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Stem cell encapsulation is a technique that utilizes various biomaterials for the creation of a semi-permeable membrane
that encases the stem cells. Stem cell encapsulation can be accomplished by employing a great variety of natural and/or
synthetic hydrogels, and offers many benefits in regenerative medicine, including protection from host's immune system
and mechanical stress, improved cell viability, proliferation and differentiation, cryopreservation and controlled and
continuous delivery of the stem cell secreted therapeutic agents. In this review, we report and discuss almost all natural
and synthetic hydrogels used in stem cell encapsulation, along with the benefits that these materials, alone or in
combinations, could offer to cell therapy through a functional cell encapsulation.
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| 1. Introduction

Over the last few decades, cell-based therapies have been a novel therapeutic approach for several diseases. Various
types of stem cells have been used in experimental models and clinical trials for the regeneration and functional
restoration of specific damaged tissues and organs, and they have been proposed to have a central role in regenerative
medicine W, These cells are characterized by their capacity for self-renewal and differentiation into specific cell types of
all tissues and organ systems of the body, according to the microenvironmental conditions, preserving the damage repair
ability in the host Bl The transplantation of exogenous stem cells for the induction of tissue regeneration could be
autologous and/or allogeneic (non-autologous) @Bl In cases of allogeneic stem cell administration, graft-versus-host
disease is expected to occur and appropriate measures must be taken, as stem cells express the major histocompatibility
complex (MHC) receptor and secrete soluble mediators for inviting immune cells and enabling this type of reaction €I,
For avoiding the consequences of host-versus-transplant reactions, cell-based therapeutic approaches, with the support
of engineering technologies, have been developing new techniques that combine principles of material science and
engineering with stem cell biology 8. Cell immobilization techniques have been developed during the last few decades to
provide several advantages, such as structural support and a controlled environment, to cells [&. These techniques can be
divided into two major categories, the entrapment of cells into scaffolds (cell-laden scaffolds) and the encapsulation of
cells into hydrogels. Scaffolding technology includes a great variety of materials (including hydrogels) aiming to provide
appropriate vehicles for cell seeding, while encapsulation is oriented towards micro-tuning specific hydrogels, creating
cell-incorporated, semi-permeable “capsules” 9,

Encapsulation provides a semi-permeable barrier surrounding the cell, which, on the one hand, impedes the recognition of
the implanted cell by the host's immune system and its subsequent elimination and, on the other hand, allows the
encapsulated cell to have access to nutrients and to maintain its functional potential, mainly through the secretion of
soluble mediators that help in repairing the target tissue (Figure 1) L1,



Figure 1. Schematic of stem cell encapsulation and its benefits.

Since 1964, when Chang first presented cell encapsulation technology 22, a large number of cell encapsulation

biomaterials have been used and proposed for a variety of diseases and pathologies [BI13I14] The physicochemical

properties of biomaterials appear to play an important role, thus dictating which ones should be utilized in specific

applications in order to achieve optimized results in regenerative medicine interventions (Table 1).

Table 1. Natural and synthetic encapsulation biomaterials utilized in various medical applications.

Application

Angiogenesis

Bone tissue engineering

Breast cancer

Cartilage tissue engineering

Cartilage/bone tissue
engineering

Diabetes

Foreign body response

Ischemic stroke

Ischemic tissue engineering

Muscle tissue engineering

Myocardial infarction

Neural and visual repairment

Sensorineural hearing loss

Spine injury

Wound healing (skin)

Wound healing (diabetes)

Wound healing (corneal)

Wound Healing (mucosal)

Biomaterial

Gelan gum-HA 131 Alginate-Gelatin 28], PEG 1, HA-MAP [18]

Alginate 12, GelMA 29, Alginate-g-PNIPAAm (2, Collagen-Fibrin 122

Alginate [23]

CS-MA-PEGDA 24, CH-GP-HEC (23], PEG-PNIPAAM (28] Gelatin-HA [

Poloxamer 407 (28], Gelatin-Methacrylamide 22

PPS-b-PDMA-b-PNIPAAmM Y

Alginate [l

CS-bFGF 2

PNIPAAM-PHEMA-AOLA-PEGMA-PFO [l

Fibrin 34

PNIPAAm 28], PNIPAAM-PPAA-PHEMA-OTMC-PEGMA [38], PNIPAAM-PAA B1, PEG-
fibrinogen 28], PNIPAAM-SWCNTs B2, HA-MAP (40

HA and Methylecelluse 41

Alginate (Ultra high viscous) (42

Gelan gum 431, HA 24l PHEMA-APMA-PAMAM 2 | .PDMA-PNIPAAm ¥l Alginate-
Collagen 44, cS-MA 8]

PEGDA 9 Poloxamer 407-SAP Y

Poloxamer 407 Bl

Alginate 2

PEG-4MAL-IFN-y 3]



AOLA: acrylate-oligolactide; APMA: N-(3-Aminopropyl)methacrylamide; b: block; bFGF: basic fibroblast growth factor; CH:
chitosan; CS: chondroitin sulfate; g: graft; GeIMA: gelatin methacrylate; GP: glycerophosphate; HA: hyaluronic acid; HEC:
hydroxyethyl cellulose; IFN-y: interferon gamma; L: laponite; MA: methacrylate; MAP: mussel adhesive protein; OTMC:
oligo(trimethylene carbonate); PAMAM: polyamidoamine; PDMA: poly(dimethylacrylamide); PEG: poly(ethylene glycol);
PEGDA: poly(ethylene glycol) diacrylate; PEGMA: methacrylate-poly(ethylene glycol); PFO: perfluorooctane; PHEMA:
poly(2-hydroxyethyl PPAA: polypropylacrylic acid; PPS:
poly[(propylene sulfide; SAP: sodium ascorbyl phosphate; SWCNTs: single-wall carbon nanotubes; 4MAL: four-arm
maleimide.

methacrylate); PNIPAAmM: poly(N-isopropylacrylamide);

To date, several types of cells and stem cells (Table 2) have been used in encapsulation technology in various diseases; it
is understood that different materials and techniques need to be developed in order to ensure the benefits of
encapsulation in any case 141,

Table 2. Natural and synthetic biomaterials utilized for the encapsulation of different types of stem cells.

Stem Cell Type Biomaterial

Collagen-Fibrin 22, CH-GP-HEC [25], PHEMA-APMA-PAMAM 451 | -PDMA-
PNIPAAmM 48 PEG-PNIPAAmM 28] Alginate 23], PEGDA 44, Fibrin [24],
Gelatin-HA 24, PPS-b-PDMA-b-PNIPAAM BY, Alginate-Gelatin 18], PEG-
4AMAL-IFN-y 58 HA-MAP [181[40]

Mesenchymal stem cells

PNIPAAM-PHEMA-AOLA-PEGMA-PFO [28 CS-MA-PEGDA 24, Alginate-g-

Bone marrow mesenchymal stem cells
y PNIPAAmM [21]

Wharton's jelly mesenchymal stem cells  Poloxamer 407-SAP Y

BMP-2 transduced bone marrow 20
GelMA 29
mesenchymal stem cells

Brain-derived neurotrophic factor- ) ) ) 42
. Alginate (ultrahigh viscous) 42
producing mesenchymal stem cells

Gelan gum-HA (131, Poloxamer 407 B, Gelan gum 3], PNIPAAM-SWCNTs

Adipose-derived stem cells

Telomerase-immortalized human
adipose-derived stem cells

Cardiosphere-derived cells

Human cardiac stem cells

Neural stem cells-dental pulp stem cells

Induced pluripotent stem cell-derived
neural progenitor cells

Human embryonic stem cell derived-
neural stem cells

B9 Alginate 19, pPEG 11

Gelatin-Methacrylamide 22

PNIPAAm 23], PNIPAAM-PPAA-PHEMA-OTMC-PEGMA (28]

PNIPAAM-PAA 7]

Alginate-Collagen 4, CS-MA 48l

CS-bFGF [22]
HA 24



Retinal stem cell-derived rods and

_ HA and methylecelluse 44
neural stem and progenitor cells

Dental pulp stem cells Poloxamer 407 (28]

Human placenta-derived mesenchymal

Alginate 21
stem cells
Multipotent adult progenitor cells Alginate 2
Mouse embryonic stem cells PEG-fibrinogen 28!

AOLA: acrylate-oligolactide; APMA: N-(3-Aminopropyl)methacrylamide; b: block; bFGF: basic fibroblast growth factor;
BMP-2: Bone morphogenetic protein 2; CH: chitosan; CS: chondroitin sulfate; g: graft; GelMA: gelatin methacrylate; GP:
glycerophosphate; HA: hyaluronic acid; HEC: hydroxyethyl cellulose; IFN-y: interferon gamma; L: laponite; MA:
methacrylate; MAP: mussel adhesive protein; OTMC: oligo(trimethylene carbonate); PAMAM: polyamidoamine; PDMA:
poly(dimethylacrylamide); PEG: poly(ethylene glycol); PEGDA: poly(ethylene glycol) diacrylate; PEGMA: methacrylate-
poly(ethylene glycol); PFO: perfluorooctane; PHEMA: poly(2-hydroxyethyl methacrylate); PNIPAAmM: poly(N-

isopropylacrylamide); PPAA: polypropylacrylic acid; PPS: poly[(propylene sulfide; SAP: sodium ascorbyl phosphate;
SWCNTSs: single-wall carbon nanotubes; 4MAL.: four-arm maleimide.

The methodology, and particularly the physicochemical properties of the biomaterial that creates the cell envelope, are
important for providing the appropriate niche, thus maintaining cell protection without losing the functional properties and
benefits for cell therapy. There is a great variety of encapsulation techniques and gelation processes (Table 3) that have
been thoroughly discussed in previous articles R4IESIS6I57],

Table 3. Key encapsulation and gelation methodologies.

Encapsulation Methods Cross-Linking (Gelation) Methods



Lithography
Photolithography

Soft Lithography

Extrusion
Electrospraying

Electrospinning

) . Chemical cross-linking Physical cross-linking
Microfluidics
Photopolymerization . Thermal
Droplet
L Enzymatic reaction . Electrostatic interaction
Microfiber
Click reaction . Phase inversion
Bioprintin ) L . .
P d Chemical copolymerization - Self-assembling peptides
Inkjet
Extrusion

Laser-assisted

Stereolithography
Emulsification

Cryogelation

Encapsulation technology has greatly advanced due to the parallel advancement of material and microfluidics science,
giving rise to microencapsulation that can allow even single-cell encapsulation 28], thus practically giving the opportunity
to “dress up” individually the stem cells depending on the application.

| 2. Hydrogels

Hydrogels are materials that swell in water while retaining a substantial fraction of water within their structures B2, They
were first reported in 1960, by Wichterle and Lim, in their study of poly(2-hydroxyethyl methacrylate) (PHEMA) gel, which
is used even today in soft contact lenses BB Since then, hydrogels have been widely studied and used in a great
variety of biomedical applications 2 due to their close resemblance to natural living tissue. High water content,
convenient porosity and soft structure are properties of hydrogels that enable them to simulate the physical characteristics
of the extracellular matrix (ECM) more closely than any other class of synthetic biomaterials 2!,

Hydrogels are formed by the cross-linking of polymer chains through either physical or chemical means and can be made

of naturally occurring polymers, such as collagen or chitosan, or synthetic polymers like polyethylene glycol (PEG) (Figure
2) [64],



Figure 2. Chemical structures of natural (A) and synthetic (B) hydrogels.

The low interfacial tension between the hydrogels and the environmental fluids results in a low protein adsorption rate and
cell adhesion, making them highly biocompatible. Moreover, the plasticity of hydrogels reduces the mechanical irritation
on the surrounding area and provides a high degree of permeability to nutrients and metabolites €3, There are many
different ways that hydrogels may be classified, based on the polymer source, the polymeric composition, the type of
cross-linking, their configuration or physical appearance 88, In this enrty, hydrogels are categorized based on their origin.

2.1. Natural Hydrogels

2.1.1. Polysaccharides

Agarose

Agarose is a linear polymer consisting of repeating units of agarobiose, a disaccharide made up of D-galactose and 3,6-
anhydro-L-galactopyranose, and it is extracted from the cell wall of a group of red algae (Rhodophyceae) 2.

In 2004, agarose was first used in stem cell encapsulation and proved to be a promising biomaterial, as stem cells could
remain alive throughout the process and could differentiate into hematopoietic progenitors (€8, Since then, agarose has
been used in numerous stem cell encapsulation studies, either alone or in combination with extracellular matrix proteins,
such as collagen and fibrin. Batorsky et al. encapsulated human mesenchymal stem cells (hMSCs) in collagen—agarose
and reported that cell viability remained high and their differentiation capacity was regulated by the collagen
concentration; the higher its concentration, the greater the differentiation capacity towards the osteogenic lineage €. On
the other hand, Sakai et al. used agarose alone as an encapsulation stem cell material and showed once again that
agarose could permit stem cell proliferation and differentiation 9. Finally, in a recent study, Benavente-Babace et al.
studied the egress of therapeutically relevant cells, such as hMSCs, using a microfluidic device to produce monodisperse
agarose microcapsules and concluded that agarose can be an excellent candidate for the encapsulation and delivery of
mesenchymal stem cells (MSCs) in cell-based strategies of tissue regeneration 4.

Alginate

Alginate is an unbranched heteropolysaccharide of 1-4 glycosidically linked -D-Mannuronic (M) and a-L-Guluronic (G)
acids in varying composition and sequences, distributed widely in the cell walls of brown algae. In aqueous solutions and
in the presence of divalent cations, such as Ca?*, they form gels through ionic cross-linking.

When it comes to stem cell encapsulation using alginate as a starting biomaterial, it is preferable not to use it alone but in
combination with other polymers. Alginate alone forms dense hydrogels, it has low biodegradability and high stiffness and
it blocks cellular growth due to the lack of cell adhesion molecules 72, Rezaei et al. compared alginate—gelatin and
alginate-alone hydrogels and found that the MSC growth rate was significantly greater in the mixed hydrogels 3. For the
same reason, Steiner et al. also used alginate—gelatin hydrogels for the encapsulation of MSCs and showed that not only
the cell viability was unaltered but also that these scaffolds could promote angiogenesis in an in vivo model €],
Nonetheless, alginate alone seems to have some positive effects, depending on the application. For instance, Al-Jaibaji et
al. showed that the encapsulation of multipotent adult progenitor cells in alginate hydrogels could induce a wound-healing
reaction in corneal stromal cells, through the secretion of soluble factors by the progenitor cells (22,

Carrageenan

Carrageenan is a sulfated polysaccharide that is extracted from red marine algae and it is comprised of either repeating
disaccharide units of 4-linked B-D-galactopyranose (G-unit) and a-D-galactopyranose or 4-linked 3,6-anhydrogalactose,
with a variable portion of sulfalite groups. According to the position and number of sulfate groups, carrageenans are



divided into three families: k, 1, and A, corresponding to one, two, and three sulfate groups per disaccharide. In aqueous
solutions and in the presence of cations, both k- and I-carrageenans easily form, on cooling, thermo-reversible gels 4731,

Regarding carrageenan, there is only one reference in the literature in which it is used for mesenchymal stem cell
encapsulation. In this study, Thakur et al. reported that upon encapsulation, stem cell viability remained high, no
alterations in cell morphology, spreading and metabolic activities were observed and this biomaterial could be used for
cartilage regeneration (28!,

Chitosan

Chitosan is a natural, non-toxic, semi-crystalline, cationic polysaccharide with biocompatibility and structure similar to that
of glycosaminoglycans. It is obtained industrially by hydrolyzing the amino-acetyl groups of chitin (primary component of
cell walls in fungi, the exoskeletons of arthropods, such as crustaceans and insects, the radulae of mollusks, cephalopod
beaks and the scales of fish and lissamphibians) by an alkaline treatment [ZZ,

Due to its similarity to glycosaminoglycans, chitosan-based hydrogels are widely used in cartilage tissue engineering 8
(989 Naderi-Meshkin et al. showed that the encapsulation of MSCs in chitosan-based hydrogel could sustain cell
viability and could promote differentiation towards the chondrogenic pathway (22, Chitosan is also used in combination
with other biomaterials, such as hyaluronan, and it has been shown that this combination can support cell viability,
proliferation of adipose-derived stem cells and it can be a good candidate for tissue engineering 11,

Chondroitin Sulfate (CS)

CS is a sulfated glycosaminoglycan composed of chains of unbranched polysaccharides of variable length containing two
alternating monosaccharides: D-glucuronic acid and N-acetyl-D-galactosamine. It is usually found attached to proteins as
part of a proteoglycan. A chondroitin chain can have over 100 individual sugars, each of which can be sulfated in variable
positions and quantities; chondroitin 4-sulfate (C4S or CSA) and chondroitin 6-sulfate (C6S or CSC) are two of the most
common forms 2. CS is an important structural component of cartilage and provides much of its resistance to
compression. There are a number of different sources of CS; in the nutraceutical market, the main sources are bovine,
shark and porcine cartilage 83!,

CS has been proven to be a good candidate for applications that include neural stem cells. Karumbaiah L et al. used
hydrogels containing CS for the encapsulation of neural stem cells and found that this biomaterial could regulate stem cell
self-renewal and could highly absorb significant factors for the survival of neural stem cells B4l Similarly, Liu C et al.
observed that CS is a promising biomaterial for the treatment of spinal cord injuries, as it favors neural stem cells to
differentiate into neurons, while at the same time, it inhibits astrocyte development, an unwanted side effect during the
process of neural stem cell differentiation 148!,

Gellan Gum

Gellan gum is an anionic heteropolysaccharide secreted by the bacteria Sphingomonas elodea (formerly Pseudomonas
elodea) 82, It is composed by tetrasaccharide repeating units consisting of 1,4-a-L-rahmnose, 1,3-B-D-glucose, 1,4-B-D-
glucuronic acid and 1,4-B-D-glucose (8],

Although not widely used, there are a few references to its application in stem cell encapsulation. Cerqueira et al. used
gellan gum-based hydrogel to encapsulate adipose-derived stem cells (ADSCs) and microvascular endothelial cells and
they showed that this structure could promote wound healing and angiogenesis in an in vivo model 22, In the same
manner, Gomes et al. encapsulated in gellan gum-based hydrogel two different types of cells, ADSCs and olfactory
ensheathing cells, and showed an increased in vitro growth rate and great motor improvements in an in vivo model of
spinal cord injury 43!, Additionally, modified gellan gum-based hydrogels have shown promising results, again, in the field
of neural tissue engineering B2,

Hyaluronic Acid

Hyaluronic acid (HA) is a relatively simple glycosaminoglycan present in mammals, characterized by repeating
disaccharide units made up of 1,4-B-D-glucuronic acid and 1,3-B-N-acetyl-D-glucosamine (€8],

HA is naturally found in soft tissues, such as the cartilage B9 and thus, previous studies have shown that it can
successfully support chondrogenesis using MSCs ZAR9IBI - Apart from its use in soft tissue engineering, HA has been
also used in other systems. Ballios et al. reported that hyaluronan-based hydrogel could promote retinal stem cell survival
in the retina, through interactions between the hydrogel and the stem cells, significantly improve visual function and the
neural stem and progenitor cell state 21, In addition, HA has been also used in combination with growth factors that
promote stem cell differentiation, offering a useful tool for the in situ differentiation of pluripotent stem cells A122],



Pullulan

Pullulan is an extracellular and unbranched water-soluble homopolysaccharide, consisting of a-(1-6) linkages of a-(1-4)-
linked maltotriose units, and is secreted primarily by strains of the fungus Aureobasidium pullulans. Due to its unique
linkage pattern, pullulan has distinctive physical traits, such as structural flexibility and solubility; unlike other
polysaccharides, it has great film and fiber forming capabilities that resemble those of synthetic polymers. It is
biodegradable and highly water-soluble in its underivatized form [£31(93](94],

Although pullulan is widely used in other applications, but not so far for stem cell encapsulation, a recent study
investigated its properties and showed that it could be a good candidate for stem cell encapsulation 221,

2.1.2. Proteins

Collagen

Collagen is the major component of the extracellular matrix of connective tissues and it is responsible for their structure
and functions. The collagen family consists of 28 distinct types that are distinguished by Roman numbers (I-XXVIII),
following the chronological order of their discovery. All collagens are trimers, consisting of at least one stiff, rod-like
domain of varying length, called collagenous domains and non-collagenous domains. The number and structure of these
domains depend on the specific type of collagen (28],

Collagen is composed of a triple helix, having a divergent protein composition, mainly due to its high hydroxyproline
content. It can be extracted from a variety of sources; it offers low immunogenicity, good permeability, biocompatibility and
biodegradability, but relatively modest mechanical properties. To overcome this problem, various practices are employed,
such as cross-linking by chemical or physical means and modifications with other polymers or inorganic materials 24,

Injectable collagen—phenolic hydroxyl hydrogels, capable of controlling a wide range of physicochemical properties, such
as stiffness and degradability, were tested on the formation of vascularized engineered tissue graft by bone marrow-
derived mesenchymal stem cells (BMSCs) in vivo. The results were promising as the hydrogel not only improved the long-
term differentiation of the transplanted BMSCs into osteoblasts but also increased the number of adipocytes inside the
vascularized engineered tissue after one month of implantation in a mouse 28,

Using a novel microfluidic device to encapsulate neural stem cells and dental pulp stem cells within an alginate—collagen
hydrogel resulted in the survival of both cell types for up to three weeks in culture. Moreover, it was observed that the
stem cells preserved their multipotency upon selective release from the microcapsules 2,

Elastin

Elastin is a highly elastic mammalian protein found in connective tissue that possesses the ability to resume the initial
shape after the use of stretching or contracting mechanical force. It is rich in hydrophobic amino acids such as glycine and
proline, which form mobile hydrophobic regions bounded by cross-links between lysine residues 24 Elastin-based
biomaterials are suitable for repairing elastic tissues, as they can improve local elasticity and support cellular interaction
and signaling. Several studies that combine elastin hydrogels with MSCs have demonstrated their ability to also
regenerate non-elastic tissue 209,

MSCs differentiation can be controlled by their immediate environment as it has been proven that tissue elasticity can
influence their inclination towards specific lineages and phenotypes, thus making elastin hydrogels an ideal stem cell
encapsulation candidate for specific applications 19 Due to the growing accessibility of the elastin precursor,
tropoelastin, there is increased research interest in stem cell encapsulation using elastin-based hydrogels (1921,

Elastin-Like Protein and Hyaluronic Acid

The major limitation of HA hydrogels is the increased mechanical stiffness which is observed when there is also an
increase in the concentration of HA [RUIL03I104] This obstacle has been overcome by combining HA with elastin-like
protein (ELP). Zhu et al. combined ELP with HA and created a new hydrogel for the encapsulation of bovine
chondrocytes. They found that the mechanical stiffness of this biomaterial remained unchanged, even if the concentration
of HA was altered. In addition, they observed that HA in varying concentrations could affect the proliferation rate of
chondrocytes, their expression signatures and, ultimately, their differentiation fate. Zhu et al. concluded that the ELP-HA
combination could enable the creation of soft hydrogels, ideal for chondrocyte proliferation and cartilage differentiation
(2051 |n another study by the same research team, it was shown that the ELP—HA combination could protect encapsulated
MSCs from shredding when passed through a needle. It could also be rapidly reformed into its original shape, enabling
MSCs to be homogenously dispersed into a 3D environment. In addition, they observed that this new biomaterial could



enhance the survival of MSCs and prolong their culturing even up to three weeks after the injection. Finally, they reported
that the differentiational capacity of encapsulated MSCs remained unaltered, suggesting that ELP—HA hydrogels might be
excellent candidates for stem cell transplantations and tissue regeneration (196!,

Fibrin

Fibrin monomers are naturally produced during the degradation of fibrinogen by the thrombin protease; they then
polymerize and ultimately form fibrin networks with the help of other coagulation factors to prevent blood loss 192, Fibrin,
apart from its essential role in blood clot formation, is also used in the field of stem cell bioengineering. Lalegiil-Ulker O et
al. found that the encapsulation of MSCs in fibrin microbeads and their administration in rats could greatly regenerate
muscle tissue injuries 4. Fibrin-based hydrogels have been also found to be good candidates for the development of
bone formation from MSCs. Heo DN et al. found that the encapsulation of MSCs in fibrin-based hydrogels and their

supplementation with endothelial cells could further promote bone tissue formation 22, These studies suggest that fibrin is
a promising biomaterial in the field of muscle and bone tissue regeneration using MSCs.

Gelatin

Gelatin is a protein that is obtained when collagen is disintegrated into smaller parts through hydrolytic degradation. At
temperatures exceeding 40 °C, gelatins are soluble in water, but upon cooling, they form transparent gels. Since gelatin
derives from collagen, a natural source found in many organisms, it possesses several advantages; it does not cause
antigenicity, it can be totally degradable in vivo, and its physicochemical properties can be regulated. Another crucial
benefit of gelatin is the fact that it is presented with many functional side groups that enable it to be chemically cross-
linked with other compounds, such as drugs, thus making it an excellent candidate for a drug delivery vehicle.
Nonetheless, gelatins are not stable in the human body due to their low melting point and, therefore, they need to be
stabilized by chemical cross-linking prior to their use 204,

In a previous study, Tzouanas SN et al. found that the gelatin loading and size of the microparticles could regulate MSC
viability; the smaller the loading and size, the greater cell viability. In addition, they found that the interaction between the
MSCs and the gelatin microparticles could initiate the differentiation process towards the osteogenic lineage, making
these microparticles excellent candidates for tissue engineering 2%, In the same manner, Aparnathi MK and Patel JS
showed that biodegradable, methacrylated gelatin gel could serve as a great scaffold for ADSC encapsulation, as it would
not affect the osteogenic capacity of the stem cells 29, The potential of gelatin-based microparticles to be used in stem
cell encapsulation has also been shown in a recent study, in which MSCs could retain their viability and differentiation
capacity inside colloidal gelatin microgels 119, Taken together, these findings show that gelatin is an excellent biomaterial
for stem cell encapsulation, as it is nontoxic for stem cells and it may promote their differentiation.

Keratin

Keratin is not a single substance but rather a complex formation that includes several types of keratin, keratin filament-
associated proteins and enzymes, and it is produced by epithelial cells. It is highly resistant to degradation by enzymes,
such as pepsin and trypsin, insoluble in aqueous solutions and can be found in tissues such as skin, hair and nails 141,
Due to its resistance in degradation, keratin-based scaffolds seem promising in tissue engineering, as they are slowly
degraded, while collagen-based hydrogels are easily degraded. Barati D et al. showed that the use of keratin hydrogels in
encapsulating MSCs could promote their differentiation into osteogenic and chondrogenic lineages, with a similar
efficiency as in gelatin-based hydrogel, while having the advantage of not being easily degraded, thus making them an
excellent candidate for a delivery system 1121,

Silk Fibroin

Fibroin is an insoluble protein present in silk, mainly produced by the larvae of Bombyx mori, with an amino acid
composition primarily of glycine, alanine and serine. Silk is composed of B-sheet structures, permitting tight packing of
stacked sheets, granting the strength and resilience of silk fibers. Silk fibroin fibers consist of two proteins (a light and
heavy chain) linked by a single disulfide bond in a 1:1 ratio. These proteins are coated with a family of hydrophilic proteins
called sericins that are removed during the silk fibroin isolation process. The unique features of silk (structure,
biocompatibility, versatile morphologies, genetic modification, thermal stability and controllable degradation) classify it as a
favorable biomaterial for various clinical applications 1131,

In a recent study, Patil and Singh were the first to demonstrate that silk fibroin—alginate beads can be used to encapsulate
hMSCs at various cell densities, using an innovative, cell-compatible cross-linking method that allows for simultaneous
encapsulation. In addition, by including carboxyl and phosphate groups into the beads, they showed that that hMSCs
were able to grow, proliferate and differentiate into osteogenic and chondrogenic lineages without the need for
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differentiation media 241 In another recent study, Hasturk et al. fabricated silk fibroin-based hydrogels which were cross-

linked with either tyramine-substituted silk fibroin or gelatin; they then encapsulated hMSCs and found that these

biomaterials could significantly improve the cell morphology and metabolic activity 1121,
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