable, and thus
when the temperature is greater than the LCST, hydrogels show
a thermo-sensitive transition by forming a micelle-packed net-
work structure. This in situ gelation has an unexpected injection
difficulty in which the materials undergo a fast gelling transi-
tion that will occlude an injecting needle. Therefore, additives
can be added to prolong gelling postinjection and overcome
injection problems during the in situ formation of the thermo-
sensitive hydrogels. Over the last decades, many studies have
been done in thermo-sensitive scaffolds for stem-cell-based ther-
apeutics [35]–[37]. A recent study by Thorpe et al. [38] re-
ported manufacturing of thermo-responsive hydrogels based on
synthetic Laponite crosslinked Poly(N-isopropylacrylamide)-
co-dimethylacetamide (pNIPAM-co-DMAc) to cultivate MSCs
and nucleus pulposus (NP) cells. These gels experience
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Fig. 2. Hydrogel strategies in modern regenerative medicine. (a) Schematic illustration for in situ hydrogelation via direct injection by a syringe.
(b) Schematic illustration of the strategy for controlled differentiation of stem cells that are encapsulated in a hydrogel scaffold.

irreversible sol–gel transition upon cooling from 39 to 37 °C.
They may restore mechanical function of the intervertebral
disc and deliver MSCs to promote regeneration as a minimally
invasive treatment. Very recently, Bayat et al. [39] achieved
in situ thermo-responsive hydrogelation based on physically
cross-linked N-iso-propylacrylamide copolymerized with buty-
lacrylate for temporary closure of scleral perforations and
wound sealing. These gels form reversibly through a sol–gel
transition. At low temperatures, it can be injected as a liq-
uid that upon increase to ambient temperature allows a heat-
induced gelation to convert the hydrogel into a solid occlusion.
The sealant can be relocated or removed without causing addi-
tional trauma via exposure to cold water (< body temperature).
The aim of the synthesized hydrogel was not to encapsulate
and deliver stem cells to the injury site, although reversibil-
ity, no neurotoxicity, retinal tissue degradation, or significant
chronic inflammatory response after 30 days of exposure [39]
are promising in tissue engineering applications including stem
cells delivery.

Finally, the formation of pH-sensitive hydrogels is induced
by the changes in the pH of the system. For example, grafting
of charged groups can induce the pH-dependent gelling in
response to reversible changes between an ionized and non-
ionized state. Park et al. [40] prepared pH-sensitive hydrogels
based on Pluronic copolymers by end-capping carboxyl

moieties at the terminal groups of the copolymers [40], [41].
The carboxylic acid end-capped Pluronic exhibited a dual
sensitivity to pH and temperature to induce gelling transition
based on protonation and deprotonation of the end-capped
carboxylate groups. The critical gelation temperatures were
strongly affected by pH. It was significantly increased at
neutral pH and reduced at acidic or alkaline conditions
[40]. This process exhibited problems around fast transitions
by slight pH change near physiological pH. Furthermore,
Li et al. [42] have generated pH-sensitive and thermo-sensitive
scaffolds cultivating cardiosphere-derived cells (CDCs for
cardiac therapy. These gels were designed based on free
radical polymerization of N-isopropylacrylamide, propy-
lacrylic acid, hydroxyethyl methacrylate-co-oligo(trimethylene
carbonate), and methacrylate poly(ethylene oxide) methoxy
ester [Poly(NIPAAm-co-PAA-co-MA-PEG-co-HEMA-oTMC)
hydrogels]. The designed gels were able to solidify at pH 6−7
(pH of an infarcted heart) at 37 °C but at higher pH (pH of
blood = 7.4), these materials cannot solidify. The significance
of these gels lies in their ability to be injected through
catheters.

To sum, in situ and injectable hydrogels formed by self-
assembly in response to physiological conditions such as pro-
teins, lipids, metabolites, and enzymes will likely be very influ-
ential in the biomedical community.
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B. Natural Versus Synthetic Polymers in Hydrogels
Manufacturing

Naturally abundant renewable polymeric materials, such as
carbohydrates and proteins, are becoming critical components
for the fabrication of bio-based products including hydro-
gels [43] for two reasons: 1) environmental concerns and 2)
petroleum resources are finite. Several studies have been per-
formed to generate hydrogels from natural polymers for biomed-
ical applications [44]–[48]. Properties such as natural abun-
dance, hydrophilic functional groups (hydroxyl- and/or amino-)
in the backbones, biocompatibility, and biodegradability qual-
ify natural polymers based hydrogels as promising materials
for biomedical applications, which includes drug delivery, tis-
sue engineering and wound dressing [44]. In a recent study,
Farhat et al. developed a green technology for the syntheses of
pH-sensitive hydrogels based on the natural polymers starch,
lignin, and hemicellulose by mean of reactive extrusion (REX).
These gels were designed for the potential use as drug delivery
vectors [49]. REX is a technology known to be suitable for many
reactions, including polymerization and grafting as a continuous
and solvent free process [50]. The hydrogels were formed using
citric acid (CA) as a nontoxic cross-linker. The designed hy-
drogels showed a strong swelling ability dependent on the pH.
The sensitivity of the hydrogels to pH can be rationalized to the
ability of the carboxyl groups of CAs to ionize with increased
pH forming a loose structure as caused by the electrostatic re-
pulsion of the ionized CAs [49]. The combined properties of
the manufactured hydrogels might allow for the application of
these renewable plant-based biopolymers in a wide range of
biomedical field.

Some other natural polymers widely used in tissue engineer-
ing and regenerative medicine approaches are listed below.

Hyaluronic acids (HAs) are naturally derived polysaccharides
synthesized in the body and known to have several biologi-
cal functions mainly for angiogenesis and embryogenesis [51],
[52]. HAs are negatively charged unbranched polymeric ma-
terials with repeating disaccharides units (1-β-4) D-glucuronic
acid and (1-β-3) N-acetyl-D-glucosamine [52]. It has significant
hydrodynamic attributes, especially viscosity and water reten-
tion. It can be degraded by hyaluronidase enzymes. There are
six hyaluronidase genes that encode hyaluronidases with diverse
properties and are found in different cellular locations [53]. HAs
have the potential for various tissue engineering and biomedical
applications including stem cells scaffolds, and wound healing
[54]–[56]. Many chemical modifications and crosslinking sce-
narios have targeted HA hydrogel scaffolds. HA-based scaffolds
have been extensively studied and researched for biocompatibil-
ity as well as ability to combine a wide range of cues to modify
cell–material interactions and ultimately influence and allow for
greater control over the behavior of cells [57]. In contrast, for
in vivo studies, HA can act as an adjuvant and therefore stimu-
lates the immune system. Generally, HA hydrogels are known
to have low mechanical properties [58] that restrict and reduce
applications.

Alginates are naturally derived polysaccharides obtained
from brown algae. They are composed of (1–4)-linked-β-

D-mannuronic acid and α-L-guluronic acid monomers [59].
Alginate-based hydrogels are typically formed by crosslinking
using divalent cations, mostly calcium ions (Ca2+), in which
they bind between adjacent alginate molecules, producing ionic
interchain bridges that cause gelling of aqueous alginate solu-
tions. Ca2+ is not immunogenic and not digested by mammalian
cells. Because Ca2+ diffuses out from the hydrogel, it is excreted
in the urine [60]. Alginate hydrogels are widely used for biomed-
ical applications such as tissue engineering and drug delivery,
due to their biocompatibility, no toxicity, and simple gelation.
Alginate scaffolds are significant for bone and cartilage regen-
eration compared to other gels mainly due to their ability to
be hosted into the body in a minimally invasive manner, ability
to fill irregularly shaped defects, ease of chemical modification
with adhesion ligands, and controlled release of tissue regenera-
tion growth factors [61]. However, their applications are limited
because they do not interact well with mammalian cells. Modifi-
cation to allow them to interact with cells is a required approach
to exploit unique alginate hydrogels properties for a desired
biomedical application [62].

Chitosan is a linear polysaccharide that is a byproduct of
the chitin found in the exoskeletons of the creatures obtained
in the seafood industry that it is well known to have antimi-
crobial properties. Specifically, partial deacetylation of chitin,
the natural component of crustacean (shrimp and crab shells)
as well as insects exoskeleton [63] will result in a prod-
uct designated as chitosan at ∼77% deacetylation. Chitosan
may be described as an atactic block copolymer composed of
β-(1-4)-linked D-glucosamine and N-acetyl-D-glucosamine
units. Due to its biocompatibility, low toxicity, pH-dependent
cationic polymer, structural similarity to natural glycosamino-
glycans (GAGs), and degradability by human enzymes, chitosan
was approved by the US Food and Drug Administration (FDA).
Chitosan has already been explored for use in the bioengineer-
ing of cartilage, nerve, and liver tissue [24]. It is widely used in
the biomedical field to support numerous biologically relevant
technologies including acting as a platform for tissue engineer-
ing approaches [24]. These materials are advantageous for tissue
regeneration applications mainly due to their mild processing
conditions and minimal foreign body reactions [64]. In fact, as
opposed to its isomorphic cellulose counterpart, the presence of
amino groups in the chitosan backbone despite the native high
crystallinity allows for increased solubility at low pH, because
it is insoluble in neutral pH and in organic solvents.

Cellulose is the most abundant terrestrial polymer on earth
and vies for the most abundant on the planet with chitin. It
is a highly crystalline and linear polysaccharide composed of
β-(1→4)-linked D-glucose units prepossessive of excessive hy-
drophilic functional groups (hydroxyl) on its backbone. Its
unique polyhydroxilic nature qualifies it within the context of
this review to be utilized in hydrogels production [44]. This
natural polymeric material is biosynthesized extremely purely
(>80% crystalline with the remainder being amorphous cellu-
lose), biocompatible, hydrophilic, cost-effective, and displays
high-mechanical strength and high-water sorption [65]. Hy-
drogels are mostly derived from the following derivatives of
cellulose based on biocompatibility considerations: methyl cel-
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lulose and hydroxypropylmethyl cellulose typically used in
hydrogelation because they are water- and acid-soluble [66].
Cellulose and its derivatives have already witnessed a long
and productive history in biomedical applications such as
wound dressing, drug delivery, and tissue engineering [44],
[65], [67]. However, cellulose is not enzymatically degrad-
able in an efficient manner in vivo due to the lack of cellu-
lases in the human body; therefore, to overcome this handi-
cap, several reports have indicated that oxidized cellulose is
more susceptible to hydrolysis and therefore potentially degrad-
able by the human body. Thus, multiple reports on improv-
ing cellulose biodegradability through oxidation have been
performed [68].

Natural proteins possess interesting properties that endow
them as good candidates for the syntheses of hydrogels in
biomedical applications. They are especially good candidates
in regenerative medicine and drug delivery where they are able
to address a majority of the design criteria such as exceptional
biocompatibility and biodegradability [69], as their ability to
modulate cell/cell and cell/ECM interactions [70]. The most fre-
quently used proteins for tissue engineering and similar biomed-
ical applications are collagen, gelatin, elastin, globular proteins,
and silk fibroin. A more comprehensive overview of major dif-
ferences in the structure, function, and properties of proteins-
based hydrogels for tissue engineering applications can be found
elsewhere [71]. They are made up of specific combinations of
amino acid sequences that are detected by cells and targeted by
selective enzymes for hydrolysis. Therefore, chemical modifi-
cation is required to improve the mechanical properties of such
hydrogels.

In contrast, hydrogels based on natural polymers may ex-
hibit mechanically suboptimal features, exert immunogenic-
ity, or evoke inflammatory reactions in response to immuno-
gen/pathogens. In fact, synthetic polymers are advantageous to
natural polymers because they display long service life, high
water absorption capacity, and high gel strength. Typical syn-
thetic polymers have definite morphologies that can be altered to
generate appropriate functionality and degradability [72]. Some
of the widely used synthetic polymers in tissue engineering ap-
proaches and their properties are listed below.

Polyethylene glycol (PEG) is an FDA-approved hydrophilic
polyether for tissue engineering and drug delivery [24]. Its
chemical structure can be expressed as H−(O−CH2−CH2)n
−OH [73]. PEG is also known as polyethylene oxide or
polyoxyethylene depending on its molecular weight. These
compounds are synthesized by anionic or cationic polymeriza-
tion of ethylene oxide. Due to their biocompatibility and low
toxicity, PEGs have been widely used in medical, pharmaceu-
tical, cosmetic, industrial, and food products, although it has
been known to cause mild allergic responses [74].

Poly(acrylic acid) (PAA) is the high molecular weight poly-
mer of acrylic acid. PAA has a carboxyl group on every two
carbon atoms of the main chain. Under the alkaline condi-
tions, the carboxyl groups dissociate to provide high nega-
tive charge density [75]. It is a bio-adhesive polymer that
adheres to hydrated mucosal cells. Thus, some PAA deriva-
tives such as poly(2-hydroxyethyl methacrylate) (HEMA) and

Poly(N-isopropylacrylamide) (PNIPAAm) are widely used as a
drug delivery systems that come in contact with mucosal sur-
faces to extend residence time [24]. These polymers are degrad-
able by the enzymes [76]. In addition, PAA derivatives have
been beneficially used in tissue engineering approaches.

Polycaprolactone (PCL) is a hydrophobic, semicrystalline
biodegradable polyester prepared by ring-opening polymeriza-
tion of ε-caprolactone in the presence of catalysts or by free radi-
cal ring-opening polymerization of 2-methylene-1-3-dioxepane
[77]. It can be degraded by hydrolysis of the ester linkages and
has thus attracted significant attention for use as an implantable
hydrogel. In fact, PCL was approved by the FDA for biomed-
ical applications such as drug delivery system and scaffolds in
tissue engineering [78]. Finally, they have been very attractive
biomedical starting materials for copolymerization and blending
to develop medical devices with favorable mechanical proper-
ties and degradation kinetics [79].

Natural proteins have limitations as hydrogel materials be-
cause of issues associated with their purification, their low sta-
bility, and batch-to-batch consistency for gel properties. Such
issues likely arise because sample compositions vary widely
within and among natural feedstocks [80]. Synthetic proteins
can be used as an alternative approach and are prepared using
advanced technologies such as gene expression in bacteria, re-
combinant DNA technology, and solid-phase peptide syntheses
[69]. These technologies allow for the design and development
of several protein structures for predictable functions in hy-
drogels, including elasticity, stiffness, degradation, and cellular
interactions. For instance, synthetic proteins are able to pro-
vide, inter alia, elastin-mimetic polypeptides, collagen-mimetic
polypeptides, and silk-mimetic polypeptides in the development
of hydrogels. For a more detailed overview on the topic of syn-
thetic proteins-based hydrogels, we refer the readers elsewhere
[69]. However, despite the availability of this technology, it is
still challenging to accurately regulate the sequence of amino
acids, and it is known to be extremely expensive thus limiting
utilization at large scales.

Hydrogels based on natural polymers exhibit biocompat-
ibility, biodegradability, no toxicity, and intrinsic cellular
interaction. Several natural polymers have functional groups
appropriate for applications in tissue engineering that have
biochemical similarity to human ECM components and thus are
readily accepted. Furthermore, these polymeric materials dis-
play additional advantages over synthetic polymers including
abundance, isolation, and the ability for chemical modification
[81]. However, natural polymers may display uncontrolled wa-
ter uptake, microbial contamination, poor mechanical strength,
high potential to stimulate inflammatory reactions, and unpre-
dictable degradation patterns. In contrast, synthetic polymers
are valuable because they can be synthesized with precisely con-
trolled architectures and functions. But, the human body cannot
produce the enzymes required to degrade the majority of these
synthetic polymers; thus, when manufactured, synthetic poly-
mer based hydrogels must be carefully purified to remove any
potentially toxic chemicals used manufacturing. In summary,
there is no unique material that can fulfill all requisite design
parameters for all applications, but a gamut of materials, as
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already elaborated, do possess optimal features for application
as scaffolds in the stem cell therapy.

III. HYDROGELS: A DESIRED NICHE FOR STEM CELLS

A number of the studies done on stem cells have been per-
formed on 2-D plates coated with various biomaterials. In gen-
eral, stem cells have been cultured on a rigid polystyrene tissue-
culture plastic coated with collagen or laminin (as major com-
ponents of the ECM). Indeed, 2-D culturing of stem cells are
advantageous from the perspective that they represent a simple
environment for the controlled analysis and assessment of the
effect of single molecules on the ESCs behavior [82]. However,
culturing the ESC in 2-D culturing media does not resemble
in vivo physiological conditions and may introduce a change
in the stemness properties of ESCs which in turn can cause in-
efficient and heterogeneous differentiation [83]. In fact, ESCs
in plastic cultures are surrounded with solubility factors. These
environments are extremely different from the conditions ex-
perienced by native cells. In physiological environments, the
ESCs are in a 3-D matrix, which controls both their self-renewal
and differentiation, managed by metabolites and molecules pre-
sented within the ECM. 3-D culturing can act as an environment
that mimics the physiological conditions in developing tissue,
and may serve as a desired niche for various ESC biological and
biochemical processes [84], [85]. As discussed, hydrogels can
form materials mimicking natural tissue, creating 3-D microen-
vironments for encapsulated ESCs and permitting reconstruc-
tion, and a deeper understanding of the complexity of natural
tissue.

In contrast, despite the fact that 3-D culturing is favored due
to its resemblance to the physiological environment, this tech-
nology has several difficulties and it is often not simple [86].
The maintenance of ESC viability over the long term is one
of the challenges of this technology due to the deficiency of
gases and nutrients. These limitations can be avoided by the
development of hydrogels networks with specific porosity or
through the application of scaffolds with microscopic entangle-
ments large enough to facilitate cell growth. This can permit the
diffusion of oxygen and other macromolecules required for cell
survival. Moreover, there are several chemical challenges that
must be addressed during hydrogel manufacturing. For instance,
the biophysical properties of the 3-D niche must be controlled
with particular deference to viscoelasticity and avoidance of
physical constraints that can hinder the movement or morpho-
genesis of cells [87].

A. Hydrogels Enhance Controlled Stem Cell
Differentiation

Diverse types of stem cells have been recognized that origi-
nate in embryonic fetal tissues and umbilical cord blood; in ad-
dition, they have been recognized in various adult mammalian
tissues and organs including the pancreas, bone marrow, lungs,
skin, heart, kidneys, ovaries, gastrointestinal tract, liver, testis,
breast, brain, prostate, and eyes. Generally, those diverse stem
cell can be separated into three main types: embryonic, umbili-
cal cord, and adult stem cells. For a more comprehensive review

of the differences among such stem cells types, we refer readers
elsewhere [5]. Stem cells of various origins have been stud-
ied for regenerative medicine, yet serious drawbacks have been
identified. In fact, the viability of stem cells after transplantation
is very low, and their successful grafting in a disrupted biolog-
ical environment, such as in regenerating tissue, does not bode
well for the fate of the cells. The use of hydrogels to encapsulate
stem cells before transplantation is a critical solution for such
obstacles.

During embryogenesis, ESC are exposed to diverse growth
factors characterized as small molecules that target particular
signaling pathways to favor differentiation of ESC to select cell
lineages. Growth factors are soluble-secreted signaling polypep-
tides capable of instructing specific cellular responses in a bi-
ological environment. Indeed, each growth factor has a unique
effect that may result from directed differentiation [88]. For in-
stance, interleukin-3 (IL-3) induces differentiation of ESC into
macrophages, mast cells, or neutrophils [89], vascular endothe-
lial growth factor (VEGF) induces the differentiation of ESCs
into endothelial cells and cardiomyocytes [90], interleukin-6
(IL-6) stimulates the cells to differentiate into the erythroid
lineage [91], retinoic acid and nerve growth factor (NGF) in-
duces neuron formation [92], and transforming growth factor-β
(TGF-β) directs the cells toward myogenesis [93]. Hydrogels
engineered for controlled differentiation of ESC must be loaded
with suitable growth factors for directing stem cells to desired
differentiation pathways [see Fig. 2(b)].

For instance, Park and et al. prepared an injectable hydro-
gel based on oligo-(poly(ethylene glycol) fumarate) (OPF) with
encapsulated rabbit marrow MSCs and gelatin microparticles
(MPs) loaded with TGF-β1 for cartilage tissue engineering
[94]. The results indicated that the original MSCs exhibited
a significant increase in the chondrocyte cell markers such as
chondrocyte-specific gene expression of type II collagen and ag-
grecan when the OPF hydrogel contained TGF-β1-loaded MPs.
This increase was closely related to the TGF-β1 concentration
in a dose-dependent manner. The TGF-β1-induced expression
of the chondrocyte cells markers is a clear indication of the
controlled differentiation of the MSCs into chondrocyte cells.
Thus, OPF hydrogel displays a potential for applications in tis-
sue engineering and regenerative medicine. In another study,
the effect of TGF-β1 on the chondrogenic differentiation ability
of ESC-derived EBs encapsulated in hydrogels based on poly-
(ethylene glycol) (PEG) was examined. Their results indicated
also that TGF-β1 stimulates EBs to express chondrocyte cell
markers [84]. These results propose that PEG hydrogel can be
loaded with the appropriate growth factor to serve as a suitable
niche for stem cell differentiation.

Moreover, Ferreira et al. developed dextran-based hydrogels
with encapsulated ESCs and microparticles loaded with VEGF
growth factor [95]. It was found that the ESCs exhibited an in-
crease in the expression level of the VEGF receptor KDR/Flk-1
as an indication of vascular differentiation. Indeed, encapsulated
ESCs also show a reduction in neuronal and hepatic markers,
suggesting that the capability of ESCs to differentiate into dif-
ferent lineages may be limited after vascular differentiation.
Thus, dextran-based hydrogels permit derivation of vascular
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cells in large quantities, particularly endothelial cells, and are a
promising material for localized stem cells delivery in tissue en-
gineering and regenerative medicine. Leipzig et al. synthesized a
photo-crosslinked hydrogel based on methacrylamide-chitosan
(MAC) with encapsulated neural stem/progenitor cells (NPCs)
with immobilized interferon-γ (IFN-γ) showing that the MAC
scaffold stimulates differentiation of NPCs into neurons and
favored a neuronal lineage instead of glial lineage [96].

The controlled differentiation of stem cells is not only re-
stricted by growth factors. An important report by Benoit et al.
[97] indicated the possibility that small-molecule functionalized
groups tethered to the hydrogel induced a controlled differenti-
ation of hydrogel-encapsulated human mesenchymal stem cells
(hMSCs). The hMSCs were encapsulated in PEG-based hy-
drogels tethered with clusters of small-molecule functionalized
groups that were carboxylic acid functionalities chosen because
they are similar to the exposed functional groups of native car-
tilage; phosphates functionalized groups chosen because they
have an important role in mineralized tissue development such
as bone formation; and hydrophobic functionalized groups cho-
sen because adipose cells are rich in lipids and release fatty
acids into their extracellular space. The results revealed that
phosphate-functionalized PEG hydrogels boost osteogenesis,
whereas hydrophobic-functionalized hydrogels boost adipoge-
nesis of the hMSCs demonstrating that simple chemistry ap-
proaches may regulate complex biological processes in regen-
erative medicine.

To obtain controlled differentiation, stem cells must maintain
undifferentiated properties during culturing. They subsequently
induce differentiation into selective lineages in response to dif-
ferentiating factors after grafting. For instance, the polymeric
composition of hydrogels has a great influence in the long-term
self-renewal of human ESCs and directing them to differentiate
in response to specific stimuli. Gerecht and other coworkers have
developed a HA-based hydrogel for controlled self-renewal and
differentiation of human ESCs. The results revealed that the
human ESCs encapsulated in HA-based hydrogels preserve un-
differentiated properties by maintaining extraordinary levels of
undifferentiated cells markers CD44 and CD168. This result can
be achieved by the ability of the cells to uptake and degrade HA,
and thus, alter HA gels, a feature essential for cell survival and
movement. Furthermore, it was indicated also that the encap-
sulated human ESCs in HA hydrogels maintain differentiation
capacity. Indeed, when cultured in VEGF-containing medium,
the cells show an up-regulation of the vascular markers (smooth
muscle actin and CD34) [98], indicating the possibility of HA
hydrogels to act as a unique niche for the self- renewal and
differentiation of hESCs.

B. Hydrogels Encapsulating Regulatory Molecules
Enhance Recruitment of Adult Stem Cells
to an Injury Site

Recent advancements in regenerative medicine and tissue
engineering have utilized hydrogels as a therapeutic delivery
system for regulatory molecules to induce recruitment of
endogenous adult stem cells to the site of an injured tissue and

stimulate a tissue-specific cell lineage differentiation of
recruited cells. This can encourage regeneration of the damaged
tissue without the requirement for stem cell transplantation.
These encapsulated regulatory molecules (e.g., cytokines,
chemokines, growth factors, and proteins) have the potential
to guide migration of the endogenous stem cells from their
population site (mostly bone marrow) into the hydrogel
scaffold location (i.e., the site of injury). The importance of
this technique is to provide a system that has the potential
to prevent the use of exogenous cells and their associated
extensive cell expansion steps, laborious effort, and associated
cost challenges. Furthermore, using endogenous adult stem
cells for tissue regeneration provide a reduced potential to
immune-compatibility issues upon stem cell transplantation.

Regulatory molecule encapsulation into a networked gel can
be achieved by two strategical approaches: [99] the chemical-
linkage of the molecule into or onto the matrix and the physical
loading into the scaffold carrier. The first strategy embraces a
chemical binding between the growth factor-containing polymer
substrate and a cell or a tissue; the second strategy is accom-
plished by the encapsulation, diffusion, and preprogrammed
discharge of the loaded molecules from the carrier into the sur-
rounding tissue. Many studies have been done in this area [99]–
[102]. For instance, Lim et al. manufactured injectable gelatin
hydroxyphenylpropionic acid (Gtn-HPA) based hydrogels en-
capsulating polyelectrolyte complex nanoparticles (PCNs) con-
taining stromal cell-derived factor-1α (SDF-1α) for controlled
delivery of SDF-1α to a cavitary brain lesion region [103]. In
related work, SDF-1α and its receptor C-X-C chemokine recep-
tor 4 (CXCR4) are relatively important regulatory molecules
of cell homing to bone marrow, and are also known to have
a crucial role in enhancing migration of bone marrow cells
into the peripheral circulation and local grafting into tissues to
facilitate repair [104]. The results of the Lim study indicated
that Gtn-HPA/SDF-1α-PCN hydrogels induces a chemotactic
recruitment enhancing the infiltration of the endogenous neu-
ral progenitor cells (NPCs) compared to hydrogels that lacked
SDF-1α or vehicle controls [103]. This approach has also been
applied by MacArthur et al. in which SDF-1α was delivered
directly to infarcted myocardial tissue using an HA-based hy-
drogel [105]. The SDF-1α as sustained for nearly four weeks
in the tissue to promote improved vascularity, ventricular ge-
ometry, and cardiac function in a rat model of myocardial in-
farction. The finding of both studies demonstrated a promising
approach for neural and myocardial tissue repair using hydrogels
scaffolds.

Recently, Kamp et al. reported the syntheses of collagen- and
silk-fibroin-based scaffold loaded with hepatocyte growth fac-
tor (HGF) for the chemotactic recruitment of MSC at the site
of HCF release [106]. The in vivo studies demonstrated that the
HGF loaded materials stimulate neovascularization. This find-
ing demonstrates that such materials can be used for wound
healing applications and as an alternative for patients in need
of instant wound care. More recently, Liu et al.. investigated
the design of in situ forming photocrosslinkable platelet-rich
plasma (PRP) complexed hydrogel glue (HNPRP) via the ad-
dition of o-nitrobenzyl alcohol (NB) modified hyaluronic acid
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(HA-NB) into the autologous PR for cartilage defect regenera-
tion [107]. PRP contains various types of growth factors such
as platelet-derived growth factor (PDGF), TGF-β, insulin-like
growth factor (IGF), and fibroblast growth factor, and many
others, all of which are influential for wound repair [108]. The
finding of the Liu study revealed that light can trigger a fast
gelling of the manufactured material. The gels show a con-
trolled release of the growth factors (up to 14 days) and a strong
tissue adhesiveness mediated by a covalent bond between HN-
PRP hydrogel and the tissue surface. In addition, these materials
show a strong ability to stimulate the proliferation and reloca-
tion of chondrocytes and bone marrow stem cells to the injury
site and induce the integrative hyaline cartilage regeneration and
of cartilage defect. Several other studies have reported the de-
velopment of hydrogels for encapsulation of a combination of
proteins and growth factors to stimulate the recruitment and in
situ differentiation of endogenous stem cells [109]–[111]. One
study used HA-based hydrogel for the delivery of four different
regulatory molecules, viz., VEGF, angiopoietin-1, keratinocyte
growth factor, and PDGF [112]. The delivery of these molecules
enhanced angiogenesis.

The research of scaffold material for growth factors encapsu-
lation has been a focus in the field of regenerative medicine and
tissue engineering as evidenced by the progress in the manufac-
ture of scaffolds for controlled release and delivery of growth
factors. However, several issues require further work such as im-
proving the stability of encapsulated molecules to permit their
discharge from the scaffold material for a prolonged period of
time and the use of this technology in a clinical human model
without being restricted to animal studies.

C. Microgels: A Promising Technology in Tissue
Engineering and Regenerative Medicine

Macroscopic hydrogels prevail in a variety of biomedical
applications; however, there are many other applications where
nano- to micrometer length scales are essential [113]. Microgels
are soft crosslinked spherical hydrogel particles that have mi-
croscale (1–350 μm) dimension permitting contact with cellular
and subcellular domains [114]. These specialized microscale
gels can be used for a wide range of applications including
surface coating, controlled drug delivery, cosmetics, personal
care, pharmaceuticals, and encapsulation and/or targeted deliv-
ery [115]. As for macroscopic gels, microgel properties, i.e.,
porosity, charge, amphiphilicity, size, degradability, and soft-
ness can be regulated by choosing a definite synthetic strategy,
monomers, monomer ratios, and a covalent or noncovalent in-
termicrogel cross-linking.

The reduced cultivation volume is an essential strategy in sev-
eral regenerative medicine and tissue engineering scenarios. In
fact, the microencapsulation of cells is a favorable approach for
immune protection after transplantation. Microgels are a useful
approach for the delivery of cells to repair damaged tissue in a
minimally invasive manner. Moreover, cells microencapsulation
can provide a clear indication of the morphologically mediated
cell behaviors such as cell shape, cell–cell contacts, and cell
signaling [116]. A comprehensive overview of the methods

used to design microgels is provided elsewhere [113]. Recently,
Utech et al. [117] designed a monodisperse alginate microgels
of 10–50 μm diameter by ionic crosslinking of alginate. The
microfluidic generation of homogeneously crosslinked alginate
microgels was stimulated by on demand release of calcium ions
from a water-soluble calcium–EDTA complex. The microgels’
diameter was tuned by varying the size of the microfluidic
device and applied flow rates [117]. These gel particles were
manufactured for the encapsulation of individual MSC. After
15 days of cells culturing in this 3-D microenvironment, stable
encapsulation, prolonged cell viability, and cell proliferation
were observed [117]. These microscale materials display an
ideal cell niche mimicking the complexity of actual biological
systems. Headen et al. investigated also a microfluidics-based
technology for the generation of controlled size (135–325 μm)
gels and microcultivation of human pancreatic islets and
human MSCs [118]. These gels were designed based on the
synthetic polymer four-arm polyethylene glycol maleimide.
This 3-D microenvironment exhibited selective permeabil-
ity to biomolecules and retained viability and function of
encapsulated cells.

Together with nanogels (typically 20–250 nm) [119], micro-
gels has attracted increasing attention for the delivery of drugs,
biomacromolecules, and imaging agents. Both approaches
(micro/nanogels) display great stability and shield biological
mediators from biodegradation by the cells’ metabolic systems.
These micro/nano size gels exhibit an outstanding biocompati-
bility, high water content, tunable sizes, and high surface area
for multivalent bio-conjugation. These combined features seem
to be encouraging the use of such materials in the field of tissue
engineering and bio-nanotechnology [114], [119].

Over the last years, many studies were conducted to investi-
gate the potential use of micro/nano gels for growth factor de-
livery [120]–[123]. For instance, arginine–glycine–aspartic acid
(RGD)-conjugated alginate based microgels, have been manu-
factured for the delivery of both outgrowth endothelial cells
(OECs) and growth factors [(GF), VEGF, and HGF] in vivo
[124]. The encapsulated OECs show a strong ability to prolifer-
ate in a time-dependent manner within the microgel. In addition,
the microgels established a long-term discharge (over 10 days)
of the encapsulated materials in vitro. It was also indicated that
the combination of OECs and GFs into the microgels induces a
strong therapeutic potency that is able to influence the generation
of new blood vessels via neovasculogenesis. These micromate-
rials can be endorsed to deliver therapeutic agents/cells for the
treatment of vascular diseases.

Hayashi et al. [122] reported the use of cholesterol-bearing
pullulan nanogel-crosslinking hydrogel (CHPA/Hydrogel) as a
synthetic scaffold for the delivery of bone morphogenetic pro-
teins (BMP) growth factor. The aim was to stimulate osteoblast
recruitment and induce bone formation. They have indicated
that these nanogels stimulate the recruitment of osteoblasts to
the site of defected bone and induce bone healing through the
delivery of BMP [122]. In fact, micro/nano encapsulation and
delivery of growth factors are relevant technologies for treat-
ment of a myriad of diseases. In regenerative medicine, the
discharged growth factors can stimulate the recruitment of adult
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endogenous stem cells to the site of injury in a minimally inva-
sive fashion [106].

D. Impact of the Scaffold System on Encapsulated
Stem Cells

There is a complex relationship between hydrogels and stem
cells; in fact, the manufactured hydrogel is a scaffold that affords
structural support that is accomplished when the stem cells are
stimulated to form functional tissue in vivo. For instance, it is
of extreme importance to consider the impact of the scaffold
material on the stem cells and how certain factors can control
the stem cells fate. Generally, elasticity, biodegradability, and
structural integrity have a vital effect on stem cell differentiation
and proliferation.

Materials elasticity is crucial in the regulation of the stem
cells processes that include adhesion, relocation, and differenti-
ation. It is known that soft scaffolds that mimic brain are suitable
to direct cells to the neurogenic lineage; in fact, stiffer scaffolds
that mimic muscle are suitable to direct the cells to a myogenic
lineage; relatively rigid scaffolds that mimic collagenous bone
direct cells to an osteogenic lineage [125]. Musah et al. syn-
thesized a polyacrylamide-based hydrogel functionalized with
GAG-binding peptide to understand the relationship between a
hydrogel scaffold and human ESCs [126]. It was found that only
stiff scaffolds (∼10 kPa) preserve human ESC proliferation and
pluripotency. However, neither a soft hydrogel (∼0.7 kPa) nor
hydrogels with intermediate stiffness (∼3 kPa) have shown to
maintain the stemness properties of human ESCs.

In another study, a photopolymerizable methacrylamide chi-
tosan (MAC) hydrogel was developed to understand the effects
of the hydrogel stiffness on NSPC differentiation and prolifer-
ation [127]. It was observed that differentiation of NSPC into
specific cells is closely related to the stiffness of the scaffold
hydrogel. For instance, neuronal differentiation was favored on
the softest surfaces (less than 1 kPa) and oligodendrocyte differ-
entiation was favored on stiffer scaffolds (above 7 kPa). It was
also observed that the hydrogel stiffness has a strong affinity
to cell migration. In fact, scaffold stiffness is the single lead-
ing factor for causing NSPCs migration into a manufactured
hydrogel [127].

Material biodegradability is one of the most crucial factors
for advanced tissue engineering and regenerative medicine. In
general, biodegradability is the ability of the system to decom-
pose into harmless byproducts by living things (e.g., microor-
ganisms). However, in biomedical applications, this definition
is much more complex. For instance, biodegradation covers all
the processes that occur in vivo whether they are simple hy-
drolysis or more complicated metabolic processes utilized for
the conversion of materials into less complex intermediates and
end-products in which they lose or at minimum, decrease in-
tegrity [128].

Natural polymer based hydrogels are biodegradable. This in-
cludes polysaccharides (e.g., cellulose, chitin, HA, and alginate
among others) and proteins (gelatin, heparin, and chondroitin
sulfate among others)based hydrogels that have a role in biolog-
ical signaling and cell adhesion, and can be degraded by cells
[129]. Ashton et al. developed alginate-based hydrogels with

adjustable degradation rates as a scaffold for NPCs [130]. NPCs
were encapsulated with poly-(lactide-co-glycolide) (PLGA)
microspheres loaded with an alginate-lyase enzyme in an
alginate-based hydrogel. The enzymatic degradation of the hy-
drogels was accomplished in a controlled and tunable fashion.
In addition, it was observed that the degradation properties sig-
nificantly increase NPCs proliferation rate compared to alginate
standard nondegrading scaffolds, a finding that many reports
demonstrated such a correlation [131]–[133]. The impacts of
the scaffold stiffness and degradability on the stemness prop-
erties of NPCs in the absence of differentiation factors were
examined by Madl et al. [134]. The results indicated that the
gel stiffness did not contribute to NPCs stemness. However,
scaffold degradation was significantly correlated with the main-
tenance of the NPC stemness as evidence in the upregulation
of the expression of stemness markers. In this contribution, it
was ascertained that the material remodeling (physical/covenant
crosslinked network) can enhance cell migration, allow cell–cell
interaction, and stimulate β-catenin signaling pathway that pre-
serves NPC stemness (see Fig. 3). In fact, the matrix remodeling
stimulated β-catenin signaling in a promising approach toward
the scaled up production of NPC.

In a similar vein, poly(ethylene glycol)-based (PEG) pho-
todegradable hydrogel was synthesized by Kloxin et al. by
coupling photocleavable linkers to the PEG chains [135].
These hydrogels were degraded under cyto-compatible irra-
diation conditions. These scaffolds directed important cellular
functions of human MSCs such as process extension, migra-
tion, and mechano-transduction. Work by Griffin and Kasko
[136] showed that hydrogels scaffolds encapsulating human
MSC were synthesized by redox polymerization of a series
of macromers incorporating photodegradable ortho-nitrobenzyl
(o-NB) groups. It was indicated that the light exposed scaf-
fold system has no apparent effect on the viability of human
MSC while photo-induced degradation varies based on the
macromere used in the manufactured scaffolds. A more com-
prehensive overview of the relationship between synthetic poly-
mer based hydrogels (mainly synthetic peptides) can be found
elsewhere [137].

Despite the strong effect of hydrogel biodegradability on stem
cell fate, there is an important secondary influence of the hy-
drogel end-products produced postdegradation. Several studies
have reported the ability of certain stem cells to differentiate
and change their behavior in response to end-products of cer-
tain degraded hydrogels [138], [139].

The hydrogel interior must afford acceptable permeability to
allow efficient vascularization following implantation. Actually,
system porosity is of extreme importance to broadly provide the
required space for stem cells to reside and allow incorporation
of bioactive molecules that facilitate the stem cells differentia-
tion, migration, and proliferation [140]. Tam et al. developed a
porous HA-based cryogels as biomimetic matrices for tunable
3-D cell culture [141]. A cryogel is a macroporous hydrogel
that gels below the freezing point of the solvent that has sig-
nificant interest for in vitro cell culturing [142]. Fassina et al.
developed gelatin-based cryogel scaffolds encapsulating MSCs
and microparticles loaded with osteogenic differentiation factors
[143]. The results showed an increase in the expression levels in
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Fig. 3. Maintenance of NPC stemness in 3-D scaffold enhanced by matrix remodeling. (a) Schematic illustration of the potential role for cytoskeletal
tension in directing NPC stemness based on hydrogel degradability. (b) Protein quantification by western blot indicated an increased differentiation
marker expression with both increasing hydrogel degradability and with increased remodeling time. (c.i) Low-degradability scaffolds show slight
remodeling through a period of 7 days in culture, as observed by confocal microscopy of fluorescently labeled ELP hydrogels. In fact, the lacking
of matrix remodeling prohibits the cells movement and cell–cell contacts. (c.ii) High-degradability scaffolds reveal a substantial remodeling over 7
days, resulting in significant cell spreading and cell–cell contact. Note: in c, the dashed yellow lines represent the boundary between NPCs and ELP
gels. Blue, DAPI; Red, Phalloidin. Scale bars, 10 μm for matrix remodeling, 50 μm for cell spreading. (d.i) mRNA expression of nestin and Sox2
(NPC stemness markers) are constant with different scaffold stiffness in the materials. (d.ii) In contrast, reduced hydrogels degradability results in a
diminished nestin and Sox2 mRNA expression. (e, f) Physically crosslinked schaffolds enhance matrix remodeling, cell spreading, and maintenance
of nestin and Sox2 expression at two different stiffness values, in contrast, covalent crosslinking prohibits matrix remodeling, cell spreading, and
results in a loss of NPC stemness properties. Reproduced from [134].

the markers of the bone lineage, osteocalcin, osteopontin, type-I
collagen, and type-III collagen indicating differentiation of the
MSCs into bone tissue.

In addition, Teng et al. used special techniques such as
sphere-templating fabrication [144] to develop controllable
tough porous hydrogel scaffolds based on poly-(acrylic acid)
and poly-(N-isopropyl acrylamide) to support proliferation and
adhesion. This study compared the various hydrogels and indi-
cated that synthetic hydrogels have toughness ranges between
104 and 105 J/m3, whereas that of modified porous hydrogel
scaffolds is ∼1.4 × 107 − 1.5 × 106 J/m3 .

The impact of the pore size on neo-vascularization and tis-
sue invasion has been examined in PEG-based scaffolds [145].
It was found that pore size mediates neo-vascularization. For

instance, the cells and vessel invasion into hydrogels with pores
size of 25–50 μm was restricted to the external surface, whereas
hydrogels with superior pores size (50–100 and 100–150 μm)
permitted mature vascularization over the entire scaffold vol-
ume. Moreover, Guvendiren and Burdick manufactured hydro-
gels based on photocurable poly(2-hydroxyethyl methacrylate)
using depth-wise gradients in crosslinking and subsequent buck-
ling with swelling to generate wrinkles [146]. It was found that
human MSC morphology and differentiation can be manipulated
through the interaction of the cells with either uniform hydro-
gels or hydrogels with lamellar or hexagonal surface wrinkles.
Their findings indicate lead to the distinct and vital possibil-
ity of using stem cell morphology to effect the differentiation
process.
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In summary, the relationship and interaction between the scaf-
fold hydrogel and the encapsulated stem cells is quite compli-
cated; hence, an understanding of the detailed aspects of these
interactions is vital prior for downstream applications.

E. Hydrogels Pioneered for a Defined Stem Cell
Applications

1) Neural Regeneration and Differentiation: Peripheral
nerves are frequently injured from trauma and are regularly
associated with disability. Diseases and injuries of the nervous
system including those in the brain, spinal cord, and retina are
challenging owing to the restricted intrinsic regenerative ability
[147]. A number of favorable therapies have been anticipated to
repair the lost function of the nervous system. These therapies
embrace neuro-protective mediators and neurotrophic factors
to reduce or stop cellular degeneration, stimulate the cellular
growth, and overcome the inhibitory environment at the injury
site [148]. Several drug and cellular-based approaches have been
proposed.

In the brain, there are a number of limitations that obscure
the delivery of such therapies to the injured zone; this com-
prises the aggressive microenvironment at the injured brain le-
sion where proteases and inflammatory molecules are present.
This is ascribed to a neurotoxic environment to cell-based ther-
apy; furthermore, this is complicated by the presence of the
blood–brain barrier restricting the passage of cells/molecules
into the brain compared to other organs utilizing standard oral
or intravenous approaches, especially when a brain insult is sus-
pected [149], [150]. Therefore, the utilization of in situ forming
gels will actually offer an optimal neurotherapeutic approach to
overcome limitations associated with the standard neural stem
cells (NSCs) delivery to the nervous system by providing a min-
imally invasive, localized, void-filling platform for therapeutic
use along with time-based NSCs diffusion [150].

Yao et al. reviewed the required parameters of scaffold ma-
terial for injured brain regeneration [151]. The essential factor
to be considered while designing NSCs scaffolds are mechani-
cal strength and porous microstructure. In addition, the unique
biophysical and/or biochemical features of the scaffold system
will exhibit a direct modulatory effect on NSCs fate and must
be considered when designing the applied hydrogel materials
[151]. Similarly, Li et al. reported the synthesis of MAC-based
scaffold encapsulating NSPCs and recombinant fusion proteins
loaded with different neural growth factors showing exciting
features of the manufactured gels for the differentiation of the
encapsulated cells into the neural lineage enhanced by the lim-
ited immune responses experienced within this subcutaneous
environment [152]. In a collaborative work between Hasan and
Kobeissy’s lab, we have utilized 3-D cell cultures of PC12 neu-
ronal cells in GelMA hydrogel as a model for brain tissue en-
gineering as a basis in brain injury studies (TBI) [153]. Cell
viability and propagation of PC12 neural cell lines was tested
on GelMA-based hydrogel demonstrating a pro-survival effect
on these cells. In addition, cytotoxicity demonstrated that the
implantation of GelMA did not reveal any acute neurotoxic
effects in mice exposed to experimental brain injury [153].

The primary in vivo study indicated that the implantation of
these gels in a mouse TBI model did not stimulate immune
rejection or inflammation.

2) Osteogenic Differentiation and Bone Repair: Bone de-
fects are often induced by extensive trauma, tumor, microbial
infection, or congenital musculoskeletal disorders. Healing is
a slow process owing to the reduced blood supply and min-
eral deficiency at the fracture site [154]. Current treatments of
bone defects are obtained by traditional strategies (bone grafts
or substitute biomaterials). These approaches exhibit limitations
of donor supply, immune-mediated rejection, and transmission
of infectious diseases. Bone regeneration can be influenced by
stimulating the differentiation of stem cells in the osteogenic
linage. In fact, hydrogel scaffolds encapsulating stem cells can
afford a therapeutic route to overcome challenges associated
with standard treatments of defective bone [155].

The important features of a scaffold system for bone tissue
engineering were reviewed by Zanetti et al. [156]. Among these
are scaffold porosity (loose and porous structure improved cell–
matrix interactions and enable the transport of oxygen and nu-
trients) and mechanical strength. Several studies demonstrated
the use of implantable scaffolds for osteognic differentiation
and bone repair [157]–[159]. For instance, Ahn et al. reported
a synthetic diblock copolymer-based gel that undergoes sol-gel
transition near body temperature [160]. These gels were formed
from PEG and PCL and showed that the encapsulation of hu-
man adipose tissue-derived stem cells (hADSCs) along with
osteogenic factors stimulate differentiation of hADSCs into an
osteogenic linage for bone formation in vivo [160]. The perme-
able properties of the designed scaffold exert positive ADSCs
attachment, growth, and differentiation.

Another study by Lü et al. employed DA click chemistry
for the syntheses of chondroitin sulphate (ChS)-based hydrogel
with tunable viscoelastic and rheological features for cranial
bone repair in vivo [159]. The results indicated that the scaf-
fold loaded with BMP-4 growth factor stimulated formation of
neo-bone in the defective bone site in vivo. The combined fea-
tures of such scaffolds, i.e., cytocompatiblity, injectability, and
self-healing with tunable properties encouraged their use for ap-
plications in cranial bone tissue engineering and superior bone
formation. Recently, Paul et al. designed a nanoengineered pho-
tocrosslinkable GelMA-based hydrogel loaded with an optimal
concentration of osteoinductive silicate nanoclay (nSi) [161].
This strategy was adopted to stimulate the osteogenic differen-
tiation of hMSCs for bone repair in the absence of any osteoin-
ductive factors (e.g., BMP-2). The designed gels showed a high
porosity with a random distribution of nSi as investigated by
SEM micrograms. This porous structure, as mentioned earlier,
can influence the diffusion rate of nutrients and other byprod-
ucts and also will have a significant impact on the cell migration
and proliferation. In fact, results indicated that the manufac-
tured nanogels enhance the migration and proliferation of the
cultivated cells. Also, both the in vitro and in vivo assessments
revealed that these nanoengineered materials loaded with nSi are
biocompatible, immunotolerant and support the osteogenic dif-
ferentiation of encapsulated hMSCs as evident from the increase
in an alkaline phosphates activity, upregulation of osteogenic
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Fig. 4. Growth factors free nanoengineered hydrogel for bone tissue engineering. (a) Schematic illustration of the photo-encapsulation of hMSCs
in GelMA–nSi hydrogel comprising nSi and GelMA. The lower left panel microphotograph shows the H&E stained cross section of GelMA hydrogels
with nSi with dark blue spots presentation encapsulated cell nuclei after a day in the culture. Scale bar: 200 μm. (b) Schematic illustration of hMSCs
differentiated to osteogenic lineage when cultivated in GelMA–nSi hydrogel for 21 days. (c) nanoegineered materials were implanted subcutaneously
in an immunocompetent rat model and collected after14 days to study the inflammatory responses. (d) H&E staining of control (0% nSi) and 0.05%
nSi exhibited no inflammation in the nearby tissue region. The (∗) shows the host tissue regions and white arrows show the interface between
hydrogel and tissues. A magnified image of the hydrogel region confirms that there was no infiltration of macrophages or neutrophils into the hydrogel
region. Reproduced from [161].

proteins production (osteocalcin, osteopontin, and runt-related
transcription factor 2), and the deposition of a biomineralized
matrix compared to GelMA. (see Fig. 4). This contribution un-
derscores the design of a biomimetic material for in situ bone
regeneration therapy in a growth factor (osteoinductive) free
environment.

3) Cardiac Regeneration and Differentiation: The spec-
trum of cardiovascular diseases, i.e., myocardial infarction, is-
chaemic cardiomyopathy, and heart failure are currently the
leading causes of death [162]. Myocardial infraction is formed
by the occlusion of one or more coronary arteries induced
by atherosclerotic plaque causing damage to cardiac tissue, in
which it can be cured only by tissue regeneration. Actually,
different stem cell candidates and approaches have been used
to enhance effectiveness of stem-cell-based myocardial infarc-
tion treatments [163]. In situ forming hydrogels are entirely
advantageous over other strategies for cardiac regeneration be-
cause of their unique properties, i.e., can be injected via three
routes: intracoronary, epicardially, or trans-endocardially. These
materials can be rapidly exploited in a catheter technology for
minimally invasive delivery [164].

In 2015, Hastings et al. reviewed the viability of hydrogel
strategies for cardiac regeneration [164]. In addition, Hassan
et al. described the recent advances in the application of in-
jectable hydrogels for cardiac tissue repair and regeneration af-
ter myocardial infraction [165]. In fact, several approaches were

intended to repair the myocardial infraction through injectable
gels. These strategies embrace: acellular hydrogels (without
any therapeutic biomolecules to afford mechanical support to
the infarcted heart), injectable hydrogels as carriers for several
biomolecules (growth factors, cytokines, and gene delivery),
and as carriers of cells [165]. Many studies were conducted in
the areas of injectable gels for cardiac regeneration and differ-
entiation [166]–[169]. For example, Wang et al. manufactured
injectable chitosan-based hydrogels carrying brown adipose-
derived stem cells (BADSCs) to regenerate myocardium after
infarction [170]. The results indicated that four weeks post-
transplantation of the gel scaffold into the myocardial infarction
site induces a significant enhancement in the cardiac function
as reflected by a significant survival and cardiac differentia-
tion of BADSCs. In other study, Paul et al. prepared an in-
jectable GelMA hydrogel loaded with polyethylenimine (PEI)
functionalized GO nanosheets (fGO) complexed with DNAVEGF

to induce a controlled and localized gene therapy for the treat-
ment of acute myocardial infarction (AMI) (see Fig. 5) [167].
The designed gels were proved to be potent in transfecting the
myocardial tissues and prompt a promising therapeutic effects
without invoking cytotoxicity. This contribution highlights the
potential of the intended gel-based, nonviral gene carrier that
can successfully deliver the DNA in vivo as well as induce tun-
able therapeutic consequences. Despite that this GelMA hydro-
gel was designed to provide a gene therapy to AMI, its unique
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Fig. 5. Injectable graphene oxide/hydrogel-based angiogenic gene delivery system for vasculogenesis and cardiac repair. (a) Schematic repre-
sentation of the design process of scaffold material and the following injection to treat damaged heart with AMI. (1) First, GO nanosheets are
functionalized by amide bond with branched PEI to form cationic fGO. (2) fGO is then surface functionalized with anionic plasmids (DNAVEGF)
to form fGO/DNAVEGF, as shown in TEM images. (3) These bioactive hybrids are then suspended in prepolymer of GelMA hydrogel and UV
cross-linked under optimized condition to form (4) injectable fGO/ DNAVEGF carrying GelMA hydrogel (GG0). (5) The latter is then intramyocar-
dially injected in rat heart with acute intramyocardial infarction for local gene delivery of incorporated fGO/DNAVEGF nanocomplexes from GG0
hydrogel. (6) This eventually exhibits therapeutic effects by promoting myocardial vasculogenesis, which leads to reduced scar area and improved
cardiac function. (b) Schematic illustration of rat heart with AMI. Photograph (infarcted heart) shows a myocardially infarcted rat heart after causing
myocardial infarction by ligation of left anterior descending artery. Arrows indicate the damaged area in the left ventricular region. Photograph
(hydrogel injection) shows the route of administration via direct intramyocardial delivery of injectable fGO/GelMAhydrogel to the peri-infarct region.
Quantification of (c) capillaries and (d) arteriole densities in the peri-infarct region, 14 days postinjection of VEGF therapeutic genes in group GG0,
GG, G, and control (with sham treatment after infarction) by immunohistological staining of CD31 and smooth muscle R-actin. Data. (e) Photograph
of explanted rat heart showing Lac Z gene expression by X-Gal staining (in blue color). (f) and (g) Scar area determination by morphometric analysis
of the left ventricle in different groups. Representative images of left ventricle myocardial sections stained with Sirius red show the cardiac fibrosis
regions (in red). Sham operated and untreated infarcted group were used as controls. The red area represents ECM deposition in the scar tissue
and the gray area represents the myocardium. (h) Echocardiographic assessment of the cardiac function. For this, heart ejection fraction (EF%)
was monitored at day 2 and 14 post treatment. GG0 showed significantly better EF% than other groups. Reproduced from [167].
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properties are promising in tissue engineering applications in-
cluding stem cells delivery to be used in application for cardiac
tissue repair.

IV. SUMMARY AND FUTURE DIRECTIONS

As discussed, hydrogels are ingenious biomaterials that have
significant potential for the future of regenerative medicine
and tissue engineering. In fact, encapsulation of stem cells
with growth factors in hydrogels scaffolds maintains the stem
properties of the encapsulated cells. Hydrogels can promote a
3-D arrangement, controlled differentiation, and proliferation
of encapsulated stem cells and remain good candidates to guide
recruitment of endogenous stem cells to the damaged tissue
for repair. However, hydrogels can induce a negative feedback
for stem cell function. Indeed, communication between scaffold
and the cells is relatively complex. Knowledge of the signaling
pathways influencing differentiation and survival of stem cells
would support hydrogels-based strategies.

REFERENCES

[1] Y. Liu, R. Yang, Z. He, and W.-Q. Gao, “Generation of functional organs
from stem cells,” Cell Regeneration, vol. 2, no. 1, pp. 1–6, 2013.

[2] S. Bunn, “Organ donation and transplants,” Houses Parliament Parlia-
mentary Office Sci. Technol., London, U.K., Tech. Rep. POST-PN-441,
2013.

[3] Q. Huang et al., “Hydrogel scaffolds for differentiation of adipose-
derived stem cells,” Chem. Soc. Rev., vol. 46, pp. 6255–6275, 2017.

[4] E. Dawson, G. Mapili, K. Erickson, S. Taqvi, and K. Roy, “Biomaterials
for stem cell differentiation,” Adv. Drug Del. Rev., vol. 60, pp. 215–228,
2008.

[5] M. Mimeault and S. K. Batra, “Concise review: Recent advances on the
significance of stem cells in tissue regeneration and cancer therapies,”
Stem Cells, vol. 24, pp. 2319–2345, 2006.

[6] J. Jin, “Stem cell treatments,” J. Amer. Med. Assoc., vol. 317, 2017, Art.
no. 330.

[7] P. Stojkovic et al., “Human-serum matrix supports undifferentiated
growth of human embryonic stem cells,” Stem Cells, vol. 23, pp. 895–
902, 2005.

[8] M. Richards, C.-Y. Fong, W.-K. Chan, P.-C. Wong, and A. Bongso,
“Human feeders support prolonged undifferentiated growth of human
inner cell masses and embryonic stem cells,” Nature Biotechnol., vol. 20,
pp. 933–936, 2002.

[9] K. Turksen and T. Troy, “Human embryonic stem cells,” Methods Mol.
Biol., vol. 331, pp. 1–12, 2006.

[10] A. Abbott, “Biology’s new dimension,” Nature, vol. 424, pp. 870–872,
2003.

[11] J. Czyz and A. Wobus, “Embryonic stem cell differentiation: The role of
extracellular factors,” Differentiation, vol. 68, pp. 167–74, 2001.

[12] M. Alvarado-Velez, S. B. Pai, and R. V. Bellamkonda, “Hydrogels as
carriers for stem cell transplantation,” IEEE Trans. Biomed. Eng., vol. 61,
no. 5, pp. 1474–1481, May 2014.

[13] G. Gerlach, M. Guenther, J. Sorber, G. Suchaneck, K. F. Arndt, and A.
Richter, “Chemical and pH sensors based on the swelling behavior of
hydrogels,” Sens. Actuat., B Chem., vol. 111–112, pp. 555–561, 2005.

[14] S. Kasapis, I. T. Norton, and J. B. Ubbink, Modern Biopolymer Sci-
ence: Bridging the Divide Between Fundamental Treatise and Industrial
Application. New York, NY, USA: Academic, 2009.

[15] O. Wichterle and D. Lı́m, “Hydrophilic gels for biological use,” Nature,
vol. 185, pp. 117–118, 1960.

[16] T. R. Hoare and D. S. Kohane, “Hydrogels in drug delivery: Progress
and challenges,” Polymer (Guildf), vol. 49, pp. 1993–2007, 2008.

[17] P. M. Kharkar, K. L. Kiick, and A. M. Kloxin, “Designing degradable
hydrogels for orthogonal control of cell microenvironments,” Chem. Soc.
Rev., vol. 42, pp. 7335–7372, 2013.

[18] N. Peppas, Y. Huang, M. Torres-Lugo, J. H. Ward, and J. Zhang, “Physic-
ochemical foundations and structural design of hydrogels in medicine and
biology,” Annu. Rev. Biomed., vol. 2, pp. 9–29, 2000.

[19] E. M. Ahmed, “Hydrogel: Preparation, characterization, and applica-
tions: A review,” J. Adv. Res., vol. 6, pp. 105–121, 2015.

[20] N. A. Peppas, J. Z. Hilt, A. Khademhosseini, and R. Langer, “Hydrogels
in biology and medicine: From molecular principles to bionanotechnol-
ogy,” Adv. Mater., vol. 18, pp. 1345–1360, 2006.

[21] J. Klier and N. A. Peppas, “Solute and penetrant diffusion in swellable
polymers,” J. Polymer Sci. Part B Polymer Phys., vol. 24, pp. 395–408,
1986.

[22] W. E. Hennink and C. F. van Nostrum, “Novel crosslinking methods to
design hydrogels,” Adv. Drug Del. Rev., vol. 64, pp. 223–236, 2012.

[23] B. Jeong, S. W. Kim, and Y. H. Bae, “Thermosensitive sol-gel reversible
hydrogels,” Adv. Drug Del. Rev., vol. 64, pp. 154–162, 2012.
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