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Abstract: The musculoskeletal (MS) system consists of bone, cartilage, tendon, ligament, and skele-
tal muscle, which forms the basic framework of the human body. This system plays a vital role in
appropriate body functions, including movement, the protection of internal organs, support, hem-
atopoiesis, and postural stability. Therefore, it is understandable that the damage or loss of MS tis-
sues significantly reduces the quality of life and limits mobility. Tissue engineering and its applica-
tions in the healthcare industry have been rapidly growing over the past few decades. Tissue engi-
neering has made significant contributions toward developing new therapeutic strategies for the
treatment of MS defects and relevant disease. Among various biomaterials used for tissue engineer-
ing, natural polymers offer superior properties that promote optimal cell interaction and desired
biological function. Natural polymers have similarity with the native ECM, including enzymatic
degradation, bio-resorb and non-toxic degradation products, ability to conjugate with various
agents, and high chemical versatility, biocompatibility, and bioactivity that promote optimal cell
interaction and desired biological functions. This review summarizes recent advances in applying
natural-based scaffolds for musculoskeletal tissue engineering.

Keywords: natural polymers; biomaterials; biodegradable scaffolds; musculoskeletal tissue; tissue
engineering

1. Introduction

The musculoskeletal (MS) system consists of bone, cartilage, tendon, ligament, and
skeletal muscle, which form the basic framework of the human body. The damage or loss
of MS-related tissues significantly affects the quality of life. MS disorders can be caused
by old age, traumatic events, autoimmune and degenerative diseases. According to the
WHO report, between one in three and one in five people worldwide suffer from the men-
tioned disorders, which have the most persistent pain in non-cancerous cases [1-4].

The self-healing potential of MS-related tissues during injury depends on tissue type
and the degree of damage and inflammation. Whereas bones and skeletal muscles have
an adequate intrinsic ability for self-healing in minor injuries, the self-repair of severe in-
juries and injuries to other MS-related tissues needs clinical interventions for complete
healing [5-7]. In these cases, donor grafting, a conventional clinical treatment, is limited
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due to prolonged recovery time, risk of infection, immunological rejection, and donor site
morbidity. To address these challenges, MS tissue engineering has emerged and devel-
oped as an alternative therapeutic option to fully recover the patient by boosting the spon-
taneously healing potential of the native tissues [8-10].

Tissue engineering provides an efficient approach for repairing damaged or lost tis-
sues by combining scaffolds, cells, and signaling molecules. To this end, a scaffold is an
essential part that can accommodate stem cells and biological cues such as small molecules
and growth factors. A scaffold-based strategy can be applied as a local tool to accelerate
the regeneration process [11,12]. Ideally, tissue-engineered scaffolds must be biocompati-
ble and non-immunogenic, and their degradation rate is commensurate with the re-for-
mation of new tissue. Additionally, these scaffolds should have the appropriate surface
chemistry for cell adhesion and the desired porosity for the transport of oxygen, nutrients,
and metabolic wastes. Furthermore, their mechanical properties should correspond to the
host tissue strength to sustain the regeneration of tissue during the healing process and
induce targeted stem cell differentiation to the host cells [13,14].

The fabrication of an artificial microenvironment with a suitable polymer should
mimic the host tissue’s native extracellular matrix (ECM) to guarantee successful tissue
regeneration. ECM is a dynamic three-dimensional structure composed of glycoproteins
and glycosaminoglycans, which have a tissue-specific proportion of these components
and architecture. This non-cellular component acts as a physical scaffold for cells and con-
trols cellular behavior such as homeostasis, adherent, proliferation, and cell differentia-
tion through biochemical and biomechanical signals. Therefore, host ECM simulation be-
comes the most crucial part of scaffold design, especially for the scaffolds with incorpo-
rated cells [15].

Natural polymers are desirable among various biomaterials used for scaffolding,
such as alloys, ceramics, and polymers. Figure 1 shows the natural-based polymers ap-
plied for tissue engineering and their extraction source. Recently, various types of natural-
based polymer scaffolds with different architectures, including hydrogel, fibrous, solid
porous, and a composite with decellularized tissue, have been developed for MS tissue
engineering applications [5,16-19]. They offer superior biocompatibility, bioactivity, and
high chemical versatility for desired biological function. Based on their sources, natural
polymers can be classified into two main categories: (i) non-mammalian, which includes
Marine algae (Carrageenans, Agarose, Alginate), crustacean (chitosan/chitin), insects (silk
fibrin), plants (starch), microorganisms (xanthan gum, gellan gum, dextran), (ii) mamma-
lian-based, including proteins (collagen, fibrin, elastin) and glycosaminoglycans (chon-
droitin sulfate, hyaluronan, and heparin). The basic structures of these polymers include
proteins, polypeptides, and polysaccharides, which can mimic their various functions in
the native ECM when registered as an engineered scaffold.
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Figure 1. Schematic diagram of natural sources of natural polymers and their application in muscu-
loskeletal tissue disorders.

Hydrogels are hydrophilic three-dimensional networks made of physically associ-
ated or chemically crosslinked polymer chains that can uptake high amounts of water and
biological fluids. A key feature of hydrogels is the structural similarities to the ECM due
to their soft and flexible nature. Their physicochemical properties can be easily tailored,
allowing them to be used in various tissue reconstruction applications [20,21].

Fiber scaffolds with a high length-to-width ratio are among the most attractive poly-
meric constructions in the tissue engineering field due to resembling the fibrous micro-
structure of muscles and connective tissues cartilage, bone, ligament, and tendon. This
fibril architecture in various nano- and microscales plays an essential role in the mechan-
ical properties and regulation of cell differentiation behavior [22,23].

Decellularized scaffolds prepared by removing cellular contents from native tissues
or organs provide an ideal scaffold by preserving the architecture, components, and lig-
ands of native ECM. Tissue-engineered grafts can be ex vivo re-cellularized with stem
cells and applied for organ transplantation to reduce immune rejection [8,24].

Solid porous scaffolds serve as a three-dimensional matrix with interconnected pores
and high porosity. This interconnected porous structure is essential for high-cell density
culture and tissue growth, especially for organ angiogenesis and bone formation. Further-
more, their surface-to-volume ratio, crystallinity, porosity, and the size, shape, and inter-
connection of pores can be controlled to adapt to different application requirements in
engineering various tissue types [25,26].

In this review, we describe the ECM structure corresponding to every distinct part of
musculoskeletal tissue, which is followed by short explanations of what disorders are as-
sociated with them. We provide a concise review of recent advancements in natural-based
scaffolds for each musculoskeletal tissue type and shortly discuss challenges and future
directions.
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It should be pointed out that the discussion about cartilage requires a separate article
due to the diversity of cartilage types (including hyaline, fibrocartilage, and elastic carti-
lage) involved in the musculoskeletal tissue. Hence, this manuscript focuses on recent
bone, tendon, ligament, and skeletal muscle tissue engineering advances. The key prop-
erties of these natural polymers are summarized in Table 1.

Table 1. Characterizations of the natural polymers used in tissue engineering.

Materials Structure

Sources Key Features Ref

Linear polysac-

The shell of crustaceans (crabs, lobsters, Second most abundant natural polymer, Biocompatible,
shrimps, crayfish, and king crabs) as well as Biodegradable, Bioadhesive, Biologically renewable, Anti-

hit 27-29
Chitosan charide mollusks (e.g., squids), cuticles of insects, microbial, Hemostatic nature, Non-antigenic, Antioxidant, [ I
and cell walls of fungi pH-sensitive
. . Biocompatible, Biodegradable, Cytocompatible, Non-im-
Alginate Linear p.()lysac— Seaweeds and typically extracted from munogenic, Mucoadhesive, Source abundance, Low cost,  [30-33]
charide brown algae e .
Water-soluble, pH-sensitive, in situ gelation
Composed of
two kinds of
The leaves of all green plants and in the . . . .
Starch polysaccha- seeds, fruits, stems, roots, and tubers of most Biocompatible, Biodegradable, Biorenewable, Low cost, (34-36]

rides, amylose,
and amylopec-
tin

plants and also in algae Semicrystalline, High mechanical strength

Hyaluronic Linear polysac-
acid charide

Biocompatible, Biodegradable, Bioresorbable, Limited im-
munogenicity, Recognized by cell surface receptors, Flexi-  [37-40]
ble, Unique viscoelasticity

A major macromolecular component of the
ECM in the most connective tissues

Chondroitin  Unbranched
sulfate  polysaccharide

Biocompatible, Biodegradable, Easily available, Immune-
A major component of ECM enhancing activity, Anti-inflammatory, Antioxidant, Anti- [41]
tumor, Anti-coagulation

A
garose charide

Liner polysac- Marine red algae and also found as a support

Biocompatible, Non-immunogenic, Water solubility, pH-
sensitive, Electro-responsive activity, Thermoreversible [42,43]

structure of cell wall for marine algae . .
gelation behavior

Bacterial Cel- Linear polysac-

Biocompatible, Biodegradable, High water-holding capac-

Microorganisms belonging to the Glu- ity, High mechanical strength, Porous structure, High [44-48]

lulose charide conacetobacter xylinum L
crystallinity
Dextran Branched Poly— Lactic-acid bacteria Blocor?\patll.al?, Lov\{ cost, E.a.sy to modify, Stable under (49-51]
saccharide mild acidic/basic conditions, Slowly degraded
Carrageenans Linear polysac- Marine red algae Viscoelastic and gelling properties, Anti-inflammatory, 52]

charide

Antitumor

Gellan gum Linear polysac-

Minimal cytotoxicity, Ability to form hard and translucent

Sphingomonas elodea or Pseudomonas elo- gels which are stable at low pH, Thermally reversible gel =~ [53-55]

charide dea bacteria . ..
in the presence of metallic ions
Xanthan gum Branched Po]y- Xanthomonas bacteria Biocompatible, Non-toxicity, Biodegradablf:, SFabiIe under (56]
saccharide a broad spectrum of pH, Shear-thinning
Li lysac- M 1 ti h as thy ine intesti
Heparin 1nearpo ysac: Vucosat ssues such as the poraine fiestine Antitumor, Anti-viral, Angiogenesis regulatory activities  [57,58]

charide

or bovine lungs

Collagen Fibrous protein

Biocompatible, Biodegradable, Low-immunogenic, Hemo-
static, High swelling ability, Low antigenicity, Capacity to  [59-62]
facilitate cellular attachment

A major ECM component of most connective
tissues within the mammalian body

Biocompatible, Biodegradable, Non-immunogenic, Elastic,

Gelatin Protein A hydrolysis derivative of collagen Lower antigenicity, More accessible functional groups [63-66]
Silk fibroin Protein Silkworms and spiders Biocompatible, B 1odegrad~able, Great n}efchamcal proper [67-71]
ties, Versatile processability
Biocompatible, Biodegradable, Possesses cellular interac-
j i il, ski i tion sites
Keratin Polypeptide A major component in nail, skin, hair, horns . . fon S . (72-75]
hooves, wool, feathers Low-immunogenic, Intrinsic ability to self-assemble into
three-dimensional structures
Bi tible, Biodegradable, Ability of t
Fibrin Glycoprotein Fibrinogen rocompatible, blodegradabie, AL Of monomers to [76-79]

self-assemble into a gel
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Structural pro- A component in the ECMs of connective tis- Biocompatible, Biodegradable, Elasticity, Self-assembly,

Elasti
astm tein sues (e.g., blood vessels, esophagus, skin) Long-term stability

[80,81]

2. Bone

Bone tissue consists of different types of cells and an extracellular matrix, which is
mainly composed of collagen proteins. The major functions of bone include structural
support, mechanical movement, hemopoiesis, and organ protection; it also acts as a body
resource of calcium and phosphate ions [82,83]. The resorption and formation of bone are
tightly regulated and orchestrated under bone homeostasis to keep skeletal integrity [84].
Bone tissue contains different types of cells, including osteoblasts, osteoclasts, and osteo-
cytes. Osteoblasts and osteocytes originate from mesenchymal stem cells (MSCs), while
osteoclasts are derived from hematopoietic stem cells. Ninety percent (90%) of the bone
cell population includes osteocytes, which act as the primary cells for bone formation,
mineralization, and regulating cell signaling. During the physiological process of bone
remodeling, the damaged bone is resorbed by osteoclasts, and new bone, which is gener-
ated by osteoblasts, is replaced [84]. There is a balance between osteoclast-mediated bone
resorption and osteoblast-mediated bone formation in healthy bone, which is controlled
by several coordinated signaling mechanisms. However, under certain pathological con-
ditions, an imbalance between these two processes may occur, leading to bone diseases.

2.1. Bone Extracellular Matrix

Type I collagen makes up most of the ECM in bone, and its orientation directly im-
pacts its mechanical properties. Collagen fibers arranged in a uniform and parallel pattern
reinforce the bone [85]. Apatite mineral crystallites comprise 65% of the total bone mass
as the inorganic part of the ECM [86]. The direction of collagen fibrils and apatite crystals
in ECM creates diverse mechanical properties in different bone types, e.g., being co-
aligned in a direction makes the bone stiff and tight [87,88]. Other important non-cellular
components of bone ECM are glycosaminoglycans, proteoglycans, cell adhesion cyto-
kines, and key growth factors [89].

2.2. Bone Structure

The complex and hierarchical bone structure is divided into different parts based on
macroscale (cancellous bone and cortical bone), microscale (Haversian canals, osteons),
sub-microscale (single layer of lamella with collagen fibers), nanoscale (collagen fibrils),
and sub-nanoscale (minerals, collagen molecule) (Figure 2). Spongy cancellous bone,
which is distributed on the surface of the bone, is made up of intertwined bone trabeculae.
Cortical bone (compact bone) is strong in compression and distortion due to its high den-
sity. Osteons, which are cylinders that contain osteocytes, are placed parallel to the shaft
of the bone tube. Each osteon consists of lamellas surrounding the Haversian canal, con-
taining blood vessels and fiber arrays as its subunits, containing mineralized collagen fi-
brils made of adjacent blocks adhered by crosslinkers. Collagen molecules comprise triple
helix chains that coil each other and are stabilized by internal bonds. Crystallized apatite,
the inorganic substance, is located between collagen fibrils [90].
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Figure 2. The hierarchical structure of bone.

The hierarchical structure in the cortical bone can be divided into six levels: (1)
Macrostructure level (>10 mm), which consists of cortical and trabecular bone types, (2)
Mesostructure level (0.5-10 mm), where osteons array together, (3) Microstructure level
(10-500 um), where a single osteon contains interstitial lamella, (4) Sub-microstructural
level (1-10 um), which is also a single lamella, (5) Nanostructure level (10-1000 nm),
which is a multiphase nanocomposite consisting of an organic phase, inorganic phase, and
water, and (6) Sub-nanostructure (<10 nm) in which molecules can be analyzed separately.

2.3. Bone Diseases

There are many bone diseases, usually leading to fractures and defects. Osteogenesis
imperfecta is generated by a defect in collagen and results in less organized bone; there-
fore, the bone fails as it is faced with only minimal amounts of tension. Osteoporosis, the
most common bone disease, is characterized by decreased bone mass and deterioration of
bone structure [91]. The defects in osteoclastic bone resorption cause osteopetrosis disease,
which, despite increasing bone mass, will be followed by skeletal fragility. Osteosarcoma
is a common bone tumor that mainly occurs in the large bones and the knee [92].

Conventional clinical therapies for bone filling, such as autologous and allogeneic
bone grafts, suffer from several shortcomings, i.e.,, immune rejection, infection, insuffi-
cient or missing osseointegration, and lack of a donor. Bone tissue engineering has
emerged as a novel method to hinder the mentioned risks. The new approaches for regen-
erating damaged bone are developed using the tissue engineering triangle: signaling mol-
ecules, cells, and scaffolds. Below, we summarize recent examples of natural-based poly-
mers that have been used for bone tissue engineering.

2.4. Natural-Based Scaffolds for Bone Tissue Engineering
2.4.1. Collagen

As the main organic matrix of bone, type I collagen has superior bioactivity and bio-
compatibility as implants. However, the mechanical properties of collagen are not ideal
for hard tissue engineering. As a result, many studies of collagen-based scaffolds have
focused on improving strength, osteogenesis, and bioavailability.

Ceramics are usually used as enhancers to improve the strength of collagen-based
material owing to their great mechanical strength. Among these, hydroxyapatite (HA), -
tricalcium phosphate (B-TCP), and bioactive glasses (BGs) are mainly employed with col-
lagen for bone scaffolds. HA and B-TCP can also provide essential elements such as cal-
cium and phosphorus for the bone matrix. Combining collagen-TCP composites with
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other materials has been evaluated as a biomimicking matrix and delivery vehicle of
growth factors to improve their structural and biological properties [93]. B-TCP can pro-
vide good osteoconductivity and accelerate the degradation rate of the scaffold, which
eventually can be replaced by a newly formed bone. The optimal B-TCP concentration
should be 5-10 wt% to control the rapid release of Ca?*[94]. HA is the original component
of the bone matrix; therefore, its application for bone implants is widely studied. Although
HA has superiorities with non-reactivity, osteoconductivity, and outstanding strength to
composite collagen, the shortcomings such as the low degradation rate of HA still inhibit
the development of HA/collagen materials. As a result, biphasic calcium phosphate (BCP)
provides both the stability of HA and the biodegradability of -TCP and has emerged as
a promising future direction [95].

Bioactive glasses (BGs) are silica-based biomaterials that contain SiO2-CaO-P20s net-
works. The release of Na*, Ca?, and Si* can trigger osteoblast proliferation and differen-
tiation by stimulating osteogenesis. More importantly, due to the formation of silanol ac-
tive sites, it has been used for tissue binding and mineralization [96]. BGs offer higher
bioavailability and bioactivity due to their higher surface reactivity than HA and B-TCP
[97,98]. Ferreira et al. took advantage of the bioglass and carbonate apatite composite min-
eralized collagen scaffold to promote human osteoblast differentiation [98]. The compo-
sites could stimulate osteoblast differentiation and mineralization in vitro without osteo-
genic dopants [99].

Synthetic polymers are also applied to enhance the mechanical properties of collagen.
Polymers such as polylactic acid (PLA) [100], poly lactic-co-glycolic acid (PLGA) [101],
and polycaprolactone (PCL) [102] are often used for collagen composites.

Nowadays, 3D printing is commonly used for polymer processing due to the rapid
development of this technology. The osteoconductive and osteoinductive properties of a
3D-printed PLA/collagen scaffold were proved by in vitro biomineralization tests [100].
Dewey et al. utilized fluffy-PLGA to reinforce mineralized collagen scaffolds to form a
bone mesh [101]. The in vitro tests showed that this composite could increase hMSC oste-
ogenesis and locally inhibit osteoclast activity to accelerate bone regeneration.

The biomimetically inspired approach is a promising strategy for forming osteogenic
and hematopoietic niches and shows considerable osteoinductivity by the expression of
cells and bone marrow stromal cell markers. Proteins and ions are frequently applied as
dopants to achieve biological purposes. Tadalafil is a phosphodiesterase (PDE) enzyme
inhibitor that benefits angiogenesis by upregulating the expression of VEGF and CYR61
as well as increasing the effect of nitrous oxide (NO) and the level of cGMP. The Tadala-
fil/B-TCP/collagen scaffold was prepared and further implanted in vivo in a rabbit critical-
size calvarial defect, and it led to accelerating osteogenesis following 6 weeks [103]. The
substitution of magnesium ions (Mg?) can induce angiogenesis through nitric acid pro-
duction [104-106]. A recent study utilized magnesium as the primary material cooperated
with collagen and HA to achieve a better degradation rate [107]. Copper ions (Cu?*) are
also available for bone implants. Culturing of pre-osteoblast cells on a porous colla-
gen/copper-doped bioactive glass scaffold showed enhanced osteogenesis and angiogen-
esis [108]. Furthermore, when implanted in a chick embryo ex vivo model, it exhibited
potential for osteomyelitis treatment by limiting infection while enhancing angio- and os-
teogenesis effect [108]. Other essential trace elements in the body play important roles in
bone metabolism’s anabolic and catabolic aspects. A collagen/HA porous scaffold incor-
porated with carboxyl-functionalized carbon nanotube (CNT) was developed to trans-
plant MSCs in Sprague-Dawley rats with parietal bone defects [109]. After 12 weeks of
implanting collagen/HA/CNT scaffold in a rat critical-sized calvarial defect model, favor-
able biocompatibility and biodegradability were observed. Furthermore, the utilization of
CNT enhanced the mechanical strength and osteogenesis of the scaffold [109].

To offset the weaknesses of collagen, the reinforcement with ceramics and syn-
thetic/natural-based polymers is a promising solution for bone tissue engineering.
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2.4.2. Gelatin

Gelatin is a hydrolyzed form of collagen derived from acid and alkali pre-treatments
of bovine and porcine collagen [65]. Gelatin has significant biocompatibility due to Arg-
Gly-Asp (RGD), which is available in its structure, promoting cell attachment, spreading,
and proliferation. However, the poor mechanical properties prohibit its direct usage for
bone defect treatments. Several studies focus on gelatin-based scaffolds incorporated with
other materials to evaluate mechanical stability and the osteogenic differentiation of oste-
oblasts. Micro and nano-additives such as silica nanoparticles, polymer microparticles,
and nano-HA can be employed to improve mechanical strength and are additionally used
as controlled delivery systems for osteogenesis, angiogenesis, and drug agents [110,111].
The dopants for biological functions usually aim at improved osteoinductivity, anti-in-
flammatory, and antibacterial ability. A study of an alginate-TCP-gelatin porous scaffold
loaded with dimethyloxalylglycine demonstrated an upregulation of angiogenesis mark-
ers [112]. Furthermore, in vivo tracking of stem cells seeded on the scaffold demonstrated
considerable osteogenesis and angiogenesis potential. However, the sample’s mechanical
properties from this study lacked adequate strength to regenerate large-sized bone defects
fully [112]. Although incorporating bioceramics can result in osteoconduction and me-
chanical strength, the balance between porosity and strength is still a challenge for re-
searchers. The strategies to solve this contradiction include improving compositions, mi-
crostructures, and processing methods. One such illustration is the gelatin-PCL-nanoHA
composite scaffold prepared by electrospinning [113]. The effect of several processing pa-
rameters such as porosity, fiber diameter, pore size, and HA concentration was investi-
gated. Three-dimensional (3D) printing is more precise than electrospinning when a com-
plex porous structure is needed. A graphene/gelatin/chitosan/TCP composite was re-
cently fabricated by Lu et al. through additive manufacturing [114]. The combination of
various materials and 3D printing provides scaffolds with a complex 3D structure and
antibacterial properties.

With many functional groups in gelatin, chemical modification is also an attractive
approach to developing gelatin-based scaffolds. Gelatin methacryloyl (GeIMA), a photo-
crosslinkable gelatin, is one of the most studied. A recent study loaded metformin into
mesoporous silica nanospheres and then composited it with GeIMA through UV light
crosslinking to form hydrogels [115]. Such a method can provide a stable release of loaded
drugs. In addition, Ca? from HA can create a bridge with the hydroxyl group in GelMA,
forming a weak bonding between gelatin and HA [116]. Such composites’ cell viability
and biocompatibility are superior, and they are easier for in situ curing simultaneously.

2.4.3. Chitosan

There are various forms of chitosan-based scaffolds in bone tissue engineering, in-
cluding films, particles, hydrogels, fibers, and sponges [117]. Chitosan is introduced as a
linear polysaccharide and has favorable biocompatibility, bioactivity, and biodegradabil-
ity features. More importantly, chitosan contains free amino groups that can be proto-
nated, making chitosan modifiable with biochemical groups. The protonated amino
groups allow the electrostatic interaction with DNA, proteins, lipids, or negatively
charged synthetic polymers [118]. A study grafted GRGDSPK (RGD) or FRHRNRKGY
(HVP) sequences on chitosan and tested the sample with osteoblasts [119]. The functional
groups improved cell adhesion and proliferation. Despite this, the main drawback of chi-
tosan is their low mechanical strength for load-bearing defects. Making a composite with
mechanical enhancers is usually applied to overcome this limitation. For example, a PCL
fibrous scaffold was introduced for the inclusion of chitosan nanoparticles for a rat model
of the critical-sized calvarial bone defect [120]. The hydrophilic nature of chitosan reduced
the hydrophobic nature of PCL nanofibers. The presence of chitosan also regulated cellu-
lar functions by increasing protein adsorption, fluid uptake, and ALP activity. In another
study, the incorporation of bioceramic into the chitosan matrix was evaluated [121]. The
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histopathological and microbiological results of the composite in an osteomyelitis animal
model revealed the ability of chitosan and the calcium phosphate scaffold to induce cel-
lular differentiation and augment the osteoconductive and mechanical properties. The su-
periority of modification and antibacterial properties make chitosan an excellent choice
for functional bone implants, while the suitable mechanical properties demand a prompt
solution.

2.4.4. Alginate

Alginate, a natural and anionic polysaccharide, has a great potential for bone tissue
engineering due to its biocompatibility, gel-forming ability, and modifying capacity [31].
The studies of alginate scaffolds focus on improving biodegradability, strength, gelation
property, and cell affinity. Recently, palygorskite, bioactive glass, graphene oxide, and
PCL have been used to prepare composites with alginate for bone scaffolds [122-125].
Developing injectable alginate-based hydrogels with proper adhesivity and osteogenic
activity for utilization in filling bone defects and cavities has always been a tempting goal
for researchers. Since complex chemical compositions usually cause difficulties in batch
productions, developing a binary component multifunctional alginate-based hydrogel for
bone regeneration was investigated. First, using an amidation reaction, dopamine (DA)
was grafted to alginate. Then, mixing strontium ions with Alg-DA solution resulted in an
injectable hydrogel with proper adhesivity due to catechol groups on Alg-DA. In addition,
over 8 weeks of in vivo studies on rats, the enhanced osteogenic activity of strontium con-
taining hydrogel scaffolds was indicated compared to hydrogels without strontium [126].
Tunable void-forming alginate-based hydrogels are excellent choices for filling bone cav-
ities. Another study investigated the potential of alginate-based hydrogels containing rat
mesenchymal stromal cells for bone regeneration for critical-sized femoral defects in rats.
After 6 weeks post-surgery, the bone and tissue mineral density in the defect site that
filled with MSCs encapsulated hydrogel were much higher than the non-cell seeded scaf-
fold. However, none of the hydrogels could repair the defects completely [127]. Despite
the benefits, the absence of regulated biodegradability can have undesirable conse-
quences. It should be combined with other biodegradable polymers to eliminate this lim-
itation. One instance of these combinations is chitosan—alginate to repair the physical in-
jury in rats. The proposed hydrogel demonstrated significant controllable degradation
that would inhibit bone growth deformities, and also it showed the ability for loading
chondrogenic factors. Therefore, this scaffold can be a promising platform that improves
physical injury repair [128]. To sum up, alginate has excellent biocompatibility and devis-
able potential with its functional groups; the limitations such as the strength and degra-
dation of alginate are still the research priorities in this field.

2.4.5. Silk Fibroin

Compared to other natural polymers, silk fibroin (SF) possesses several significant
advantages such as excellent biocompatibility, outstanding mechanical properties, and bi-
odegradability [129]. The fibrous structure is the typical characteristic of SF. SF scaffolds
with low porosity and thinner fibers can inhibit the immune activation of macrophages
and T cells. Yang et al. fabricated an SF-based scaffold with different porosity and fiber
thickness through electrospinning [130] and confirmed that the inflammatory response
could be regulated through different silk fibroin architectures.

Functionality for biomedicine has been one of the research focuses for SF. Recently,
the literature aimed to investigate SF’s cell adhesion, drug-loading capacity, and osteoin-
ductivity [131-135]. Some materials are usually applied to composite SF in hard tissue
engineering to improve the biological properties. For example, HA is frequently used to
coordinate SF for bone tissue scaffolds. The durability of silk fibroin can precisely make
up for the shortcoming of HA to form a scaffold with the ideal mechanical properties. The
HA-SF slurry demonstrated shear thinning behavior characteristics, making flow-based
injection more clinically convenient [136]. The mechanical study showed that injection and
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compression molding could provide favorable strength for SF-based scaffolds. A compat-
ible combination between SF and HA has been studied in hard tissue engineering [137].
Similar to HA, bioactive glasses (BGs) are also suitable for mixing with SF to improve
biocompatibility and osteoconductivity. In a study, a composite scaffold comprised of
SE/BG was constructed by the 3D printing fabrication technique. Bone marrow stem cells
were seeded before transplanting into the back of nude mice [138]. The osteogenic ability
of the scaffolds was confirmed with enhanced osteogenesis-related genes (COL-1, OCN,
BSP, and BMP-2) expression. Synthetic polymers are also applied with SF for fiber scaf-
folds. An SF-coated PCL scaffold developed by Xiao et al. could improve tissue arrange-
ment and remodeling and support a faster regeneration rate in the rat model [139]. The
scaffold’s porosity with electrospinning and gas-foaming technology was much higher
than traditional nanofiber mats.

The summary of natural polymer based materials for bone regeneration shown in
Table 2.

Table 2. Summary of recent studies using natural polymers in bone tissue engineering.

Structure/Production

Ref Applied Materials Cell Type Method Benefits
Hi blast-like cell Core-shell nano- Biomimetic porous 3D scaffold with gradient and lay-
[140] HA/gelatin/chitosan uman.osteo ast-like ce fibers/freeze-drying method ° poro . ol with g y
line (MG-63) s .. ered microstructure
and calcium ion crosslinking
[(141] Gelatin-alginate graphene Human osteoblast-like cell ~ Nanocomposite scaf- Enhanced compressive strength, 700% swelling ratio,
oxide line (MG-63) fold/freeze drying technique slow biodegradation (=30% in 28 days)
Gelatin-bioactive glass-ce- Human osteoblast-like cell Macroporous composite/ly- Controlled desradatlon of gela.tm scaffolc.l and o
[142] . . e hanced mechanical strength by incorporation of bio-
ramic line (MG-63) ophilization . .
active glass particles
Carboxymethyl chi- Human osteoblast-like cell Nanofibrous scaffold/elec-  Ultrafine and splitting fibers, reduced water contact
[143] : -
tosan/PCL line (MG-63) trospinning angle
(144] Chitosan/honeycomb porous Bone marrow mesenchy- Hierarchical porous struc- Suitable pore size and high porosity for cell viability,
carbon/HA mal stem cells tures/vacuum freeze-dried mineralization, proliferation, and osteoinduction
Human chondrocytes and Porous gradient scaf-
[145] Alginate/chitosan-HA fibroblastsy fold/freeze-drying and cross- High compression modules and porosity
linking by calcium ions
. . . Macroporous 3D spongy
[146] Gelatin/alginate/polyvinyl - MCST3-EL pre-ostecblast scaffold/cryogelation tech- Anti-bacterial scaffold for bone regeneration
alcohol cells .
nique
(147] Gelatin L-929 fibroblasts, D1 MSC Fiber scaffold/freeze-dried Enzymatically crosslmkeq scaffold for bone regenera-
and MG63 osteoblasts tion
Multifunctional layered scaf- .
(148] Gelatin/PLLA 1929 fibroblasts fold/electrospinning and 3D Nasal cartilages and subchondral bone
.. reconstruction
printing
Strontium-Substituted Coculture of osteoblasts ~ Porous 3D scaffold/freeze-  Useful for local delivery of strontium and excessive
[149] . . . 1
HA/Gelatin and osteoclasts drying bone resorption ability
(150] Gelatin/PCL/nanoHA /vita- Human adipose-derived stem  Nanocomposite scaf- nHA and vitamin D3 have a synergistic effect on the
min D3 cells fold/electrospinning osteogenic differentiation of hRADSCs
Collagen fibrils with deposi- Promoting ?one regeneratlor‘l and angiogenesis via
[151] Collagen/silica Lymphocytes tion of intrafibrillar amor- monocyte immunomodulation. Differentiation of
Y Y . blood-derived monocytes into TRAP-positive cells
phous silica . e
due to sustained release of silicic acid
(152] Fibroin/poly(lactide-co-e-ca- Human adipose-derived Hybrid nanofibrous scafold Inducing c.ell adhesion and proliferation, favorable
prolactone) stem cells tensile strength, and surface roughness
[153] Fibroin/PLGA Rat bone marrow mesen- Coreshell nanofibers Enhancing cel.l adhesion, d1ffu4510r}, and pFol.lferatlon,
chymal stem cells promoting the osteogenic differentiation
[154] SF/cellulose/chitosan Human osteoblast cell line Composite Porous scaffold Supporting cell pro‘hferat‘lon‘ and promoting bio-
mineralization
[155] Fibroin/gelatin Rat mesenchymal stem cell Composite microcarrier Supporting cell adhesion, proliferation, and elastic

modulus
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Good bioactivity, high biocompatibility, antibacterial

[156] Alginate/nano-HA Rat calvaria osteoblast Composites .
activity
[157] Silk/calcium sﬂlcate/sodmm Bone marrow stromal cells Hydrogel Good blodegr‘adatl‘on, cytocompatibility, bioactivity,
alginate and the proliferation of bone marrow stromal cells
[158] Alginate/calcium phosphate Stem cells Injectable microbeads Enhancing cell viability, proliferation, osteogenic dif-

paste

ferentiation, and bone regeneration

(159] ing cells

Alginate/gelatin/apatite coat- Rat bone marrow stem 3D printed composite scaf-

fold

Higher proliferation, osteogenic differentiation, sur-

face protein adsorption, and Young’s modulus for ap-

atite-coated scaffold

3. Skeletal Muscle

The skeletal muscle connects to the bones by tendons and forms nearly 40% of the
total body mass. Skeletal muscles play a significant role in skeletal support and move-
ment, regulation of metabolism, and temperature. Muscle fibers are composed of many
myofibrils, and myofibrils contain many myofilaments. Myofibrils are arranged in a
unique pattern to form sarcomeres [160], which is the basic contraction unit of skeletal
muscle. The two most essential filaments are actin and myosin, which are arranged
uniquely to form various bands on skeletal muscle. Skeletal muscle consists of multinu-
cleated single muscle cells called myofibers. Muscle stem cells are distributed at the pe-
riphery of the myofibers, making up 1 to 5% of total muscle cells [161]. These cells multiply
in response to mechanical and chemical damage and cause growth, replacement, and re-
pair of the tissue [162-167]. Skeletal muscles are joined to the nervous system for activa-
tion and contraction and the blood vessels for the diffusion of nutrients and oxygen and

waste effusion.

3.1. Skeletal Muscle ECM Structure

Skeletal muscle tissue’s extracellular matrix (ECM) is complex with a highly orga-
nized structure [168]. The ECM plays a vital role in the growth, development, repair, mus-
cle elasticity, regeneration, cell function, and force transmission in the muscle [169]. In
addition to mechanical support for cells, the ECM also plays a host of signaling cascades
[166]. The main components of the ECM structure are collagen, glycoproteins, proteogly-
cans, and elastin. The most abundant collagen types in skeletal muscle tissue are collagen
type I and III [170]. Skeletal muscle tissue has two separate parts of the ECM structure:
the basal lamina, which has a sheet-like structure, and intramuscular connective tissue,
with an organized structure consisting of three major parts, as shown in Figure 3 described

below [166,171].
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Perimysium Endomysium
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Figure 3. Structure of Skeletal Muscle.

The muscle is composed of myocytes arranged in bundles. The length of each cell
varies, and the cells are closely spaced and complementary in length. Each cell is wrapped
with a thin reticular membrane, which is called the endomysium; each muscle bundle is
enfolded with a connective tissue membrane mixed with glial and elastic fibers, which is
called the fascicle membrane; outside of each muscle, there is a thicker layer of connective
tissue, which is called the epimysium. The connective tissues of each membrane are con-
tinuous, and the blood vessels and nerves distributed to the muscles enter along the con-
nective tissue membrane [165,166,168].

3.2. Disorders

Injuries and disorders such as traumatic injuries, surgical procedures, and congenital
and acquired diseases that result in complete and irrecoverable loss of skeletal muscle
function have been known as volume muscle loss (VML). The standard VML treatment is
autologous transplantation of skeletal muscle from a cadaver or a donor. However, this
approach is costly and time-consuming, and it is associated with immune response and
donor site morbidity. Tissue engineering approaches have been developed as an alterna-
tive to overcome these complications. Many scaffolds combined with cells, drugs, small
molecules, or growth factors have been used in tissue engineering applications [172-174].

3.3. Natural-Based Scaffold for Skeletal Muscle Tissue Engineering
3.3.1. Keratin

Keratin is known as a carrier for the primary fibroblasts growth factor (bFGF or FGEF-
2), insulin-like growth factor 1 (IGF-1), and vascular endothelial growth factor (VEGF)
[172]. bFGF directly regenerates muscles by enhancing the proliferation of the satellite
cells. Similarly, IGF-1 plays an essential role in muscle maintenance and regeneration.
VEGEF is a protein that plays a positive effective role in angiogenesis, which increases the
longevity of tissue-engineered skeletal muscle [172-174]. Keratin contains growth factors
that significantly elevate the formation of new muscle tissue, myofibers, and blood vessels
and reduce fibrosis [173]. The binding between those cytokines and keratin can prevent
rapid degradation and achieve controlled release [175]. The in vivo implantation of kera-
tin hydrogel in combination with IGF-1, bFGF, or muscle progenitor cell (MPCs) as a scaf-
fold in rat tibialis anterior muscle VML injury model demonstrated significant improve-
ment in the regeneration of skeletal muscle tissue. In another in vivo study, the scaffold
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and MPCs, VEGF, IGF-1, and bFGF were examined. This study proved a diminished in-
flammatory response and an enhanced muscle re-formation [174]. These studies sug-
gested that keratin hydrogel, along with growth factors, improves treatment performance
in VML injury.

Keratin is also frequently mixed with synthetic polymers, especially PCL [176,177].
Commonly, the keratin composite scaffolds for muscle tissue are prepared by electrospin-
ning. Keratin contains a large amount of nitrogen that produces NO, which is one of the
metabolism products of keratin [177]. Due to the catalytic generation of NO, the PCL/ker-
atin composite scaffold can accelerate endothelial cell growth and reduce smooth muscle
cell proliferation [178]. Such keratin-based scaffolds are a NO donor in the blood, benefit-
ing vascular tissue regeneration.

3.3.2. Collagen

Collagen is the central part of ECM, which increases the formation of new blood ves-
sels and muscular tissue [179]. The application of murine muscle-derived stem cells
(MDSCs) and collagen for the regeneration of muscle defects has been reported. The re-
sults demonstrated better skeletal muscle regeneration, higher cell proliferation, and re-
duction in fibrotic scar formation in the collagen scaffolds with MDSCs compared to only
collagen scaffolds [180]. In an in vivo study, a mice VML injury model was used to screen
different scaffolds. It was reported that collagen type I and an ECM hydrogel demon-
strated better cell viability and VML treatment. The following indicated that the ECM-
based scaffold (in comparison with the collagen type I hydrogel) led to the highest number
of myofibers [181].

Collagen and glycosaminoglycan (GAG) (chondroitin 6-sulfate) were applied as a
scaffold to regenerate a mice VML injury model. Chondroitin sulfate is one of the most
critical components in cartilage structure and plays a vital role in the formation of skeletal
muscle tissue and the regeneration of muscular tissue [179]. The collagen—-GAG scaffold
led to elevated expression levels of growth factors related to muscle tissue. A mice VML
model treated with the scaffold also showed a reduction in fibrosis compared to untreated
VML [179]. The research on collagen composites for muscle tissue engineering often con-
tains synthetic materials. PCL, polypyrrole (PPy), and polyvinyl alcohol (PVA) have been
recently used with collagen for skeletal muscle tissue engineering [182-184]. These com-
binations can reinforce collagen and provide various functions for the scaffolds. For in-
stance, collagen mixed with conductive PPy nanoparticles promoted cell adhesion,
growth, and proliferation [182]. Furthermore, enhanced myotube formation and matura-
tion were found in another collagen/PPy implantation study [185].

Muscle is well-aligned tissue with fibrous structures at various levels. Therefore, the
scaffolds for skeletal muscle tissue should be aligned. A murine model used collagen-
aligned scaffolds comprising mouse myoblast and human microvascular endothelial cells
to treat VML injury. The results indicated that collagen-aligned nanofibrillar scaffolds
promote the regeneration of skeletal muscle and angiogenesis in comparison with ran-
domly oriented ones [186]. Lotus-root-like collagen scaffolds prepared by Hwangbo et al.
showed a more bio-stimulating structure than conventional collagen struts [183]. The
aligned hierarchical microtubular collagen niche can enhance cell adhesion and promote
myogenic differentiation and maturation. Such a porous structure is also necessary for
angiogenesis in soft tissue regeneration.

3.3.3. Alginate

This abundant biopolymer is not only biocompatible and has low toxicity but also
exhibits a temperature-independent gelation process in the presence of divalent cations,
making it an excellent candidate for tissue engineering [187]. The partial oxidation of al-
ginate is a common way of controlling biodegradability, and it is mainly used for tissue
regeneration purposes [188]. The wet-spun fabrication of alginate fibers containing mus-
cle precursor cells is reported to be efficient for muscle recovery based on an in vivo study
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on a mouse model [187]. Another work used an injecTable 3D RGD-coupled alginate scaf-
fold to deliver gingival mesenchymal stem cells for muscle regeneration and confirmed
effective muscle regeneration in mice [189]. Oxidized alginate-gelatin bioink was also
used for 3D printing of mouse myoblast cells (C2C12). The results showed that the proper
selection of nozzle size extrusion pressure could affect cell orientation and migration in
the printed scaffold for muscle regeneration [190]. A new approach was also reported for
muscle regeneration exploiting the interplay between specific cell membrane receptors.
This research utilized borax-loaded alginate hydrogels to stimulate the borate transporter,
NaBCl1. In vivo studies of this approach on mice showed a successful acceleration of the
muscle regeneration process [190].

3.3.4. Laminin, Fibrin, and Gelatin

Laminins are heterotrimeric glycoproteins that are naturally formed by the muscle
and localized in ECM consequently. A new hydrogel consisting of fibrinogen and laminin-
111 (laminin-111 enriched with fibrin) was applied to treat a murine model of VML injury.
The different properties of laminin trimers allow cell receptors to regulate different cellu-
lar pathways [191]. The LM-111 scaffold significantly improved muscle weight and in-
creased the penetration of satellite, endothelial, hematopoietic, and immune cells [192].
Adipose-derived stem cells (ASCs) can be used in muscle tissue engineering applications.
The combination of ASCs and electrospun fibrin fibers can mimic the native tissue. Fol-
lowing in vivo implantation, the ASCs seeded on a fibrin scaffold did not significantly
enhance muscle regeneration [193].

In situ bioprinting of GelMA hydrogel was employed to treat VML injury. The use
of encapsulated cells in this study led to the formation of multinucleated myotubes [194].
The most attractive part of this study is the direct-printing technology used in the defect
area. In situ crosslinking allows surgeons to fill VLM injury rapidly and adequately, sig-
nificantly improving tissue regeneration and functional recovery.

Recently, Hwangbo et al. used an in situ UV crosslinking hydrogel to treat VML by
two different bio-inks, GelMa and C2C12 or GelMa and human adipose-derived stem cells
(hASCs). They optimized printer parameters such as barrel temperature, number of UV
light sources, UV exposure dose, and wall shear stresses at the first step. Next, bio-printed
structures laden with hASCs were implanted into mice as in vivo tests and showed a sig-
nificant improvement in muscle regeneration. Based on the reported result, they devel-
oped a promising in situ crosslink GelMa construct for treating VML [195].

Natural polymers alone are not suitable for treating injuries such as VML due to their
poor mechanical properties. Thus, combining hydrogels, growth factors, and cells in-
creases skeletal muscle regeneration.

The summary of natural polymer based biomaterials for skeletal muscle regeneration
is shown in Table 3.

Table 3. Summary of recent studies using natural polymers in skeletal muscle tissue engineering.

Ref Applied Materials Cell Type Structure/Production Method Advantages
3D, highly aligned, and electrically
conductive collagen scaffold via direc- Increasing electrical conductivity by using polypyrrole
[196] Collagen/PPy ~ C2C12 mouse myoblast tional lyophilization of a polypyrrole- (PPy)
doped collagen suspension

C2C12 murine skeletal Increased IGF1 mRNA and, Akt, p70S6K, and 4EBP1

[197] Collagen muscle m obl:lst cell Fused deposition modeling (FDM) phosphorylation, along with myotube hypertrophy and
Y improved designed muscle functionality
[198] Alginate/Gela- Hum’;m slizltetral n;luscle Hvdroeel Cost-effective and an alternative for commercial bio-
tin/Heparin P CEEZMIC’) C;:)e s ydroge materials

[199] Alginate Mesenchymal stromal Hydrogel IGF-1 and VEGF165 had significant effects on muscle

cells (MSCs) progenitor cells
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Alginate-gelatin hydrogel is a simple and cost-efficient

[188]  Alginate/Gelatin C2C12 Extrusion-bioprinting of hydrogel biodegradable bio-ink
. . Myotube production was established throughout the
[200] Gelatm/H.};aIuromc C2C12 Hydrogel hydrogel when both gelatin and hyaluronic acid were
ad present, and no shrinkage occurred
C2C12s are encapsulated and electro-
[201] Fibrin/Polyethylene CaC12 spun into fibrin/polyethylene oxide Loading C2C12s as cellular aggregates increasing cell vi-
oxide (PEO) (PEO) microfiber bundles with aque- ability
ous solution electrospinning.
Adipogenic differentiation was decreased by myogenic
[202] Fibrin Muscle prog.emtor c.ells Hydrogel dlfferer}tlanf)n b1.1t not prevent.ed, and MP.CS prodthlced
(MPCs) adipogenic from diabetic animals had a higher capacity for adipo-
genic differentiation.
[203]  Fibrin/Laminin C2C12 Hydrogel Integrating laminin-111 into fibrin hydrogels is possible
Three-dimensional engineering of . .
[204]  Fibrin/Alginate C2C12 skeletal muscle tissue using electro- To promote tlssue. forma.tlon, r.nyobla.sts should undergo
e biophysical stimulation
spun fibrin microfiber bundles
[205]  Fibrin/Thrombin C2C12 3D printing, co-extrudlr.lg fibrinogen Enhancmg. the regeneration (.)f functional muscle tissue
and thrombin by tuning the topographic features of scaffolds
Pri h Keletal The Young’s modulus increased twofold, maximum
[206]  Fibrin/Collagen rimary fiuman sketeta Hydrogels strain decreased 2.5 times, and collagen deposition in-
muscle cells .
creased 1.6 times
Gelatin methacry- Under single UV exposure, silicone Increased uniaxial strain ratio of up to 35-45% and sig-
[207] Jate (GeIMA) C2C12 tubes-based coagulant produces cell- ficantly i d tub tractilit
ate (Ge laden GelMA microfibers nificantly improved myotube contractility
[208] Fibrin + Alginate Primary human my- Injectable gel Optimization of m}foblas.t transplantation can include
oblasts consideration of cell state
Fibrin/Algi Human umbilical vein The use of 3D printing to create scaf-
[209] IOVl endothelial cells (HU- folds composed of multiple gel layers They developed a very cost-effective 3D printing system
nate/Collagen
VEC) and hollow channels
When myogenic differentiation occurs, IGFBPs play a
. Mesenchymal stem cells . - . . . .
[210]  Fibrin/Collagen-I (MSCs) Parallel nanofiber electrospinning  role, varying based on culture and stimulation condi-
tions.
[211] Fibrin Muscle-derived stem Gel SW033291 increased MI?SC myogenic differentiation
cells (MDSCs) and myotube creation in a significant way.
The dECM components accelerated myogenic differenti-
[212] Gelatin C2C12 Cell-based 3D bioprinting ation, while topographical cues caused cellular align-
ment
[213] Gelatin 2012 Cryogel Myoblasts organize then}selves aro.und tl.ns pore struc-
ture and colonize the entire three-dimensional structure
[214]  Gelatin/Chitosan 1929 fibroblasts cell line Hydrogel-3D printing Increased cell viability
Adding calcium peroxide (CPO) as an oxygen-generat-
[215]  Gelatin/Alginate C2C12 Hydrogel-3D printing ing source to bio-ink can improve cell metabolic activity
in Gelma bio-ink
[216] Gelatin C2C12 Hydrogel Soft substrates can support longer-term cell culture
o Bovine satellite cells Up to a 15-fold increase in myoglobin expression in vas-
[217] Fibrin (BSCs) Hydrogel cular smooth muscle cells
[218] Gelatin 212 Hydrogel An increase in sarcomere formation in myotube cultures

using micropatterned gelatin hydrogels

4. Tendon and Ligament

Despite having essential and unique functions in the musculoskeletal system, re-
search on tendons and ligaments is not as advanced as the rest of skeletal tissues [219].
Tendons and ligaments are very similar but still distinct connective tissues. According to
this, tendons are fibrous tissues that join skeletal muscle to bone, making movements pos-
sible through force transmission from muscles to bones [220]. At the same time, ligaments
are the dense fibrous connective tissue that connects bone to bone [221]. The transmission
of these tensile forces by tendons and ligaments makes them susceptible to tearing or com-
plete rupture, depending on the amount of the force [222].
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The use of natural and synthetic polymers for tendon and ligament tissue engineer-
ing has been investigated for years, and obviously, each has its pros and cons. For exam-
ple, better cell attachment to synthetic scaffolds with dense, fine, and aligned fibers and a
tendon-like cellular phenotype on synthetic scaffolds have been reported. On the other
hand, biological scaffolds promote better cell proliferation and the expression of collagen
genes, the most abundant molecular component in tendon and ligament [223]. Hence, us-
ing both natural and synthetic polymers to maintain both biological and mechanical re-
quirements simultaneously seems logical.

4.1. Tendon and Ligament ECM Structure

Tendons and ligaments have very similar ECM components and structures. At the
microscale, they both have wave-form patterns with fibers oriented parallel to the stress
axis. They are straightened when put under tension and reconverted when released. They
both have a hierarchical structure, beginning with collagen molecules, fibrils, fiber bun-
dles, fascicles (considered the basic functional unit of the tissue), and ultimately tendon
and ligament units [224,225] (Figure 4). The tensile strength of the tendon is reported to
be about 50-150 MPa, and its elastic modulus is about 1200-1800 MPa, while the ligament
has a tensile strength of about 50 MPa and elastic modulus of about 150-355 MPa. They
both have a certain degree of plasticity for adaption to changing stresses [225]. They both
follow the elastic model up to a certain amount of strain. Afterward, they will undergo
microscopic failure, and further strain may lead to a total rupture of the tissue [226].

Endotendon

Tendon
stem cell

Fascicle

Epitenon
Paratenon

Figure 4. The hierarchical structure of tendon and ligament.

The chemical composition of the tendon and ligament is very similar, with a slight
difference in the number of components. The main component of both tendon and liga-
ment is water, 60% to 80% in weight [220,221]. They contain a protein phase (collagen)
and a polysaccharide phase (proteoglycans). Collagen type I is the most abundant protein
in the tendon and ligament [225]. It constitutes about 60% of the tendon’s dry weight and
corresponds to 95% of the total tendon collagen. The other 5% involves mainly collagen
types Il and V. There are minimal amounts of collagen types II, VL, IX, X, and XI. On the
other hand, ligaments contain more protein, less total collagen, and greater amounts of
type III collagen and GAGs [221]. While many of these collagen types’ full biological and
biophysical roles are still unclear, some specific functions of each type have been identi-
fied [224]. Elastin is another important component of both tendon and ligament, which is
responsible for recovering the native configuration after stretching [226]. The proteogly-
cans found in tendons and ligaments, including decorin, aggrecan, tenascin C, fibronectin,
fibromodulin, biglycan, and lumican, have specific functions mainly to organize and lu-
bricate collagen fiber bundles [219,226].
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Tenoblasts and tenocytes are the two main cell types present in tendons. Tenoblasts
are very active spindle-shaped immature tendon cells that can be found as clusters in
some areas of tendons. They are the predominant cell type in the tendon that can mature
into tenocytes with fibroblastic morphology and low metabolic activity. Other types of
cells present in the tendon are progenitor cells, synovial cells, endothelial cells, and even
chondrocytes [221]. The primary cell type of ligament is fibroblasts, and these cells help
in the production of collagen and matrix remodeling by the degradation of the pre-exist-
ing collagen [225].

4.2. Disorders

Lesions of tendon and ligament account for over 40% of musculoskeletal injuries
[227]. These injuries are widespread in the elderly and very physically active persons such
as athletes. Half (50%) of all sports injuries are related to lesions of tendons and ligaments
[228]. Two of the most common ligaments exposed to the risk of injury are the Anterior
Cruciate Ligament (ACL) and Deltoid Ligament (DL) of the ankle. Ankle sprains or sports
accidents are the leading cause of injury to ACL and DL [229,230]. The most common
tendons exposed to the risk of injury are the Achilles tendon, Flexor/Extensor tendons of
the hand, and the rotator cuff shoulder tendons [231]. The hypocellularity and hypervas-
cularity of these tissues reduce their natural intrinsic healing ability. Thus, full recovery is
relatively difficult [232]. The healing process follows three typical steps: inflammatory,
proliferative, and remodeling phase. The latter is characterized by the alignment of colla-
gen fibers parallel to the axis of muscle force direction, which plays an important role in
the recovery of biomechanical properties of the tissue. Natural healing typically forms
scar-like tissue with poor biomechanical properties that cannot have the proper function-
ality. The most common mode of surgical repair for these injuries involves using different
suture techniques for reattachment. However, this method’s high chance of failure and re-
rupture provides excellent room for improvement. Crosslinking agents, bio-patch, or
grafts to cover the ruptured area and the sutures for strengthening the repair of ruptured
connective tissue have been proposed to overcome the failure and re-rupture [233]. The
gold standard for surgical procedures is autografts, which have several limitations. As
alternative commercialized allografts and xenografts are available, these have the risk of
rejection and disease transmission. None of these approaches is considered the best [234].
However, using these tissue engineering techniques is necessary because an aberrant nat-
ural wound healing would result in excessive collagen synthesis and the formation of
scar-like tissue (fibrosis) with poor biomechanical functionality [235]. Therefore, a sound
understanding of the production and assembly of type I collagen fibrils is fundamental
for tendon and ligament biomaterials engineering [236].

4.3. Natural-Based Scaffold for Tendon and Ligament Tissue Engineering

Despite all the valuable research in tissue engineering for tendons and ligaments in
recent years, there are still many material and method selection challenges. Multiple fac-
tors should be considered when developing new therapies: on the one hand, perfect bio-
compatibility, proper biodegradability, and the ability to mimic the native ECM of the
targeted tissue. On the other hand, having good functionality and biomechanical proper-
ties have made it difficult for researchers to agree on one biopolymer. Recently, collagen
and silk have attracted much interest in this research area.

4.3.1. Collagen

The first material that has been considered for tendon and ligament implants is col-
lagen type I, as it is the most abundant polymer in the structure of the tendon and liga-
ment. However, natural polymers alone usually lack the required strength and biome-
chanical properties. A common way to increase the mechanical properties of natural pol-
ymers is to use them along with synthetic polymers. In 2021, the use of hybrid material of
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poly-L-lactic acid (PLLA)-based copolymers with collage/chondroitin sulfate was investi-
gated [236]. After implantation in rats, it was observed that the collagen/chondroitin sul-
fate/PLLA rod enhanced cell proliferation and in vivo collagen fibrillation, suggesting
benefits for tendon regeneration. In another study, electrospun PCL fiber was composited
with collagen to fabricate the ligament scaffolds. With its outstanding elasticity, PCL is a
perfect match with natural polymer for tendon and ligament repair [236]. The porous core-
shell scaffolds were also doped with proteoglycans and glycosaminoglycans (GAG). Both
are essential components of ECM, allowing cells a more appropriate space for migration.
At the same time, growth factors can be applied to improve the performance of collagen
scaffolds. One recent study confirmed that collagen sponge scaffolds with TGF-f1 and
GDEF-7 can promote tenogenic differentiation [237].

4.3.2. Silk

Silk attracts much interest from researchers to fabricate artificial scaffolds for ten-
dons. As a linear material, the mechanical properties of silk fibroin are anisotropy, leading
to the possibility of anisotropic functionalization. Chen et al. fabricated a gradient bio-
mineralized silk fibroin nanofibrous scaffold [238]. The combination of silk fibroin and
synthetic polymer has also been investigated. For example, nano-yarn scaffolds made of
PLLA/PCL/silk fibroin for ACL reconstruction in rabbit were reported [239]. In this study,
both sufficient cellularity and higher modulus and stiffness are reported after 12 weeks of
implantation compared to the control group due to collagen and silk.

In recent years, there have also been other studies using other natural biopolymers
such as chitosan, alginate, cellulose, and fibrin [240-244]. Hybrid natural polymers like
alginate—chitin scaffold that improved supraspinatus tendon-to-bone healing in vivo is
also reported [245]. These studies are summarized in Table 4.

Table 4. Summary of recent studies using natural polymers in tendon/ligament tissue engineering.

Ref. Applied Materials Cell Type Structure/Production Method Advantages
[241] Silk/Collagen 1929 fibroblast cell line Knitted silk covered by electrospun collagen/poly- o
Polyurethane urethane
. Tendon stem progenitor Knitted silk scaffold dipped in collagen solution
[240] Collagen/Silk cells (TSPCs) (in vivo study) Macroporous structure
[242] Alg}r}ate/l"olyacryl.amlde Hydrogel scaffolds dried under stretch Scaffold production under tension
Silica Microparticles
[243] Alginate/Cellulose Aligned fibrous hydrogels dried under stretch  Scaffold production under tension
Rabbit bone marrow-de-
[244] Fibrin rived mesenchymal stem 2D and 3D fiber based structures Use of different growth factors
cells (BMSCs)
[245] Collagen/li:?socarbon fi- _ Electrospun collagen/nanocarbon fibers Use of nanocarbon fibers
[246] Bacterial Cellulose Human mesenchymal Bacterial cellulose sheets Use of invaluable bacterial cellu-
stem cells (hMSCs) lose
PCL/CHT/CNC (Cellulose Tendon-derived cells and Aligned electrospun nanofiber threads, braided Reinforcement of mechanical
[247] . :
Nanocrystals) adipose stem cells and woven scaffolds properties by CNC
PCL/CHT Human tendon-derived . Reinforcement of mechanical
[248] CNCs cells (hTDCs) Electrospun nanofibrous scaffolds properties by CNC
[249] PLLA/Collagen _ Electrospun fibrous structure CT scans of ﬁb?r to compare the
morphology with native tendon
[250] Collagen/PCL C2C12 cells Scaffold.pm‘ducho‘n using solvent Castlng‘anfl Highly interconnected porous
freeze drying including a subsequent crosslinking scaffold
[251] Collagen-GAG Equine tenocytes Directional solidification of scaffolds Investigation of scaffold pore size

and crosslinking density
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5. Conclusions

Current natural polymer scaffold research for MS tissue engineering focuses on im-
proving existing materials and preparation processes and exploring novel naturally in-
spired materials. The number of studies using only one natural polymer for MS tissue
engineering is declining in recent years, while compositing different materials together is
becoming more popular. A single polymer cannot satisfy all the expectations and require-
ments for a perfect scaffold for MS tissue engineering purposes. However, a combination
of polymers may contribute to the structure’s cellular and mechanical aspects. An ideal
strategy is to take advantage of each type of material and combine them. The development
of natural polymer scaffolds has become a hot spot in the research field. Moreover, it has
shown excellent application prospects, giving various possibilities for developing artifi-
cial organs, injury repair, and disease treatments. It will promote tissue engineering re-
search forward to a mature stage.

Considering recent research, natural polymers have many merits as implantable ma-
terials for MS tissue engineering. However, natural polymer-based implants have specific
issues that need to be addressed: (1) Natural source polymers are uncontrollable from the
initial production phase. As a result, each batch of natural biomaterials might have a var-
ied quality. Therefore, it is necessary to harmonize the quality standards of materials,
strictly control their quality, and strengthen the research of fundamental theories such as
the properties and structure of materials. (2) There is a contradiction in mechanical prop-
erties, degradation speed, and permeability between biopolymers. Polymers with high
molecular weight or stable structure usually have higher strength, and their degradation
speed and permeability are challenging to meet the requirements in tissue engineering,
especially in in vivo and clinical studies. Advanced strategies to break through this barrier
are promising in polymer science (3) The development of composited biomaterials to meet
the requirements of different tissues works very well. However, more research should be
completed with different compositing methods instead of simple mechanical mixing. The
more complex chemical and/or physical structures would enable accomplishing the re-
generation mission compared with a widely used homogeneous structure. (4) The adhe-
sion of cells on natural polymers needs to be further studied. Physically speaking, topol-
ogy, hydrophilicity, nano/micro pattern, macromolecular structure adjusting, and other
polymer characteristics can cater to the cells’ requirements. From a biological point of
view, the superior biocompatibility of natural-origin polymers makes them stand out
among other materials. Taking natural polymers as one of the first considerations when
facing the challenge of inflammation is reasonable. Chemically speaking, the ability of
grafting is the most significant advantage of natural biopolymers and should attract wide-
spread attention. The functional groups, such as carboxyl, hydroxyl, and amidogen, pro-
vide potential for design, modification, and functionalization. Apart from this, the metab-
olites of degraded polymers might have a functional contribution to tissue regeneration
and have not been researched extensively. Other study methods such as drug or mi-
cro/macro-molecular doping are also the research focuses. In addition to these obstacles,
existing natural biological materials, including their derivatives, have tremendous poten-
tial for further research and development, such as the chemical modification of chitin and
hyaluronic acid to produce a variety of derivatives, making it more suitable as a scaffold
material in musculoskeletal tissue for clinical application.
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