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A B S T R A C T   

Additive manufacturing technologies have become at the forefront in tissue engineering, enabling the fabrication 
of complex tissues with intricate geometries that were not feasible using conventional manufacturing techniques. 
Due to the rapid progress in this field, it has become difficult not only to choose the most appropriate method, but 
also the optimal material, biological model (i.e., cells and bioactive compounds), and processing technique to 
fulfill the macro- and microstructural architecture and functions of biological tissues. The aim of this review is to 
describe recent advances in tissue engineering fabrication methods, from established electrospinning to emerging 
additive manufacturing technologies, with particular emphasis on tissues that exhibit hierarchically organized 
anisotropic architecture (skeletal muscle, tendons, and peripheral nerves). One of the current challenges is that 
the designs are usually dictated by the constraints imposed by the methods, rather than by criteria based on 
mechanical and biological requirements. Therefore, the review focuses on describing how the anatomical 
structure and function of muscles, tendons, and nerves should serve as the basis for an efficient three-dimensional 
design that considers both micro and macro aspects of the tissue. In addition, the individual factors that influence 
the fabrication strategy are discussed and related to the mechanical and biological properties of the three tissue 
types. The review highlights the advantages and limitations of each fabrication strategy and provides an over
view of critical aspects relevant to future research strategies in this area.    
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ColMA methacrylated collagen 
DLW direct laser writing 
DLP digital light processing 
ECM extracellular matrix 
EHD electrohydrodynamic jetting 
FDA food and drug administration 
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GDF5 growth differentiation factor 5 
GDNF glial-derived neurotrophic factor 
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GF growth factor 
GO-g-C3N4 graphite oxide-graphitic carbon nitride complex 
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HAMA methacrylated hyaluronic acid 
HDAC-3 histone deacetylase 3 enzyme 
IGF insulin-like growth factor 
iPSCs induced pluripotent stem cells 
MWCN multiwalled carbon nanotubes 
NB N-(2-aminoethyl)− 4-(4-hydroxymethyl-2‑methoxy-5- 

nitrosophenoxy) butanamide 
NCSCs neural crest stem cells 
NGC nerve guidance conduit 
NGF nerve growth factor 
NHDFs normal human dermal fibroblasts 
NIH/3T3 mouse immortalized fibroblast cell line 
NT-3 neurotrophin-3 
MAI myelin-associated inhibitor 
MEW melt electrowriting 
MR mechanical requirements 
MSC mesenchymal stem cell 
MPCs muscle precursor/progenitor cells 
PAA poly(acrylic acid) 
PAN poly(acrylonitrile) 
PANI polyaniline 
PBCE poly(butylene 1,4-cyclohexanedicarboxylate) 
PC12 rat pheochromocytoma cell line 
PCL poly(ε-caprolactone) 
PDGF platelet-derived growth factor 
PEG poly(ethylene glycol) 
PEG-DA poly(ethylene glycol) diacrylate 
PEG-DMA poly(ethylene glycol)-dimethacrylate 
PEGS-M poly(ethylene glycol)-co-poly(glycerol sebacate) 
PEO poly(ethylene oxide) 
PET polyethylene terephthalate 
PGA poly(glycolic acid) 
PHB poly(hydroxybutyrate) 
PHBHHX poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) 
PHBV poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 
pHEMA poly(hydroxyethyl methacrylate) 
PLA poly(lactic acid) 
PLGA poly(lactic-co-glycolic acid) 
PTFE polytetrafluoroethylene 
PU polyurethane 
PVA poly(vinyl alcohol) 
SES solution electrospinning 
SF silk fibroin 
SIS small intestine submucosa 
SkMMs primary skeletal muscle myoblasts 
TECE triethylene cyclohexanedicarboxylate 
TGFB transforming growth factor-beta 
TE tissue engineering 
VEGF vascular endothelial growth factor 
VIT in vitro study 
VIV in vivo study 
VML volumetric muscle loss 

1. Introduction 

Disorders of muscles, tendons, and nerves result in dysfunction that 
significantly impairs the patient’s ability to perform voluntary move
ments and carry out physical activities [1,2]. In particular, traumatic 
injuries to peripheral nerves and soft musculoskeletal tissues have a high 
prevalence worldwide and represent a significant socioeconomic burden 
[3,4]. Commonly, variable approaches using autografts are employed to 
treat traumatic soft tissue injuries [5,6]. However, one of the major 
limitations is donor site morbidity [7]. In addition, there is often not 
enough autologous donor tissue available [8]. Alternatively, allogeneic 
transplantation can be performed, although the drawback of limited 
donor supply should be considered as well. In an attempt to overcome 

these challenges, to improve success rates and to enhance overall clinical 
performance, research has focused on tissue engineering (TE) ap
proaches. The main goal of TE is to develop methods to regenerate, 
repair, or replace damaged or diseased cells, tissues, or organs while 
maintaining and/or improving their performance [9,10]. This multi
disciplinary research area combines expertise from developmental 
biology, materials science, cell biology, engineering and medicine. 

In the development of tissue, knowledge should be gained about 
their macro- and microstructure and their functions. To better under
stand the complexity of their structure, Atala et al. [11] proposed to 
divide human tissues and organs into four groups: (i) flat tissue struc
tures, (ii) tubular structures, which can be hollow or non-hollow, (iii) 
hollow viscous structures, and (iv) solid organs. While tendons and 
nerves belong to the non-hollow tubular structures category, skeletal 
muscles can also be included in this group because muscles are 
composed of tubular cells (the muscle fibres) arranged hierarchically in 
cylindrically shaped bundles (the muscle fascicles) [1,9]. 

Regardless of the complexity of the tissue being repaired, TE ap
proaches typically involve various combinations of biomaterials, cells, 
and bioactive compounds that are processed into a construct in order to 
mimic the functional unit of the tissue as closely as possible [12–15]. 
This review addresses recent advances in the field of TE, which enable 
efficient repair of skeletal muscle, tendons, and nerves. This particular 
group of soft tissues is frequently exposed to traumatic injuries that 
result in impaired musculoskeletal function. Given recent advances in 
tissue engineering strategies, and more specifically in scaffold 
manufacturing and processing techniques, the focus of this review is to 
describe how anatomical structure and function should serve as the basis 
for efficient three-dimensional (3D) design considering both micro and 
macro aspects of these tissue types. 

2. Definition of the design requirements based on the 
hierarchical tubular structure and function of muscles, tendons, 
and nerves 

Before defining the design requirements for muscles, tendons, and 
nerves, the major anatomical and physiological features of these non- 
hollow tissue structures and the complex interrelationships amongst 
them should be considered, as each of them depends on the other to 
function appropriately. Skeletal muscle is the tissue responsible for 
contraction and is a key component within the soft musculoskeletal 
tissues. Peripheral nerves and tendons play a crucial role in ensuring 
proper muscle function: electrical pulses are transmitted through the 
motoneurons towards the neuromuscular junctions. After stimulation, 
neurotransmitters are released from the axon terminals of the moto
neuron, and muscle contraction is initiated. The tendons serve as a 
bridge between the muscles and the bones, allowing the transmission of 
muscle movement into limb mobility [16]. 

2.1. Skeletal muscles 

Skeletal muscle is one of the major components of the human body, 
accounting for about 40% of its mass [16]. It is known to generate 
mechanical force, using chemical energy, which can be applied, for 
example, for movement and posture, allowing the individual functional 
autonomy to participate in various daily activities in leisure and occu
pation. Skeletal muscles however also play an important role in regu
lating basal metabolism as they serve as storage for amino acids and 
carbohydrates and maintain body temperature. The smallest functional 
unit of skeletal muscle is the multinucleated tubular muscle fiber (cell), 
which is about 100 µm in size (Fig. 1). Every muscle fiber consists of 
myofibrils, which are the contractile muscle units. More specifically, the 
actin filaments and myosin bundles within the myofibril will initiate a 
contraction after stimulation when supplied with energy. Following 
stimulation, calcium ions are released from the sarcoplasmic reticulum 
and bind to troponin C which in turn ensures the temporarily 
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displacement of tropomyosin. As such, the actin binding sites on myosin 
are exposed which enables the binding of actin to myosin and, through a 
series of events, results in the contraction of the filament and, at the 
macro level, of the muscle itself. A more comprehensive description of 
skeletal muscle contraction and relaxation is found elsewhere [17]. The 
transition from muscle to tendon is also called the tendon-muscle 
interface, which consists of finger-like infiltrations of muscle into 
tendon, allowing transmission of its contractile force first into tendon 
and later into bone, through which movement is possible [16,18]. 

A range of disorders can seriously compromise normal muscle 
function. In particular, traumatic skeletal muscle injury, which is injury 
caused by bruising, extreme cold, or toxins, can cause severe cellular 
damage, drastically impairing muscle function [22]. Typical causes may 
include high-energy trauma in a traffic accident, combat injuries such as 
blast trauma, surgery (e.g., tumor excision), or during sport activities 
where a contusion can lead to acute muscle damage and loss. Up to 55% 
of all sports injuries result in damage at the myofiber level [23]. A loss of 
more than 20% of total muscle mass results in decreased function and 
impaired tissue regeneration [24]. In these severe cases, fibroblasts may 
proliferate disproportionately, and this scar tissue may partially or 
completely inhibit muscle fiber regeneration at the site of injury [25]. In 
addition, scarring may prevent the patient from returning to the pre
injury performance level by inhibiting axonal regrowth and, as such, 
muscle strength is reduced [26]. Another factor preventing optimal 
treatment outcome is lack of/delayed reinnervation of the muscle after 
injury, which can lead to extensive myofiber atrophy and consequently 
impaired future reinnervation [27]. Traumatic skeletal muscle injuries 
require surgery to reconstruct the damaged tissue, usually by autologous 
grafting of a muscle pedicle flap into the affected area, although in se
vere cases amputation of the affected limb may be required [15,24]. As 
already mentioned, it is not always possible to collect enough suitable 
grafts and post-transplant complications make this choice of treatment 
even more challenging [24]. Therefore, intense research efforts are 
currently focusing on alternative approaches to tackle these problems. 

Tissue-engineered muscles represent an appropriate strategy to 
replace damaged or lost muscle tissue. A particular challenge in TE 
however is the production of constructs that accurately mimic the me
chanical properties of muscles. Muscles are soft and elastic tissues that 
can withstand heavy uniaxial loads and stretch up to 60% before me
chanical failure [28]. Gotti et al. have listed some important values 
regarding the optimal mechanical properties of skeletal muscle as a 

reference for TE approaches [28]. Nevertheless, mechanical properties 
alone are not sufficient for successful muscle regeneration. A high de
gree of fiber alignment, the presence of blood vessels, and neuronal 
stimulation are other crucial factors for successful muscle regeneration 
[28–30]. Moreover, skeletal muscle has a high metabolic activity, so an 
integrated vascular network is required for providing nutrients (e.g., 
glucose, oxygen) and removing metabolic waste away from the muscle 
cells. In addition to supplying oxygen and nutrients, the vascular 
network plays a fundamental role in the development, regeneration, and 
adaptation of skeletal muscle to physiological demands and is therefore 
a critical aspect of any tissue engineering approach. The vascularization 
process of skeletal muscle occurs by the following processes: vasculo
genesis, angiogenesis, arteriogenesis and lymphogenesis [31]. Factors 
that stimulate vascularization in skeletal muscle include hypoxia, shear 
stress and muscle stretch, among other factors [31]. An overview of the 
muscles’ anatomical key points, physiological functions, and the me
chanical and biological requirements for the design of muscle constructs 
is shown in Table 1. 

2.2. Tendons 

Tendons are passive, relatively inelastic structures which have as 
main function to effectively transmit force from muscle to bone and 
enable body movement [32,33]. However, specific tendons, such as the 
human Achilles tendon or the equine superficial digital flexor tendon, 
have additional functional specializations that allow energy storage 
[34–36]. Tendons possess a highly organized structure consisting of 
parallel oriented collagen fibers (mainly collagen type I) embedded in an 
extracellular matrix (ECM). This ECM is composed of proteoglycans, 
glycoproteins, and elastin [32]. Fig. 2 shows the hierarchical structure of 
the tendon, in which collagen fibers assemble into subunits of increasing 
diameter. First, three collagen molecules form a triple helix (i.e., 
tropocollagen). Subsequently, five tropocollagen units form a microfi
bril, which are linked together to form a fibril. Depending on the func
tional role of the particular tendon, the diameter of these fibrils can 
range from 10 to 150 nm [33,37]. Different fibrils are grouped into fi
bers (i.e., primary bundle) and these are joined together in the fascicle (i. 
e., secondary bundle). Bundles of fibrils and fibers display an undulating 
pattern called crimp, which is established during embryonic develop
ment and acts as a shock absorber during loading. Between the primary 
and secondary bundles, the endotenon is present, a cell-rich layer that 

Fig. 1. Schematic representation of skeletal 
muscle and its subcomponents. Each skeletal 
muscle cell or muscle fiber is surrounded by a 
sarcolemma and consists of longitudinally ori
ented myofibrils, which are predominantly 
composed of myosin and actin. At the level of 
the neuromuscular junction, the motor neuron 
axon is in close contact with the sarcolemma, 
where electrical pulses initiate muscle contrac
tion. Blood capillaries supply the muscle fibers 
with oxygen and nutrients. Different muscle fi
bers are separated from each other by a thin 
layer of collagen-rich connective tissue, the so- 
called endomysium. These collagen fibers are 
mainly longitudinally arranged in the muscle 
fibers. Different muscle fibers together form a 
fascicle which is surrounded by a layer of con
nective tissue, the perimysium. The latter also 
consists of different types of collagen fibers that 
are oriented in parallel to the underlying mus
cle fibers, with its thickness varying between 
muscles. The perimysium also contains larger 
blood vessels and nerve fibers. The epimysium 
is the outer connective tissue layer, which sur

rounds the entire muscle and has a similar composition as the connective tissue layers previously described, but with coarser collagen fibers [19–21]. Image 
reproduced from Ref. [21], ©2020, Oregon State University, Biga et al.   
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Table 1 
Anatomy, physiological functions and requirements per tissue type.   

Anatomical key points Physiological functions Construct design: 
Mechanical requirements (MR) 

Construct design: 
Biological requirements (BR) 

References 

Skeletal 
muscles 

Organized bundles of myofibers grouped together by 
connective tissue in bundles of increasing thickness 
relative to the direction of force generation. 
1. Myofibrils: the smallest contractile unit primarily 
containing myosin and actin. 
2. Myofibers (muscle cells): with innervation and 
capillary supply, surrounded by endomysium. 
3. Fascicles: the largest bundles surrounded by 
perimysium with larger blood vessels in between. 
Different fascicles together are surrounded by 
epimysium. 

- Allow movement/ force generation 
- Play a role in respiration and basal energy 
metabolism 
- Participate in maintaining core temperature 
- Storage for amino acids and carbohydrates 
- Production of endocrine/paracrine hormones 
(myokines) involved in various inflammatory 
processes. 

1. Should allow shortening and shape 
recovery of the myofibers in response to a 
stimulus 
2. Should allow for enough tensile strength 
[40–800] kPa and deformation [30–60] % 
3. Should have appropriate amounts of 
resistance to deformation (elastic modulus in 
the longitudinal axis [30–8000] kPa)  

1. High degree of muscle fiber alignment 
2. Innervation, including the neuromuscular junction, 
necessary for activation, control and long-term muscle 
survival. 
3. Presence of vasculature to provide oxygen and nutrients 
and to remove waste products. This is critical to allow the 
development of large size constructs 

[16,28,30, 
74,75] 

Tendons Highly organized connective tissues consisting of 
parallel orientated collagen fibers embedded within 
an extracellular matrix (containing cells, 
proteoglycans, glycoproteins and elastin). 
1. Three collagen molecules form a triple helix (i.e., 
tropocollagen) 
2. Five tropocollagen entities constitute a 
microfibril, that in turn form a fibril 
3. Fibrils are grouped into fibers (primary bundle) 
and then assembled into a fascicle (secondary 
bundle), with an endotenon in between these two 
layers 
4. Fascicles are bundled together to form the tertiary 
bundle, surrounded by the epitenon 
The tendon cells are tendon-specific stem cells and 
specialized fibroblasts or tenocytes 

- Store elastic energy (through reversible 
stretching of collagen molecules) 
- Withstand large forces and assure effective load 
transmission between muscle and bone 
- Act as a buffer by absorbing external forces to 
limit muscle damage 
- Support the stability of the joints 

Strongly dependent on the type of tendon and 
the exerted load. 
1. Should have appropriate mechanical 
properties (general): max. strengths [13- 300] 
MPa, elastic modulus [4-8] GPa, strain and 
modulus at failure [6-50] % and [0.065 - 8] 
GPa 
Deep flexor tendons: Young’s modulus [3.1 - 
5.0] MPa, ultimate stress 4 MPa, ultimate 
strain [4-10- ] % and tendon toughness [1000 
- 4500] J/kg 
2. Should allow the crimping mechanism to 
stretch and recoil: protects the collagen fibers 
and relevant stress-strain properties (up to 8 - 
10% before macroscopic failure) 
3. Should show appropriate levels of fiber 
sliding and degree of rotations (depending on 
the type of tendon). Should not show any gap 
formation in the repair zone. 

1. Should mimic the hierarchical organization and fiber 
orientation. Remodeling of the tendon: tenocytes produce 
collagen and thus play a role in the crimping mechanism 
and collagen fiber deformation; use of bioactive 
components and mechanical stimulation to guide the 
remodeling 
2. A limited blood supply is very important for metabolic 
activity; and innervation 
3. Minimal scar formation (minimal adhesion formation 
and inflammation) during healing 

[33,42, 
75–82] 

Nerves The peripheral nervous system is responsible for the 
communication between the central nervous system 
and body parts, consisting of nerves branching out 
from the spinal cord and the brain. 
1. Principally made of two cell types, (1) neuroglia 
(supporting cells) and (2) neurons. 
2. All neurons have a cell body and extended arm- 
like process (-es) namely the dendrites and/or axons 
and other structures such as the glycocalyx, 
endoneurial fluid, endoneurium, perineurium and 
epineurium. 
3. Axons bundled in groups called fascicles, which in 
turn are surrounded by the perineurium. 
4. The neuronal cell body ranges from 5 - 140 µm in 
diameter with a single axon extending up to 1.2 
meters. 

- Send information through the entire body via 
electrochemical signals 
- Information is transmitted through sensory 
neurons (interpretation of sensory stimuli), motor 
neurons (signal relay to muscles or glands) and 
interneurons (signal transmission between 
neurons) 
- Sensory receptors of the sensory neurons 
respond to changes in the environment, 
converting chemical /mechanical energy in action 
potentials. 

Diameter of the nerve varies throughout the 
body, depending on the location of the nerve. 
In general: 
1. Appropriate mechanical properties: elastic 
modulus [15.87 ± 2.21] MPa, ultimate tensile 
strength [6.78 ± 0.57] MPa and elongation at 
break [0.61 ± 0.02] mm/mm. 
2. When implanted in vivo, should undergo 
minimum tension at suture site 
3. Ideal diameter of the conduit * (for 
reconstruction of nerves in the extremities): 3 
- 4 mm.  

1. Highly directional Schwann cell migration and axonal 
growth from the proximal to the distal end. 
2. Micropores large enough to ensure nutrient exchange 
but small enough to obviate infiltration by myofibroblasts. 
3. Adhesion of cells on the conduit wall. 

[55,57,71, 
83,84] 

* a nerve conduit encloses the distal and proximal ends of a damaged nerve, aiming to guide the growth of the regenerating axons. 
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facilitates sliding between fibers and/or fascicles. These fascicles are 
bundled together to form the tertiary bundles, which are surrounded by 
the epitenon (i.e., the fibrous sheath containing blood vessels and tracts 
for the nerves and lymphatics) and form the entire tendon [38]. Finally, 
the epitenon may be surrounded by a membrane or synovial sheath that 
facilitates smooth gliding of the tendon towards surrounding structures 
[37]. It ensures minimal friction and preserves the position of the tendon 
during muscle contraction. 

The main component of tendons is water, which accounts for 55 to 
70% of the tendon’s wet mass [33]. Collagen molecules count for 60 to 
85% of the dry mass of tendons [33]. While tendons are predominantly 
composed of type I collagen (more than 95%), the endotenon is pri
marily composed of type III collagen (less than 5%) [38,39]. Collagen is 
produced and secreted by specialized fibroblasts (i.e., tenocytes) located 
in the tendon. These cells are arranged in a layered composition and 
parallel orientation, which maximizes tensile strength [37]. When sub
jected to tensile stress, tenocytes stretch along the collagen fibrils in the 
form of longitudinal arrays [40]. In addition, they produce the ECM and 
assist with the orientation of the newly synthesized fibrils [41]. 
Furthermore, they control the degradation and remodeling processes of 
the ECM structure, which illustrates the continuous interaction between 
the tenocytes and the ECM [41]. Blood supply is also very important, 
although it is not as abundant present as in muscle and bone. Blood 
accounts for only 1 to 2% of the ECM [40]. Blood supply is directly 
related to metabolic activity, which means it is essential and even 
increased during the healing process after an injury. Furthermore, ten
dons have a very rich neural network and are often innervated by the 
muscles to which they are connected or by the local cuticular nerves 
[40]. The sensory innervation of tendons is of particular interest when 
considering tendinopathies and tendon repair [42]. 

Two partially oval/round tendons that rupture most often, are the 
Achilles tendon and the deep flexor tendons. Tubular tendons respond 
equally to tensile loads with parallel collagen patterns. In addition, the 
cross-sectional area is proportional to the maximum isometric force of 
the muscle [40]. The Achilles tendon provides a connective tissue link 
between the gastrocnemius and soleus muscles and the os calcaneus. The 
two main blood vessels supplying the Achiles tendon, are the posterior 

tibial artery that supplies both the proximal and distal sections, and the 
peroneal artery that supplies its middle section [36,43]. The Achilles 
tendon is innervated mainly by the sural nerve, with minor contribu
tions from other smaller branches of the tibial nerve [36]. It is the 
strongest and thickest tendon in the human body. As such, force mea
surements have shown that the tendon is loaded with up to 9 kN during 
running, which is 2.5 times the body mass. The Achilles tendon is the 
best example of an energy storage tendon as it centralizes the force of 
different muscles [40]. The deep flexor tendons extend from the forearm 
through the wrist and across the palm, providing flexion to the fingers 
[39]. This is in contrast with the extensor tendons, which provide 
extension to the fingers. The flexor tendon structure of the hand consists 
of the tendinous extensions of the flexor muscles of the forearm which 
attach to the small bones of the thumb and fingers. In addition, the deep 
flexor tendons are subjected to greater flexion during movement and are 
therefore typically surrounded by a vascularized synovial sheath [44]. 
The presence of synovial fluid compensates for the limited vascular 
supply compared with other tendons (such as the Achilles tendon) [45]. 
In addition, synovial cells are present in this tendon sheath and provide 
lubrication to reduce friction during movement and loading, which 
supports the tendon to glide smoothly and efficiently [38,39,41]. 

Tendon injuries are painful, persistent, and can significantly affect 
the quality of life of patients who had inadequate healing or unsuc
cessful treatment [46]. More than 4 million cases of tendon injuries are 
reported annually worldwide [47]. Tendon injuries to the hand, in 
particular, are amongst the most common tendon disorders in the 
human body. Typically, flexor tendon injuries of the hand account for a 
significant proportion of trauma emergencies, affecting one in 2700 
people each year [45]. The hand, as a performing unit of the human 
body, is essential in daily life, including sport activities and occupations 
[48]. For this reason, the tendons of the hand are often subjected to 
chronic overuse and ruptures. These injuries can have a significant 
impact on hand function. Early treatment with optimal recovery is 
critical to prevent permanent dysfunction [49]. 

Current surgical interventions include suture techniques (with nee
dle and thread) or replacement tissue (i.e., biological and synthetic 
grafts) to repair tendon injuries. To date, none of these methods offer a 

Fig. 2. Schematic hierarchical structure of a tendon with subunits of increasing diameter (from 1.5 nm to 500–2000 µm). From the smallest subunit onwards, the 
tendon consists of: (i) collagen molecules or tropocollagen, (ii) fibrils, (iii) fibers, (iv) fascicles composed of tenocytes, and (v) interfascicular matrix or endotenon. 
Reproduced from Ref. [33], ©2015 with permission from Elsevier. 
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long-term solution because of the significant drawbacks limiting their 
success. Repaired tendons do not regain their full functionality and 
strength [50–52]. Ideally, a healing response should be induced at the 
injured tendon ends consisting of a repair site with low friction and 
minimal volume [39]. Adhesions are a frequently observed complication 
after tendon injury [53], as a result of the non-organized collagen pro
duction during the first phase of the healing process. Due to this scar 
tissue formation, injured tendons heal slowly, and a long recovery 
period is often required. In addition, inflammation plays a critical role in 
tendon injury and healing [54]. When surgical material is used, a strong 
inflammatory reaction might be triggered with inflammatory cells being 
attracted to the injured site. Following these inflammation and adhesion 
processes, the repaired tendon will be unable to regain its original me
chanical properties, including ultimate tensile strength and elasticity. 
The latter illustrates how challenging it remains to realize regeneration 
instead of repair and restore the original mechanical properties of 
tendon by preventing the formation of adhesions and inflammation. 

A particular challenge in tendon TE approaches is the fabrication of 
constructs with suitable mechanical properties. Tendons are stiff and 
resilient structures that have a high tensile strength: they can stretch up 
to 4% before damage occurs [36]. They have also high anisotropic 
mechanical properties: they ensure that the tendon is stiff along its long 
axis and can withstand its predominantly uniaxial loading environment 
by transmitting muscle forces along the length of the tendon to the 
skeleton. Actin and myosin are present in resident tenocytes, while the 
tendon itself may also have an inherent contraction-relaxation mecha
nism to regulate force transmission [36]. Besides the micro and 
macrostructure of the tendon, the biochemical and cellular structure 
should be taken into account as well in order to achieve its physiological 
functions. An overview of the anatomical key points, the physiological 
functions and the mechanical as well as biological requirements for the 
construct design is described in Table 1. 

2.3. Nerves 

Together with the endocrine system, the nervous system is respon
sible in the body for communication and control. Every thought, action, 
and emotion reflect its activity. Cells are able to communicate through 
rapid and specific electrical and chemical signals which provoke 

immediate responses. The nervous system has three main overlapping 
functions: (1) sensory input monitoring changes inside and outside the 
body, (2) motor output sent to effector organs such as muscles and 
glands that are activated depending on the sensory input, and (3) inte
gration of the electrical signals at every step between the received sen
sory information and the effective motor output [55,56]. The structural 
units of the nervous system are the neurons, also called nerve cells. 
These highly specialized cells convey electrochemical pulses throughout 
the body. Neurons are extremely long-lived, amitotic and have an 
exceptionally high metabolic rate. They consist of a cell body or soma, 
dendrites and an axon. Dendrites are that part of the neuron that receive 
input from other cells. To this end, they often branch as they move to
wards their tips in order to increase their surface area significantly. The 
axon is the transmitting part of the neuron; electrochemical pulses are 
sent throughout the axon when a neuron wants to communicate with 
another neuron [53]. 

Fig. 3 illustrates the anatomy of a peripheral nerve with its main 
constituents, which include Schwann cells, fibroblasts, satellite cells, 
axons as well as the extracellular matrix. Schwann cells form myelin 
sheaths around peripheral neurons and provide both structural and 
metabolic support. Satellite cells surround the neuronal cell bodies and 
help to regulate the chemical environment. The endoneurium surrounds 
the nerve fibers, which in turn are surrounded by the perineurium to 
form fascicles. The epineurium is the outer layer of dense irregular 
connective tissue that surrounds the peripheral nerve and consists of 
multiple nerve fascicles and blood vessels. The number of fascicles and 
myelinated fibers of the nerves differs in different parts of the body [55, 
57]. 

Peripheral nerve injuries are caused by traumatic accidents, exces
sive drug abuse, tumor resection, iatrogenic side effects of surgery or 
repeated compression (tunnel syndromes). These injuries remain chal
lenging and difficult to reconstruct surgically, despite the availability of 
important data on new, evolving neuroscience concepts over the past 
three decades [58]. With an annual incidence of more than 300,000 
cases in Europe [59], peripheral nerve injuries can drastically limit the 
quality of life of patients suffering from partial or complete loss of motor 
function or secondary problems such as neuropathic pain [60–62]. Un
like tissues in the central nervous system, peripheral nerves are not 
protected by a thick or bony structure such as the spine or skull, 

Fig. 3. Schematic representation of the anatomy of 
a peripheral nerve, consisting of an axon sur
rounded by the endoneurium. Groups of axons are 
bundled together and are surrounded by the peri
neurium. Subsequently, several fascicles bundle 
together to form the peripheral nerve, which is 
surrounded by the epineurium. Axons may be 
myelinated (inset) and range in length from 1 mm 
to approx. a meter, in case of the axon that spans 
from the brain to the spinal cord. Image reproduced 
from Ref. [70], ©2016 with permission from 
Elsevier.   
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rendering them delicate and susceptible to damage. But unlike axons of 
the central nervous system that do not regenerate when damaged, due to 
an adverse environment caused by myelin-associated inhibitors (MAIs) 
[63], peripheral nerves are characterized by their intrinsic ability to 
regenerate. However, depending on the severity of the injury, regener
ation can be complex, making therapeutic intervention inevitable to 
support full recovery. 

Two approaches of reconstructive surgical procedures are described 
to treat a peripheral nerve injury: manipulative and bridging peripheral 
nerve surgeries [64]. Manipulative nerve techniques are only performed 
when there is clean transection without tissue loss when two ends of the 
nerve are surgically attached without applying tension to the nerve. This 
technique allows for a quick recovery and reduces the likelihood of 
postoperative complications. When the bridging surgery technique is 
applied, a supportive structure is inserted between the proximal and 
distal end of the nerve in order to bridge the injured area. The current 
gold standard in bridging techniques is the autograft, which has been in 
use for over 50 years [6,60]. Autografts are obtained from the patient 
itself from functionally less vital nerves. They contain viable Schwann 
cells, neurotrophic factors, and provide the structural support required 
for axonal growth from the proximal to the distal end of the nerve. 
Disadvantages of this technique include donor site morbidity, axon 
mismatch, fibrosis, and scarring at both the resection and implantation 
sites, resulting in a success rate of only 50% [65]. Additionally, the 
length of an autograft is currently limited to maximum 5 cm in length, 
after which an allograft is used [12,66,67]. The use of allografts however 
is associated with an extensive immune suppression for up to 18 months, 
and consequently an increased risk of infection and tumor formation 
[68]. 

Given the drawbacks of autografts and allografts, the concept of 
nerve guidance conduits (NGCs) was introduced to provide a guiding 
channel for natural nerve regeneration [60]. NGCs are usually composed 
of a natural and/or synthetic polymer, similar to other scaffolds used for 
TE applications. These materials may be interspersed with other cells, 
growth factors, and bioactive compounds that further stimulate the 
growth of neurons in the underlying injury site [64]. NGCs offer a 
plethora of benefits, such as providing a vessel for the accumulation of 
neurotrophic factors, preventing the infiltration of myofibroblasts and 
thus preventing the formation of scar tissue and painful neuromas, to 
name a few [60,64,69], and, as such, represent a valuable alternative for 
the use of auto- and allografts [6]. 

When considering the mechanical and biological requirements for 
nerve TE, several features deserve special attention. Nerves are complex 
systems with a relatively high elasticity and ability to regenerate, with a 
Young’s modulus of approximately 16 MPa, which is greatly reduced (to 
approximately 8 MPa) upon resection [71]. Because of this high 
modulus, care must be taken when implanting a potential NGC in vivo to 
avoid tension at the suture site, otherwise there is a high likelihood of 
painful neuromas, scarring, and inefficient regeneration to occur. Ma 
et al. have described in detail the mechanical properties of both intact 
and resected human median and ulnar nerves [72]. They tested the 
viscoelastic behavior of human ulnar and median nerves using tensile 
tester and also observed in vivo stress and deformation during a surgical 
procedure, followed by finite element models to determine the visco
elastic parameters of the nerves. Optimal cell growth from the proximal 
to the distal nerve end might require biological stimuli such as structural 
and chemical cues, depending on the gap that the sprouting axon must 
overcome. The outgrowth of neurites and the extension of cell bodies 
into a spindle shape are indicative for good cell adhesion and growth 
[73]. An overview of the anatomical key points, physiological functions, 

and mechanical as well as biological requirements for construct design is 
described in Table 1. 

2.4. Summary of design requirements for each tissue type 

Design requirements for TE applications are defined with consider
ation of the anatomy and physiology of the tissue or organ of interest. As 
outlined in the previous section, skeletal muscles, tendons and nerves 
have a typical hierarchical structure. In addition, they are highly orga
nized, have anisotropic properties, are composed of different cell types, 
and a tissue-specific ECM. Each cell type and ECM component has a 
specific task to perform, both individually and as part of the overall 
structure, to enable the physiological function of the organ. These 
important anatomical points and physiological functions require very 
specific mechanical and biological requirements that should be consid
ered in the design of the constructs (i.e., the tubular structure 
comprising biomaterials and/or cells). In addition, it is essential to 
evaluate the existing correlations between (i) the anatomy and hierar
chical structure, (ii) the physiological function and (iii) the mechanical 
and (iv) biological properties of the tissue. Table 1 provides an overview 
of these four important factors for skeletal muscles, tendons and nerves, 
respectively, which serves as the basis for the discussion of current TE 
strategies to guide muscle, tendon, and nerve repair in the following 
sections. 

3. Current tissue engineering strategies for skeletal muscle, 
tendon and nerve repair 

The final properties of a TE construct depend largely on the specific 
design, the processing technique used, and its corresponding processing 
parameters. In addition, the specific design and the choice in processing 
technique are guided by, as previously described, the required me
chanical and biological properties of the target tissue. A first correlation 
can be found between the different factors in the manufacturing process: 
(i) material selection, (ii) biological model (i.e., cells and bioactive 
compounds), and (iii) processing technique. The selection of these 
manufacturing process factors in turn influences the resulting mechan
ical and biological properties of the developed repair construct. Thus, 
there is a second correlation between (i) the requirements that the 
construct must meet (depending on the anatomy and physiology of the 
specific organ) (Table 1) and (ii) the achieved properties of the repair 
construct (depending on the manufacturing strategy). In the upcoming 
sections, each of the factors influencing the manufacturing strategy will 
be discussed and related to the mechanical and biological properties of 
skeletal muscles, tendons and nerves. 

3.1. The biomaterial selection 

Biomaterials have been used for over 20 years in TE and regenerative 
medicine to enhance tissue repair and to support transplantation of cells 
and/or growth factors [85]. While initially "inert" biomaterials were 
developed that elicit minimal immune response upon implantation, the 
emphasis has shifted in recent years to polymers, hydrogels, and other 
materials that can function as bioactive matrices [86]. Based on their 
chemical structure or nature, biomaterials for TE can be broadly clas
sified into two different categories: synthetic and naturally derived 
biomaterials. Each category has advantages and disadvantages, and 
hybrid biomaterial combinations usually take advantage of both cate
gories. The various types of materials used for skeletal muscle, tendon, 
and nerve repair and regeneration are listed in Tables 2, 3, and 4, 
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respectively, and are discussed below. 
Synthetic polymers are widely used as biomaterials for scaffolds 

because of their ease of fabrication, high reproducibility, control of 
shape, architecture, and chemistry, versatility of processing techniques, 
and effective tunability of mechanical properties [87,88]. Synthetic 
materials used for TE include (i) polyesters such as poly(ε-caprolactone) 
(PCL), poly(lactic acid) (PLA), poly(glycolic acid) (PGA), poly 
(lactic-co-glycolic acid) (PLGA), and poly(hydroxybutyrate) (PHB), (ii) 
poly(ethylene glycol) (PEG), (iii) polyurethane (PU), (iv) poly(vinyl 
alcohol) (PVA), and (v) poly(hydroxyethyl methacrylate) (pHEMA) 
[89–93]. Specific for muscle regeneration, the addition of electrically 
conductive nanoparticles to various synthetic polymers has been 
explored to create scaffolds capable of delivering electrical cues sup
portive of muscle regeneration while maintaining favorable mechanical 
properties [94]. Other studies have focused on changes in the surface 
wettability, mechanical properties, rate of degradation, and density of 
cell anchoring points of synthetic polymers in order to improve scaffold 
integration into skeletal muscle in vivo [95]. A comprehensive review of 
3D in vitro skeletal muscle models can be found elsewhere [92]. For 
tendon repair, degradable polymers such as aliphatic polyesters 
including PLLA, PLGA, PCL, and PHB or polyurethane-based materials 
are most commonly used [14,33]. These degradable polymers generally 
have better long-term biocompatibility than non-degradable materials 
such as polytetrafluoroethylene (PTFE) and polyethylene terephthalate 
(PET), as they degrade over several months to physiological metabolites 
that are effectively excreted from the body [14,33]. For nerve repair, a 
variety of materials, including hydrogels, has been investigated as po
tential candidates in the form of films, mats, gels, sponges, nano
particles, and so on. Hydrogels are a class of biomaterials that offer 
maximum flexibility and can be tailored to the requirements of neural 
TE. The most important factors to consider when selecting a hydrogel for 
neural TE include its mechanical properties, its ability to release growth 
factors or other bioactive molecules, its ability to promote neuronal cell 
attachment and growth, and its electrical conductivity. Some examples 
of hydrogels that have been used for nerve tissue engineering include 
alginate and hyaluronic acid hydrogels [96]. Boni et al. have published a 
detailed review of biodegradable and non-biodegradable synthetic and 
natural biomaterials for neural TE [90]. PLA and PGA were the first 
biopolymers to be tested for neural regeneration studies. Subsequently, 
the co-polymer PLGA provided new solutions for controlling perme
ability, swelling, deformation, and degradation rates by varying the 
ratio of PLA:PGA [90]. However, the use of synthetic materials also 
poses some limitations, including lack of biochemical cues, poor 
long-term patency and compliance, and possibly toxic degradation 
products [97–99]. 

Natural biomaterials, on the other hand, possess some advantages 
over synthetic materials, including their low immunoreactivity, intrinsic 
biochemical and mechanical cues for cell attachment and proliferation, 
and non-toxic degradation products [100,101]. However, extracted and 
processed natural materials often require a crosslinking step to become 
insoluble in physiological conditions. In addition, they have limited 
processability and mechanical strength and are subject to batch-to-batch 
variability [87]. Natural biomaterials can be subdivided into three 
groups: (i) polysaccharides and their derivatives: hyaluronic acid, 
chondroitin sulfate, cellulose, chitin, chitosan, (ii) proteins and their 
derivatives: collagen, gelatin, fibroin, elastin, silk, and (iii) materials 
derived from decellularized tissues: Alloderm™, small intestine sub
mucosa (SIS), bladder acellular matrix (BAM) [101,102]. Further details 
on the types and properties of natural materials used for the fabrication 

of scaffolds for the regeneration of skeletal muscles [92,103,104], ten
dons [33,51,102], and nerves [105,106] have been described in litera
ture and are not further discussed in this review. 

Because of the intrinsic limitations of each group of biomaterials 
mentioned above, research has focused on hybrid biomaterials, which 
exploit the advantages of natural and synthetic materials. The combi
nation of natural and synthetic biomaterials results in higher cell af
finity, low immune response, and excellent biocompatibility of natural 
materials, together with the superior mechanical properties and control 
over shape, architecture, and structure of synthetic polymers [87]. 
Combining two or more polymers can be done simply by mixing, but 
also by advanced processing techniques. Research has been devoted to 
processing through coextrusion or coaxial pressure/electrospinning 
heads, where the core and sheath (and even more than one layer of the 
sheath) can be made of two or more different materials. Other possible 
combinations include post-processing steps for coating. Some of the 
approaches used for skeletal muscle repair include cell-loaded electro
spinning of a 3D scaffold using an alginate/polyethylene oxide hybrid 
solution [107]. As an example, for tendon repair, Heidari et al. [108] 
described the fabrication of hybrid scaffolds (i.e., PCL and GelMA) by 
co-electrospinning or by a coating step after processing. In this way, the 
mechanical properties are improved compared to using a pure 
gelatin-based hydrogel, while excellent cell adhesion properties are 
maintained. For nerves, a combination of natural and synthetic poly
mers has been described by many research groups, with a synthetic 
polymer providing structural integrity and a coating of or a blend with a 
natural polymer [109,111]. This is mainly due to the need for a me
chanically flexible yet biocompatible material. Yang et al. have explored 
the use of polypyrrole/alginate scaffolds that can be used as an electri
cally conductive biomaterial while maintaining a soft microenviron
ment [110] Abalymov et al. have listed hybrid materials for repair and 
cell growth in developing neural tissue [113]. 

3.2. The biological model 

As highlighted in the previous sections, cells play an important role 
in the regeneration of damaged tissue. Therefore, cells are very often 
used as part of repair strategies, in combination with materials, or as a 
cell-based therapy. Depending on the type of tissue to be repaired or 
regenerated, specific cells are selected to achieve the appropriate 
physiological functions. For example, a well-established cell line known 
for its use in skeletal muscle regeneration studies is the murine myoblast 
line C2C12, typically in a 2D/3D monoculture [111–113]. For tendon 
repair, mainly tendon-specific stem and progenitor cells have been used 
in combination with autologous tenocytes and/or other co-cultures (e. 
g., adipose derived-stem cells, ASCs) [114], which have shown to in
crease collagen production and restore 3D collagen structure for both 
cell-based therapies and 3D scaffolds [14,115]. In many TE applications, 
transplantation of cells alone is not sufficient to repair and regenerate 
the tissue. Therefore, a viable alternative is the combination of bio
materials with a cell source [105], as these biomaterials provide the 
appropriate microenvironment for the cells and may also contain 
bioactive molecules that can stimulate cell growth . In nerve TE ap
proaches, the preferred in vitro model has been the PC12 cell line, mostly 
because a large amount of data is already available on their ease of 
manipulation by pharmacological agents, proliferation, and differenti
ation profile [56,116–119]. They are also easy to culture and are an 
excellent model for neurotoxicity evaluation [120]. In addition, 
co-cultures of Schwann cells [121–123] and ASCs [73] have been 
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explored to gain insight in the behavior of nerve cells. 
In addition to cells, a variety of bioactive compounds have also been 

evaluated for TE applications. Bioactive compounds, including growth 
factors (GF), cytokines and signaling molecules play an important role in 
the healing and repair of a damaged tissue. Growth factors have the 
capability to amplify the healing response by enhancing cell recruit
ment, proliferation, differentiation as well as ECM synthesis at the repair 
site [124] For example, fibroblast GFs (FGFs) are a family of cell 
signaling proteins that promote the growth of tenogenic progenitor cells, 
resulting in histological and biomechanical improvement of the repaired 
tendon [125]. Other GFs used in tendon repair include transforming 
GF-beta (TGFB), vascular endothelial GF (VEGF), platelet-derived GF 
(PDGF), and insulin-like GF (IGF) [33]. In addition, the correct GFs and 
their precise ratio should be upregulated at the correct time point during 
the various stages of the healing process, resulting in an increase in cell 
numbers and tissue volume [93]. For a more detailed discussion on the 
use of bioactive compounds in tendon repair, we refer to reviews from 
Gomes et al. [33] and Bianchi et al. [14]. The role of GF in tendon 
regeneration has been described by Randeli et al. [126], in which the 
effect of various GFs as well as platelet-rich plasma on different tendi
nopathies are discussed in detail. For example, growth differentiation 
factor 5 (GDF5) has been shown to stimulate stromal cells to produce a 
soft, collagenous musculoskeletal tissue that can be used in tendon 
regeneration [127]. Pharmacologically active compounds and drugs 
have also been applied in TE and regeneration approaches. In tendon 
repair, both anti-adhesive and anti-inflammatory drugs have been 
introduced into drug-eluting structures to efficiently enhance tendon 
regeneration [128–131]. Antibacterial drugs have also been studied in 
this regard [132]. In case of nerve damage, regeneration of the proximal 
end of the nerve and degeneration of the distal end begin almost 
immediately. In such cases, in addition to growth factors and bioactive 

molecules, there have been some experimental studies exploiting 
pharmaceutical agents to catalyze the nerve repair process [133]. Gold 
et al. [134] and Bota et al. [135] have investigated various agents such as 
tacrolimus, hyaluronic acid (HA), melatonin, methylprednisolone, cal
cium and potassium channel blockers. Neurotrophic factors and cells 
have been extensively studied in neural TE [105], focusing on neuro
trophins such as nerve growth factor (NGF), brain derived neurotrophic 
factor (BDNF), and neurotrophin-3 (NT-3), all belonging to the same 
family [136,137]. Other neurotrophins explored are glial-derived neu
rotrophic factor (GDNF) and acidic or basic FGF [105,138,139]. In 
contrast with nerve regeneration, the use of bioactive compounds for 
skeletal muscle regeneration is limited in literature. There are a few 
examples where gold nanoparticles were used to impart electroactive 
properties to the material or to increase the thickness and orientation of 
myotubes [140,141]. Another example includes the use of scaffolds 
coated with poly-norepinephrine to increase the adhesion and prolifer
ation of muscle cells [23]. 

3.3. The manufacturing process 

Regeneration of non-hollow tubular tissues should focus on struc
tural cues to promote cell adhesion, proliferation, and spatial alignment. 
On the other hand, cell-biomaterial interactions and, in particular, the 
mechanical and architectural impact (i.e., roughness, stiffness, porosity, 
orientation) of the material and/or scaffold on the cells are also 
important factors to consider. Thus, in addition to the selection of ma
terials, cells and bioactive components, the processing technique plays 
an important role as well with regard to the required and resulting 
mechanical and biological properties of a construct. 

Within the fabrication techniques for processing biomaterials to 
serve TE needs, extrusion-based 3D printing (3DP), solution 

Fig. 4. Schematic overview of the set-up of three-dimensional printing (3DP), solution electrospinning (SES) and melt electrowriting (MEW) for biomate
rial processing. 
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Fig. 5. Examples of 3D printing approaches applied for TE of muscle, tendon, and nerve. (A) A cell-laden hydrogel (methacrylated gelatin, GelMA) was printed by means of an 
electrically assisted process. After UV crosslinking, the fibers were rolled to produce a 3D structure resembling the skeletal muscle fascicle. Adapted from Ref. [181], ©2021 
Yang et al. (B) Schematics of two poly(lactic-co-glycolic acid) (PLGA) scaffold models with collagen-fibrin hydrogels in a separate layer-by-layer structure (top) and in a 
tri-layered structure (bottom) for the preparation of hydrogel-loaded scaffolds for application in tendon regeneration. Adapted from Ref. [163], ©2020 Jiang et al. (C) Design of 
a 3D tube-like structure based on homogeneous multicellular spheroids (left) and the bio 3D conduit versus silicone tube (right) interposed into the nerve defect. Adapted from 
Ref. [178], ©2017 Yurie et al. 
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electrospinning (SES), and melt electrospinning (MEW) have emerged as 
promising methods for fabricating tissue constructs suitable for the 
repair and regeneration of the three tissue types discussed in this review. 
Each of these fabrication techniques has specific advantages and limi
tations that should be considered when developing TE constructs to 
repair or regenerate damaged tissue (Fig. 4). 

Because of the anisotropic fibrous structure of skeletal muscle tissue, 
the scaffold should contain physical cues for muscle cell orientation. The 
chemical cues are taken into account in the selection and modification of 
the biomaterial, e.g., by using collagen and gelatin derivatives. The 
three main strategies for incorporating directionality into skeletal 
muscle scaffolds include (i) cellularization (i.e., cell seeding) or bio
printing of aligned scaffolds, (ii) micropatterning of muscle progenitor 
cells in linear architectures using external fields during biofabrication of 
the construct, and (iii) alignment of cells by internal or external stimuli 
after fabrication [142]. For tendon repair, the effect of instructive cues 
originating from native tendon topography on guiding cell shape, 
phenotype, and function of tendon-related cells has also been studied. 
Dede Eren et al.[143] have demonstrated that native tendon topography 
contributes to the tenocyte phenotype. This was also observed in the 
work of Perikamana et al. [144], where favorable topographic cues 
(together with biochemical cues) showed their importance in the teno
genic differentiation of ADSCs. Schoenenberger et al. [145] have 
investigated how intrinsic topological cues from electrospun bio
materials and extrinsic mechanical loads cooperate to guide macro
phage activation and macrophage-tendon fibroblast cross-talk. Their 
work gives insight into how a biological response might be therapeuti
cally modulated by rational biomaterial designs that address the 
biomechanical niche of recruited cells [145]. In the case of nerve TE, it is 
important to design a construct that not only provides a favorable 
environment for nerve growth and regeneration, but also allows align
ment of neurons. Some of these strategies were listed in the work of Daly 
et al.[6]. Extensive research has been done to explore different shapes 
and sizes of topography such as dots, pits, grooves, etc. at micro and 
nano-scales. The selected topography has a great impact on the behavior 
and growth of cells, which has been described in detail for different cell 
types by Yang et al. and Ma et al. [146,147]. 

The rise of additive manufacturing techniques has enabled the cost- 
effective development of patient-specific scaffolds in a high-throughput 
manner and is discussed here for the incorporation of topographic fea
tures into the scaffold. Incorporation of micropatterns into a scaffold to 
achieve directional organization can be achieved with patterns such as 
grooves, ridges, holes, channels, cantilevers [148], microchannels 
[149], microtopographic cues resulting from polymer fibrilla
tion/leaching [150] or nanofiber structures by electrospinning tech
niques (see Table 3), among others [151]. 

This section provides an overview of the state-of-the-art of each 
processing technique used to engineer skeletal muscle, tendon or nerve. 
Within each subsection, Tables 2, 3, and 4, respectively, provide a 
summary of the materials, cells, and bioactive compounds used and the 
resulting mechanical and biological properties. The mechanical and 
biological pertinence indicated in these three tables (i.e., Table 2, 3, and 
4) corresponds to the mechanical and biological requirements as listed 
in Table 1 (e.g., MR1 is the mechanical requirement number 1 from 
Table 1). These abbreviations are also used in the upcoming paragraphs. 

3.3.1. Three-dimensional printing (3DP) 
Three-dimensional printing is an additive manufacturing method 

based on computer-aided design (CAD) that creates a 3D construct in a 
layer-by-layer fashion. The operating principles of the various available 
3D printers are described elsewhere [8,152–154]. Amongst the main 
advantages of this technique, is the precise control of biomaterial 
deposition at the micrometer scale, resulting in controlled porosity (both 
in terms of geometry and size) and an accurate mimicry of the macro
scopic structure of native organs [155]. In addition, this technique al
lows the combination of multiple materials and multiple cell types in 
one process, enabling the fabrication of complex tissue architectures. 

Most articles that applied 3D printing for skeletal muscle TE have 
reported the use of hybrid materials, followed by natural materials. All 
studies included in vitro assays, while only a few of them combined the in 
vitro studies with in vivo assessment [24,160]. In one third of the studies 
[157,158,160], GelMA was used, while in the vast majority of studies 
the most common cell type used was the C2C12 cell line [113,160, 
156–160]. Yang et al. have developed a C2C12-containing GelMA scaf
fold (Fig. 5.A) in which an effective myotube formation was demon
strated in response to stimulation with an electric field [181]. Regarding 
the requested biological and mechanical requirements (Table 1), muscle 
fiber alignment (biological requirement 1) was evaluated in almost all 
studies, while some of the studies included innervation or vasculature 
(biological requirements 2 and 3, respectively) [24,176]. One single 
study [159] evaluated the resistance to deformation (mechanical 
requirement 3). 

In tendon repair, most research efforts have focused on synthetic 
materials or hybrid materials because tendon repair imposes high me
chanical demands on the materials used. Hybrid materials often cover 
biological requirements as well [163,166,167]. In terms of cell type, 
mesenchymal stem cells [161,163,164] and tendon progenitor cells 
[162], known for their ability to differentiate into tenocytes, are most 
frequently used to study tendon tissue repair, besides tenocytes [165, 
167] or fibroblasts [161,169]. Especially the appropriate mechanical 
properties (i.e., max. strengths, elastic modulus, strain and modulus at 
failure – mechanical requirement 1) as well as the hierarchical organi
zation and fiber orientation (biological requirement 1) were studied [51, 
162,177]. For the development of tubular constructs mimicking het
erogeneous structures and mechanical properties, different approaches 
have been evaluated. The study of Jiang et al. compared the fabrication 
of a cell-laden scaffold in a separate layer-by-layer structure and a 
multilayered structure as a whole (Fig. 5.B), both demonstrating growth, 
proliferation and tenogenic differentiation of human ASCs [163]. It 
should be mentioned however that most research groups focused mainly 
either on the mechanical requirements or on the biological re
quirements. To the best of our knowledge, there are no scientific reports 
so far in which all the mechanical and biological requirements are 
studied. 

Different research groups approach three-dimensional bioprinting 
applying potential NGCs from different perspectives. The group of 
Ramesh et al.[119], for instance, is active in reverse engineering the 
entire printing process, while other researchers mainly focus on the 
design of the conduit. Another example can be found in a scaffold-free 
approach, as shown by Yurie et al. who have developed a 3D conduit 
composed entirely out of cells to promote nerve generation (Fig. 5.C) 
[178]. However, when considering the development of nerve constructs, 
the mechanical properties are quite challenging, which explains the 
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Table 2 
Summary of studies using 3D printing (3DP) as a fabrication technique for muscles, tendons and nerves. MR and BR indicate mechanical and biological requirements described in Table 1. VIT and VIV indicate in vitro or in 
vivo studies. Color coding was used to indicate whether the research study investigated/explored (green) or not (red) the mechanical and biological pertinence [24,56,116,122,124–126,153,159–180].  
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Table 2 (continued ) 

Abbreviations: 3D, three-dimensional, AlgMa, methacrylated alginate; ASCs, human adipose stem/stromal cells; BM-MSCs, human bone marrow-derived mesenchymal stem cells; BR, biological requirements; C2C12, 
mouse murine myoblast cell line; CMCMA, methacrylated-carboxymethyl cellulose; ColMA, methacrylated collagen; DLW, direct laser writing; DLP, digital light processing; EHD, electrohydrodynamic jetting; GelMA, 
methacrylated gelatin; HA, hyaluronic acid; HDAC-3, histone deacetylase 3 enzyme; MPCs, muscle precursor cells; MR, mechanical requirements; MSCs, mesenchymal stem cells; NB, N-(2-aminoethyl)-4-(4-hydrox
ymethyl-2-methoxy-5-nitrosophenoxy) butanamide; NCSCs, neural crest stem cells; NGF, nerve growth factor; NHDFs, normal human dermal fibroblasts; NIH/3T3, mouse immortalized fibroblast cell line; PC12; rat 
pheochromocytoma cell line; PCL, poly(ε-caprolactone); PEG, poly(ethylene glycol); PEG-DA, poly(ethylene glycol) diacrylate; PEG-DMA, poly(ethylene glycol)-dimethacrylate; PLA, poly(lactic acid); PLGA, poly(lactic- 
co-glycolic acid); PU, polyurethane; SCs, Schwann cells; SkMMs, skeletal muscle myoblasts; TSPCs, tendon stem/progenitor cells; VIT, in vitro study; VIV, in vivo study. 
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common use of hybrid materials or coating a natural polymer with 
another physically tough, yet synthetic polymer. To provide an appro
priate biocompatible environment for optimal cell adhesion and prolif
eration, a natural polymer should be used, which was confirmed by 
thorough in vitro testing with PC12 cells [56,173,179], Schwann cells, 
and neural stem cells [123]. Furthermore, additional bioactive com
pounds can be incorporated into the printed scaffold to enhance cell 
viability, such as NGF [122,171] and gradual delivery of drugs encap
sulated in nanoparticles [173]. In summary, flexibility and cell adhe
siveness have been extensively researched in almost all studies, whereas 
the effects of pore size in the scaffold wall on myofibroblast infiltration 
have not been evaluated. One study from Singh et al. and more recently, 
Zhang et al. covered all mechanical and biological requirements [171, 
175]. 

3.3.2. Solution electrospinning (SES) 
Solution electrospinning is a processing technique based on the 

application of a high-voltage electric field to enable the production of 
micro and nanoscale fibers from a polymer solution by depositing the 
fibers onto a suitable collector (i.e., plate, rotating mandrel, etc.). A 
detailed description of this technique and its fundamentals is beyond the 
scope of this review, but the interested reader is referred to a book from 
Bosworth et al. [180]. As mentioned above, the main advantage of SES 
compared to other material processing techniques is the possibility to 
produce a fibrous network that resembles the natural ECM in terms of 
hierarchical organization and properties. Therefore, this network 
generally provides an excellent microenvironment for cell adhesion, 
proliferation and differentiation [181,182]. 

Almost half of the studies applying solution electrospinning for 
skeletal muscle TE, used synthetic materials, followed by natural ma
terials, and only a minority [107,184,194,195,211] used hybrid mate
rials. The study of Wang et al. [194] used a dry-wet electrospinning 
method to develop hybrid scaffolds with a micro-sheet patterning that 
led to successful myoblast alignment and elongation (Fig. 6.A). Almost 
all studies were conducted in vitro, while less than half of the studies [23, 
94,95,103,104,191] were conducted in vivo or included in vivo aspects. 
Considering material type, PCL was commonly used, while the C2C12 
cell line was used in more than half of the studies, when considering cell 
type. The vast majority of papers evaluated muscle fiber alignment [95, 
103,104,107,183–185,189–192,194–197,211]; almost half of them 
evaluated tensile strength and deformation [95,184,189,192–195,197], 
while the resistance to deformation was only assessed in some studies 
[183,189,192,193,195,197,211]. Only two studies [95,104] included 
innervation (biological requirement 2). 

For tendon repair, it is clear that synthetic materials should be 
preferred in terms of mechanical requirements. They can be combined 
with natural materials. As with 3DP, the cell types of choice are teno
cytes [198–200] and mesenchymal stem cells [201,212]. The effect of 
platelet-derived growth factor BB was evaluated in 2 of the listed studies 
[199,201]. When comparing the mechanical and biological re
quirements, none of the studies met all requirements from both the 
mechanical and biological perspective. One-third of the studies 
described the presence of adhesion and inflammation [131,199–202] 
(and hence scar formation) (BR3, Table 1), whereas fiber sliding, degree 

of rotation, and gap formation in the repair zone [131,199,200,202] 
(MR3) and blood circulation and innervation [131,201,202] (BR2) were 
only assessed in less than 50% of the studies. For the fabrication of 
tubular constructs for tendon repair (Fig. 6.B), either emulsion or coaxial 
[199] electrospinning have been proposed for the incorporation and 
delivery of growth factors. Another study used solution electrospinning 
as a drug delivery approach to incorporate and release anti-adhesion and 
anti-inflammatory components into the tubular construct (Fig. 6.C) 
[205]. 

Electrospinning is a popular fabrication method when considering 
nerve conduits, with an abundance of flexibility in terms of material 
selection and design strategies. PCL has been used in some studies due to 
its robust mechanical properties [207–210]. As in 3DP, PC12 cells are 
the preferred cell type for in vitro biological testing [116–118,208]. Most 
studies have shown that an additional stimulus can be provided to the 
growing cells, besides structural stimuli, to promote directed growth. In 
this regard, carbon/graphene-based materials have been used to provide 
electrical stimuli to increase the efficacy of neurite outgrowth [116,118, 
206,208,210]. Due to the nanofibrous topology of the mats, more 
attention was paid to the diameter of these fibers, which is observed in 
all studies. Pore size (BR2) was only considered in the work of Ghobeira 
et al. [73] whereas only one in vivo study [118] was performed. Using a 
rat model, Karimi et al. [213] reported the successful repair of 
30-mm-long sciatic nerve gaps. The authors applied electrospun PHBV 
scaffolds, which were rolled onto nerve guide conduits and loaded with 
Schwann cells (Fig. 6.D) [213]. 

3.3.3. Melt electrowriting (MEW) 
MEW is a very recent and emerging technique being explored for 

various biomedical and TE applications. The process is similar to solu
tion electrospinning, with that difference that the polymer solution is 
replaced by a polymer melt. The main advantage over SES is that the 
MEW process allows direct writing of a 3D scaffold with a predefined 
architecture at high reproducibility. Moreover, the scaffold design has a 
highly controlled pore size and interconnectivity. Like 3DP, this tech
nique is also based on a computer-controlled layer-by-layer approach. 
An overview of the possible hybrid set-ups and applications, and of the 
opportunities in different areas of TE is described elsewhere [214–217]. 
Kade et al. [218] reviewed the various polymers that have been explored 
in MEW. By precisely controlling fiber deposition and alignment in 
specific 3D patterns, MEW can steer physiological cell organization and 
differentiation. As already described, cell alignment is important to 
recapitulate the physiological functions of the hierarchical structures of 
a given organ. 

So far, the use of melt electrowriting for skeletal muscle TE has been 
described in only two studies: synthetic materials were evaluated in the 
first study [140] while a hybrid material was used in the second study 
[112]. Both studies assessed muscle fiber alignment (BR1) and tensile 
strength and deformation (MR2), while innervation (BR2) and vascu
lature (BR3) were not taken into account. Zhang et al. [223] have con
structed a hierarchically organized, anisotropic and conductive scaffold 
(Fig. 7.A) and showed the formation and morphology of myotubes. Due 
to the small number of studies, no trend can be identified in terms of 
frequently used cell or material type. 

Fig. 6. Examples of solution electrospinning approaches applied for TE of muscle, tendon, and nerve. (A) Preparation scheme of core-shell column and sheet scaffolds 
that mimic the native skeletal muscle tissue by combining aligned nanofiber yarns via electrospinning and hydrogel shell via photo-curable microfabrication. 
Adapted with permission from Ref. [194], ©2015 American Chemical Society. (B) Sketch of the spinnerets used for emulsion electrospinning and coaxial electro
spinning for the fabrication of tubular constructs allowing a sustained delivery of growth factors. Adapted from Ref. [199], ©2019 with permission from Elsevier. (C) 
Schematic of a multi-layered electrospun tubular construct for tendon repair by combining a mechanical (i.e., mechanical support) and a biological (i.e., incor
poration of anti-inflammatory and anti-adhesion drugs) approach. Adapted from Ref. [205], ©2022 by Pien et al. (D) The grafting process of an artificial nerve 
conduit in a resected sciatic nerve segment: oriented film fabricated by micropattern wafers, tube formation by rolling of the film by a heat sealing process, followed 
by injection of Schwann cells and implantation. Adapted from Ref. [213], ©2014 by Karimi et al. Abbreviations: PCL: poly(ε-caprolactone), SF: silk fibroin, PANI: 
polyaniline, PEGS-M: poly(ethylene glycol)-co-poly(glycerol sebacate), PDGF-BB: platelet-derived growth factor BB, PEG: poly(ethylene glycol, AUP: 
acrylate-endcapped urethane-based polymer. 
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Table 3 
Summary of studies using solution electrospinning (SES) as a fabrication technique for muscles, tendons and nerves. MR and BR indicate mechanical and biological requirements described in Table 1. VIT and VIV indicate 
in vitro or in vivo studies. Color coding was used to indicate whether the research study investigated/explored (green) or not (red) the mechanical and biological pertinence [23,46,95,96,104,105,108,119–121,133,134, 
144,184,186,188–216].  
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Table 3 (continued ) 

Abbreviations: 2D, two dimensional; 3D, three-dimensional; ABS, poly(acrylonitrile-butadiene-styrene); ASCs, human adipose stem/stromal cells; BCE, butylene cyclohexanedicarboxylate; BR, biological requirements; 
C2C12, mouse murine myoblast cell line; iPSCs, induced pluripotent stem cells; MR, mechanical requirements; MWCN, multiwalled carbon nanotubes; PAA, poly(acrylic acid); PAN, poly(acrylonitrile); PANI, polyaniline; 
PBCE, poly(butylene 1,4-cyclohexanedicarboxylate); PC12; rat pheochromocytoma cell line; PCL, poly(ε-caprolactone); PDGF, platelet-derived growth factor; PEGS, poly(ethylene glycol)-co-poly(glycerol sebacate); PEO, 
poly(ethylene oxide); PHB, poly(hydroxybutyrate); PHBHHX, poly(3-hydroxybutyrate-co-3-hydroxyhexanoate); PLA, Poly(lactic acid); PLGA, poly(lactic-co-glycolic acid); PVA, poly(vinyl alcohol); SF, silk fibroin; TE, 
Tissue engineering; TECE, triethylene cyclohexanedicarboxylate; VIT, in vitro study; VIV, in vivo study, VML, volumetric muscle loss. 
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Fig. 7. Examples of melt electrowriting approaches applied for TE of muscle, tendon, and nerve. (A) Schematic outline for the preparation of 3D patterned fibrous 
scaffolds for skeletal muscle regeneration (⊥ means microgrooves perpendicular to aligned nanofibers, ‖ means microgrooves parallel to aligned nanofibers). 
Reproduced from Ref. [223], ©2020 with permission from Elsevier. (B) Development of fibrous scaffolds with sinusoidal patterns by melt electrowriting, mimicking 
the non-linear biomechanical behavior of tendon and ligament tissue. (i-vi) SEM images of a 10-layered scaffold indicating the accurate scaffold structure. Adapted 
from Ref. [219], ©2018 Hochleitner et al. (C) Scheme illustration of 3D polymeric grid patterned scaffolds produced by melt electrowriting, with or without surface 
modification, to serve as nerve guidance conduits. Reproduced from Ref. [222], ©2020 with permission from Elsevier. Abbreviations: Au: gold, PCL: poly(ε-cap
rolactone), GO: graphene oxide, g-C3N4: graphitic carbon nitride. 
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Table 4 
Summary of studies using melt electrowriting (MEW) as a fabrication technique for muscles, tendons and nerves. MR and BR indicate mechanical and biological requirements described in Table 1. VIT and VIV indicate in 
vitro or in vivo studies. Color coding was used to indicate whether the research study investigated/explored (green) or not (red) the mechanical and biological pertinence [115,143,225–228].  
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To date, only one group of researchers has published two studies on 
tendon repair using MEW [219,220] indicating that this technology is 
still young and is taking the first steps toward developing scaffolds for 
specific applications. The first study [219] fabricated a scaffold that 
mimics the nonlinear stretch behavior of ligaments and tendons using 
PCL-based materials (Fig. 7.B), followed by a second study [220] eval
uating the tensile mechanics of the scaffold. 

Similar to muscle and tendon TE, few articles reported on the use of 
MEW for neural TE. Again, PCL was explored as potential material of 
choice [221], as it remains the gold standard for MEW [218]. This is 
mainly due to its semicrystalline and biodegradable properties, low 
melting temperature (60 ◦C) and rapid solidification, and the U.S. Food 
and Drug Administration (FDA) approval for multiple clinical applica
tions [218]. Moreover, PCL is fairly hydrophobic [218,224], as such 
enabling surface treatments such as dip coating with a graphite complex 
solution or sputtering with gold to increase biopotential conductivity 
[222]. However, it is not yet possible to adequately compare research 
papers using MEW for neural TE as this method is still relatively recent. 
MEW did show potential in the development of scaffolds with aniso
tropic, micro-fibrous architectures (Fig. 7.C), which were proposed to 
guide neurite extension [222]. 

4. Meeting the structural and functional requirements of 
skeletal muscle, tendon and nerve tissue 

4.1. Current advances and opportunities by tissue type 

For muscle TE, the ideal material in combination with cells, bioactive 
factors, and processing techniques has yet to be developed. With current 
TE approaches it is not possible to produce fully functional muscle tis
sue, especially because no material has shown to offer optimal biode
gradability or is capable of supporting fully functional maturation 
[225]. Regarding the use of bioactive compounds, these were only 
explored in a small subset of the investigated studies which could 
potentially be limiting in biomaterial optimization. The widespread use 
of SES in the published studies could be explained by the relative ease to 
obtain a anisotropic 3D scaffold that mimics the structure of the in vivo 
ECM [226]. Fiber alignment at the microscopic level, which is a critical 
component for muscle regeneration, can be achieved at the microscopic 
level by adjusting basic parameters in the SES setup. Furthermore, SES is 
a more established technology than 3DP or MEW and is technically less 
challenging. Very few studies attempted to mimic parts of the tubular 
architecture of the muscle when developing their constructs (Tables 2, 3 
and 4). Positive effects on muscle differentiation, alignment and me
chanical properties were observed. Particularly in the study by Wang 
et al. [194], high cell survival, alignment and differentiation was re
ported when developing electrospun structures that simulated myofiber 
maturation and extracellular matrix deposition [194]. However, the 
mechanical properties of the entire construct were not analyzed which 
may limit its suitability in vivo. In the study of Kang et al. [176], 
myofiber-like structures were generated with a custom 3DP using PCL 
and a sacrificial hydrogel to obtain rows of aligned PCL tubes that were 
seeded with mouse myoblasts. Similarly, cell proliferation, alignment, 
and differentiation in culture were demonstrated, as well as evidence of 
innervation when implanted in mice. However, functional assessment of 
the implants showed significantly lower muscle function when 
compared to the controls [176]. Alignment is the most studied biological 
requirement, but alignment alone is not sufficient to create a fully 
functional muscle. Other important factors such as innervation and 
blood vessel ingrowth have rarely been studied. In terms of answering 
the mechanical requirements (Table 1), it has become evident that few 
of the studies included mechanical testing of the developed scaffolds. 
The lack of mechanical testing could result in the development of sub
optimal scaffold materials which might hamper their clinical applica
tion, as mechanical parameters such as material stiffness are known to 
affect muscle development [227,228]. Therefore, mechanical testing Ta
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should be included in future studies to provide additional information 
on the suitability of the fabricated scaffolds to be applied in in vivo 
preclinical studies. As discussed in Section 3.3, most studies focus either 
on biological or on mechanical requirements, but rarely on both. Such 
studies, however, would not only provide important information about 
the suitability of a particular scaffold to support muscle regeneration, 
but knowledge would be gained about its potential performance in vivo 
as well. The study by Choi et al. [229], for example, combined the 
evaluation of all mechanical requirements (contractility, elastic 
modulus, tensile stress) and alignment, with biological requirements 
such as differentiation and cell survival in a muscle ECM-derived bioink. 
Mechanical properties were significantly improved when compared to 
collagen I, a commonly used bioink [229]. The use of external fields 
(acoustic, magnetic and electric) during biofabrication has been used 
successfully [160] but has the disadvantage of increasing complexity, 
which limits its use for large scaffold fabrication. There are numerous 
reports of in vitro stimulation techniques, where static or dynamic 
electrical or mechanical stimuli were shown to effectively induce 
alignment and maturation of muscle progenitor cells [230,231]. 

In tendon regeneration, research has focused on the delivery of cells 
into scaffolds and in a predefined pattern using 3DP. However, the 
incorporation of bioactive compounds such as growth factors has not 
been reported (Table 2), indicating that the latter should be explored in 
the near future. In contrast to 3DP, research using ES explored the 
fabrication of electrospun constructs containing bioactive compounds 
known to enhance tendon healing (i.e., growth factors, zinc oxide par
ticles, hyaluronic acid, and naproxen) [130,131,199,201,202] (Table 3). 
The latter were provided to improve protein adsorption, cell attachment 
and proliferation, but also to reduce the presence of adhesions and 
improve tendon gliding function [130,131,199,201,202]. However, the 
physiological microstructure of the tendon was not taken into account, 
as ES does not allow for precise deposition of fibers nor for incorporation 
of cells during processing, resulting in either inferior mechanical or 
biological properties. Although research on MEW for tendon repair is 
scarce, the technique holds advantage over the other two techniques, 
especially regarding the potential to mimic the nonlinear stretching 
behavior of ligaments and tendons by depositing microscale fibers in a 
predefined architecture. Considering tendon repair, researchers only 
begin to acknowledge that the micro and macro-levels of anatomical 
structure, physiological functions, and appropriate requirements must 
be considered in order to develop functional tendon tissue constructs. In 
this direction, recent work by Chae et al. [164] has looked at spatially 
graded architectures using 3D printing. Another example is the work of 
Hochleitner et al. [219] who developed a scaffold that mimics the 
crimping behavior of tendon tissue using MEW. 

A considerable amount of research is being conducted with regard to 
potential TE conduit models for nerve repair, although they are not 
currently superior to autografts. Various bioactive compounds have 
been explored along with novel materials for nerve repair, including 
degradable and non-degradable conduits. The major disadvantage of 
using non-degradable conduits is the need for a second conduit resec
tion, whereas with degradable materials, the rate of degradation cannot 
always be controlled, leading to premature conduit collapse. Several 
requirements must be considered in the development of nerve conduits, 
both from a biological and mechanical point of view. Research studies 
have addressed some or most of the requirements listed in Table 1, but 
the development of a conduit that meets all of them is still pending. A 
few fabrication methods for NGCs have been explored, with most groups 
using high-resolution 3DP focusing on design considerations such as the 
incorporation of micropores and parallel channels (as listed in Table 2), 
while authors using SES as a processing method incorporated bioactive 
compounds and drugs to stimulate nerve growth. Some research groups 
also focused on incorporating nanoparticles to provide electrical stim
ulation to the regenerating nerve to further accelerate the process. The 
only work reporting on MEW used an electrically conductive coating to 
promote nerve growth [221]. It should be mentioned that there remains 

still much potential for further experimentation and trials exploiting this 
processing technique. Recent perspectives on NGCs were presented by 
Ramesh et al. [119], who reversely engineered a nerve conduit using 
microCT and subsequent 3DP, and Yang et al. [238], who investigated 
the potential of a graphene-based foam to improve the electrical con
ductivity of their scaffolds. Functional recovery in large nerve defects 
could potentially be improved with reverse engineering, by mimicking 
epineural and endoneural microstructures through a high-resolution 
fabrication method such as 3DP. 

4.2. Strengths and limitations associated with processing techniques 

The strength of 3DP is that a design-specific and complex construct 
can be developed and thus tailored towards each application. This 
technique allows for the encapsulation of cells throughout the construct 
(also known as 3D bioprinting). In addition, multiple materials and cell 
types can be combined in one process. Compared to 3DP, the main 
advantage of SES is the excellent physiologically relevant mimicry of 
native ECM due to the fabrication of micro and nanofibers with a high 
surface-to-volume ratio. By combining the direct writing aspect of 3DP 
with the micro and nanofibers of SES, MEW enables the fabrication of 
constructs with a predefined architecture and precise control over pore 
size and interconnectivity. One of the biggest challenges in 3DP, and in 
3D bioprinting in particular, remains the identification of novel bioinks 
whose properties could be dynamically adjusted to modulate cell 
behavior and ultimately control cell phenotype and function over time. 
In addition, processing temperatures or light wavelengths and applied 
stresses should be monitored and fine-tuned during processing to 
maximize cell survival. Although material properties such as the stiff
ness of the gel/substrate itself may affect cell growth and potential, these 
properties are rarely investigated. 3DP has the great advantage that cells 
can be incorporated, which is beneficial for mimicking and meeting the 
biological requirements of the targeted tissue. In addition, fibers can be 
deposited in predefined patterns using 3DP, but compared to MEW, the 
fiber diameters are bigger, so the microscale features of tissues cannot 
exactly be mimicked yet. 

SES is still the technique of choice to mimic the ECM structure of 
native tissue. Although more advanced devices have been developed and 
SES allows the fabrication of tubular scaffolds on tubular rotational 
mandrels, there is no precise control over fiber deposition and archi
tecture, although fiber orientation can be controlled to some extent by 
varying tension and rotational speed. Aligned scaffolds produced by 
electrospinning contain aligned nanofibrous structures for guiding 
muscle cell proliferation and differentiation but are limited to small, 2D 
constructs leading to a poor clinical translation potential [142]. For 
applications requiring more precision, research is shifting toward MEW. 
Since SES alone does not result in sufficient mechanical strength of the 
obtained structures to support load-bearing applications, it should be 
combined with 3DP or MEW to provide mechanical stability. 

MEW is a very recent technique. Research is currently focused on 
optimizing printing and processing parameters and in the development 
of new materials that can be processed by MEW. To be MEW process
able, polymers require a low melting point, slow thermal and hydrolytic 
degradation, and rapid solidification. The incorporation of cells is not 
being explored due to the high processing temperatures required by the 
materials currently in use. There is considerable room for further 
development and optimization as the state of knowledge is still limited. 
However, the very precise deposition of microscale fibers in a predefined 
pattern and architecture highlights the potential of MEW in mimicking 
tissues at the micro level, enabling more physiologically relevant 
functions. 

5. Future perspectives and concluding remarks 

All the above limitations of each processing technique could be 
solved by combining two processing techniques. In this way, a 
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synergistic effect could be achieved since the advantages of both tech
niques together would create the appropriate conditions for the devel
opment of fully functional tissues. As shown in Tables 2, 3, and 4, 
research currently focuses on either biological or mechanical properties, 
but rarely on both simultaneously. However, this is one of the most 
important issues to be addressed in the development of functional tis
sues. In particular, for cylindrical tissues such as skeletal muscle, ten
dons, and nerves, the design and development of these tubular scaffolds 
are far from optimized. Advances in processing techniques and material 
design should open new opportunities in this area. In addition, the use of 
bioactive compounds, including growth factors and drugs, could greatly 
enhance both cell-material interactions and cell proliferation, allowing 
the development of more complex constructs. With regard to tissue 
maturation after scaffold processing (with encapsulated cells or after cell 
seeding, depending on the processing technique chosen), the use of a 
bioreactor to control ECM modeling and TE is essential [232]. The 
bioreactor enables nutrient transport and provides the physiological 
environment as well as biochemical, biomechanical, and biophysical 
stimuli that are necessary for the development of functional tissue [233, 
234]. However, the importance of bioreactors for TE only recently 
became clear and they will certainly be used more extensively in the 
coming years. 

The regeneration of muscle, tendon and nerve is also challenged by 
the complex multicellular crosstalk occurring in the microenvironment. 
There exists a great need for advanced models able to mimic the hier
archical architecture, cellularity and physiological signaling, along with 
the recreation of the integrated gradients of the tissue interfaces [235]. 
Growing evidence suggests that surface topography, substrate stiffness, 
mechanical stimulation, oxygen tension and localized density influence 
cellular functions and longevity [236]. This enhances tissue-specific 
ECM deposition and directs stem cell differentiation [236]. The 
cellular crosstalk in the microenvironment includes key players that 
drive or resolve inflammation (vide infra), neovascularization, and 
complex interfaces. Vascularization is one of the essential aspects of the 
musculoskeletal system TE and an indispensable process in the regen
eration of most tissues. Despite considerable efforts, it has not yet been 
possible to reproduce the hierarchical organization and function of 
native blood vessels [237]. 

In addition, micro and macro-level differences at the interface be
tween ligaments/tendons and bone and between tendon and muscle 
have not been adequately explored. However, these interfaces are 
important because they ensure a smooth transition between these tis
sues. Therefore, research should expand the scope of interest of each 
tissue to include a connection between two tissues based on the interface 
[238,239]. However, progress in this field is difficult as nor the indi
vidual tissues, nor the interfaces between these tissues, are not fully 
understood yet. Within these tissues, differences not only with regard to 
mechanical properties, but also in cellular heterogeneity and ECM 
composition are present. It is important to highlight the anatomical 
micro and macro-level of each tissue and their corresponding physio
logical functions (based on the mechanical and biological properties). 
Some research groups have recently focused on the engineering of 
muscle-tendon units [5,166,187,240], tendon-bone units [241–243] or 
neuromuscular junctions [244–248], paving the way towards the future 
of engineering skeletal muscle, tendon and nerves. Research on these 
individual units as well as the obtained insights and understanding will 
eventually lead to advancing tissue engineering strategies for musculo
skeletal repair and regeneration, going from one multi-tissue unit to the 
combination of multiple, i.e., bone-tendon-muscle unit. 

In this context, research has recently begun to evaluate the combi
nation of multiple processing techniques to address the challenges at 
these interfaces. For example, Jiang et al. have combined 3D bioprinting 
and melt electrospinning to regenerate a functional rotator cuff tendon- 
to-bone interface [249]. Apart from the tendon-to-bone unit, the 
tendon-to-muscle unit is essential for the proper functioning of the 
musculoskeletal system. Each of these multi-tissue units requires critical 

consideration and thoughtful integration of clinical, biological and en
gineering aspects (including material design, processing and construct 
maturation) to achieve efficient bench-to-bedside translation [240]. 

Suitable biomaterials are needed to successfully mimic the spatio
temporal signaling profile observed in tissue healing [250]. Biomaterials 
must serve as a delivery and/or support template for the sustained 
release of proteins, genes and cells, and to provide an architecture for 
cells moving into the site of damage. The biomaterial choice and design 
influence the biophysical cues (i.e., topography, rigidity, mechanical 
stimulation, macromolecular crowding) that replicate the native 
microenvironment, in addition to the required biochemical and bio
logical cues [235,251–253]. An important point to consider in TE is the 
immunogenic response of the body towards TE implants. The cellular 
and molecular events that determine implant success occur at the 
interface between the material and the host and are governed by innate 
and adaptive immune responses [254]. Research has been focusing on 
expanding the understanding of these responses, and in the immuno
logical profile of biomaterials [255]. As has been clearly observed over 
the years, the surface and bulk properties of scaffolds, together with 
their 3D architecture have a significant impact on their biological per
formance [256]. Current strategies for biomaterial immunomodulation 
include biomaterial design that starts from the surface properties that 
have been shown to be central to the immune response, either passively 
acting on physico-chemical properties or actively acting through the 
incorporation of molecules or coatings [254]. In tendon repair for 
example, researchers have explored strategies that balance inflamma
tion and tenogenesis. In particular, the role of macrophage polarization 
has been studied as well as how biomaterials can modulate this polari
zation to promote tissue regeneration [257–260]. For nerve TE, re
searchers typically exploit animal models to investigate immune 
responses towards implanted biomaterials. However, translation of 
these in vivo models remains challenging mainly because of the differ
ences in immune responses occurring between mice and humans. In 
addition, the evaluation of neural TE in humans may be influenced by 
patient-specific factors, which for many researchers pose another barrier 
towards the use of biomaterials in clinical applications [261,262]. The 
immune response following implantation of TE skeletal muscle con
structs has also been explored in various studies. The correlation be
tween muscle regeneration and inflammation following acute injury is 
well-established, where leukocytes (monocytes or macrophages) 
become activated upon acute injury and release pro-inflammatory cy
tokines to facilitate removal of cell debris [263]. Following the inflam
matory stage, the immune cells switch to the anti-inflammatory 
response thereby suppressing the local inflammatory response and 
enhancing muscle growth [264]. A strategy to fully integrate skeletal 
muscle TE constructs has involved the incorporation of host cells and 
biomaterials that can regulate tissue mechanics, inflammation and 
integrin binding [265]. However, the animal models in which these 
strategies were tested, were mostly immunodeficient or immunocom
promised, so the models are not fully transferable to humans [142]. 
Further studies are therefore needed to investigate the interaction be
tween the host and the implanted scaffolds, to better understand the role 
of the immune and inflammatory response following implantation. 

On their way from the laboratory bench to clinical use, tissue- 
engineered constructs are subject to strict regulatory guidelines and 
important standards (e.g., ASTM, FDA, EMA) [266–268]. Despite some 
promising results, the clinical application of advanced tissue engineered 
and regenerative medicine products is still hampered by insufficient 
functionality at both the mechanical and biological levels. This is mainly 
due to the lack of knowledge about reliable cell sources, effective 
immunosuppression, and strategies to induce effective neo
vascularization and integration into the host [8,266,269]. For tendon 
diseases, the current regulatory practice and guidelines, as well as pre
clinical advances [250,270] toward novel integrated therapies have 
been described in detail by Freedman et al. [267]. In the context of 
skeletal muscle injury, it remains unclear whether there is a single 
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clinically significant treatment option for volumetric muscle loss (VML), 
as there are no clear comparisons between studies and the few published 
clinical reports [271]. The meta-analysis by Greising et al. concluded 
that in VML animal models, acellular biomaterials in combination with 
cellular components have proven to be the most effective VML treatment 
to date [271]. However, more studies involving direct comparison of 
regenerative and/or physical therapy under identical experimental 
conditions following VML injury are needed to provide a clear overview 
of the efficacy of the currently investigated treatment options. 

In summary, TE strategies serving repair and regeneration of the 
musculoskeletal system, including skeletal muscles, tendons, and 
nerves, are still at an early stage. One of the key findings of this review is 
that current research focuses on either biological or mechanical re
quirements and properties, but rarely on the combination of these two 
aspects. Advances and developments in the fields that support the 
principles of TE, such as biomaterial chemistry, engineering and pro
cessing as well as and molecular biology, are needed to provide a 
strategy to address the complex challenges involved in the repair and 
regeneration of these complex, hierarchically organized tissues. 
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