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1  | BACKGROUND

The goal of tissue engineering is to use biological materials and bio-
engineering to construct functional living replacement devices, organs 
and tissues, by combining cells on natural or synthetic scaffolds to re-
place or help regenerate damaged human tissues. The foundations and 

challenges of tissue engineering were discussed for this new field in 
19931 with rapid expansion of interest demonstrated by many publi-
cations over the next decades.2-4 Before discussing the current status 
of these emerging therapeutic possibilities, it is pertinent to provide 
some clinical background.

1.1 | Clinical situation

There is an urgent need for clinical transplantation to replace failing 
organs and tissues. Where tissues/cells are transplanted between dif-
ferent individuals, the foreign donor tissue is called an allograft and 
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there can be serious problems with the host immune system rejecting 
foreign cells. To help overcome this major problem, the 2 people must 
have a closely matched immune system (the donor is often a relative 
of the patient) and drugs are required to suppress the host immune 
response (reviewed by Barker and Markmann5). Where the patient’s 
own cells are used for the transplant (self) this autograft avoids the 
problem of immune rejection. While allografted human organs/tissues 
(such as kidneys, hearts, lungs, corneas) are in high demand, there is 
a serious lack of human living donor organs: thus many patients will 
never receive a vital transplant. Some tissues, eg, 1 kidney or bone 
marrow cells, can be donated by a living donor (often a relative), oth-
erwise most donor tissues are obtained immediately after brain-death 
where permission is given by the human “organ donors” for their 
organs/tissues to be harvested and used for anonymous transplan-
tation. However, severe logistical restraints means that many living 
donor organs cannot be matched and successfully transplanted into 
a patient within the very limited time available. New approaches for 
“perfusion preservation” of such living donor organs (and also tissue 
engineered synthetic organ), to allow organ banking for “organs on 
demand” would overcome this major problem to provide many more 
successful outcomes.6 The use of cadavers as a source of human stem 
cells has also received attention.7

Xenotransplantation is a different approach to try and overcome 
the lack of human tissues to treat the many patients on waiting lists 
for transplants. Xenotransplantation uses donor organs/tissues/cells 
from another species (eg, monkey or pig) and potentially might pro-
vide an unlimited supply of organs and cells for clinical transplan-
tation and for tissue engineering to replace human tissues. There 
have been many clinical attempts at xenotransplantation over the 
last 300 years (reviewed in Cooper8). The significant barriers to xe-
notransplantation are mainly being addressed by attempts to gen-
erate alternative sources of suitable histocompatible donor organs/
tissues by using genetic engineering of pigs to remove the foreign 
antigens (in the xenograft) that provoke the human immune response. 
Progress in this field is illustrated by a review of pig to primate islet 
cell xenotransplantation.9

Successful clinical transplantation of normal human cells (rather 
than organs) is classically demonstrated by bone-marrow stem cell re-
placement (the allogenic donor cells need to be closely matched for 
histocompatibility). Autografted skin cells are also widely used for epi-
dermal replacement (skin grafts or cell suspensions from another part 
of the patient’s own body) and tissue engineering is used to recon-
struct the dermis after deep injuries such as severe burns, to increase 
skin regeneration and reduce scarring10; new biomimetics also help to 
inhibit scarring.11

In contrast, it has proven difficult to achieve the dream of implant-
ing human pancreatic islet cells to provide an intrinsic source of insulin 
to treat diabetes and other serious conditions. The clinical use of allo-
geneic human cells is associated with the usual major problems (lim-
ited availability of donor cells and immune rejection); there is intensive 
research in this area (reviewed in Aghazadeh and Nostro12) and the 
use of human induced pluripotent stem cells (hiPSCs) to generate large 
numbers of autologous islet cells holds promise.13

1.2 | Personal and Australian perspective

To provide some background for this commentary, my specific 
expertise relates to skeletal muscle regeneration and hence some  
examples are provided for this tissue, with relevance to the wider 
field. Furthermore, as a niche world perspective it is of interest to 
comment on the expansion of the disciplines of tissue engineering 
and regenerative medicine around Australia, which is a vast country 
with a relatively small population (<25 million people), yet the wealth 
of pertinent research by an innovative scientific community exempli-
fies the international developments. In 1999, a Tissue Engineering 
Research Centre (TERC) was established at the University of Western 
Australia (WA) and this interdisciplinary network of researchers and 
clinicians evolved into the Centre for Cell Therapy and Regenerative 
Medicine in 2012 in WA. An unusual aspect of the WA research com-
munity is the contribution of Symbiotica, a leading global laboratory/
studio for Art and Science that engages with diverse disciplines in-
cluding tissue engineering to creatively explore unusual aspects, ethi-
cal issues and non-biological applications.14 The Australiasian Society 
for Biomaterials and Tissue Engineering was formed in 1989, and 
researchers with strong interests in the extracellular matrix through 
the Matrix Biology Society of Australia and New Zealand (estab-
lished 1997) expanded the early tissue engineering network across 
the continent and the wider region.15 There are now many dedicated 
Australian institutes and research centres, with some examples being 
the Australian Institute for Regenerative Medicine Institute (ARMI) 
established in 2009 at Monash University, the Australian Institute for 
Bioengineering and Nanotechnology at the University of Queensland, 
Biomaterials, Tissue Engineering and Regenerative Medicine at the 
University of New South Wales, the Tissue Engineering group at the 
University of Melbourne and the Materials Science and Engineering 
Division of the Commonwealth Scientific and Industrial Research 
Organisation (CSIRO) and these complement the global situation. 
Expansion of international networks in the region are demonstrated 
by conferences such as the Tissue Engineering and Regenerative 
Medicine International Society-Asia Pacific (TERMIS-AP) and es-
tablishment in 2013 of the Australian-China Centre for Tissue 
Engineering and Regenerative Medicine that involves many institutes 
in China and Australia.

The rich diversity of research across this region and New Zealand, 
is demonstrated by publication of a series of 16 papers in 2014 in a 
special journal issue entitled Regenerative Medicine: the Challenge of 
Translation16; this collection serves as a microcosm of global research 
to illustrates a wealth of experimental approaches. These investiga-
tions use tissue culture and disparate animal models such as axolotls, 
zebrafish, rodents (including genetically engineered mouse models 
and immunocompromised mice), deer (to study bone growth),17 and 
humans. These models are combined with technological and creative 
approaches to investigate many tissues such as the brain, spinal cord, 
nerves, eyes, adipose, bone, lungs, skin, heart, skeletal muscles and 
limbs.

The contributions of Australian researchers to the fields of tissue 
engineering and regenerative medicine are further demonstrated in 
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the present commentary by about 41% of the references cited having 
one or more Australia authors.

Central issues for tissues engineering for in vivo transplantation 
purposes are whether to use (i) cells alone and (ii) cells attached to a 
bioscaffold, or (iii) a bioscaffold alone to provide an ideal environment 
to stimulate host cells immigration, with proliferation and differentia-
tion to form new functional tissue.1 These issues are first discussed for 
tissue culture studies.

2  | PART A:  MAJOR ADVANCES IN TISSUE 
CULTURE FOR BIOENGINEERING: FOCUS 
ON CELLS AND SUBSTRATES

2.1 | Sources of human stem cells to form diverse 
tissues

A stem cell is defined as a cell that can divide to self-renew, as well as 
give rise to precursors of diverse lineages (plasticity). The extraction 
of human adult stem cells from fresh tissues for tissue engineering and 
regeneration therapies is limited by supply (especially for autologous 
cells) and by proliferation in tissue culture to expand the number of 
precursor cells. Hence enormous interest resulted from widespread 
reports of stem cell plasticity in tissue culture; for example, mesen-
chymal stem cells (MSCs) give rise to various cell lineages, such as 
chondrocytes, osteoblasts and myoblasts. There were many reports 
of such plasticity, with multi- or pluripotent stem cells being isolated 
from interstitial and circulating cells and other sources, as reviewed 
for differences in regenerative capacity of skeletal and cardiac mus-
cles18 with limited capacity for stem cell renewal of mammalian car-
diac muscle continuing to be emphasised.19 MSCs remain of much 
interest for generation of cells for transplantation, as demonstrated 
for human bone marrow-derived MSCs (hBMSCs) used for cartilage 
repair, where microencapsulation enhanced their survival and effi-
cacy.20 Unfortunately, some speculation about the potential of stem 
cell therapies, including MSCs, for clinical applications has been in-
flated, unrealistic and misleading raising serious ethical and regula-
tory issues related to inappropriate marketing of unproven stem cell 
treatments.21-23

A major breakthrough occurred about 20 years ago when human 
embryonic stem cells (hESCs), isolated from the inner cell mass of a 
blastocyst (produced through in vitro fertilization, with spare embryos 
donated for research purposes), were able to be directed into many 
lineages in tissue culture and were confirmed to be pluripotent with 
the unique ability to differentiate into cells of all tissues in the body.24 
This generated enormous interest as a potential new source of human 
stem cells. In tissue culture, hESCs have been used to study molecular 
regulation of differentiation and tissue formation for many types of 
human cells with other diverse uses including drug screening. While 
hESCs also presented the possibility of generating many allogeneic 
donor cells for clinical transplantation, the fact that these cells were 
derived from “spare” human embryos raises major ethical issues.

A variation on this process was to remove the nucleus from an oo-
cyte and to substitute a nucleus taken from a mature mammalian cell 

into the cytoplasm of the enucleated oocyte: this somatic cell nuclear 
transfer (SCNT) reprogrammed the mature nucleus back to a pluripo-
tent state resembling an ESC. The restoration of totipotency to a single 
mature somatic nucleus was dramatically demonstrated for mammals 
when SCNT was used to form all tissues of a living sheep called Dolly 
in 199625; subsequently SCNT has been used to generate cloned an-
imals of many mammalian species. The importance for human studies 
is that SCNT can take the nucleus from a mature cell of any human and 
make it pluripotent, thus allowing the generation of many cell lineage 
from different humans, for healthy and diseased individuals including 
patients with a specific genetic defect. The SCNT approach expanded 
tissue culture investigations into the molecular regulation of diseased 
human cells, diagnosis and drug screening for specific diseases. These 
patient-specific pluripotent cells are also of interest for potential au-
tologous transplantation back into the same patient. However, there 
remain controversies with such approaches, due to concerns about 
the developmental fidelity of the hSCNT cells (compared with “normal 
ESCs”) with a complete ban on human cloning, plus ethical issues as-
sociated with manipulation of human oocytes.26

The really significant advance (that avoided these difficult ethi-
cal issues) was the development of induced pluripotent stem cells 
(iPSCs), where treatment of a mature mouse fibroblast with a cocktail 
of about 4 genes resulted in reprogramming of the mature somatic 
nucleus back to a condition very similar to an ESC. The field moved 
rapidly and human iPSCs were generated by 2 groups in 2007.27,28 
Now hiPSCs have been derived from many diverse cell types em-
phasising the plasticity of somatic nuclei. The hiPSCs are suitable for 
many in vitro studies as indicated above with expanding use of or-
ganoids for regenerative medicine,29 drug screening and personalised 
medicine.30 However ethical concerns associated with the use of 
cultured human stem cells and organoids need to be considered.31,32 
Autologous human cells are highly desirable for transplantation pur-
poses, since use of the patient’s own cells avoids the major in vivo 
problem of immune rejection (discussed further in Part B). These are 
extraordinary advances that extend biomedical research towards clin-
ical translation.33

2.2 | Improved culture conditions

Routine tissue culture uses non-physiological, high levels of oxygen 
(20%) compared with in vivo level in tissues that are around 5%. It 
is increasingly recognised that some stem cells that are considered 
quiescent can be more easily “activated” by exposure to physiologi-
cally low oxygen levels, as demonstrated for muscle stem cells ex-
tracted from old muscles and “senescent” adipogenic precursor 
cells.34,35 Hypoxia conditioning has been suggested to improve the 
stem cell survival and enhance myocardial regeneration (reviewed in 
Dall et al36), with cardiomyocyte activation and cycling in vivo strongly 
associated with hypoxia signalling.37 Furthermore, after experimen-
tal myocardial infarction, exposure to severe systemic hypoxaemia 
induces metabolic reprogramming of adult cardiomyocytes, result-
ing in cell cycle re-entry, reactivation of cardiomyocyte mitosis and 
improved heart regeneration.38 Such relatively simple adjustments in 
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culture conditions, for oxygen and other parameters such as growth 
factors and extracellular matrix, to more closely represent the situa-
tion in living tissues, can significantly alter interpretations of cell be-
haviour and improve cellular responses for tissue engineering.

New opportunities are also presented by increasing recognition of 
major roles for non-coding RNAs (ncRNAs) in the complex molecular 
regulation of cell biology and tissue formation,39 although there are 
relatively few in vivo studies to date for microRNAs (that can circulate 
in the blood as exosomes) and long ncRNAs.40,41 These ncRNAs have 
major implications as targets for new drug interventions, and for in 
vitro and in vivo studies to enhance tissue formation.

2.3 | Scaffolds: new materials, revascularisation, 
biomechanics and 3D bioprinting

The complex 3 dimensional (3D) extracellular matrix (ECM), secreted 
by the resident tissue cells acts like an architectural scaffold as well as 
providing many molecular signals to enhance tissue formation during 
development or regeneration. Such natural 3D scaffolds have advan-
tages in terms of their molecular composition, architecture, physiolog-
ical activities, mechanical properties and biodegradability. For many 
tissues, native ECM can be obtained by removing all living cells from 
the specific tissue, with careful digestion resulting in an acellular scaf-
fold while maximizing retention of ECM components, including pro-
teoglycans and their glycosaminoglycan chains, as shown for acellular 
myomatrix derived from skeletal muscles.42 Successful clinical trans-
plantation of acellular human scaffolds has been achieved for various 
tissues (see Part B). While native ECM can be sourced from non-
human mammalian tissues, concerns about issues of immunogenicity 
and safety (including possible transmission of zoonotic diseases and 
introduction of new pathogens into the human population) have led 
to major expansion of interest in synthetic biomaterials to conveni-
ently construct 3D scaffolds. Scaffolds for tissue engineering must 
be biocompatible (not evoke an immune response), have the correct 
biomechanics, and they frequently contain structural ECM proteins 
like collagen, fibronectin, elastin, fibrin, and laminin.43 Such natural 
or artificial scaffolds are often combined with diverse source of stem 
cells, including hiPSCs.

Silk is a natural material (produced by insects) that is biocompat-
ible and biodegradable and has been used clinically in surgical silk 
sutures for many years. Silk fibroin protein can be spun to various 
thicknesses and cells readily attach and grow on this surface and thus 
it is attractive as a substrate for bioengineering purposes. The compo-
sition varies between different types of silk moths and a comparison 
of 4 sources of silk in tissue culture showed an excellent capacity to 
support myogenesis.44 Acellular silk sheets have been used in vivo to 
repair tympanic membranes perforations in the ear of rodent mod-
els: they are biocompatible,45 with excellent acoustic and mechanical 
properties,46 and hold promise for clinical applications. Other natural 
materials include alginate (a polysaccharide derived from seaweed) 
and even apple derived cellulose 3D scaffolds have been used for 
mammalian cell culture47: many creative possibilities can be explored 
in vitro.

Synthetic polymers such as hydrogels and polyacrylamide are 
widely used to construct sheets of cells and 3D scaffolds. These 
can be engineered for specific composition, rigidity and pore size to 
try and mimic the architecture and properties for the target tissue, 
and combined and cross-linked with growth factors, ECM compo-
nents, nanoparticles and many other molecules to enhance cellular 
responses: such complexes represent a major area of research for 
bioengineering.48 One use is for cell sheet engineering, where 
temperature-responsive culture dishes allows harvesting of cells 
(without trypsin) on intact polymer sheets and progressive layering 
of sheets with different types of cells can build up various tissues, in-
cluding the use of endothelial vascular cells to construct vascularised 
tissues. There is much interest in strategies to improve the blood sup-
ply in order to form thick implantable viable tissue constructs, with 
much research focussed on strategies to enhance vascularisation of 
muscle tissues.

2.4 | Vascularisation of muscle constructs

The combination of sheets of endothelial cells and muscle precursors 
can build vascularised heart muscle, or can be directly transplanted 
into host tissues without the use of scaffolding, as reviewed in Yang 
et al49 and discussed for skeletal muscles.43 The use of spun nanofibre 
mesh as a support for alternating layers of sheets of muscle precur-
sors, and human vascular endothelial cells plus fibroblasts, is another 
strategy to address revascularisation and build thick 3D structures in 
vitro.50 Revascularisation of skeletal muscle constructs has attracted 
much attention with in vivo studies of muscle implants containing 
C2C12 myogenic cells and human umbilical vein endothelial cells 
(HUVEC) into immunocompromised rodents emphasising that cocul-
ture of these cells promotes in vivo vascularization of engineered tis-
sues.51 The subsequent use of adult human endothelial cells (instead 
of HUVECs) produced more potent pre-vascularisation of the muscle 
construct and formation of chimaeric vessel with host vasculature, 
emphasising the important role of angiogenic factors produced by the 
graft tissue52: see also discussion under Part B. The ECM composition 
can also influence the efficacy of revascularisation as demonstrated 
when scaffolds combined with tropoelastin (that is responsible for 
elasticity of blood vessels) were implanted into mouse abdominal 
muscle, resulting in enhanced perfusion of the penetrating vascula-
ture and improved integration.53 The importance of tensile forces in 
angiogenesis and improved vessel structure for tissue repair is also 
demonstrated.54 Real time monitoring of revascularisation in vivo of 
(small) tissue engineered skeletal muscle implants (donor neonatal rat 
muscles into nude immunocompromised host mice) using a mouse 
dorsal window implantation model, showed a steady ingrowth of 
blood-perfused (host) microvasculature with increasing force contrac-
tion over 2 weeks.55 The importance of a robust vascular supply for 
successful translation is also emphasised for scaled-up cardiac tissue 
engineering for clinical treatment of heart failure.56 These approaches 
generally await further in vivo validation especially for larger con-
structs using animal models (also see Part B), before possible progres-
sion to clinical applications.
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2.5 | Recent focus on mechanobiology of cell 
interactions

During the 1970-1980s, Elizabeth Hay was one of the first scientists 
to reveal the role of ECM in regulating cell behaviour, and the impor-
tance of ECM in epithelial to mesenchymal cell phenotype transitions 
(reviewed in Hugo et al57). These concepts were expanded by Mina 
Bissell in the 1990s through her studies on mammary cancer cells, to 
show that the ECM exerts physical and biochemical influences which are 
transduced by cell surface receptors through the cytoskeleton to the nu-
cleus to effect changes in gene expression that can alter cell phenotype: 
this led to a greater appreciation of the microenvironment of a cell (often 
called a niche) and the influence of 3D cultures.58 The effect of matrix on 
phenotype is further demonstrated by an altered fibrotic environment 
(with increasing glycation and cross-linking as occurs in ageing and some 
muscular dystrophies) that can convert myogenic precursor cells into 
a fibrogenic fate and prevent myogenesis; thus the extrinsic ECM can 
trump the intrinsic initial cell programming.59 The ECM may exert these 
effects on many cell types through the molecular and protein composi-
tion and signalling interactions (that have been widely studied), biome-
chanical properties (eg, stiffness or elasticity) nanotypography and also 
electric fields,60 and it can be difficult to separate out these potentially 
different roles of the ECM in vivo. There is huge interest in the effects 
of new biomaterials on the biology of cells and tissues with an emphasis 
on the need to develop ECM-mimicking biomaterials.61 Computational 
modelling also provides new strategies for tissue regeneration.62

Mechanobiology is focussed on biomechanics, biosensing and mech-
anotransduction of cells and is attracting increasing attention. Cells in 
vivo are exposed to a variety of mechanical loads, including shear fluid 
forces (endothelium), compression (bone) and tensile forces (epithelium) 
and the complex cellular response depends on both force magnitude 
and rate63; the in vivo significance of ECM influences on mechanotrans-
duction for many tissues is well reviewed.64 Biomechanical studies in 
vitro often use single cells in a substrate such as hydrogel of varying 
“stiffness” that exert degrees of force corresponding to physical prop-
erties of specific tissues: the properties of cell-substrate interactions 
and cellular and nuclear deformation can be analysed using special plat-
forms to stretch cells combined with advanced optical and atomic force 
microscopy.63 Stiffness gradients of hydrogel or polyacrylamide and 
stretch bioreactors are also used to study the effects of mechanotrans-
duction, as shown for MSC migration and fate65; and adipogenesis was 
significantly upregulated by gels that mimicked the native stiffness of 
adipose tissue (2 kPa).66 For contractile tissues such as skeletal muscles, 
mechanical forces and structural strength are of particular importance 
(as well as electrical stimulation) and there is much interest in such bio-
engineered muscle constructs.67

2.6 | 3D printing of scaffolds with cells to 
form tissues

The development of 3D printers has revolutionised many forms of 
fabrication and early interest for tissue engineering of 3D tissues, was 

F I G U R E   1   Simple summary of recent activities in Tissue Engineering and Regenerative Medicine. This emphasises (1) the expanding 
activities in tissue culture combined with progress for in vivo applications using animal models (eg, rodents and larger species) and (2) major 
problems and challenges to overcome to expand success of clinical translation to humans

Obstacles and Challenges for Tissue Engineering and Regenera	ve Medicine: 

(2) CLINICAL TRANSLATION: applica�ons and major challenges

(1) TISSUE CULTURE: in vitro advances and applica�ons

ANIMAL MODELS: in vivo advances and limita�ons 

Advances: Novel autologous stem cells sources e.g human iPSCs; 3D growth and organoids; bioscaffolds & ECM; 
Computer modelling;  Nanotechnology; Bioreactors; Crea�vity; 3D bioprin�ng of cells & biomaterials in combina�on.

Applica	ons: Understand molecular control of human cell development & differen�a�on; Impact of biomechanics;
Inves�gate disease basis using cells of individual pa�ents; Use for drug discovery and drug screening for therapies;

Test new biomaterials; Manufacture 3D biomime�c �ssue constructs for implanta�on to replace/regenerate �ssues. 

Success: Implanta�on of acellular bioscaffolds (with host cell repopula�on) to generate ar�ficial blood vessels; 
Engineering of small vascular �ssue implants that connect to host vasculature; Other cell and �ssue devices and implants. 

Challenges: Enhance perfusion and storage of donor (allogra�) human organs to increase transplanta�on success; 
Op�mise xenotransplanta�on; Scale up use of vascularised �ssue engineering devices/constructs for in vivo human use. 

Enhance success of in vivo transplanta�on of autologous human cells grown in vitro (source, expansion, delivery, survival, fate)
Concerns about tumourigenicity of human iPSCs; Construct ex vivo devices; 

Therapies to enhance regenera�on and decrease fibrosis of damaged human �ssues in the complex  in vivo situa�on.

Challenges: O�en small scale; O�en massive ini�al death in vivo of implanted histocompa�ble �ssue cultured cells.    

Success: Acellular donor bone scaffolds for orthopaedic and dental reconstruc�on (later repopulated by host cells).
Bioscaffolds repopulated with host cells in the pa�ent, for transplanta�on to repair their cornea. 
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illustrated by a simple 3D construction of beating cardiomyocytes in 
2003.68 This technology that uses bioprinting to precisely dispense 
different cell types and biomaterials layer by layer, has significantly 
advanced construction of biomimetic living tissues,69 and future vas-
cularized 3D soft organs might help solve the organ transplantation 
crisis.70 This approach may also be used to construct devices out-
side (ex vivo) but attached to the human body to maintain some vital 
function, for examples a substitute living kidney as an alternative to 
dialysis: such devices are being developed using extracorporeal, bio-
artificial kidney membranes with fully differentiated and functional 
human tubular epithelial cells.71 Such 3D biomimetic constructs 
(greatly assisted by availability of hiPSCs), are of particular interest 
to the pharmaceutical industry for drug discovery research,72 as dis-
cussed in detail for skin,73 and may be able to partially substitute for 
testing of drugs in animals. While there are major obstacles to over-
come, 3D bioprinting presents creative possibilities for future uses 
in tissue transplantation and regenerative medicine. These exciting 
achievements and scope for tissue culture studies are indicated in 
Figure 1, along with the progress using animal models and challenges 
to be overcome for human applications.

3  | PART B:  MAJOR CHALLENGES FOR 
TRANSLATION TO CLINICAL APPLICATIONS

3.1 | Complexity of in vivo situation compared with 
tissue culture conditions

Clinical applications of bioengineering are complex with many tech-
nological challenges to be solved. The important issue of tissue vol-
ume for organs is a big challenge, especially when scaling up from 
pre-clinical studies using rodent models to the relatively huge size of 
humans, with implications also for essential angiogenesis and vascular 
architecture, plus reconnection of nerves during innervation: these are 
not major issues for construction of tissues in vitro. The implications 
of growth need to be considered in this context,74 as do the dynamics 
and composition of the ECM, including the basement membrane that 
is in intimate contact with the surface of many cells, especially as this 
is poorly represented in vitro. The ECM is critical for the transfer of 
mechanical forces for contractile tissues like cardiac and skeletal mus-
cles75 and scale also has major implications on forces exerted on the 
ECM and tissues, especially on muscles and bones: these forces need 
to be considered when extrapolating results from experiments in small 
laboratory animal models to larger humans.

The roles of many interacting cell types in vivo are essential for 
optimal regenerative responses, yet only a single pure cell type is usu-
ally studied in tissue culture. This is illustrated for fibroblasts (a major 
component of the interstitial ECM), since it has been shown that inter-
actions between fibroblasts and skeletal muscle cells have beneficial 
effects in tissue engineered constructs of skeletal muscle76 and during 
skeletal muscle regeneration in vivo in mouse models,77 with strong 
positive regulatory influences confirmed for human fibroblasts and 
muscle cells78: yet fibroblasts are specifically excluded in vitro from 
most studies of cultured muscle cells. Fibroblasts also have beneficial 

effects during heart development, in addition to well-documented 
adverse effects related to fibrosis.79 In adult tissues the matrix may 
play a far greater role than is generally appreciated, especially where 
it is disturbed after disease and injury, plus there are striking changes 
during ageing: an increasing centre stage for the ECM is envisaged in 
regenerative medicine.80,81

Also critically important in vivo is the interaction of host inflam-
matory and immune cells with the transplanted cells and tissues (es-
pecially initially during the early stages): this interaction is also not 
present in vitro. In addition, fluxes in systemic factors play import-
ant roles in cell and tissue function in vivo with hormones and other 
circulating molecules (eg, nutrients, growth factors and miRNAs in 
exosomes) contributing to signalling. Therefore, given the in vivo com-
plexity (relative to tissue culture conditions) and confounding effects 
of scale difference between rodent models and humans, it is really not 
surprising that translational to clinical success has been so slow.

It is emphasised that there are increasing ethical and other con-
cerns regarding the commercial marketing of unproven stem cell ther-
apies for clinical use, as discussed by a recent paper23 that involved 20 
international institutions including 5 from Australia.

3.2 | Evaluating autologous human iPSCs for 
transplantation

The extraordinary success with generating new sources of human 
stem cells, especially hiPSCs, provides many opportunities for uses in 
tissue culture (described above) and also the generation of large num-
ber of human cells of a specific lineage ex vivo, thus solving a major 
problem of cell supply for transplantation in vivo. These remarkable 
autologous human cells can be transplantated in vivo as cells alone 
or combined with bioscaffolds, or integrated into external devices 
ex vivo, to substitute or repair a diversity of tissues. With such revo-
lutionary potential for hiPSCs, what are the impediments to clinical 
success?

3.3 | Genetic fidelity and tumours

There remain serious concerns regarding whether epigenetic modula-
tions and other alterations to DNA of the mature original nucleus used 
to generate pluripotent iPSCs (and also stem cells derived by SCNT), 
result in true fidelity and equivalence of these stem cells to an ESC, 
or whether aberrant development of hiPSCs might result in tumours 
forming in the human in vivo environment? Pluripotent stem cells can 
give rise to many lineages dependent on the extrinsic conditions, in-
cluding aberrant tumourigenic cell lines and teratomas. Indeed, early 
studies showed that the capacity to form teratomas was greater for 
hiPSCs than for hESCs,82 plus other studies also indicate a propen-
sity for iPSCs to form tumours in vivo. The cell environment is easily 
controlled in tissue culture, whereas the complex in vivo environment 
means that conditions are almost undefined in many mammalian tis-
sues. Therefore, since the mature in vivo environment may lack con-
straints to limit cell differentiation to only the required specific lineage 
and cell types, tumours might also arise. One approach to minimise 
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this risk of cancerous cells inadvertently arising, is to first convert the 
pluripotent iPSCs to the specific lineage ex vivo, and then these line-
age restricted precursor cells are transplanted into the host.

Questions concerning the immunogenicity of iPSCs and other 
stem cells have also been raised and this remains a little controversial. 
These concerns about safety of hiPSCs transplanted in vivo for tissue 
engineering and regenerative medicine are the subject of ongoing in-
vestigations, as discussed in reviews.83

3.4 | Survival in vivo and other obstacles to 
successful transplantation of mammalian cells

The potential use of hiPSCs and organoids for clinical transplantation 
has increased exponentially, although concerns regarding safety and 
feasibility persist.32 Some obstacles related to general feasibility of 
“stem cell therapies” are illustrated for skeletal muscle precursor cells 
(myoblasts or myogenic stem cells) classically considered to be de-
rived from satellite cells that are quiescent reserve cells lying between 
the sarcolemma and basement membrane of adult myofibres,84 with a 
focus on myoblast transfer therapy (MTT) as a gene replacement strat-
egy for dystrophic skeletal muscles of Duchenne Muscular Dystrophy 
(DMD) boys. This attractive strategy aims to replace the missing dys-
trophin gene by exploiting the fact that multinucleated myofibres are 
formed by myoblasts fusing together, so that the gene products of 
normal donor muscle nuclei (with the dystrophin gene) can replace 
the missing dystrophin (of the host nuclei) to restore dystrophin pro-
tein in hybrid myofibres. Since dystrophic myofibres (for DMD and 
the mdx mouse model) exhibit high levels of myofibre necrosis with 
resultant myogenesis during regeneration, there is plenty of oppor-
tunity for myoblast fusion and integration of the donor muscle nuclei 
into the regenerating host myofibres. When donor normal (histocom-
patible) male mouse myoblasts were injected into dystrophic muscles 
of adult female mdx mice and were tracked using labels (such as the 
Y-chromosome probe that identifies donor male nuclei), this revealed 
rapid and massive death of donor myoblasts, with 90% lost within 
1 week.85 This may well account for the failure of most MTT clinical 
trials for DMD. It seems that exposure to tissue culture conditions 
such as serum and proteases contribute to the rapid demise of (even 
histocompatible) donor cells in the host environment.86,87 It should be 
possible to overcome these major problems and yet, despite alterna-
tive source of donor myoblasts from stem cells and about 30 years 
of research, there has been very limited success with MTT.88 Indeed, 
recent studies with MTT in non-human primates, report a similar high 
death of donor myoblasts.89 This frustrating situation emphasises (i) 
the need for robust and appropriate pre-clinical data to justify pos-
sible progression to clinical trials and (ii) the need for suitable labels to 
track the fate of donor nuclei/cells—including initial cell survival, and 
subsequent proliferation and integration. Where initial survival of tis-
sue cultured donor cells is measured after injection into host tissues, it 
seems that a similar rapid loss of donor cells may occur generally, eg, 
as discussed for the heart81 where rapid loss (~89%-98%) of periph-
eral blood mononuclear cells was observed at 6 days after intramyo-
cardial or intra vascular delivery in an ischemic swine model. Although 

myogenic stem cell therapy has been promoted for age-related loss 
of muscle function (sarcopenia), the rationale for this is questioned,90 
especially considering the serious issues outlined above.

Clinically, while several hundred patients with heart failure have 
received intracardiac injections of autologous myoblasts (from skeletal 
muscle), with benefits reported for functional recovery, this appears to 
be due to paracrine effects without integration of the donor myoblasts 
or generation of new cardiomyocytes91; these results remain contro-
versial as benefits were not observed by all groups and there is a well-
documented increased risk of arrhythmia.19 The recent demonstration 
that induced hypoxia in vivo after induction of myocardial infarction 
can activate resident cardiomycte proliferation in situ and improve 
cardiac muscle regeneration in mice, has promising implications and 
presents an attractive alternative approach38; the challenge remains 
to translate this into a clinical application.

The poor survival in vivo after injection of isolated cultured skele-
tal muscle precursor cells, is in stark contrast with the outcome using 
grafted fresh skeletal muscle tissue that (after necrosis) readily forms 
large amounts of new muscles in vivo, even in very old animals, and 
persists.90 One limitation for regeneration of muscle grafts is the 
speed of revascularisation by host vasculature (that precedes inflam-
mation and myogenesis in the graft) and this becomes an increasing 
problem with larger tissue volumes that are used for clinical muscle 
reconstruction. Enhanced host angiogenesis with more rapid speed 
of revascularisation of the muscle grafts in mice resulted from pre-
treatment of the donor muscle grafts in vivo with viral delivery of the 
potent angiogenic factor VEGF (vascular endothelial growth factor), 
and this was associated with more rapid new muscle formation.92 The 
strategy of pre-treatment of donor muscles to accelerate host revas-
cularisation of the implanted muscle graft (or construct—as discussed 
in Part A) is of clinical interest.

3.5 | Implantation of scaffolds in humans

Clinically, implanted acellular natural biomatrices are now used 
as bone scaffolds for orthopaedic and jaw reconstructions, with 
bone tissue banks established for this purpose.93 However, there 
are reports that it can be difficult to eliminate persisting allogeneic 
cells from the donor bones.94 Such acellular native bioscaffolds 
(with subsequent population by autologous host cells) are attract-
ing much attention, although this is daunting for organs.95 Clinical 
success with autologous cells grown on an artificial scaffold ex 
vivo and implanted into humans, is seen with replacement of cor-
neal epithelium using limbal stem cells cultured from the healthy 
eye of the patient (the eye is an immunoprivileged site and this 
may assist survival of the cultured cells).96 Another strategy aims 
to grow constructs within the patient’s own body for subsequent 
transplantation to the required location. Clinically, the success of 
using teeth to restore vision after corneal blindness is particularly 
creative (autologous osteo-odonto keratoprosthesis); in this situa-
tion, the patient’s own tooth dentine supports growth of autologous 
cells on artificial corneas implanted into the check of the patient, for 
subsequent transplantation into the blind eye.97 A similar principle 
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has been used in animal models to construct artificial blood vessels, 
required for vascular bypass grafting. Artificial blood vessel grafts 
were manufactured within the future recipient, when conduits of 
sialic tubing implanted into the peritoneum were populated by au-
tologous (host) cells and ECM, and subsequent grafting into the 
same animal showed that the tissue was almost indistinguishable 
from native vessels.98 Biomechanical properties are very important 
in the cardiovascular system and recent advances using synthetic 
copolymers as biodegradable elastomeric scaffolds for this purpose 
show further promise in animal models.99 Cardiovascular diseases 
are a major cause of global deaths and, in the absence of suitable 
healthy autologous vascular grafts, there is a crucial clinical need for 
tissue engineered blood vessels (TEBV) and also heart valves100 for 
cardiovascular regeneration: although there have been significant 
advances in these fields using animal models, clinical applications 
are still mainly in the developmental stage.101,102

3.6 | Construction of living tissues for in vivo clinical 
transplantation

The criteria typically required to manufacture tissues for in vivo trans-
plantation are comprehensively discussed above. The bioengineering 
of human skeletal muscle tissues serves to illustrate the scale of the 
challenges: this requires various sources of stem cells, plus the vital 
need for good vascularisation (to supply nutrients and oxygen and re-
move carbon dioxide and waste) and effective innervation (to signal 
muscle contraction).43 While several groups have shown that vascu-
larised small constructs of muscle cells and human endothelial cells, 
transplanted into immunocompromised host mice can successfully 
integrate with the host blood supply (discussed under Part A), these 
important proof of principle studies use only a tiny implant, eg, 6 mm 
diameter and 1 mm thick.52 Clinically, the vascularization of thick tis-
sue constructs and integration with the host vasculature is increas-
ingly difficult for much larger volumes of donor tissue constructs and 
is a bottleneck for tissue engineering and regenerative medicine: this 
is challenging.

Animal models are essential for pre-clinical studies to address 
the key issues of donor cell survival and fate, the immune response 
and revascularization of any tissue or organ construct. Many aspects 
can be studied in animals that cannot be addressed in humans (using 
genetically modified and immunocompromised as well as normal 
host mice, plus rabbits and sheep as larger models). Once proof of 
concept is demonstrated, formal pre-clinical trials are required in 
animals (in most situations), using conditions that mimic as closely 
as possible the equivalent clinical situation. When the technology is 
considered efficacious for human use, there remain major regulatory 
hurdles that need to be overcome associated with clinical trials and 
commercialisation: many regulations aim to ensure patient safety, 
including the risk profile of the technology, the reagents and pro-
cesses in manufacture, possible storage, and transport to the bed-
side.10 Thus the final stages of commercial upscaling of a procedure 
and approvals for clinical applications can be time consuming and 
complex.

CONCLUSIONS

The huge advances for tissue culture studies include the generation 
of hiPSCs and the use of 3D printing with new biomaterials for gen-
eration of bioscaffolds with increasing appreciation of biomechan-
ics. Combined, these present enormous opportunities in vitro for 
studying basic biology, drug testing and high throughput screening, 
and for tissue engineering of tissues, organs and devices: this is an 
exciting field. The major obstacles relate to clinical translation. The 
intent of preserving living donor organs (natural or engineered) for 
successful storage in organ tanks, would greatly assist the logistics 
and success of matching suitable donors with patients desperately 
awaiting such transplants. For clinical purposes acellular scaffolds, 
that provide a new home for host cells, are already being used in 
various situations and are likely to have expanded applications. The 
major clinical obstacles relate to problems with the transfer of liv-
ing cells from tissue culture conditions into the human body; this 
applies to many isolated cells, tissue constructs and artificially en-
gineered organs. Plus vascularisation of implanted tissues/organs 
at the human scale is very challenging. While the rapid and crea-
tive advances in tissue bioengineering hold great promise for the 
future of regenerative medicine, balanced and critical evaluation of 
these new technologies, including robust ethical discussions, is re-
quired for realistic consideration and promotion of potential clinical 
applications.
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