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Plastic surgery, by its very nature, takes care of nearly every part of the human 
body including the skin, muscles, bones, nerves, and blood vessels. As Joseph 
G.  McCarthy, my former Chief at NYU, once said, plastic surgeons are 
problem- solvers. They are called upon by other practitioners to develop cre-
ative solutions to unsolvable problems in nearly every anatomic region. Thus, 
it is not surprising that plastic surgeons have flocked to the burgeoning field 
of regenerative medicine, which promises even more elegant solutions to 
clinical problems found everywhere in the human body. Regenerative medi-
cine proposes using cellular and molecular processes to recreate the exact 
same tissues that plastic surgeons perform long operations to recreate.

It is logical that plastic surgery would be at the forefront of the field of 
regenerative medicine. And this is indeed the case at stem cell conferences 
and tissue engineering symposia, where plastic surgeons often outnumber all 
the other clinical attendees combined. However, up until now, there did not 
exist an authoritative reference documenting all the ways that plastic surgical 
practice and regenerative medicine science overlap or provide a road map for 
the future of both specialties. Drs. Duscher and Shiffman have provided a 
valuable service by gathering in one place the leading voices in these two 
fields in a clear and concise manner.

Reading through this work, one is impressed by both the breadth of plastic 
surgery practice and the enormous potential of regenerative medicine to cure 
a multitude of human diseases. One also sees the potential for regenerative 
medicine to be integrated into clinical plastic surgery. With beautiful clinical 
images and artwork, this book will be a central companion to both practicing 
plastic surgeons who wish to remain abreast of upcoming technological 
advances and regenerative medicine researchers who wish to understand the 
current state of the art of surgical reconstruction. The analogies between the 
two disciplines are clearly laid out, and the possibilities for advances in clini-
cal care leap off the pages.

Ultimately, regenerative medicine may make many operations plastic sur-
geons perform obsolete. This is familiar territory for plastic surgeons who 
always need to look for the next clinical arena for innovation. I am confident 
that clinical plastic surgeons will remain at the forefront and become leaders 
in this emerging field. In your hands is a comprehensive encyclopedia of two 
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rapidly converging fields. Drs. Duscher and Shiffman have done an outstand-
ing job of highlighting the interdependent relationship between plastic 
 surgery and regenerative medicine. Ultimately, this is to the benefit of both 
fields.

Stanford, CA Geoffrey C. Gurtner

Foreword
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A surgical success will impact the patient in question, but a research success 
can impact a global population. This thought came to me at the end of medi-
cal school and still is the main reason for my fascination for science today. 
Driven by my desire to create knowledge and discover new things, I found the 
seemingly endless possibilities of the young field of regenerative medicine 
particularly enchanting.

Through channeling the power of stem cells to repair or replace damaged 
tissues, regenerative therapies are making their way into mainstay clinical 
routine. As both case-based stem cell therapy and global understanding 
evolve, we are entering an era in which we can design treatments for some of 
the world’s most devastating diseases. Innovative therapeutic concepts born 
of the intersection of clinical medicine, engineering, and cell biology have the 
potential to change the way we practice medicine.

The international efforts put into this field have created an unyielding body 
of literature. Staying abreast of the genetic, epigenetic, cellular, stromal, 
hematopoietic, and pathologic research emerging each year is critical. A 
comprehensive, up-to-date reconnaissance of these parameters in the field of 
regenerative medicine is therefore a valuable tool. The expertise required to 
generate such a text far exceeded that of its editors, and the roots of this book 
are nourished in the soul of collaboration. I am indebted to the scores of 
renowned specialists who have contributed their expertise and ingenuity to 
this work. This book is intended for surgeons and scientists, for biologists and 
engineers, for students of medicine, biomedical engineering, cell biology, 
and biotechnology, and simply for everyone who is interested in the extraor-
dinary potential that regenerative medicine has to offer. The first edition of 
this book represents an attempt to organize the current knowledge in the field. 
However, knowledge is of no value unless you put it into practice. Thus, we 
all need to strive for the clinical translation of the principles presented here to 
make the dream of tissue and organ regeneration a reality.

You can have results or excuses. Not both.
—Arnold Schwarzenegger

Munich, Germany Dominik Duscher 
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Induction of the Fetal Scarless 
Phenotype in Adult Wounds: 
Impossible?

Michael S. Hu, Mimi R. Borrelli, 
Michael T. Longaker, and H. Peter Lorenz

1.1  Introduction

Wound healing is essential to restore the barrier 
and protective functions of the skin. After hemo-
stasis and formation of a clot, mammalian epider-
mal healing occurs via three predictable and 
overlapping phases: inflammation; proliferation 
and fibroplasia with production of granulation tis-
sue; and maturation. In adult wounds, excess 
accumulation of extracellular matrix (ECM) 
results in a scar, which is defined as a macroscopic 
fibrous disturbance in the normal tissue architec-
ture. The healing process is efficient and quickly 
reestablishes epithelial integrity; however, the 
newly formed skin is incompletely regenerated. 
Dermal appendages, such as hair follicles, seba-
ceous glands, and sweat glands, are missing. The 
epidermis is flattened, and epidermal rete ridges 
are absent. Newly synthesized collagen is 
arranged into dense and unorganized matrices [1], 
resulting in a fibrotic scar of reduced tensile 
strength [2, 3]. Scars can restrict growth, impair 
mobility across joints, and be cosmetically disfig-
uring with consequent detrimental psychological 
and social impact. Adult wounds of humans can 
also develop into pathological keloidor hypertro-
phic scars when healing involves the deposition of 
excess collagen. Wounds that occur early to mid-
gestation in human fetuses, however, are able to 
heal without the formation of a scar [4]. The abil-
ity of embryonic epidermis to heal without scar-
ring is a feature observed across numerous 
mammalian species, as well as ex  vivo in fetal 
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skin [4–7]. Unlike adult wounds, fetal wounds 
rapidly heal and completely regenerate the dermis 
and epidermis, including the dermal appendages. 
Collagen is synthesized into matrices identical to 
those found in uninjured tissue [1]. Scarless cuta-
neous wound healing is a feature intrinsic to the 
fetal epidermal tissue, rather than the conditions 
in the intrauterine environment [8]. It is depen-
dent upon gestational age, tissue size, and site. 
The transition from the fetal to adult epidermal 
healing phenotype occurs around 24  weeks of 
gestation in human embryos [9], and around 

embryonic day 18.5 (E19) in mice [10] and 17.5 
(E18) in rats [10, 11]. Larger wounds undergo this 
phenotypic transition at an earlier gestational age 
[9]. Wounds in the oral mucosal heal at an accel-
erated rate, and rarely produce scars, including 
keloid and hypertrophic scars [12], even in mam-
malian adults (Fig. 1.1) [13–17].

The possibility of scarless wound healing gives 
rise to tremendous clinical potential. In-depth 
understanding of the principles and mechanisms 
underlying tissue regeneration in fetal epidermis 
is essential to be able to use this knowledge to 

Uninjured skin

fibroblast

collagen

Cutaneous wound

mast cell

fibrin
clot

Adult scarring
wound healing

Fetal scarless
wound healing

platelet monocyte

red blood
cell

dermis

epidermis

neutrophil

Fig. 1.1 The different healing phenotypes of adult and fetal skin. Adult cutaneous wounds heal via repair and scarring. 
Fetal cutaneous wounds heal with scarless skin regeneration
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promote scar-free healing in adult wounds. 
Although the exact cellular and molecular mecha-
nisms of scarless healing are yet to be elucidated, 
there are clear differences in the inflammatory 
response, cellular medications, genes expressed, 
and function of stem cells. Current developments 
in tissue regeneration applications, such as cell-
based therapies, are making progress towards 
reducing scarring in adult wounds. This chapter 
outlines the current understanding of the biologi-
cal and biomechanical processes underlying fetal 
scarless healing, how this differs from responses 
in adult wound healing via scarring, and how this 
knowledge has been applied to promote scarless 
healing in adult wounds (Table 1.1) (Fig. 1.2).

1.2  Inflammatory Response

1.2.1  Inflammatory Cells

The inflammatory component sets in within 
minutes of cutaneous tissue damage, and is 
much reduced in fetal, compared to adult, 
wounds. Aggregation and degranulation of 
platelets at the site of epidermal tissue damage 
are responsible both for the initial hemostasis 
and for attracting neutrophils, the first migrat-
ing inflammatory cells, to the lesion site [18]. 
Fetal platelets aggregate less when exposed to 
collagen than adult platelets [19], and produce 
less inflammatory signaling molecules upon 
degranulation, including less transforming 
growth factor β1 (TGFβ1), platelet-derived 
growth factor (PDGF) [20], tumor necrosis 
factor-α (TNF-α), and interleukin- 1 (IL-1). 
Fewer chemoattractant molecules attract less 
circulating inflammatory cells. Low levels of 
TNF-α and IL-1 also lead to diminished upreg-
ulation of neutrophil adhesion molecules on the 
surface of fetal neutrophils [21], limiting neu-
trophil–endothelial cell interactions, and the 
consequent migration of neutrophils during 
fetal wound healing [22, 23].

Monocytes are the second type of inflamma-
tory cells that migrate from blood vessels and 
differentiate into macrophages at the site of 
cutaneous tissue damage. They transform into 
macrophages around 48–96 h after injury onset 
[23]. Macrophages contribute to both the 
inflammatory and proliferative phases of 
wound healing. Macrophages secrete further 
interleukins and TNF which stimulate fibro-
blasts to make collagen, mediate angiogenesis, 
and produce nitric oxide [24]. The degree of 
macrophages remaining at wound sites directly 
correlates with the degree of scar formed [25]. 
In murine fetal and embryonic skin wounds, 
macrophages are almost absent prior to gesta-
tional day 14 (E14), except when the tissue 
damage is in excess [26]. TGFβ1 is a growth 
factor partly responsible for transitioning cir-
culating monocytes into activated macro-
phages. Low TGFβ1 levels in fetal wounds 
likely contribute to recruitment of fewer mac-
rophages [27].

Table 1.1 Table of differences in fetal and adult wound 
healing

Feature Fetal wounds Adult wounds
Inflammatory cells
  Neutrophils Low High
  Macrophages Low High
  Mast cells Low High
Inflammatory signaling 
molecules
  Pro-inflammatory: 

IL-6, IL-8
Low High

  Anti-inflammatory: 
IL-10

High Low

  VEGF Variable High
Extracellular matrix
  ECM rate of synthesis High Low
  Collagen
   Type III:I ratio High Low
   Synthesis rate High Low
   Histological pattern 

of fibers
Fine, 
reticular, 
large

Dense, 
parallel, 
small

   Cross-linking Low High
  Glycosaminoglycans
   HA expression High Low
   HA receptors High Low
   HASA High Low
   Chondroitin sulfate High Low
  Proteoglycans
   Fibromodulin Increased Decreased
   Decorin Decreased Increased
  Myofibroblasts Absent Present
  Adhesion proteins Rapid 

increase
Diminished 
increase

  MMP:TIMP ratio High Low

HA hyaluronic acid, HASA hyaluronic acid synthase, 
MMP matrix metalloproteinase, TIMP tissue inhibitors of 
metalloproteinase

1 Induction of the Fetal Scarless Phenotype in Adult Wounds: Impossible?
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1. Hemostasis

2. Early inflammation (<24 h)

3. Proliferation and fibroplasia

3. Maturation

Healed wound with scarring

macrophage

2. Late inflammation (>48 h)

fibroblast

collagen
mast cell

fibrin clot

platelet monocyte

red blood cell

dermis

epidermis

neutrophil

Fig. 1.2 The different phases of wound healing. Stage 1 is 
hemostasis where tissue injury initiates a coagulation cas-
cade to stop bleeding. Stage 2 is the inflammatory phase. 
Early in inflammation neutrophils are increased at the 
wound site. Late in inflammation macrophages are recruited 

which stimulate angiogenesis and re-epithelialization. 
Stage 3 is the proliferative phase where granulation tissue is 
formed and a network of collagen, fibronectin, and hyal-
uronic acid. Collagen is further deposited as the wound site 
matures and cross-links, resulting in scar tissue

M. S. Hu et al.
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Mast cells are another inflammatory cell 
which are predominantly resident cells found in 
the vicinity of connective tissue of vessels, skin, 
and mucosa [28], but which migrate to wound 
site within 24  h. Mast cells can degranulate to 
release cytokines (IL-6 and IL-8), vascular endo-
thelial growth factor (VEGF), and histamine, 
which can initiate a substantial inflammatory 
reaction. Serine proteases, such as chymase and 
tryptase, are released early in inflammation, 
which break down the ECM and prepare the site 
for subsequent repair. Tryptase also has an impor-
tant role in the synthesis and deposition of colla-
gen [29, 30]. Mast cells are not required for 
wound healing, however, and cutaneous wounds 
in mice are able to heal whether mast cells are 
present or not [31]. Compared to adult skin 
wounds, fewer mast cells are found in fetal 
wounds, and those mast cells present are less able 
to degranulate and release less histamine, TGFβ, 
and VEGF upon degranulation. This contributes 
to the decreased chemotaxis and extravasation of 
neutrophils [32].

1.2.2  Inflammatory Molecules

The balance of inflammatory signaling mole-
cules is in favor of anti-inflammation in fetal 
wounds, but pro-inflammation in adult wounds. 
TGFβ is a growth factor influencing all phases of 
healing including inflammation, angiogenesis, 
fibroblast proliferation, collagen synthesis, 
deposition, and remodeling of the ECM [33, 34]. 
There are three isoforms of TGFβ in humans: 
TGFβ1, TGFβ2, and TGFβ3 [35]. TGFβ1 and 
TGFβ2 levels are decreased [36], and TGFβ3 
levels are increased, in fetal compared to adult 
wounds, conducive to less scar formation [37–
40]. TGFβ1 promotes protein deposition and 
collagen gene expression, and inhibits the degra-
dation of the ECM by increasing the expression 
of TIMPs which inhibit the matrix metallopro-
teinases (MMPs). TGFβ1 attracts fibroblasts and 
macrophages to the wound site and enhances 
angiogenesis [41]. Fetal wounds treated with 
TGFβ1 scar [42], and adult wounds treated with 

anti-TGFβ1 or anti-TGFβ-2 antibodies, heal 
without scarring [43]. TGFβ1 autoregulates its 
own production via autocrine signaling, which 
can lead to TGFβ1 overproduction and scar for-
mation [43]. It also prevents its degradation by 
releasing tissue inhibitors of metalloproteinases 
(TIMPs) and downregulating proteases. In fetal 
wounds this positive feedback loop is dimin-
ished [44]. TGFβ3 is a potent anti- scarring cyto-
kine, and maintains cells in a relatively 
undifferentiated state. Levels of TGFβ3 peak in 
the fetal period of scarless wound healing [37, 
38]. Expression of TGFβ3 is correlated with 
hypoxic inducible factor I (HIF1), which is 
released in hypoxic environments characteristic 
of the environment of the developing fetal epi-
dermis [43, 45]. Addition of TGFβ3 to adult 
wounds decreases scar formation [45].

The pro-inflammatory interleukins, IL-6 and 
IL-8, are highly expressed in adult cutaneous 
wounds, and minimally expressed in fetal wounds 
[23, 46]. IL-10 is an anti-inflammatory interleu-
kin which inhibits expression of IL1, IL6, IL8, 
TNF-α, and inflammatory cell migration, and 
permits normal deposition of collagen and recon-
struction of a normal dermal architecture [47]. 
IL-10 is overexpressed in fetal wounds [47], and 
IL-10 knockout mice fetuses scar when they 
would otherwise not [48].

VEGF is an oxygen-dependent factor released 
in response to high HIF1 levels characteristic of 
the hypoxic fetal epidermis [43]. The role of 
VEGF in fetal scarless healing is not fully under-
stood and its effects are likely multifactorial. 
VEGF both stimulates angiogenesis and has pro- 
inflammatory action, involved in attracting 
inflammatory cells to the wound site. VEGF 
expression has been observed greater in E16, the 
scar-free period, compared to the scarring E18 
period in mice, but this did not translate to any 
histologic differences in neovascularization [49]. 
High VEGF levels, on the other hand, are associ-
ated with the development of keloid and hyper-
trophic scars in humans [50–54]. Neutralization 
of VEGF with antibodies reduced scar width 
[55]. It is likely that VEGF can both up- and 
downregulate scarring.

1 Induction of the Fetal Scarless Phenotype in Adult Wounds: Impossible?
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1.3  Extracellular Matrix (Fig. 1.3)

The ECM is rich in proteins including fibrous 
adhesion proteins, glycosaminoglycans (GAGs), 
proteoglycans, as well as resident fibroblasts 
responsible for synthesizing these components. 
The composition and architecture of the ECM 
differ in adult and fetal wounds, and its biological 
and biophysical properties have substantial influ-
ences on cell proliferation, differentiation, and 
adhesion, which likely impact wound healing.

1.3.1  Glycosaminoglycans

GAGs may play a role in scarless wound healing 
[56]. Compared to the adult wound, the fetal 
wound environment is rich in hyaluronic acid 
(HA), one of the main GAGs, responsible for 
accelerated cell proliferation, motility, and mor-
phogenesis [56]. HA has a negative charge which 
attracts water molecules preventing the healing 
skin from becoming deformed and helping cellu-
lar migration [57]. The production of HA is accel-
erated and sustained in fetal compared to adult 
wounds [58, 59]. Fetal fibroblasts express more 

HA receptors [60, 61]. HA synthase is differen-
tially regulated in fetal and adult fibroblasts via 
inflammatory cytokines; there are fewer pro- 
inflammatory cytokines, including IL-1 and TNF, 
which serve to downregulate HA expression [62]. 
Beyond the late fetal period, the HA content of 
ECM declines [6]. Chondroitin sulfate is another 
GAG which is also significantly produced in scar-
less fetal, but not fibrotic adult wounds [63, 64].

1.3.2  Adhesion Molecules

ECM adhesion molecules, including fibronectin 
and tenascin, are produced in greater abundance at 
earlier time points in fetal compared to adult 
wounds [63, 65, 66]. These molecules help orga-
nize the ECM, minimize scarring, and attract and 
bind fibroblasts and endothelial cells to the wound. 
Fibronectin helps anchor cells to the wound site 
and tenascin facilitates the movement of cells. 
Keratinocytes lining the wound edge bind ECM 
proteins, including fibronectin, tenascin collagen, 
and laminin, through integrin receptors. The fetal 
keratinocytes rapidly increase their expression of 
integrin receptors during healing, more so than the 

hyaluronic acidcollagen (type III) hyaluronic acidcollagen (type I)

fibroblast
myofibroblast fibroblast

Fig. 1.3 The different phenotypes of the extracellular 
matrix (ECM) in adult and fetal cutaneous wounds. (Left) 
In the fetal wound there is an abundance of hyaluronic 
acid and fibroblasts which synthesize predominantly type 
III collagen. The collagen is arranged in a fine reticular 
pattern, with minimal cross-linking, in a pattern indistin-
guishable from uninjured skin. (Right) In the adult wound, 

there are fewer fibroblasts, and less hyaluronic acid. Type 
I collagen predominates, which is dense and extensively 
cross-linked. Some fibroblasts differentiate into myofibro-
blasts which contract to change the orientation of the 
newly synthesized collagen, and close the cutaneous 
wound, resulting in scarring

M. S. Hu et al.
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analogous keratinocytes in adult wounds [67]. The 
αvβ6 integrin receptor co- localizes with both 
TGFβ1 and TGFβ3 during wound healing and is 
thought to activate both growth factors. Prolonged 
TGFβ3 and αvβ6 integrin expression may protect 
from scar formation [39].

1.3.3  Proteoglycans

Proteoglycan matrix modulators are important in 
the production, organization, and degradation of 
collagen. Small leucine-rich proteoglycans 
(SLRPs) are polyanionic macromolecules of the 
ECM found covalently bound to linear sulfated 
GAG chains. SLRPs interact with collagen mol-
ecules to modulate fibrillogenesis and collagen 
turnover. SLRPs show different expressions in 
fetal and adult wound healing phenotypes. 
Decorin is upregulated during the transition to 
scar formation [68]. Chondroitin sulfate is pres-
ent in scarless wounds but absent in wounds that 
scar. Fibromodulin, a SLRP that binds and inacti-
vates TGFβ, is induced in wounds that are scar 
free, but is decreased in adult wounds which lead 
to scar formation [27].

1.3.4  Collagen

Collagen is a central component of the ECM. In 
adult skin type I collagen predominates, whereas 
type III collagen is the most abundant collagen 
isoform in fetal skin. Increasing amounts of col-
lagen type I are made as gestational age increases, 
and this transition from the predominance of type 
I to type III correlates with the transition from 
scarring to scarless healing [61, 69, 70]. 
Consistent with these findings, the synthesis of 
procollagen 1α1 is increased, and procollagen 3 
expression decreased, as gestational age pro-
gresses [71]. HA, abundant in fetal wounds, 
upregulates type III collagen deposition by fibro-
blasts [56, 61]. The type III collagen in fetal 
wounds is fine, synthesized into a reticular net-
work that is undistinguishable from that found in 
uninjured skin [61]. The newly formed type I col-
lagen in adult wounds and fetal wounds late in 

gestation, however, is laid down parallel to skin, 
in dense bundles, with more extensive cross- 
linking. This gives rise to a rigid and fibrotic 
ECM characteristic of scarring, and may impair 
cell migration and regeneration [1, 72]. Lysyl 
oxidase is expressed more in adult wounds, and is 
the enzyme important to enable cross-linking of 
collagen fibers [68].

1.3.5  Matrix Metalloproteinases

MMPs are responsible for remodeling the ECM 
during wound healing. They work antagonisti-
cally to the TIMPs. In scarless fetal wounds the 
ratio of MMP:TIMP is higher than in adult 
wounds, which favors an environment of matrix 
remodeling, as opposed to accumulation of col-
lagen [73].

1.4  Mechanotransduction

Micromechanical forces present during wound 
healing modulate fibroblast activity, production, 
aggregation, and orientation collagen [74]. 
Tension predisposes to the formation of scars, 
and reducing wound tension produces less scar-
ring [75]. Excessively taut collagen bundles are 
thought to contribute to the development of 
hypertrophic scars [76, 77]. Mechanical stress 
stimulates expression of TGFβ1,which causes 
fibroblasts to differentiate into myofibroblasts in 
the proliferative phases of wound healing [78]. 
Myofibroblasts are contractile and responsible 
for wound closure in adults; their activity is cor-
related with contraction and degree of scarring 
[79]. Myofibroblast contraction causes the ECM 
to undergo conformational change and leads to 
scar formation by aligning the collagen fiber 
architecture [80]. Histologically, collagen fibers 
align along the vector of myofibroblast contrac-
tion [81, 82]. Fetal fibroblasts, even in the pres-
ence of prostaglandin E2, are less contractile than 
adult fibroblasts, and myofibroblasts are almost 
absent in fetal wounds. Fetal fibroblasts do dif-
ferentiate into myofibroblasts in response to 
TGFβ1, but this response happens more readily 
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in postnatal cells [83]. Fetal wounds are thought 
to instead close via contraction of actin casts in a 
purse-string fashion [84–86]. Since tension itself 
increases fibroblast differentiation and myofibro-
blast activity, fetal wounds are thought to experi-
ence less tension than adult wounds. The laxity of 
fetal skin may relate to the organization and type 
of collagen fibers. The organization of collagen 
fibers creates vectors of mechanical tension of 
the skin which are thought to correlate with 
Langer’s lines [87–89]. The focal adhesion kinase 
(FAK) pathway has been identified as the path-
way linking mechanotransduction with fibrosis. 
Disruption of this pathway, using inhibitory com-
ponents or knockout models in mice, can attenu-
ate formation of scars [90]. This pathway is 
linked to human fibrotic disorders [91].

1.5  Extracellular Matrix Cells

Fibroblasts are the cells that play an integral role 
in wound healing and remodeling of the 
ECM. They are the principal cells responsible for 
synthesizing collagen. Fetal and adult fibroblasts 
exhibit numerous differences. Fetal fibroblasts 
are able to simultaneously proliferate and synthe-
size ECM, whereas adult fibroblasts must prolif-
erate before collagen can be synthesized [92]. 
Fetal fibroblasts show enhanced migratory capa-
bilities [45] and proliferate faster [93]. Low oxy-
gen conditions stimulate the proliferation of 
fibroblasts [94], and the hypoxic environment 
may facilitate fetal fibroblast function. Fetal 
fibroblasts produce more total collagen and 
higher proportions of type III and IV collagen 
than adult fibroblasts. Consistent with this, higher 
amounts of prolyl hydroxylase, the rate-limiting 
enzyme in collagen synthesis, are found at earlier 
points in gestation in fetal wounds [35]. The dis-
coid domain receptors (DDRs) are tyrosine 
kinase receptors, with an extracellular “discoi-
din” domain, found on the surface of fibroblasts 
which bind collagen fibers. The DDRs regulate 
cell proliferation, differentiation, and wound 
healing. DDR-1 receptors can lead to production 
of collagen akin to regeneration as opposed to 

scar formation. DDR-1 is activated by collagen 
types I, IV, and V, but DDR-2 is mainly activated 
by collagen type I. Prolonged activation of DDR- 
2 has been associated with increased MMP activ-
ity [95]. Fetal fibroblasts have DDR-1 early in 
gestation, but as gestational age increases DDR-2 
expression is steadily increased [96]. HA recep-
tors are also more plentiful in fetal, compared to 
adult, fibroblasts [60], which facilitate fibroblast 
migration in wounds and thereby accelerate heal-
ing time. TGFβ1 inhibits HA synthesis and 
thereby mitigates fibroblast migration [97].

Recently, advances in lineage tracing have 
given rise to a better understanding of fibroblast 
heterogeneity. Distinct fibroblast lineages have 
been shown to give rise to the upper dermis and 
lower dermis. In wounded skin of adult mice, 
dermal repair is mediated by lower dermal fibro-
blasts. Fibroblasts of the upper dermis are only 
recruited during re-epithelialization [98]. 
Another study showed that a subpopulation of 
dermal fibroblasts, derived from engrailed-1 
(En1)-expressing progenitors, are responsible 
for depositing connective tissue late in embry-
onic development and during cutaneous wound 
healing [99]. Flow cytometry revealed that 
dipeptidyl peptidase-4 (DDP4) was a surface 
marker for this lineage. Disrupting DPP4 enzy-
matic activity with diprotin A reduced scarring. 
Additionally, a set of perivascular cells, found in 
muscle and dermis, have been identified that are 
activated in acute injury, via expression of a dis-
integrin and metalloproteinase 12 (ADAM12). 
When these cells were disrupted with ablation or 
knockout techniques, scarring and fibrosis were 
decreased [100].

1.6  Tissue Engineering 
and Regenerative Medicine

A greater understanding of the molecular mecha-
nisms underlying scarless regeneration of fetal 
wounds has led to a number of potential thera-
peutic applications to improve scarring in adult 
wounds, ranging from stem cells and molecules 
to scaffolds and devices to reduce tension.
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1.6.1  Stem Cells

Cell-based therapies have typically involved the 
transplantation of stem cells, such as epidermal 
stem cells or mesenchymal stromal cells (MSCs), 
into a wound bed in the hope that the cells pro-
mote regeneration [101]. Xenografted human 
bone marrow-derived mesenchymal stromal cells 
(BM-MSCs) are able to survive long term within 
fetal sheep wounds and can develop into multiple 
cell lineages including chondrocytes, epithelial 
cells, skeletal muscle, and cardiac muscle [102]. 
Implanted amniotic fluid stem cells in lamb fetal 
wounds were able to hone the wounds and dif-
ferentiate to form cells that were indistinguish-
able from the surrounding chondrocytes [103]. 
Stem cells typically have poor survival in the 
hypoxic cytokine-rich environment of adult cuta-
neous wounds. Stem cells taken from bone mar-
row, umbilical cord blood, adipose tissue, and 
hair follicles have all been used to improve heal-
ing of human adult skin wounds. Stem cell-based 
therapies are in the preclinical stages [104, 105].

1.6.2  Molecules

Another tissue engineering technique has been to 
topically apply specific growth factors and cyto-
kines, or molecular antagonists, to help create an 
environment akin to the scarless healing of fetal 
wounds. Fibrillosis has been successfully blocked 
in an in vitro model using antibodies to collagen 
telopeptides (anti-alpha2Ct) [106], receptors 
which interact with triple helices of neighboring 
collagen molecules to form cross-links. 
HA-treated cutaneous wounds in mice in  vivo 
resulted in a more organized connective tissue 
matrix on histological examination, characteris-
tic of the scarless healing pattern, compared to 
wounds not treated with HA [107].

A large focus has been on attempting to recre-
ate the fetal ratio of TGFβ isoforms thought opti-
mal for scarless wound healing, with increased 
TGFβ3 and decreased TGFβ1 and TGFβ2 [108]. 
Natural products have been investigated to 
manipulate TGFβ. Chen et al. [109] used astraga-
loside IV, which antagonizes TGFβ1 and regu-

lates the collagen type I/III ratio in mice, and 
found that it reduced scarring. Other natural 
products including crocodile oil [110] and cur-
cumin [111] suppress TGFβ1 and reduce scarring 
in an in vivo model. Bioactive protein enzymes 
and growth factors have also been used. Choi 
et  al. [112] used an antisense RNA to decrease 
the expression of TGFβ1  in dermal wounds of 
mice and found that this resulted in the formation 
of less fibrotic scar tissue. Antibodies which neu-
tralize TGFβ1 and TGFβ2, alone or simultane-
ously, improve scarring in adult rodent wounds 
[113–115]. Mannose-6-phosphate (marketed as 
Juvidex® by Renovo) competitively inhibits acti-
vation of TGFβ1 and TGFβ2 and has been 
reported to improve healing in knockout mice 
[17]. Addition of TGFβ3 to adult rodent wounds 
can decrease scarring [114]. Attempts have been 
made to create synthetic inhibitors of TGFβ1, 
including celecoxib, chitosan, and TGFβ1 anti-
bodies. Currently, however, there are no approved 
synthetic TGFβ1 antagonists or other licensed 
therapeutics effective in ameliorating scarring 
that have withstood testing clinical trials beyond 
phase I or II [116]. The danger of pharmaceuti-
cally manipulating cytokines and growth factors 
involved in scar formation pertains to their 
involvement in numerous additional non-fibrosis- 
related biological functions. The physical proper-
ties of skin change with aging, specifically the 
stress of skin decreases with increasing age, 
occurring more in women than in men [117]. 
Aschroft et  al. [118] observed that the skin of 
elderly human females is of reduced quality and 
has enhanced healing in terms of scarring. 
Histologically, these age-related differences were 
associated with reduced levels of TGFβ1  in the 
skin of elder women and hormone replacement 
therapy reversed the macroscopic and micro-
scopic changes. The selective estrogen receptor 
modulator (SERM) tamoxifen is thought to have 
antagonistic action in the skin [119], and has 
been shown to inhibit the proliferation and con-
traction of fibroblasts [120]. Systemically manip-
ulating estrogen levels, however, is unfeasible for 
obvious and undesirable fertility consequences, 
but there is potential for developing SERMs that 
have tropism for the dermis and epidermis.
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Using a gel which blocks connexin 43 (Cx43), 
a gap junction channel mediating the cell signal-
ing involved in inflammation, reduces inflamma-
tion and blocks the activation of leukocytes and 
subsequent scarring [121]. Interestingly, in the 
mouse buccal mucosa, an area which experiences 
privileged wound healing, Cx43s are rapidly 
downregulated within 6  h from mucosal injury 
and this downregulation is thought to contribute 
to rapid regenerative healing [122].

1.6.3  Scaffolds

Scaffolds are three-dimensional structures that 
can be implanted into a wound, and can be 
designed to act like the supportive extracellu-
lar environment, integral to scarless wound 
healing. The scaffolds can be made out of nat-
urally occurring substances, including colla-
gen, HA, fibrin, and chitosan. New bioprinting 
and electrospinning techniques have opened 
up the opportunity of creating degradable syn-
thetic polymer scaffolds with physical proper-
ties that can be precisely manipulated [123]. 
Scaffolds can be impregnated with growth fac-
tors, cytokines, and stem cells to promote 
scarless healing [124].

1.6.4  Reducing Tension

Wounds under greater tension scar more. 
Strategies to manipulate biomechanical signaling 
have the potential to reduce tension on fibro-
blasts, decreasing their production of collagen 
and differentiation into myofibroblasts, and thus 
reduce scarring. Botulinum toxin A, an injectable 
neurotoxin that paralyzes muscles and may 
reduce the mechanical tension on fibroblasts, was 
able to improve cosmesis of facial wounds [125], 
but made no difference to the development of 
keloid scars [126]. Materials have been applied 
topically to relieve tension on healing wounds. 
Paper tapes applied across scars reduced scarring 
in a randomized controlled trial [127] and a large 
blinded study [128]. Silicone sheets may confer a 
more scarless fetal repair phenotype [129, 130] 

and were thought to able to prevent keloid and 
hypertrophic scars [131, 132], but a recent 
Cochrane review concluded that the evidence on 
silicone sheets is of poor quality [133]. The 
Embrace device is a dressing made of silicone 
sheet-based polymer, designed to apply compres-
sive forces to incisional wounds and off-load 
mechanical tension. Two randomized controlled 
clinical trials have shown that the Embrace device 
is able to significantly reduce the formation of 
scars [134, 135].

1.7  Conclusions

Significant advances have been made towards 
characterizing the differences in scarless fetal 
and scarring adult wound healing phenotypes. 
Scarless fetal wounds heal with relatively little 
inflammation. There are fewer inflammatory 
cells and less pro-inflammatory cytokines and 
growth factors released. The ECM in fetal 
wounds is optimized to promote cell adhesion, 
proliferation, and differentiation. Despite the 
increased understanding, the exact mechanisms 
underlying scarless wound healing remain to be 
elucidated fully. There are a number of therapeu-
tic options but treatment of scarless healing is 
still in the preclinical phases. A greater under-
standing of the precise molecular processes 
responsible for scar formation may improve 
future clinical treatment of scars. Continued 
research promises the induction of the fetal scar-
less phenotype in adult wounds.
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Scar Treatment and Prevention: 
Know Thine Enemy
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2.1  Introduction

Adult mammalian skin damage is healed with a 
scar. Understanding our desired end point 
(healthy, unscarred skin) and the model we wish 
to mimic (fetal wound healing) is allowing better 
identification of the pitfalls of current treatments 
(Fig.  2.1). Decades of research have shown 
attempts at recreating fetal wound healing in vivo 
and in vitro. This chapter aims to outline scarless 
healing, examine new research, and outline the 
current options for scar treatment.

In the short term, scar tissue helps wound con-
traction, and will bring wound boundaries closer 
together. However, the long-term effects of scar-
ring are significantly less advantageous. Cosmesis 
and function are two aspects affected greatly by 
scarring [1]. Injury-related and postoperative scars 
have an effect which is felt economically. In the 
USA alone, 2010 saw an estimated 38 million 

patients coming for post-op wound care, funding a 
market which was set to reach $15.3  bn by the 
same year [2]. The sharp need for functional 
wound healing therapy has put regenerative medi-
cine into the light. Here, the fetal model is ideal-
ized among researchers. The mammalian fetus 
retains the ability to heal not by reparation, but by 
regeneration. Biomimetics of fetal wound healing 
is a complex and multifaceted area, meaning an 
equally complex series of experimental and 
research avenues.

The desire to create “scarless wounds” has 
complicated the required end product, not strati-
fied fibroblasts and keratinocytes, but a complex, 
multifunctional layer. The overall dermis was 
described in a recent study using various princi-
ples of light scattering, to analyze the difference 
in the skin modalities [3].
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2.2  Wound Creation and Healing

The model of adult wound healing is one that has 
been well elucidated. The “adult” wound healing 
pertains to humans at the third trimester of devel-
opment onwards, when inflammatory pathways 
and scarring become activated (thought to be the 
function of mast cell activation) [4–6]. What is of 
interest is the tissue that is created after the 
wound has closed and healed. This skin is not 
normal, native tissue, but fibrotic scar. Chiefly 
comprised of type 1 collagen, scarred dermis and 
overlying epidermis will not retain the strength or 
resilience of its healthy surrounding tissue [7]. 
Adding to the impaired dermal regeneration is 
the hindrance of cell migration into the wound, 
caused by the diminished upregulation of cell 
adhesion molecules throughout the matrix [8].

Abnormal scar development extends across 
two main phenotypes, keloid and hypertrophic. 
Hypertrophic scars will generally develop on 
high-tension anatomy, neck, shoulders, and knees 
for instance. Keloids are found to develop fre-
quently on ears, cheeks, and upper arms, skin of 
low tension. Keloid scars also have the capacity 
to sprawl beyond the borders of the original 
injury, consuming healthy nearby skin [9]. The 
suboptimal adult dermal repair system is best 
seen in contrast with an ideal model. The short-
comings of adult wound healing are clear when 
observing fetal wound healing.

Since the 1970s, we have known that the 
mammalian fetus, in the first two trimesters of 
development, will heal its dermis without scar-
ring [10]. There are several factors that distin-
guish fetal wound healing from adult wound 
healing: some obvious, some not so. First, we 
observe the sterile, thermostable, constant envi-
ronment afforded to the fetus while in utero. The 
fetus is hypoxic, relative to the mother, having 
an arterial PO2 of 20 mmHg [11]. While com-
pletely aseptic, the fetus does not have to deal 
with the rigors of bacterial, viral, or fungal 
infection as adult wounds do. This environment 
is a vital necessity, as the fetus will not have a 
developed immune system, or a functional ana-
logue of adaptive immunity. Physical trauma 
faced by the fetus can vary. It is generally in the 
format of acute pressure, motor vehicle acci-

dents, falls, and domestic violence, causing 
increased uterine pressure and possible abrup-
tion of the placenta [12].

Upon wounding, the fetal dermis produces a 
high level of matrix metalloproteases (MMPs) to 
clear away the damaged tissue, and to help make 
way for the regeneration of native, healthy skin. 
Fetal wounds also have increased GAGs, like 
chondroitin sulfate, and hyaluronic acid [13]. 
Fetal fibroblastic movement into the wound is 
much more rapid than in adults, owed to the fact 
that there is a high expression of cell adhesion 
molecules. The fibroblasts proceed to lay down a 
brand new procollagen matrix, which is highly 
ordered and non-excessive [14]. In scarring, there 
is a higher amount of collagen type 3 relative to 
type 1, resulting in thinner, frail fibers [15]. The 
role of TGF-β was explored in the mid-1990s. A 
highly expressed molecule in adult wounds, sim-
ple immunohistochemistry tests revealed no pos-
itive staining for TGF-β in fetal wounds. It was 
postulated to be bound by decorin [16]. The func-
tion of TGF-β in scarring was then characterized 
by an interventional study, where TGF-β1 was 
injected into fetal dermis and scar formation was 
observed [17]. Transplanted fetal skin was grafted 
to an adult wound, and was shown to heal without 
scarring. This showed that even out of context, 
fetal tissue will still heal by scarless regeneration 
[18]. Alongside neutrophil inactivation is a down-
regulation of mast cell production and degranula-
tion in fetal skin. In turn, this means that vicious 
cytokine cascades, pro-inflammatory pathways, 
and damaging enzyme production will not occur. 
Fetal platelets do not aggregate or degranulate as 
much as adult platelets do [19]. Activity of imma-
ture B-cells is simulated in the fetus by the 
 passage of maternal antibodies through the pla-
centa, IgG, IgM, and IgA [20].

2.3  In the Laboratory

The inundation of the wound closure market with 
new products highlights the massive need for an 
ideal wound cover, and the absence of just such a 
therapy. Epidermal substitutes range among 
Epicel, Epidex, MySkin, and ReCell. Dermal 
substitutes are Alloderm, Dermagraft, Matriderm, 
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and Integra. Dermoepidermal composite grafts 
include Orcel and Apligraf. Research has focused 
on the wound/graft interaction [21]. Evaluation 
of Integra has shown that it requires 3–4 weeks 
for sufficient vascularization to infiltrate the graft 
[22]. With this knowledge, Haifei et al. [23] have 
shown that paradoxically, a thinner graft of 
0.5  mm will produce a more normal dermis in 
contrast to a thicker graft of 2 mm. We have also 
learned that a graft will not take if the grafted sur-
face is not losing fluid via transudation/exuda-
tion, a situation seen in dry bone and tendon [24]. 
Pros and cons of each graft type dominate the 
literature on scar revision therapy and wound 
management. While a rapid fibrin clot is provided 
by fibrin sealant TISSEEL, it does not facilitate 
good neodermis formation. Dermalogen gives 
dermis strong elastin fibers, but has a propensity 
for squamous hyperplasia [25]. Meanwhile, 
in  vitro and in  vivo testing has become more 
elaborate, and we are embracing biomimetics of 
wounding and healing. The desired “single-step 
reconstruction” of full-thickness skin has been 
identified as a better alternative for closing full- 
thickness wounds, than the current standard of 
deep excision and split-thickness skin grafting. 
Replacement of nourished, healthy subcutaneous 
tissue can now be likened to the foundations of a 
building. Use of autologous fat in deep wound 
beds as a base for Matriderm sheets was 
described, and suggested an extremely viable 
way of ensuring graft adhesion by use of the 
patient’s own preadipocytes [26].

Biomimetic wounds are becoming quick, 
cheap, and reproducible, by the concept of 
wounding the culture. Creating tissue trauma 
in  vitro is becoming more advanced, recently 
seen with the addition of whole human blood to 
de-epidermized dermis. This was to allow throm-
bocyte lysates to exert their effect on keratinocyte 
migration. There was a near-normal dermal pat-
tern observed under the blood scab [27]. The 
undulating nature of the DEJ, as described previ-
ously, has been identified as an issue in healed 
grafted skin. The oscillating DEJ pattern allows 
for stem cell migration patterns, normal keratino-
cyte behavior, and increased paracrine interaction 
between the two layers. It is for this reason that 
in vitro engineering of a DEJ was completed in a 

model called “μDERM”. Keratinocytes cultured 
above the junction showed a normal, native epi-
dermal analogue, which shows the affinity of 
keratinocytes for an undulating topography [28]. 
This opens up a potential opportunity for com-
posite grafts to be made, with a biomimetic der-
moepidermal junction already formed.

New polymeric based treatments are currently 
being developed in the laboratory, and in clinical 
trial models. A study looked at burn injuries, and 
the potential uses for synthetic polymers. Cross- 
linked PEGDA and dextran in a hydrogel format 
have been shown to reconstitute the dermis, and its 
appendages, from a full-thickness burn. 
Epithelialization showed re-establishment of an 
undulating dermoepidermal junction, which means 
that the resultant healed skin does not resemble 
scar [29]. Clinical trials are also underway for 
hydrogels which ameliorate scars. An investigation 
carried out by Oculus encompassed a double-blind, 
multicenter randomized trial using their newly 
developed “Microcyn Scar Management 
Hydrogel.” They have received FDA clearance as 
of the end of 2013, and aim to make the hydrogel 
available in the first half of 2014 [30, 31].

2.4  In the Clinic

2.4.1  Grading Scars

Clinically grading scars means that the severity 
can be documented, impact of therapy can be 
evaluated, and treatment can be augmented if 
necessary. Scars are assessed along the following 
parameters: pliability, firmness, color and visual 
appearance, thickness, vascular perfusion, and 
3-D topography. Worldwide hospitals are not in 
agreement with one method of grading scars; 
there are at minimum five different scales used in 
the present day to classify scarring [32] 
(Table 2.1).

In 2013 the research of an Australian team 
called to attention the need for a more compre-
hensive scar scale for burn victims. This scale is 
designed to combine total burn surface area per-
centage with the grading of the scar. Its develop-
ment could result in tailored, improved afterburn 
scar care for patients [33].
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2.4.2  Prevention of Scars

In the immediate treatment of wounds, there are 
methods of minimizing scar formation before the 
dermis has healed over. In any wound, it is vital 
that re-epithelialization occurs quickly, to help 
provide a barrier for the underlying damaged der-
mis, and to give support to the tissue while it is 
repairing [9]. New techniques of surgical closure 
are under development, which result in smaller, 
more manageable scars. In that regard, the “short 
scar” method of suturing was characterized, and 
was seen as a better alternative to methods which 
give long vertical scars and T scars [34]. Tissue 
sealants have opened up the opportunity for 
suture-free healing. “Tissucol” (Baxter) was 
adopted by clinicians and was in use by the start 
of the 1990s [35]. “Dermabond” (Ethicon) is 
used to close surgical lacerations nowadays, and 
can give very impressive results. However, it is 
still suboptimal. A report by Yeilding [36] drew 
an association between Dermabond use and nec-
rotizing fasciitis and in a separate case secondary 

contact dermatitis [37]. Dermabond is also still 
cost ineffective when compared to Monocryl 
sutures [38]. Topical negative pressure wound 
therapy is used to bring the boundaries of an 
unhealed wound together, reducing the domain 
of scarring on the body surface. Regarding scar 
tissue, its use has been described for large surgi-
cally resected hypertrophic scars [39].

2.4.3  Treatment of Scars

A large body of research focuses on how to treat 
the scars after they have formed. This reflects the 
current treatment patterns seen worldwide. 
Indeed, the process of eliminating intractable 
scars can be compared to that of tattoos. Ridding 
the dermis of stubborn tattoo ink and fibrotic der-
mis is achieved by dermabrasion, salabrasion, 
thermal and chemical destruction, and lasers 
[40]. Indeed, surgical resection can be just as 
impactful, providing healthy skin boundaries. 
This corresponds to a new, fresh wound, which 
can be managed against scar development from 
the very start [41]. Other promising ways for scar 
mitigation are as follows:

2.4.3.1  Vitamin E
Topical solutions which contain vitamin E are 
frequently used to ameliorate scar appearance. 
The mechanism of action is carried out by a 
 family of tocotrienol and tocol derivatives, which 
are antioxidants found in the skin; they serve to 
reduce the abundance of reactive oxygen species 
in the scar bed. In turn, the natural scar reduction 
pathways are thought to be unhindered [42].

2.4.3.2  Mesenchymal Stem Cell
The injection of mesenchymal stem cells is a 
relatively new therapy; many patients who 
receive this treatment are parts of clinical trials. 
MSCs have been seen to have extraordinary 
effects in the scar environment, seeming to 
“understand” what’s wrong and what has to be 
changed. Along with producing antifibrotic fac-
tors, they have been seen to neutralize reactive 
oxygen species, enhance dermal fibroblastic 
function, and stimulate angiogenesis and stability 

Table 2.1 An evaluation of scar scales in current use, and 
to be developed

Scale name Unique property/benefit
Vancouver Scar Scale Numerical (0–13). Heavily 

used in literature, and 
currently the best predictor 
for burn scars

Manchester Scar Scale Numerical (5–18). Can be 
applied to a wide range of 
scar types

Patient and Observer 
Scar Assessment Scale

Numerical (5–50). Takes 
into account the patient’s 
view in tandem with 
clinician’s view on severity 
of scar

Visual Analogue Scale 
with Scar Ranking

Numerical and descriptive 
(0–100, “excellent” to 
“poor”). Simple scale, easy 
to conduct

The Stony Brook Scar 
Evaluation Scale

Numerical (0–5). Developed 
for short-term scar 
assessment from healed 
lacerations

The Modified 
Vancouver Scar Scale 
linked with TBSA (to 
be developed)

Scar scale for burns which 
elucidates variation in scar 
outcome across the burn 
surface area
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of resulting vessels [43]. MSC use in scars faces 
barriers preventing seamless clinical translation. 
The problems of teratoma/malignancy formation 
and cost efficiency are issues which the scientific 
world is attempting to overcome.

2.4.3.3  Retinoids
The use of retinoids to treat scars resultant from 
acne has increased proportionally to the knowl-
edge of their benefits. A study by Haider and 
Shaw [44] in 2005 showed an extremely signifi-
cant increase in the amelioration of scars cre-
ated from acne vulgaris, a condition which 90% 
of adolescents are expected to suffer from at 
some stage in their development. Even earlier 
than this was the idea of combining dermabra-
sion and retinoids. Using these two anti-scar 
measures in tandem with one another has long 
been done, and leads to faster healing of the 
postoperative lesion [45].

2.4.3.4  Laser-Assisted Scar Healing 
(LASH)

The use of lasers on scars is clinically attractive. 
Light-induced healing is commonly used for 
hypertrophic scarring. Recently, the application 
of 595 nm waves of light is used on scars imme-
diately once the sutures have been removed [46]. 
This process has evolved to the use of 810  nm 
diode laser treatment on skin immediately after 
surgery, and has shown promising results [47]. 
The light serves to disrupt the dermis and its 
scarred architecture, without ablating the overly-
ing epidermis. It allows remodelling of the der-
mis into a similar state to its healthy, peripheral 
dermis. This has been further developed to 
include the beneficial effects of steroids on the 
disaggregated dermis. A study done by Waibel 
et al. [48] in 2013 took advantage of the dermis in 
its plastic state, and saw an opportunity to inject 
steroid, retinoid, drugs, and substances like tri-
amcinolone acetonide, to better the scar appear-
ance. An emerging new laser treatment of keloid 
scars was also published in 2013, delivering CO2 
in high-energy pulses to keloids. It has been 
shown to recontour raised keloids; however fre-
quency of its use is directly linked to pronounced 
erythema of the area. Safety and efficacy of this 

method have been established and are undergo-
ing further tests [49].

2.4.3.5  Silicone Treatment
Silicone is frequently used in topical treatments 
for scars. This is generally in a gel form, used 
topically, and is self-drying. The nanostructure is 
long chains of silicon polymers, called polysilox-
anes, cross-linked with SiO2. Products like 
HealGel act via growth factor modulation, and 
reduction in itching and discomfort of the scar 
itself [50]. Gel sheets are designed to be put on 
intact skin; fully formed keloid and hypertrophic 
scars [51] as placement of silicone gel sheets on 
non-epithelialized skin will be ineffective. The 
exact mechanisms of silicone action are unknown, 
even since its use for pediatric hypertrophic scar-
ring after burn injuries in 1981 [52]. Theories 
have been constructed and corroborated; silicone 
gel is hypothesized to have an occluding, hydrat-
ing effect on damaged skin. The phenomenon of 
transepithelial water loss (TEWL) is one which 
skin will suffer from after any full-thickness 
injury. Silicone gel is shown to restore and main-
tain hydration to areas of heavy scarring [53].

2.4.3.6  Negative and Positive Pressure 
Treatment

Pressure garments and bandages are still widely 
used as a method of controlling scar formation. 
VSS evaluation of scars caused by burns has been 
shown to reduce in thickness after positive pres-
sure therapy. This corresponds with the behavior 
of fibroblasts in pressurized culture, having lower 
migratory and mitotic rates [54]. Taking this a 
step further, the medical innovation company 
“i2r Medical” published a patent in August 2013 
[55], detailing a “biocompatible dressing” 
through which positive pressure is delivered to 
the scar. The application of compressive force to 
the formed scar is claimed to reduce the scar. 
This is in contrast to Smith & Nephew’s “Pico,” a 
single-use negative pressure wound therapy 
device. This is used on fresh wounds, as well as 
fully formed scars. A preliminary report in 2012 
showed a reduction in developed keloid scars 
after 1  month of negative pressure treatment 
using Pico [56].

2 Scar Treatment and Prevention: Know Thine Enemy
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2.4.3.7  Alternative Topical Treatments
Any attempt at downregulating collagen synthe-
sis will ultimately help in the reduction of keloid 
scars. Since 1990, the intradermal injection of 
interferon gamma was done with the purpose of 
decreasing collagen bulk in the scar [57]. This 
has been translated into a topical cream, which is 
used in modern day. Imiquimod (Medicis 
Pharmaceutical Corporation) is applied onto the 
surface of the scar, and increases interferon alpha 
production within the scar [58]. This immune 
modulator has recently been shown to carry some 
extreme risk, causing massive disfiguring scars 
through a mechanism yet unknown [59]. 
Bleomycin, an antineoplastic agent, offers an 
alternative method of topical scar treatment, 
which has been elucidated through both keloid 
and hypertrophic scars. In a study, the effects of 
bleomycin were shown to be amplified with elec-
troporation, giving significantly positive results 
in a noninvasive manner [60].

2.4.3.8  Cryotherapy
The use of cryosurgery as a monotherapy for 
keloid and hypertrophic scars was pioneered in 
1982. Its procedure involved use of a hollow nee-
dle, inside which liquid nitrogen is forced around 
at a pressure of approximately 5 ppi. The needle 
is inserted along the long axis of the scar tissue, 
and its tip is pushed through, protruding out of 
the tissue at the other end. The scar is then com-
pletely frozen. Results showed promising effects, 
reducing scar volume, and pigmentation between 
1 and 20 sessions [61]. However, only certain 
morphologies of scars may be treated in this 
manner. Such is the efficacy of freezing on human 
tissues that its use is indicated in other dermal 
pathologies. Cryosurgery has recently been suc-
cessful in a human model of Paget’s disease of 
the breast [62].

2.5  The Ideal Graft

Research focus must turn a corner where the aim 
is to eliminate the need for scar revision therapy. 
The design of a graft using a combination of the 

current knowledge and ideas has high potential 
for improved wound healing and decreased scar-
ring. Specifically, the graft must take to the tissue 
successfully, must guide the regeneration of new 
dermis, and must do so in a way that leaves func-
tional skin, not scar. We can now envision a der-
mal substitute that we could not 5 years ago by 
encompassing the concepts of new research, a 
graft with a ready-made DEJ [28] (Clement et al.), 
of optimal thickness [23], potentially strength-
ened with a degradable polymer [29], perhaps 
containing gland cells from patient tissue obtained 
in theatre [21], all set on a foundation of patient 
adipocytes [26]. The battle against scarring could 
be won by using autologous tissue in new ways.

2.6  Conclusions

The market for wound closure devices, strips, 
sealants, and hemostats, which leads to decreased 
scar formation, is expected to rise to a global 
value of $4.7 bn by 2019 (via a compound annual 
growth rate of 5%) [63]. Energy put into closure 
devices must be directed at halting scar develop-
ment from the moment the device is introduced 
into the skin. This field is highly unique in the 
amount of potential developments, obstacles, and 
key market opportunities.
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Challenges and Opportunities 
in Drug Delivery and Wound 
Healing
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and Dominik Duscher

3.1  Introduction

There is an ongoing shift in the distribution of the 
world’s population towards old age and we 
recently experience an increase in comorbidities 
like diabetes or cardiovascular insufficiency. This 
results in a rising number of chronic wounds 
which have become not only an individual medical 
but also a significant economic burden, consuming 
2–4% of healthcare budgets worldwide [1].

Wound healing is a complex systems biology 
interplay depending on the timed coordination of 
several cell types, intra- and extracellular mecha-
nisms, proteins, and pathways, but also on sev-
eral external factors like infections or mechanical 

irritation. Either defect, loss, or dominance of 
one factor of this convoluted interaction can 
cause a breakdown of the whole system resulting 
in chronic wounds and a loss of quality of life. A 
famous example for the fragility of the cellular 
mechanism for tissue homeostasis and repair is 
the connection between vitamin C deficiency and 
scurvy resulting in nonhealing wounds and spon-
taneous bleeding known since the sixteenth cen-
tury [2, 3]. Mentioned first in journey books of 
Christopher Columbus as a result of monotone 
diet, the pathomechanism remained unclear until 
the twentieth century when it could be demon-
strated that vitamin C represents a main cofactor 
for collagen cross-linking and an important fac-
tor to reduce oxidative stress [4]. This example of 
how impactful just minimal perturbations in the 
underlying processes can be illustrates that a 
highest possible understanding of all molecular 
and cellular players involved in wound healing is 
pivotal for developing treatment strategies and 
effective drugs.

However, no drug can be effective when its 
sustained and targeted delivery to the wound 
site cannot be assured. Specific drug delivery 
systems (DDS) are key for achieving this goal. 
An efficacious DDS addresses the obstacles pre-
sented by the harsh wound environment and pre-
vents the wound from mechanical, oxidative, 
and enzymatic stress and from bacterial contam-
ination and provides enough oxygen while max-
imizing localized and sustained drug delivery to 
the target tissue (Fig.  3.1). In this chapter, we 
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Fig. 3.1 Problems and preventive/solving strategies for effective drug delivery to wounds
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summarize the most promising recent advances 
in wound healing therapeutics with the corre-
sponding delivery challenges and shed light on 
possible solutions for effective application.

3.2  Drug Delivery Routes 
for Wound Healing 
Applications

The importance of drug delivery and the chal-
lenge for translational medicine to develop effec-
tive DDS for wound healing applications is 
represented by the large amount of recent studies 
regarding this topic (176 ongoing clinical trials 
registered) [5]. Different routes of drug applica-
tion warrant strategies to face the obstacles repre-
sented by the systemic circulation and the harsh 
wound environment.

3.2.1  Systemic Application

Systemic drug administration is the most general 
form of application and common clinical practice 
for various substances. “Dosis facit venenum” 
(Solely the dose determines that a thing is not a 
poison) represents a rule postulated by Paracelsus 
already in the fifteenth century, which is still true 
today [6]. The limitation of dosing for orally or 
intravenously delivered drugs meant to act locally 
in a wound is essential to prevent adverse effects 
outweighing benefits. An additional major prob-
lem of systemic application in chronic wounds is 
the reduced blood circulation caused by common 
underlying comorbidities like diabetes, vessel 
diseases, tobacco abuse, or aging. Consequentially 
only few studies showed the benefit of systemi-
cally administrated drugs for wound healing 
applications. For example, pyrvinium, a small 
molecule, has been shown to modulate the Wnt 
pathway resulting in enhanced tissue repair [7, 
8]. These findings are limited by the cross- 
reactivity of pyrvinium and observed gastrointes-
tinal side effects [9, 10]. Another molecule that 
has shown promising results as a systemically 
administered wound enhancer is deferoxamine 
(DFO), an iron-chelating agent also acting as an 

antioxidant. While DFO has been in clinical use 
for short-term systemic treatment of hemochro-
matosis for decades, the long-term high-dose 
application necessary to efficiently stimulate 
wound healing results in inside effects as well as 
acute and chronic toxicity. Together with its short 
plasma half-life these significant downsides limit 
the applicability of DFO as a systemic wound 
therapeutic in the clinical setting [9, 11].

Recombinant erythropoietin (rEPO), a drug 
stimulating erythropoiesis, is emerging as an 
additive in the treatment of various chronic dis-
eases and was shown to significantly improve 
outcomes of critically ill patients [12, 13]. 
Anemia is evident early in the courses of critical 
illnesses, and hemoglobin concentrations fall 
throughout stays in the ICU [14, 15]. A feature of 
anemia of critical illness is a lack of appropriate 
elevation of circulating erythropoietin concentra-
tions in response to physiological stimuli [16]. 
Considering these mechanisms of critical illness 
and anemia, it is not surprising that EPO treat-
ment for patients with severe burn wounds has 
shown quite promising effects on main organ 
function, including kidney, liver, heart, lungs, 
and central nerve system (preliminary unpub-
lished data from our group). This novel applica-
tion of a known substance might lead to a new 
standard in the treatment of burn wounds [17].

The need for high dosages and considerable 
side effects lead to the fact that systemic drug 
application currently is not part of common clini-
cal practice, although some substances are prom-
ising to become a valuable additive for wound 
treatment. Systemic supplementation to optimize 
the nutritional state with protein and vitamins, 
however, increases wound healing abilities and 
already represents a crucial supporting therapy.

3.2.2  Local Application

Considering the risks for systemic toxicity and 
less predictable drug delivery to the target tissue, 
there has been a significant shift in clinical focus 
towards localized delivery of drugs for wound 
healing. Localized drug delivery permits conve-
nient self-administration for patients while avoid-
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ing issues with gastrointestinal tract absorption 
and hepatic first-pass metabolism, thereby 
improving bioavailability and maintenance of 
drug concentration within the therapeutic win-
dow [18]. Furthermore, local delivery enables 
transmission of the largest fraction of drug mol-
ecules to the target area, maximizing therapeutic 
potential and reducing systemic drug toxicity 
[19]. Despite the advantages of localized deliv-
ery, many challenges still remain, including pen-
etration of the stratum corneum in skin at risk for 
ulceration, maintaining cell survival after deliv-
ery, and development of effective mechanisms 
for sustained delivery.

Growth factor and progenitor cell-based ther-
apy research has recently centered on identifying 
new delivery mechanisms to overcome biological 
degradation and poor cell survival in the harsh 
wound environment. Nanoparticles, for example, 
have successfully been used to increase the half- 
life of therapeutic growth factors delivered to 
wounds in diabetic rats [20]. Recent advances in 
negative pressure wound therapy have allowed for 
intermittent fluid instillation, which may enable 
an alternative delivery method for aqueous wound 
therapies with the added benefit of providing local 
debridement during instillation [21]. Cell delivery 
methods such as fibrin sealant sprays or hydrogel 
scaffolds have been shown to improve cell reten-
tion and functional capacity at the application site 
both in vitro and in vivo [22, 23]. Experience with 
these various methods shows that an ideal deliv-
ery system is nontoxic, facilitates access of thera-
pies to the wound site, and protects these therapies 
from premature degradation.

3.3  Recent Advances in Wound 
Therapeutics and Delivery 
Challenges

3.3.1  Biological Therapies

Utilized for their ability to treat both complex 
acute and chronic wounds, biological therapies 
functionally aim to restore the body’s natural 
repair capabilities. Creating microenvironments 
that encourage proliferation of both matrix- 
depositing stromal cells and endothelial cells at 

the site of injury, biological therapies may facili-
tate the formation of a vascular network in newly 
forming tissue. Biologic approaches include bio-
active scaffolds, growth factor-based therapies, 
and stem cell-based therapies.

3.3.2  Bioactive Scaffolds

Acellular scaffolds function by providing cover-
age to the wound site, establishing a matrix for 
resident cell infiltration, and fostering granulation 
tissue formation. Two clinically established acel-
lular matrices (biologic skin equivalents, BSEs) 
derived from human dermis that have attempted 
to answer this challenge are AlloDerm (LifeCell 
Corp., Branchburg, NJ) and GraftJacket (Wright 
Medical Technology, Inc., Arlington, TX).

AlloDerm is a nonliving dermal replacement 
composed of human cadaveric skin which has 
been formed by salt processing. Though initially 
developed for the treatment of full-thickness 
burns, AlloDerm was quickly adapted for use in 
soft-tissue injuries and has been shown to 
undergo a host-cell infiltration and neovascular-
ization following application to the wound site. It 
can be used to immediately cover large wounds 
and reduce the need for skin grafts. However, 
data suggests that the take rate of split-thickness 
skin grafts (STSGs) applied over AlloDerm is 
decreased when compared to STSG application 
alone [24].

Formed from cadaveric skin, GraftJacket is an 
allogeneic human tissue which uses specialized 
technology to maintain its basic matrix and bio-
chemical structure after the removal of the epi-
dermis and cellular components during 
processing [25]. GraftJacket has demonstrated 
efficacy for the treatment of diabetic chronic 
lower extremity ulcers in two midsized random-
ized, controlled trials (86 and 28 patients), where 
results revealed accelerated healing and clini-
cally significant reductions in wound depth and 
volume when compared to standard wet-to-dry 
dressings [26]. In chronic wounds, the ECM is 
often dysfunctional due to the inflammatory and 
proteolytic environment. GraftJacket provides an 
intact, acellular dermal matrix that retains natural 
biological components, is repopulated by the 
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patient’s cells, and allows the body to initiate a 
normal tissue regeneration process.

Nonhuman-derived acellular biological matri-
ces have also been used for wound care. OASIS 
Wound Matrix (Cook Biotech, Inc., West 
Lafayette, IN), derived from the submucosal lay-
ers of porcine jejunum, received FDA clearance in 
2006. In separate, midsized randomized, con-
trolled trials (120 and 50 patients), a significantly 
higher percentage of OASIS-treated chronic lower 
extremity wounds healed when compared to com-
pression or moist dressing therapies [27, 28].

Despite these promising findings, a general 
uncertainty regarding the optimal source of tissue 
and processing technique forces surgeons to 
choose products based on familiarity, cost, and 
availability—rather than efficacy. Lack of ran-
domized controlled, head-to-head trials between 
products, and studies often sponsored by the 
commercial manufacturers themselves, increases 
the risk of potential bias. Additionally, a constant 
fear surrounding biological scaffolds is the risk 
of disease transmission and donor rejection of the 
graft. Because wounds vary in vascularity, pres-
ence of infection, and amount of debris, it is 
essential for surgeons to prepare the wound site 
in order to allow these scaffolds to become suc-
cessful [29]. Lastly, though BSEs hold promise, a 
more robust clinical comparison of host tissue 
must be conducted before general acceptance 
among surgeons can be achieved.

3.3.3  Growth Factor-Based 
Therapies

Growth factor-based therapies are vested on an 
understanding that specific regulatory pathways 
govern the host response to wound healing and 
are used to stimulate wound angiogenesis, matrix 
deposition, and re-epithelialization [30]. 
Regranex (Ortho-McNeil, Raritan, NJ), a recom-
binant platelet-derived growth factor (PDGF)-
based therapy, is currently the only growth 
factor-based biological therapy with FDA 
approval. Regranex accelerates the regenerative 
process by promoting fibroblast migration and 
wound re-epithelialization. Randomized trials 
have shown that Regranex application signifi-

cantly increased both the probability and time 
course for complete healing of leg and foot ulcers 
when compared to placebo gel [31]. In addition, 
Regranex application to pressure ulcers results in 
higher incidences of complete healing, as well as 
a significant reduction in ulcer volume compared 
to the application of placebo gel [32]. However, 
despite these promising findings, the value of 
Regranex for wound healing is unclear, as a 
recent randomized control trial found that the 
application of Regranex gel was not superior to a 
simple hydrogel dressing for the healing of 
hypertensive leg ulcers [33]. Moreover, an FDA 
review concluded that Regranex has the potential 
to increase the risk of cancer death in diabetic 
patients resulting in an FDA black box warning 
for this product [34].

Evidence is accumulating that a mono-factor 
therapy like Regranex is less efficient in promot-
ing wound closure than approaches enhancing 
local concentration of all growth factors involved 
in healing. Negative pressure wound therapies 
(NWPT = vacuum-assisted closure = VAC ther-
apy) provide an elegant way of increasing effec-
tors of wound healing and neovascularization 
locally. NWPT temporarily creates relative 
hypoxia in the wound region resulting in signifi-
cant higher levels of main regenerative factors 
such as VEGF, TGFβ, FGF, angiopoietin 1, and 
BMP 2 and its application shows benefits regard-
ing bacterial contamination [35–39]. Additionally, 
several studies suggest that the micro- deformation 
of the wound surface leads to accelerated cell 
migration and matrix production. By using silver- 
coated foams the NWPT can be even more effec-
tive in preventing or treating bacterial 
contamination [40]. Rowan et  al. [41] demon-
strate further that NWPT therapy not only influ-
ences bacterial contamination by removal of 
microorganisms, but also enhances local concen-
tration of systemically applied antibiotics making 
it an ideal therapeutic for contaminated wounds.

Another promising approach for multifactor 
therapy is to deliver a cocktail of growth factors 
by an injectable scaffold. Hadjipanayi et al. [42] 
used fibroblast-loaded collagen scaffolds and 
treated them under hypoxic conditions. The 
hypoxic stimulus led to an increased production 
of angiogenic growth factors which could be 
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trapped in the surrounding matrix. Utilizing this 
matrix as a cell-free growth factor carrier system 
provided a minimally invasive method for local-
ized delivery of growth factor mixtures, as a tool 
for physiological induction of spatiotemporally 
controlled angiogenesis. Further developing this 
approach peripheral blood cells (PBCs) were 
identified as the ideal factor-providing candidates 
due to their autologous nature, ease of harvest, 
and ample supply [42]. Engineered PBC-derived 
factor mixtures could be harvested within cell- 
free gel and microsphere carriers. The angiogenic 
effectiveness of factor-loaded carriers could be 
demonstrated by the ability to induce endothelial 
cell tubule formation and directional migration in 
in vitro Matrigel assays, and microvessel sprout-
ing in the aortic ring assay. This approach could 
facilitate the controlled release of these factors 
both at the bed side, as an angiogenic therapy in 
wounds and peripheral ischemic tissue, and pre-, 
intra-, and postoperatively as angiogenic support 
for central ischemic tissue, grafts, flaps, and 
tissue- engineered implants.

3.3.4  Stem Cell Therapies

Stem cells are characterized by their capacity for 
self-renewal and ability to differentiate into vari-
ous tissue types via asymmetric replication. The 
trophic activity of these cells has led to the devel-
opment of cell-based approaches for the treat-
ment of chronic wounds. Growth factors released 
from stem cells stimulate local cell proliferation 
and migration, increased angiogenesis, organized 
ECM production, and antimicrobial activity [43]. 
Stem cells are thought to be immuno-privileged 
as they are able to modulate the immune response, 
at least partially through the recruitment of regu-
latory T-cells [44]. The pro-regenerative cytokine 
release and unique differentiation capacity of 
stem cells are believed to underlie their capacity 
to promote healing [45]. Stem cells implanted in 
wounds also draw in endogenous circulating pro-
genitor cells, further emphasizing their role as 
initiators of wound repair [46, 47].

Stem cells harvested from various sources 
such as the bone marrow, adipose tissue, epider-
mis, and circulating adult blood have been uti-

lized for wound therapy [48]. However, there 
are still various concerns related to the clinical 
application of stem cell therapeutics. To date, no 
study has confirmed the optimal cell source and 
potency (autologous vs. allogeneic; multipotent 
vs. pluripotent). Moreover, there is a need to 
promote cell survival and activity within the 
harsh wound environment. Biomimetic hydro-
gel dressings can be used to promote the sur-
vival of stem cells within a wound [45] while 
administering either topical or systemic EPO 
provides a promising approach for enhancing 
stem cell functionality leading to improved 
healing in scald wounds [49, 50]. While clearly 
still in early phase development, stem cell thera-
pies, used either independently or in conjunc-
tion with skin graft substitutes such as a 
decellularized matrix, appear to be another 
promising step for the treatment of nonhealing 
wounds [48].

Looking to the future, biological products will 
continue to be an intriguing area of potential clin-
ical therapy as spatially controlled drug-release 
systems aim to minimize the quantities of drug 
being delivered, reduce migratory effects on sur-
rounding tissues, and reduce overall cost [18]. 
Furthermore, their eventual clinical acceptance 
will be contingent on the development of 
evidence- based wound care guidelines for these 
biologic therapies.

3.3.5  Small-Molecule Therapies

Though the advances in growth factor- and 
progenitor- based therapies hold promise for the 
treatment of acute and chronic wounds, they are 
still limited by the high costs involved, potential 
antigenicity, and legal and ethical issues sur-
rounding stem cell research [51]. From a transla-
tional perspective, the application of small 
molecules in lieu of cells and proteins has signifi-
cant advantages in terms of sterility, shelf life, 
and regulatory hurdles [52]. Emerging small 
molecule-based therapies for wound healing 
enhancement focus on the modulation of key sig-
naling pathways involved in tissue repair such as 
the Wnt and hypoxia inducible factor-1 (HIF-1) 
pathways.
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Wnt proteins are highly conserved signaling 
molecules, which regulate embryonic develop-
ment and cell fate [53]. They bind to cell surface 
receptors of the frizzled (Fz) and lipoprotein 
receptor-related protein (LRP) family. Wnt sig-
naling is transduced by beta-catenin, which 
enters the nucleus and forms a complex with the 
T-cell factor (TCF) transcription factor family to 
activate transcription of Wnt target genes [54, 
55]. Wnt signaling not only is essential in devel-
opment, but has also been linked to mammalian 
cutaneous wound repair as a potential therapeutic 
target [56]. Thorne et  al. recently identified the 
FDA-approved small molecule pyrvinium as a 
potent Wnt inhibitor [57]. Applying this mole-
cule in an in vivo model of wound healing dem-
onstrated that temporary inhibition of Wnt leads 
to increased cell proliferation, granulation tissue 
formation, and vascularity [8]. Furthermore, pyr-
vinium positively affected the engraftment and 
regenerative capacity of mesenchymal progenitor 
cells, which are promising therapeutic modalities 
for wound healing [7].

Another prominent pathway that can be 
manipulated by small molecules to enhance 
wound healing involves the response of tissue to 
hypoxia, largely regulated by the transcription 
factor hypoxia inducible factor-1 (HIF-1) [58]. 
HIF-1 includes an α-subunit that is degraded in 
the presence of oxygen and iron (Fe2+) by the 
enzyme prolyl hydroxylases (PHD) [59, 60]. 
Hypoxia impairs HIF-1α degradation, resulting 
in the expression of a number of pro-regenera-
tive proteins, including vascular endothelial 
growth factor (VEGF) and stromal cell-derived 
factor-1 (SDF-1) [61, 62]. Numerous animal 
studies have demonstrated improvements in 
wound healing due to enhancement of the HIF-1 
pathway [63, 64] through positive effects of 
VEGF on neovascularization, and SDF-1 on pro-
genitor cell homing [65, 66]. A promising 
approach for the therapeutic modulation of 
HIF-1 signaling is the application of deferox-
amine (DFO), an FDA- approved iron chelator 
that has been in clinical use for decades. DFO 
augments neovascularization and consequen-
tially wound healing by the inhibition of HIF-1α 
degradation and the decrease of oxidative stress 
in the wound environment [67–69]. These effects 

synergistically promote wound healing by 
decreasing tissue necrosis [70, 71].

Novel small-molecule treatment strategies 
offer tremendous opportunities in the often frus-
trating management of problematic wounds. 
However, translation into clinical practice 
remains challenging. Both pyrvinium and DFO 
are associated with significant toxic side effects 
when delivered systemically, limiting dosing and 
duration of possible application [8, 11]. To maxi-
mize efficacy while minimizing potential side 
effects, localized targeted delivery directly to 
wound sites is essential. Controlled local drug 
delivery would also improve the bioavailability 
and enhance the uptake of small molecules by 
maintaining drug concentration within the thera-
peutic window [18]. Packaging an existing FDA- 
approved drug into a controlled-release 
formulation may not only improve its perfor-
mance but also extend its commercial patent life. 
The average cost and time required to develop a 
new drug delivery system (DDS) (approximately 
$20–50 million and 3–4  years) is significantly 
lower than that for a new drug (approximately 
$500 million and over 10 years) [72]. This has led 
to significant growth in the US market for 
advanced DDSs from $75 million in 2001 to 
$121 billion in 2010, with the worldwide market 
for polymer-based controlled-release system 
alone being estimated at $60 billion in 2010 [73]. 
Acknowledging the benefits of sustained local 
small-molecule delivery, a transdermal delivery 
system containing DFO was recently designed 
[74]. This transdermal polymer patch overcomes 
the challenge of delivering the hydrophilic DFO 
molecules through the normally impermeable 
stratum corneum. This demonstrates that the use 
of a modern polymeric dressing for the delivery 
of an active substance to the wound site offers a 
promising therapeutic approach of the future.

3.3.6  RNAi Therapies

Unlike traditional pharmaceutical approaches, 
the silencing of gene function through RNAi 
offers selective targeting of molecules that have 
been difficult to regulate using growth factor and 
small molecule-based therapies. RNAi is a pow-
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erful gene silencing mechanism with enormous 
potential for therapeutic application [75]. 
Inhibiting gene expression at the posttranscrip-
tional level, RNAi (either endogenous miRNAs 
(micro-RNAs) or synthetical siRNAs (small 
interfering RNAs)) targets specific mRNA mole-
cules for destruction, and offers an exciting thera-
peutic approach to wound healing (Fig.  3.2). A 
recent study illustrated the potential of this 
modality, demonstrating that the use of RNAi to 
silence Smad2 enhances wound regeneration and 
improves the overall wound quality [76]. Despite 
broad therapeutic potential, the effective delivery 
of RNAi to target cells in vivo remains a signifi-
cant challenge due to the high rates of degrada-
tion by ubiquitous RNases, targeting of specific 
tissues, and maintenance of long-term silencing 
[77–79]. Developing a controlled DDS for RNAi 
is crucial to realize the full potential of these 
next-generation therapeutics. Allowing for low- 
dose application, minimal systemic side effects, 
site-specific delivery, and lower costs, local 
delivery of RNAi offers several advantages over 
systemic delivery with regard to the potential for 
clinical translation [79]. Current approaches for 

the delivery of siRNA in vivo include the direct 
injection of siRNA in saline, incorporation into 
liposomes, and delivery in the form of nanopar-
ticles. However, these approaches have not dem-
onstrated sustained RNAi activity and offer low 
rates of cell uptake [80]. Recent data has shown 
that hydrogel scaffolds offer the ability to retain 
siRNA locally and release it directly at the sight 
of interest. Using a collagen-based hydrogel, the 
delivery of siRNA to a specific location in vivo 
was recorded for up to 6 days with a low fraction 
of siRNA being released to the surrounding host 
tissue. These hydrogel scaffolds were applied 
topically and offer an exciting new platform for 
siRNA delivery in vivo [80].

Currently the only RNAi-based drug in clinical 
trials for wound healing (phase II) is RXi-109 (RXi 
Pharmaceuticals, Marlborough, MA) which aims to 
prevent the development of scarring by targeting 
connective tissue growth factor (CTGF) [81]. RXi-
909 employs a collagen/silicone membrane bilayer 
BSE combined with trimethyl chitosan (TMC) and 
siRNA complexes to induce suppression of the 
transforming growth factor-β1 (TGF-β1) pathway, 
resulting in a functionalized matrix for scar reduc-

Fig. 3.2 Principle of RNA interference: body-own RNA (mi-RNA) or synthetic RNA (si-RNA) binds to m-RNA and 
leads to its degradation
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tion. The RNAi-BDE scaffold demonstrated high 
viability and suppressed TGF-β1 expression for 
2 weeks. Additionally, the expressions of collagen 
type I, collagen type III, and α-smooth muscle actin 
(α-SMA) were shown to be downregulated in large 
animals [82]. The use of RNAi-BSE parallels the 
structural development typically seen in normal 
skin repair and offers a unique delivery scaffold for 
the future of local RNAi delivery.

Technical difficulties restrict the development 
of RNAi, including stability, off-target effects, 
immune stimulation, and delivery problems. 
Researchers have attempted to surmount these 
barriers and improve the bioavailability and 
safety of RNAi-based therapeutics. However, 
with minimal clinical trials currently being con-
ducted for RNAi therapeutics in wound healing, 
their clinical translation remains elusive. Looking 
ahead, as delivery methods are fine-tuned, RNAi 
therapeutics may develop into a drug class with 
the potential to exert a transformational effect on 
modern regenerative medicine.

3.4  Conclusions and Future 
Perspectives

The significant disability and cost to society 
associated with chronic wounds highlight the 
inadequacy of current therapeutic approaches. 
The current armamentarium of therapeutic 
options does not fully address the impaired cel-
lular and molecular mechanisms underlying 
nonhealing wounds. Emerging therapeutic 
options have embraced the need to correct the 
deficits in critical signaling pathways, cellular 
dysfunction, and impaired neovascularization 
associated with chronic wounds but are largely 
experimental or in early phases of development. 
Bioactive dressings and scaffolds, growth factor- 
and cell-based therapies, small-molecule deliv-
ery, and RNAi therapeutics all appear to be 
promising, but do not fully replicate the precise 
spatiotemporal gradients of molecules and fac-
tors during wound healing. Imperfect processing 
techniques and risk of rejection continue to 
impair biological scaffolds, though their ability 
to provide volume replacement, wound cover, 

and a matrix for cell engraftment is encouraging. 
Growth factor therapies are exciting but studies 
are inconclusive over their clinical benefits, 
potentially due to the complexity and dynamic 
nature of growth factor expression during the 
response to injury. Stem cell-based therapies are 
limited by the capacity of the cells to survive and 
function in a harsh wound environment, while 
small molecule-based treatments rely on effi-
cient, targeted, and sustainable delivery systems. 
Finally, RNAi potentially enables the modifica-
tion of downstream targets, limiting potential 
side effects, but is limited by its propensity for 
degradation by ubiquitous RNases. A recently 
merging area of research is the rapid progress 
occurring in nanomedicine. The use of a micro-
fluidic platform as DDS as well as controlled- 
release applications for wound scaffolds 
represents a novel application for drug delivery 
which may hold the key to unlocking clinical 
wound healing therapy in the future.
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4.1  Introduction

Adipose tissue transfer is a well-established pro-
cess, which has evolved massively since its 
inception. The first reported treatment using 
autologous fat was performed in 1889 by Van der 
Meulen [1], who grafted a free omental flap 
between the liver and the diaphragm to treat a 
hernia. Four years later the first free lipotransfer 
was done by Gustav Neuber [2] harvesting upper  

arm fat to correct adherent, depressed scar 
sequelae of osteomyelitis. Surgeons soon came to 
understand the qualities of fat tissue equate to 
perfect filling material. Fat is readily available 
and simple to harvest, and exhibits ideal plastic 
properties for remodelling soft-tissue defects. 
While at its baseline autologous fat is innocuous, 
studies show that grafted fat tissue stands to ben-
efit the surrounding tissue in a regenerative man-
ner. The fat grafting surgery itself shows a low 
donor-site morbidity, and is inexpensive and 
repeatable. However, with the rapidly expanding 
repertoire of techniques, the optimal fat grafting 
methodology is ill defined. Classically fat graft-
ing has three main stages: harvesting, processing, 
and injection [3]. This chapter seeks to describe 
these steps in detail and examine the factors 
which govern graft outcome.

4.2  Harvesting

The first step in lipofilling is the harvest of the 
transplantation tissue [4]. The largest consider-
ation of the harvesting procedure is obtaining 
healthy tissue which translates to a healthy graft. 
The loss of fat at the harvest site itself can pro-
vide an aesthetic benefit for the patient; a “two- 
in- one” process is resultant from fat harvest from 
the inguinal, thigh, or abdominal area. Before the 
suction, the chosen site is usually pretreated with 
a tumescent solution often containing an anes-
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thetic (lidocaine) to loosen the tissue and facili-
tate suction. Though useful in achieving 
postoperative pain relief, the anesthetics alter the 
metabolism and growth of mature adipocytes, 
and therefore initial differentiation from preadi-
pocytes [5, 6]. Other studies focusing on the via-
bility and total number of adipose-derived stem 
cells (ASCs)as part of the stromal vascular frac-
tion (SVF) of cells in the graft harvested using 
tumescent fluid with lidocaine reported signifi-
cantly decreased numbers, compared to control 
groups pretreated with tumescent solution 
 without lidocaine [7]. Given that the functional-
ity of these cells is key to survival of the graft [8], 
a preinjection step removing lidocaine with a 
saline wash has shown increased graft survival, 
decreased lipid reservoirs, and decreased levels 
of fibrosis [9]. Another additive to a standard 
solution could be epinephrine or a derivate. This 
vasoconstrictive drug shuts the vessels in the har-
vesting area and therefore decreases the bleeding. 
Conversely, a solution of lidocaine/epinephrine 
as tumescent fluid in a study of male Wistar rats 
showed no difference in fat graft survival com-
pared to prilocaine or saline control [10]. The 
dichotomy in the literature on this one aspect of 
fat grafting serves to illustrate the nebulous 
stance on the optimal harvesting technique.

There is a plethora of suction methods from 
which the surgeons may choose. The standard tech-
niques are the manual (Coleman technique) or 
suction-assisted liposuction (SAL). With the 
Coleman technique and SAL negative pressure is 
applied in combination with gentle back-and- forth 
movement of the cannula, causing physical disrup-
tion, thereby allowing adipose tissue harvest [11]. 
These methods represent the current gold standard, 
and reports show a lack of ASC damage and pres-
ervation of their regenerative potential [12]. There 
are multiple modifications of this method, includ-
ing power-assisted liposuction (PAL), water jet-
assisted liposuction (WAL), laser-assisted 
liposuction (LAL), and ultrasound- assisted lipo-
suction (UAL). They all are developed to further 
ease the process of suctioning the tissue, with mini-
mal trauma to the donor site and maximal outcome 
in the requested aesthetic result. However, their 
design is generally not optimized to enhance trans-

plantable graft tissue quality. The water jet-assisted 
liposuction uses a fan-shaped jet of water which 
decomposes the fat tissue into pieces. Meanwhile 
these fragments can easily be sucked in through the 
opening of the cannula [13]. When compared with 
the manual liposuction as a standard, no significant 
difference in the condition of the harvested ASCs 
can be found, which makes this harvest method 
applicable for fat grafting [14, 15]. In PAL the can-
nula is oscillating, which manually disrupts the tis-
sue before aspiration [16]. When the number and 
viability and the ASCs harvested by PAL are com-
pared to SAL, there is no significant difference 
[17]. Another approach is the utilization of cavita-
tional ultrasound waves to dissociate adipose tis-
sue. Currently available in its third generation, 
UAL also provides a stable outcome of viable 
ASCs, comparable to SAL [18, 19]. The basic prin-
ciple of LAL is the utilization of a laser beam of a 
certain wavelength. The laser is used to create ther-
mal energy which physically breaks down the fat 
tissue, which may be then easily extracted. Here 
however, scientists found impairments in the over-
all quality of the harvested ASCs. Viability, prolif-
eration, and regenerative potential are reduced 
compared to ASCs harvested by SAL [12]. In con-
clusion, apart from the LAL, all harvesting meth-
ods seem to be sufficient in providing functional 
grafts, at least in regard to ASC quality.

Another aspect of fat harvest to consider is the 
size of the cannula used. For effective fat graft-
ing, it is pivotal to reduce the mechanical and 
shear forces on the harvested fat. Several findings 
support the rheological impact on the viability of 
the fat graft. When comparing diameters of 6, 4, 
and 2 mm, Erdim et al. [20] found that cellular 
viability was increased with the use of each big-
ger cannula. Kirkham et al. [21] saw that 5 mm 
cannulas are superior to 3 mm cannulas in lead-
ing to fat graft retention. Large-bore cannulas 
decrease the mechanical sheer stress on the har-
vested cells, and subsequently increase the total 
number and health of the aspirated cells. This is 
per the fluid dynamic equation of τ  =  F/A (tau 
(shear stress) is equal to force divided by area 
with area being the cross section of the cannula). 
Corroborating these results a study using ex vivo 
panniculectomies showed that differences in 
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applied negative pressure did not impact fat via-
bility; however the inner diameter of the utilized 
cannulas did [22]. This is a very accurate tableau 
showing the impact of cannula size as the chief 
regulator of harvested fat health.

4.3  Processing

The harvested fat usually undergoes processing 
before injection, usually meaning the separation of 
the actual fat tissue from unnecessary other com-
ponents of the aspirate such as an oily and a liquid 
portion containing blood and cell debris. The opti-
mal way of graft preparation is currently dis-
cussed; this also includes further effectors of graft 
outcome, the amount of viable fat cells injected, 
inflammation induced by intraoperative contami-
nants, or addition of cells from the SVF [23]. 
Similarly, the physical processing of the fat yields 
significant differences in graft take. Girard et  al. 
compared simple decantation and single centrifu-
gation with multiple repeated centrifugations, 
combined with saline washes of the graft material. 
Implanted fat grafts in mice showed that engraft-
ment suffered if the fat was just decanted, and graft 
quality was better after multiple centrifugations 
combined with several washing steps [9]. Different 
studies looked at another method called cotton 
(Telfa™) gauze rolling. Here, the graft material is 
rolled on a sterile gauze, which serves to absorb 
the oil and liquid portions of the aspirate. It is a 
method known to result in increased graft survival, 
and functional adipocytes when compared to cen-
trifugation [24]. Alternately, a recent study com-
pared centrifuged to phase-separated fat for breast 
augmentation in post-mastectomy patients. They 
performed volumetric analysis of grafts via MRI, 
and determined no significant difference in clini-
cal outcome [25]. These disparate findings illus-
trate the ongoing lack of clarity on adipose tissue 
processing, and lack of a comprehensive protocol. 
Two extensive literature reviews in 2015 also came 
to this conclusion. They compared studies where 
fat was decanted, cotton gauze rolled, centrifuged, 
filtered, or washed. The inconclusive findings pre-
sented are assigned to the paucity of quality, clini-
cal data, and lack of profound research [23, 26].

4.4  Injection

With the actual grafting of the prepared tissue, the 
artistry of the plastic surgeons is required to achieve 
a satisfactory aesthetic outcome. First a small inci-
sion is placed at the recipient site, in which a deliv-
ery cannula is inserted. Through the cannula the fat 
is injected into the transplantation zone. There is 
some discord about the optimal way of executing 
the injection. Given the research on cannula gauge 
and air pressure while fat harvesting, it is unsurpris-
ing that these two aspects overlap into the grafting 
phase. A recent study in 2017 used human cases to 
exhibit the differences between a manually con-
trolled directional injection (akin to syringe) and a 
device which constantly puts pressure on the graft-
ing material, creating only the need for directing the 
flow of material. There was an appreciable decrease 
in unevenness, ecchymosis, and nodules on the side 
of the face treated with the device, compared to that 
of the manual injection [27]. While this pertains to 
technique of grafting fat, there have been questions 
about the main delivery effectors of graft viability. 
Lee et  al. [22] compared cannula pressure levels 
and injection speeds. It was observed that higher 
injection speeds/flow rate (and therefore higher 
shear stress) of 3–5  mL/s negatively affected the 
graft viability to low injection speed of only 
0.5–1  mL/s. No detectable viability difference 
resulted from using different delivery pressures. An 
interesting evolving topic is preparation of the 
recipient site. The typical method of site preparation 
for breast reconstruction is use of tissue expanders; 
short-term physical devices implanted subcutane-
ous/submuscular to create space [28]; a newer idea 
is the external volume expansion (EVE) prior to 
grafting [30, 31]. This has found its home in larger 
fat grafting applications, as in breast reconstruction/
augmentation. It involves adhering a suction device 
to the outer chest wall, and applying negative pres-
sure. The purpose of this is twofold; to primarily 
stretch the skin and loosen the underlying stroma/
breast parenchyma, and to induce various mecha-
nisms like ischemia, edema, and inflammation. 
These are known processes for stimulating cell pro-
liferation and angiogenesis [29]. Studies research-
ing this theoretical benefit widely confirm it in 
practice. The accepted proposition is that the initial 
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preemptive cavitation of the recipient site decreases 
the pressure on the grafted fat, allowing facile oxy-
gen and nutrient diffusion through the new graft 
[30, 31].

4.5  Conclusions

The ranging options in each step of the fat graft-
ing process make it difficult to pin down what 
exactly is the right combination for the healthiest 
fat graft (Fig. 4.1). Given the recent literature, it 
would appear that disparate factors like anesthe-
sia, injection speed and consistency, use of 
Telfa™, phase separation of the grafting mate-
rial, and physical preparation of recipient site all 
play roles in graft quality over time. With the cur-
rent and emerging techniques, it is powerful and 
important to grasp fully these methods. Only then 
can legitimate protocols be established through 
informed reading of the literature.
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Adipose Tissue Complex (ATC): 
Cellular and Biocellular Uses 
of Stem/Stromal Cells and Matrix 
in Cosmetic Plastic, Reconstructive 
Surgery and Regenerative 
Medicine

Robert W. Alexander

5.1  Evolution of Regenerative 
Medicine in Plastic Surgery

For more than three decades, aesthetic, plastic, 
and reconstructive surgeons have devoted them-
selves to understand the intricate management of 
both acute and chronic wounds, including the 
fundamentals of healing and repair. Through 
those years, the importance of examination of the 
homeostatic and replacement mechanisms have 
afforded us the opportunity to explore how the 
body successfully maintains and repairs defects 
from aging, damage or degeneration. Throughout, 
the value of understanding how various tissues 
accomplished such task has evolved to one of 
doing everything possible to encourage vascular-
ization of sites and activations of reparative cells 
(both remote and locally encouraged via signal 
proteins and growth factors) which are needed in 
essentially all groups of patients. In the early 
1990s, appreciation of the value of using the most 
available and rich source of such molecules could 
be isolated and concentrated, known as platelet-
rich plasma (PRP), with platelets serving as a 

very rich source for a multitude of growth fac-
tors, cytokines, and signal proteins from within 
their alpha granules stored in their cytoplasm. 
First reports were examined in the area of maxil-
lofacial and craniofacial bony reconstruction in a 
variety of situations in the early 1990s. Wound 
healing was felt to significantly improve in the 
presence of such elements. At the time, users 
were required to utilize bulky and costly “cell-
saving” technology, meaning that major OR uses 
were a limiting factor, in that most required pres-
ence of technicians and cardiovascular ORs to be 
able to accomplish. In the most complicated sur-
geries, this was felt by many to be a “value- 
added” contribution to the intraoperative surgical 
care and follow-up care requirements.

Early in the 2000s, these bulky and somewhat 
inefficient machines were replaced by a number of 
medical device companies creating smaller, effi-
cient, and more simple centrifugation systems 
which provided consistent and high concentration 
abilities. At the same time, this expanded delivery 
capabilities in more cost-effective and consistent 
protocols, for use in both the operating room and 
the outpatient surgical centers. With the advent of 
small footprint and affordable systems, the uses 
and advantages of utilizing these autologous ele-
ments expanded exponentially. The area of chronic 
wound healing, devascularizing injuries, and a 
vast range of soft-tissue repair became ubiquitous. 
As of the writing of this contribution, many 
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researchers and clinical scientists are developing 
more sophisticated understanding of optimization 
of effects, including which product or content ele-
ment is contributing in critical situations of heal-
ing or regeneration. As the applications are tested 
for safety and efficacy, these values are expected to 
gradually evolve as are the clinical uses.

Poorly understood is the fact that MANY 
products have rushed to the market, each claim-
ing capabilities and concentrations that are sim-
ply incorrect. During the evolution, many 
surgeons (especially orthopedic surgery and 
related areas) were disappointed at the outcome 
improvement. A significant issue evolved with 
lesser understanding that simply isolating some 
platelets did NOT yield high enough, or consis-
tent enough, products which could deliver the 
most optimal outcomes. It has become very clear 
that those which provide a low concentration 
(single-spin centrifugation yielding 1.5–2.5 times 
measured baselines) often can be of value in 
facial and dermal uses, whereas much higher 
(>4–6 times baseline) concentrates are now con-
sistently and easily obtained in point of care 
within outpatient or operating room settings.

Since it is now well established that there is a 
linear increase in available critical growth factors 
and signal proteins, most surgical and regenera-
tive applications are favored with the higher con-
centrations. In addition, the level of understanding 
is being evolved where decisions of choosing a 
high hematocrit version or a low hematocrit ver-
sion have a clear indication tied to the specific 
locations where they may be utilized. In aesthetic 
plastic surgery, it is considered that the use of the 
highest concentrations that can be currently iso-
lated is of significant clinical advantage over the 
lower concentrations.

Over the past 15+ years, many indications 
and uses have evolved. One of the most impor-
tant related to the addition of these platelet con-
centrates to uses in autologous fat grafting (in 
small and large volumes) became more clear. 
The statistically significant reduction in lipid 
cysts and microcalcifications, coupled with 
more stable volume retention in use of autolo-
gous fat graft breast augmentation, has enhanced 
the use of platelet products in such cases. In 
addition, observational findings of important 
skin vascularity and texture changes in the areas 

of the face/neck and the body areas have come 
to the forefront.

These concepts have made a major contribution 
that has spread well beyond the wound healing and 
aesthetic applications. For the past decade and 
one-half, uses in regenerative medical and surgical 
fields have become known as highly effective and 
safe alternatives to use of steroids and non-autolo-
gous products, and changed some indications for 
invasive surgical interventions. This contribution 
will expand on this background and evolving pro-
tocols aimed at skin, tissue supplementation, and 
extensive applications using targeted guidance in 
chronic pain, musculoskeletal applications, and 
systemic cellular therapeutic options.

5.2  Evolution of Cell-Based 
Therapies

Over the past decade, great strides have been 
made in the understanding and potentials of sys-
temic and targeted cell-based therapies. Starting 
decades ago, use of an irritant solution to stimu-
late inflammatory reactions has been replaced in 
the past few years with transition to injecting 
various platelet-rich plasma (PRP) concentrates 
for supporting an effective inflammatory reaction 
at damaged or degenerative sites. Use of the con-
tained growth factors and signal proteins became 
recognized as offering a significant improvement 
in tissue-healing responses, but seemed to be 
limited by incomplete repair while requiring a 
series (often 4–6) to achieve long-term clinical 
improvement. Current biocellular (orthobiologic) 
approaches combine the trophic growth factors 
and important signal proteins which are added 
with cellular and bioactive matrix elements syn-
ergistically to enhance the reparative and regen-
erative abilities in areas of need. The importance 
of signaling mechanisms and paracrine responses 
have been expanding rapidly since 2000. 
Aesthetic and reconstructive applications led the 
way, as constant challenges of injury, loss of cir-
culatory capabilities, degenerative changes, 
repair, etc. demanded an optimal approach to 
structural augmentation and regenerative needs. 
In-depth examination of how our body maintains 
itself revealed that undesignated cells were inte-
grally important to replace aging cells (such as 
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skin, hair, bowel lining, etc.). Early on, fat was 
not thought of as undergoing such homeostatic 
mechanisms, since typical mitotic activities were 
not observed. We now recognize that, rather than 
a static number of cells varying only in size, 
mature adipocytes do actually undergo total 
replacement at a rate of 10–20% per year, but do 
so in a different form of cell division, known as 
“asymmetric cell division.” It is very important to 
understand that many of the biocellular therapies 
also rely on the presence and reactivity of pre-
existing “resident” cell populations which also 
contribute to local niche (microenvironment) 
responses. The asymmetric cellular replacement 
is the reason that one of the cells may be differen-
tiated into a specific cell type or contribute 
molecular component needs (paracrine effects) 
locally, while the other one retains its “undesig-
nated” cell capability and remains available for 
future responses. This is the basis for abilities of 
tissues & cells to respond to demands and retain 
the “self-renewal” capabilities ongoing and 
future homeostasis demands [1].

With the advent of FDA-approved tabletop 
programmable, centrifugal devices for custom 
high-density platelet concentrations via closed 
system, use of a simple blood draw yielded more 

than four to six times patient’s own circulating 
baselines levels. It has been very well shown that 
the higher the achieved concentrations, the pro-
portionally higher delivery of important factors 
intrinsically involved in all wound healing and 
repair (Fig. 5.1).

It has become clear that certain tissue charac-
teristics are most favorable for use in cell-based 
therapies including easy and safe access coupled 
with plentiful autologous stores of a group of 
cells possessing multipotent potential. Multi- 
potency is important in that such cells have the 
capability of responding to local signals and pos-
sess the ability to transform or replenish signals 
needed at damaged or diseased site for repair or 
regeneration. Researchers are gradually under-
standing the complexities of contributions of 
undesignated cellular elements in combination 
with secretory signaling (paracrine effects) in 
chemotactic and critical “up or down” regulation 
of regenerative processes within the 
environment.

Research has confirmed that the vast majority 
of such undesignated cells are associated and 
stored in proximity to the microvascular capillary 
system and adventitia (Fig.  5.2). Essentially all 
tissues (with blood supply) have some of these 

Adipose Tissue Complex:  Mature
Adipocytes = 90% Of Volume & 

Only 10% Of Nuclei In tSVF

[Turnover Rate:  10-20% Per Year]

Centricyte 1000 Closed System
For Cell Isolation & Concentration

Fig. 5.1 Left: Adipose tissue complex (mature adipo-
cytes provide approximately 90% by volume; 10% of 
nuclei in tSVF). Right: Closed system for centrifugation, 

cell isolation/concentration at point of care (CC1000 
Healeon Medical, Newbury Park, CA, USA)
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multipotent cells available to deal with local and 
isolated demands. The body retains the ability to 
chemotactically attract and mobilize cells from 
local and remote storage points in response to 
chemical and physical signaling in the body. 
Approximately 15 years ago, an important scien-
tific advance was made by researchers in finding 
that adipose tissue (fat) contained high numbers 
of such cells [2, 3]. This is not totally surprising 
considering that fat also represents the largest 
microvascular organ in the body.

Enhancement of cellular and biologic therapies 
comes directly with the ability for providers to be 
able to identify, target, and guide the cellular vas-
cular fraction (SVF) or cellular-biologic combina-
tion to areas of injury or degeneration. Management 
of protocols has led to improved structural grafting 
successes in addition to the contribution in ortho-
pedic and sports medicine application using the 
same cell components. In that regard, ultrasonog-
raphy has clearly become a MAJOR feature to 
clinical responses and success. As an example, in 
medium and deep targets, or those difficult to 
access, guided MSK ultrasound capabilities offer 
the optimal integral part of successful responses. 
Over the past decade, thousands of treatments 
using Biocellular Regenerative Medicine© tech-
niques have proven safe and remarkably effective. 
The information provided in this chapter is 
intended as an introduction to important concepts 
and describes the current logic believed to be 

involved. Major steps have been taken, moving 
from the laboratory to the bedside. Today, muscu-
loskeletal (MSK) and aesthetic-plastic surgical 
patients are routinely treated with this combina-
tion of cellular or biocellular elements [4–6].

5.3  What Is Biocellular 
Medicine?

The term “biocellular” refers to the combination 
of important biological chemicals (such as 
growth factors, signal proteins, and chemicals 
important to wound healing) with undesignated 
cells (often referred to as adult stem/stromal 
cells, pericyte/endothelial, periadventitial, or 
mesenchymal cells) found widely spread within 
our body, and which participate in tissue mainte-
nance, repair, and regeneration. Since 2010, sci-
ence and medicine have advanced which is 
termed “translational phase,” where proven labo-
ratory science has demonstrated important con-
tributions along with the clinical application of 
science in human applications in the last decade. 
Since then there has been controversy concerning 
the use of the term “stem cells” in the current 
practice of medicine. Unfortunately, these argu-
ments typically occur with the misuse or overuse 
of the term “stem cell,” as being interpreted as 
uses of pure “embryonic” or fetal stem cells, 
implying destruction of embryo or fetal tissues. 
In the past decade, the recognition of the safety 
and efficacy of using a person’s own (autologous) 
adult stem/stromal cells has advanced to the point 
that it is now widely documented and published 
(Fig. 5.3).

Fig. 5.2 Micrograph demonstrating the relationship of 
intimate relationship of microcapillaries and attached adi-
pocyte during development (photo: fetal pig during 
extremity formation)

•  Return To Full Form or Function
•  Eliminate Or Markedly Decrease Pain
•  Resist Recurrence Of Injury Or Damage
•  Reverse, Stabilize, Resist Degeneration
•  Avoid Immune Reactions 
•  Prefer Autologous Cells/Tissues For Repair 
•  Accelerate Healing Processes
•  Restore Tissues With Minimal Scarring  
•  Minimal Tissue Distortion & Morbidity
•  Prefer Minimal Manipulation Requirements
•  Predictable & Reproducible Outcomes

Fig. 5.3 General goals in regenerative medical applications
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5.3.1  Cellular Components

Biocellular Regenerative Medicine® within the 
United States currently refers to the use of autolo-
gous, ADULT (non-embryonic) multipotent cells 
capable of participating in maintaining our tissues 
(homeostasis), healing, and regeneration. Since 
2006, the scientific studies demonstrating the val-
ues of the highly variable stromal cell populations 
have exploded, now to the point that active reports 
and studies of component cells of adipose origin 
now exceed the study of non- hematopoietic stro-
mal cells in bone marrow in MSK and aesthetic-
plastic surgical applications. The importance of 
such studies and understanding that adipose tissue 
deposits have gained such recognition due to the 
much greater numbers of stem/stromal cells (other 
than blood forming element) in the body is cou-
pled with the important overlap of potential cel-
lular functions. Essentially every tissue in our 
bodies that contains microvascular supply main-
tains a reservoir of such cells within the stroma 
and matrix. That said, we now recognize that adi-
pose tissue complex (ATC) possesses the greatest 
microvascular organ in the body and serves as an 
excellent option to access for a variety of uses. 
Many important peer- reviewed scientific reports 
suggest that adipose- derived stem/stromal cells of 
mesodermal origin provide between 1000 and 
2000 times the actual numbers found in bone mar-
row [7]. With the relatively easy collection of adi-
pose tissue, less penetration, widely heterogeneous 
cellular populations, and important immune-priv-
ileged properties, subdermal fat deposits effec-
tively and safely serve as a primary source for 
gathering stem/stromal cells (Figs. 5.4 and 5.5).

Efforts at using mechanical separation (ultra-
sound, nutational, emulsification efforts) have 
not proven to be able to separate the very com-
plex chemical binding of stem-capable group due 
to the cell-to-cell or cell-to-matrix (ECM and 
periadventitial) attachments. The complex multi-
faceted connectivity necessary for cells to act on 
area signaling that exists with the ATC simply 
will not yield optimal separation and cellular 
purity needed to create a cSVF pellet. At this 
point in time, use of incubation, agitation, and 
digestive processes (blends of collagenase and 

neutral proteases) remains the optimal way to 
isolate and concentrate the desired cellular 
groups [8] (Figs. 5.6 and 5.7).

The small nucleated cells found closely asso-
ciated within the vascular tissues are now recog-
nized as serving important roles in maintaining 
normal tissue content (homeostasis). PLUS have 
the ability to respond to injury or disease pro-
cesses in a constant effort to maintain, heal, or 
repair damaged cells (as in aging, arthritis, mus-
culoskeletal tissues, neurological disorders, etc.) 
in the body. The remarkable design of the human 
body uses these reservoirs of available, non- 
differentiated, multipotent cells as the tissue 
“first responders” in the situations of major or 
microtrauma and aging. By secretion and signal-
ing of certain chemicals from a degenerating or 
injured site, these multipotent cells (i.e., can 
become various types of cells) can be called upon 
to participate in the repairs needed to restore tis-
sues and functions. At first, it was felt that the 
cellular elements were the critical, and perhaps 
the only important, ones; experience now shows 
that the paracrine secretory capabilities play 
critical roles (exosomes, microvesicles). There 
are many peer-reviewed publications which pro-
vide examples of how the cells involved in this 
process can be enhanced by combined provision 
of the cellular, native scaffolding, and biologi-
cally active components.

5.3.2  Biologic Components

The “biological” components in this context refer 
specifically to the availability of a diverse and 

•   Easy Harvest Access
•   High Quantity Of Viable Stem/Stromal Cells 
•   Minimum Morbidity Of Donor Site
•   Safety After Implantation (Autologous Best)
•   Multipotent & Proliferative Cell Groups
•   May Be Isolated & Concentrated If Desired
•   Prefer Inclusion Stromal Elements
   (Bioactive)
•   Paracrine Functions Encouraged
•   Secrete Immunomodulatory Factors
•   Secrete Pro-Inflammatory Factors (Benign)
•   Immunopriviledged Cell Groups Preferred 

Fig. 5.4 Adipose tissue complex: optimal cell source
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important variety of growth factors and signal 
proteins which interact with the cells of the 
degenerative or damaged sites to help recruit 
needed reparative cells and materials to repair the 
area. There are two major “biological” compo-
nents in common use at this time. First is found 
within recognized contents of platelets, which 
store and release a wide variety of needed growth 
factors and proteins to act on available cells to 
begin the wound-healing processes [9]. For many 
years, we thought that the only important roles of 
platelets were to become “sticky,” adhere to each 
other, and participate in clotting mechanisms. We 
now realize that this may be their LEAST 
 important contribution to wounds and wound 
healing (with exception of providing a fibrin clot 
to permit gradual release of platelet contents). 
Platelets represent a storehouse of small gran-

� Mesenchymal Stem/Stromal Cells

�  Pericyte-Endothelial Precursor Cells**

�  Adipocyte Precursor Cells

Mature Adipocytes (Not Multipotant
Temporary But Contribute In Signaling)

Tissue Resident Cell Populations &
Bioactive NATIVE Structural Matrix
Contribute to the Regenerative Process

KEY Multipotent Cells  Found In AD-
tSVF

** May Be The “Origin” Of All MSCs

Fig. 5.5 Multipotent cells found in tissue stromal vascular fraction (tSVF)

Fig. 5.6 SEM image of pericytes’ relationship to micro-
capillary. Note: See many complex cell-to-cell and cell- 
to- matrix attachments
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ules, each containing very important growth fac-
tors and signal proteins that serve to “quarterback” 
to the healing cascade, and do this for a signifi-
cant time during the healing phases. For example, 
an important chemical available from these gran-
ules is essential for blood vessel replacement and 
repair in order to improve the circulation ability 
critical to healing of all wounds. Without ade-
quate blood flow, needed oxygen cannot reach 
the area of damage, nor permit migration of a 
variety of cells from nearby or distant cell sites 
(Figs. 5.8 and 5.9).

The second source of biological contributors 
is found in bone marrow aspirates. Bone marrow 
has been used for many decades, and it is com-
monly used in blood-related disorders. However 
bone marrow does demonstrate microvasculature 
and, therefore, does have some undesignated 
reparative cells (stem/stromal cells). The vast 

majority of stem cells located in marrow belong 
to the “hematopoietic” stem cell group, and are 
not considered extremely valuable in the case of 
regeneration or repair cellular group. However, 
the desired stem/stromal cells are found in rela-

MSCs Cell-To-Matrix
& Cell-To-Cell Contacts

Native Adipose Extracellular Matrix
(Bioactive – Storage GF - Secretive)

Cell-To-Cell Contacts

Fig. 5.7 Left: Native scaffolding adipose tissue complex 
after cellular removal. Right top: SEM mesenchymal stem 
cells’ intimate relationship with extracellular matrix and 

cell-to-cell elements. Right bottom: Mesenchymal stem 
cell micrograph with NAPI nuclear stain

HD Platelet Concentrates

• Higher Growth Factors & Signal Proteins

• Directly Impact Proliferation & Migration

• Platelets “Quarterback” Healing Cascade

• Contributes Tissue  “Autoamplification”
  Of Critical Signaling Within Repairing 
  Sites

Robert W. Alexander, MD, FICS

Fig. 5.8 Why use of high-density platelet concentrates 
(HD-PRP)?
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tively very low numbers, compared to adipose 
tissues and its microvasculature. Therefore, many 
now consider bone marrow as primarily a valu-
able biologic and platelet source. In order to 
become a valuable cell contributor for such 
reparative group, it is required that bone marrow 
aspirates be isolated, concentrated, and culture- 
expanded to achieve meaningful numbers needed 
in regenerative and healing applications. This 
source is technically a bit more invasive to obtain, 
poses higher complication-sequelae rates, and is 
significantly more expensive to the patients. In 
addition, the actual number of “reparative” cells 
(including mesenchymal, pericyte and periad-
venticial cells) available with the marrow are 
markedly lower than found in adipose microcap-
illary tissues. The bone marrow undesignated 
group is heavily weighted to the hematopoietic 
stem cell groups. Many now consider that the 
bone marrow should be considered as a “super” 
PRP source and included as a valuable biological 
growth factor (as a platelet concentrate) rather 

than a primary reparative cell source. At this time 
there is very little evidence of significant contri-
bution to the regeneration process of MSK tis-
sues derived from the HSC group.

The primary importance and value of concen-
trates are the ability to provide important growth 
factors and cytokines/chemokines to optimize 
earlier healing conditions and abilities. Of even 
more importance in the cellular therapeutic based 
effects is their important paracrine secretory 
influences, rather than contributions of individual 
cellular components and physical engraftment. 
Further, it is well established that the mesenchy-
mal group (MSC) of multipotent cells may actu-
ally originate from the pericyte-endothelial cell 
groups [10]. These offer a great amount of over-
lapping capabilities, in vitro, suggesting that all 
tissues having some microvasculature have resi-
dent stem/stromal elements capable of providing 
“first responders” to sites of damage or degenera-
tive effects. It is suggested that the multi-tissue 
MSC-like groups overlap at greater than 95% in 
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their differential capabilities, at least in in vitro 
conditions. Host-site interaction with these stem/
stromal cells, growth factors, and signal proteins 
seems to create a complex, heterogeneous pre-
cursor population that is considered “site spe-
cific” in many of their responses [11].

5.4  How Did Biologic 
and Cellular Therapeutic 
Concepts Evolve?

Aesthetic and plastic surgeons have traditionally 
dealt with wound healing and scarring issues for 
many years. During that time, careful study of the 
processes of homeostasis, remodeling, and repair 
led to a better understanding of how the body tis-
sues managed to maintain themselves. For many 
years, the importance of biologics as a derivative 
part of platelets was appreciated, not only for its 
clotting functions, but also for the gradual release 
of critical chemical components essential to the 
healing processes in individual sites. These bio-
cellular concentrates are felt to immediately 
begin to participate in secretions capable of site- 
specific repair and regeneration, while local cells 
begin to actively contribute. In addition to these 
elements, appreciation of the importance of the 
bioactive, native adipose (3-D) scaffolding 
(matrix) in provision of essential contact points 
which serve to encourage microenvironment 
changes (including cellular proliferation and che-
motactic migration) has come to the forefront 
[12–14]. It has become more clear that site speci-
ficity greatly influences cellular changes within 
the non-designated, heterogeneous, multipotent 
populations found in essentially ALL tissues 
which have microvasculature. In addition, appre-
ciation of the importance of cellular secretions 
(paracrine and autocrine) within these undiffer-
entiated cell groups has been reported to be of as 
great, or greater in some instances, as the multi-
potent cellular differentiation effects [15].

Once the complex processes of repair and 
regeneration were examined closely, it became 
apparent that specific interactions of any single 
cell or chemical are not able to be determined at 
this time. At this time, the ability to create an “in 
vitro” environment to duplicate the “in vivo” 
niche remains elusive. This makes the ability to 

develop “optimal” components or interpret activ-
ities which can be translated to the in vivo appli-
cations impossible. It is well known that the 
process of cellular isolation and culture expan-
sion likely introduces variables which cannot yet 
be interpreted accurately.

Key adult multipotent cells are found in essen-
tially every tissue and organ in the body. The 
determination that some of the highest concentra-
tions of these adult stem/stromal cell populations 
were found within adipose tissue complex (ATC) 
has led to a major trend shift to more closely eval-
uate the activities of such tissues, and how they 
can be easily and safely acquired, and concen-
trated, for uses in wound healing and repair. Early 
on, since adipocytes within the ATC were deter-
mined not to undergo mitosis, it was assumed that 
these were relatively static in number, and only 
changed in size according to lipid storage drop-
lets. It is now clear that adipocytes do have a life 
cycle, replacing all mature adipocytes every 
5–10 years [16]. Examination of how they accom-
plished this replacement, via a process of “asym-
metrical cell division,” was found to be the 
mechanism, thereby preserving one stem cell dur-
ing the process. This process results in activation 
of a precursor cell population capable of reacting 
to secretions from a senescing adipocyte, allow-
ing the process of the precursor replacement cell 
to occur, while preserving the precursor cell. This 
replication by the asymmetric cell division results 
in a replacement immature adipocyte, while the 
other portion retaining its precursor form and 
abilities. This is logical, in that, if otherwise, we 
would accumulate a massive number of precursor 
cells in our tissues (Fig. 5.10).

•   Safe & Easy Harvest Via Closed Syringe System 
•   Prefer Use Of Own Cells (Autologous) 
•   Optimal To Include Native Matrix For Structural
    Volume Enhancements 
•   Transplant In Same Surgical Session,  Same Day
•   Predictable & Reproducible Outcomes
•   Induce Minimal Recipient Site Inflammation
•   Result In Healing With Minimal Scarring 
•   Optional Ability To Utilize Parenteral Uses For
    Systemic Disorders 
•   Not Require Manipulation (But Do Offer Future
    Culture/Expansion)
•   Transplantation Of Intact Micro-Environments

Fig. 5.10 Adipose tissue complex: advantages for use
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It was Zuk et al. who identified the multipo-
tent capabilities of adipose-derived cellular stro-
mal vascular fraction (AD-cSVF), with 
capabilities of differentiation to a variety of tis-
sues, including bone, cartilage, tendon-ligament, 
muscle, fat, nerve, etc. (Figs.  5.11 and 5.12). 
Once this capability was identified, efforts to iso-
late specific cell types started. This has proven 
somewhat difficult to interpret, in that it is cur-
rently impossible to imitate the in vivo microen-
vironment in the laboratory. Over the past decade, 
exploration of concentrating the identified ATC 
undifferentiated cell population coupled with 
high-density platelet concentrates (HD-PRP) has 
received a great deal of attention. Identifying 
stem/stromal cells which can participate in the 
processes has revealed what an “ideal” cell-based 
therapy may represent (Fig. 5.13).

In the early 1990s, a method of closed-syringe 
microcannula lipoaspiration was patented, per-
mitting less traumatic and efficient means of 
acquiring ATC for use as a small-particle struc-
tural graft [17]. This has since evolved to a dis-

posable, microcannula option which permits safe 
and efficacious low-pressure acquisition of 
AD-tSVF.  In the past 15  years, clinicians and 
laboratory researchers have identified several 
important cell types which interact to provide 
remarkable contributions in tissue repair and 
regeneration. These have been identified as a 

a). Control MSC; b) Bone (Alazarin Red); c) Adipose (Oil
Red O); Cartilage (Hematoxylin Mayer’s & Alcian Blue)

Mesenchymal Stem-Stromal Cells

Capabilities Overlap >98+%

Regardless Of Tissue Origin

Almost Every Tissue In The Body

Contains Pericyte/EPC & MSCs

(Vasculary Related)

Adipose & Bone Marrow MSCs Are

Virtually Interchangeable In

Capabilities In Vitro

Adipose Provides >1-2000 TIMES The

Actual MSC Numbers Compared To

Bone Marrow (per cc)

Adipose Does NOT Require Isolation,

Culture-Expansion To Achieve

Therapeutic Numbers

IMPORTANT

a

b

c

d

Fig. 5.11 Mesenchymal stem cell differentiation (MSC) 
potentials (basic): (a) Top left, micrograph control MSC 
in vitro. (b) Bottom left, bone. (c) Top right, adipose. (d) 

Bottom right, cartilage [note: overlapping differentiation 
capabilities of all MSCs is extensive]

•   Pericytes/Endothelial Cells & Adventitial 

    Cells (Key Group)

•   Mesenchymal Stem Cells

•   Pre-Adipocytes (Progenitors)

•   Fibroblasts

•   Macrophages (Type I & II)

•   Vascular Smooth Muscle Cells

•   T Lymphocytes (TREG)

•   Miscellaneous Native Blood Derived Cells

•   [NOTE: Reminder - These React With

     Local Site Cells]

Partial List of stem/stromal cells in tSVF

Fig. 5.12 Adipose tissue complex main cellular 
elements
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very complex and heterogeneous population, 
closely related to cellular, adventitial areas, and 
extracellular matrix contacts. At first, mesenchy-
mal cell group (MSC or ADSC) was thought to 
be the most important multipotent “stem” cell. 
Further examination, however, now suggests that 

these may serve a “sentry” capacity, and that the 
actual cell group is known as pericyte/endothelial 
stem/stromal cells [10] (Figs. 5.14 and 5.15).

There is much confusion in interpretation of 
the scientific and clinical published materials 
caused by a lack of explanation of the difference 
between tissue stromal vascular fraction (tSVF) 
and cellular stromal vascular fraction (cSVF) 
(Fig. 5.16). For clarification, cSVF is the isolated 
cellular elements in the ATC created via use of 
certain collagenase-enzyme blends to separate 
the complex and multiple attachments compris-
ing the cell-to-cell or cell-to-matrix connections 
(Fig.  5.7). The utilization of such cSVF is cur-
rently the subject of multiple clinical trial appli-
cations (see www.clinicaltrial.gov), and is heavily 
utilized in cell isolation, culture expansion, and 
cell characterization studies. This creates an 
“information gap” between clinical applications 
and those strictly of research value. If clinicians 

“Ideal” Cell-Based Therapy

•  Use Patient’s Own Cells (Autologous)

•  Safe & Easy Harvest Via Closed System

•  Optimal To Include Native Matrix

•  Transplant Same Surgical Session & Day

•  Predictable & Reproducible Outcomes

•  Ability To Isolate/Concentrate For cSVF 

   Parenteral Uses For Systemic Disorders 

•  Not Require Manipulation (But Do Offer 

   Optional Culture/Expansion)
Robert W. Alexander, MD, FICS

Fig. 5.13 Ideal cell-based therapy advantages

Disposable Microcannula System

GEMS Disposable Closed Syringe
System & Closed Transfer 

External Lock

Microcannula Tips

Fig. 5.14 Closed, sterile disposable, microcannula sys-
tem (GEMS) (Tulip Medical, San Diego, CA, USA). Left 
top: Internal lock sample (purple), microcannulas 
(2.11 mm OD) showing multiport infiltrator, spiral can-

nula (2.11 mm), and single port injector (1.65 mm), sterile 
clear luer-to-luer transfer. Top right: External universal 
non-disposable lock. Bottom right: Microcannula tips
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read only the peer-reviewed clinical journals, 
they will miss more than 85% of the pertinent 
information and data evolving on almost a daily 
basis, as the important advances appear with 

basic scientific and engineering publications. It is 
reported that important information publications 
are doubling the existing knowledge base every 
4-6 months, making the ability to remain current 
in the scientific and clinical applications most 
challenging.

In clinical applications, use of AD-tSVF has 
taken the primary role in aesthetic and regenera-
tive uses, as it is a product that provides the full 
complement of structural (stroma, ECM) ele-
ments plus the resident cellular population of the 
AD-cSVF. The existing native stroma of ATC is 
now recognized as of great importance, not only 
due to the available attachment sites, but also due 
to the actual secretory bioactivity of the tissue. 
This dual role is considered to be of great impor-
tance, making use of existing native scaffolding of 
ATC, considering the “mini- microenvironmental 
attachments” felt to positively interact and con-
tribute to the local recipient sites in need 
(Fig. 5.17).

Syringe vs Machine Aspiration  

AD-Mesenchymal Stem/Stromal Cells Adherent,
CD 34-, CD45-, CD 90+, CD105+
Vertical Scale = MSCs/cc X 10 -5

Mandle-Alexander, Harvard BSR Lab 2011
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Fig. 5.15 Comparative cellular recovery: closed-syringe microcannula harvest versus machine vacuum on mesenchy-
mal cells in ATC

TERMS:   tSVF  &  cSVF

Tissue Stromal Vascular Fraction (tSVF) 
� Includes ALL Cellular Components Of Tissue
� Includes ALL Biologic Components 
� Includes Native Bioactive Matrix (Secretive)  
� Requires NO Manipulation

Cellular Stromal Vascular Fraction (cSVF) 
� Requires Digestion, Incubation, Isolation
� Common Uses Reported In Research Settings
� Does Not Have Native Matrix Component 
� Often Being Use As “Cell-Enrichment” Protocols In 
   Tissue Augmentation & In Degenerative Disorders

Robert W. Alexander, MD, FICS

Fig. 5.16 Important understanding of terms: tissue stro-
mal vascular fraction (tSVF) and cellular stromal vascular 
fraction (cSVF)
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In biological aspects, it is important to clearly 
recognize that not all platelet-rich plasma prepa-
rations and concentrates are the same. It is clearly 
shown that the amount of growth factors, signal 
proteins, and important chemical agents has a 
DIRECT, linear relationship to the concentration 
of platelets actually achieved. It is confusing to 
follow the variety of processes used in creating 
what is being called PRP, particularly since most 
practitioners do not have the capability of con-
firming actual patient measured baselines to com-
pare with achieved concentrations. To qualify as a 
true “high-density” PRP, we utilize the minimal 
concentrations to be four to six times an actual 
measured baseline, not a calculated extrapolation. 
This is very important based on the correlation of 
such concentration to cellular proliferation and 
migration capabilities. Refinements in HD-PRP 
options are now recognized as many subdivisions, 
such as low- and high-hematocrit solutions which 
have definite clinical implications to tissue toler-
ance and reactivity [18].

Use of centrifugation has increased in biocel-
lular applications, as it creates a very effective 
“gravity density separation,” which is important 
to avoid cellular debris, unwanted fluids and local 
anesthetics, and isolation of the unwanted free 
lipid layer from the upper portions of the lipoaspi-
rate. In addition, it permits decrease of the inter-
stitial fluid load, a factor requiring “overcorrection” 
of grafts or small joint placements. This unneeded 

load is felt to potentially impact site perfusion, as 
a factor of importance in many plastic surgical, 
reconstructive poor perfusion wounds, and mus-
culoskeletal (MSK) applications [19].

The final area of importance in MSK applica-
tions relates to the ability of optimal targeting of 
areas of damage, degeneration, or inflammation. 
Without the use of high-definition ultrasonogra-
phy, it is virtually impossible to assure accurate 
placement of the biocellular therapeutic modality. 
With the use of ultrasonography, coupled with 
compressed and thoroughly mixed biocellular 
components, patients respond more rapidly, show 
metrics of responses, and achieve earlier final out-
come than when placed via palpation only [20].

Within the past 2 years, an interesting option 
of removing the unwanted mature adipocytes 
from the AD-tSVF has become available. It is 
well documented that the large, mature adipo-
cytes do not contribute a significant value to an 
injection site (including when performing struc-
tural fat grafting in aesthetic surgery) as they are 
gradually lost and removed following their 
anoxic exposure. It is likewise clear that the stem/
stromal cells in the ATC are not as susceptible to 
those conditions, and in fact may be stimulated in 
low-oxygen-tension environments [21]. Recent 
publication of viability and numbers of stem/
stromal cells remaining after emulsification pro-
cess confirm that the relative numbers of such 
cells remain statistically the same as those not 
submitted for emulsification. One of the advan-
tages of this process is that not only the AD-tSVF 
retains valuable stromal tissue, but also the entire 
specimen (mixed with HD PRP) can be easily 
injected through small-bore needles (25–30 
gauge). This facilitates uses in scars, radiated 
damage skin, and hair loss and permits more 
patient comfort in MSK injections (including 
small joint targets) [22].

In regenerative medicine, the main goals are 
relatively well established (Fig.  5.3). Likewise, 
description of “optimal” features of cellular 
based therapy in both aesthetic and regenerative 
applications is becoming standardized. It is 
important to recognize that the combination of 
platelet concentrates and AD-tSVF appears to be 
more effective than either of the entities by 
themselves.

Fig. 5.17 Flow cytometry (live/dead) stain AO-acridine 
orange and PI-propidium iodide. (NOTE: The green 
“strings” represent actual viable cells attached to the 
extracellular matrix, making the grafting a minute, living 
microenvironment state (tSVF) thought to enhance recipi-
ent site responses)
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5.5  Understanding the “Workers 
and Bricks” Analogy

Considering chronic wound and musculoskeletal 
(MSK) applications, a simple analogy is often 
helpful in understanding the importance of both 
the biological and the cellular elements to achieve 
more rapid and complete healing and repair 
(Fig. 5.18).

If you have a brick wall that is beginning to 
break down, some of the mortar holding the 
bricks together is lost or crumbling. What is 
needed to repair the wall would be hiring 
“WORKERS” to come in, clean up the site, and 
repair and replace the damaged mortar. Once 
completed, the wall is repaired and functions as 
originally intended. These workers are found in 
great quantities in platelet concentrates, and com-
prise the “biological” contribution of the biocel-
lular regenerative treatments.

In the event, however, that your wall is losing 
mortar holding the bricks in place, imagine if you 
have lost or broken many of the bricks in the wall. 
This would require not only the “workers,” but 
also “BRICKS” to replace the lost and damaged 
ones. The “bricks” in this analogy come from the 
cellular source (cSVF). Combining biologics + 
cell sources has proved to be more successful than 
use of either of the agents by themselves.

It is well established that there are many more 
of these undifferentiated cells located in the larg-
est microvascular organ of your body, within the 
adipose (fat) matrix. Therefore, the readily avail-
able and safely accessible “cellular” contributor 
of choice has become adipose tissue retrieved 
from subdermal fat deposits in the abdomen and 
thigh areas. These are gently removed via closed- 
syringe lipoaspiration, compressed by centrifu-

gation, and mixed by the platelet concentrates 
(>4–6 times patient circulating platelets) to form 
the therapeutic mixture known as “biocellular 
regenerative matrix.”

This mixture is in current use in aesthetic 
(plastic), reconstructive and wound healing, 
sports and pain medicine, orthopedic medicine 
and surgery, neurological disorders, musculo-
skeletal and arthritic applications, and a wide 
area of overlapping disorders.

5.6  What Are Adipose-Derived 
“Adult Stem/Stromal Cells”?

These are a diverse group of “non-designated” 
cells found throughout essentially all the tissues 
of our bodies. They serve as a reservoir of replace-
ment and repair cells, which react to injury, aging, 
or disease. “ADULT” cells in this category are 
often referred to as “stem/stromal cells” or “stro-
mal” cells, and should be clearly separated from 
embryonic cells. They are also called by confus-
ing names, such as “progenitor” or “precursor” 
cells, which means that they have the capability to 
differentiate into different types of cells, via 
responses to growth factors and signal proteins 
within the microenvironment where they are 
located. For example, if you have a muscle or 
ligament tear, local tissue components (native to 
site) plus these non-differentiated cells are felt to 
participate in healing or repairing the damage pro-
viding replacement muscle or ligament tissues, 
rather than resulting in scarified  tissue. Scar tissue 
is not as functional or tolerant of future stresses, 
and is NOT the ideal goal in wound healing. The 
terms differentiating “benign” versus “toxic” 
inflammation is becoming important. A highly 
reactive toxic inflammatory response (such as 
seen in many animals and young humans) as a 
protective mechanism, typically result in scarring 
as the primary result. The term, benign, on the 
other hand refers to a needed inflammatory reac-
tion, but one modulated by various factors and 
resulting in little or no scar build up. A core goal 
of use of concentrated biocellular elements is to 
encourage the healing while minimizing residual 
scarring. In example, this is very important in ten-

“Workers & Bricks” Analogy

Robert W. Alexander, MD, FICS

** Remember Recipient Site DOES Participate In
Treatment Sites Effects

Must Decide On Use Of Biologics
ONLY (PRP or BMA) vs Use of
Biologics + Cellular Elements?**

Fig. 5.18 “Workers and bricks” analogy
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don repair, where restoration of myotendinous 
elasticity is critical to avoid re-injury when scar 
would be exposed to rapid loading of tension (as 
represented in the Achilles Tendon images above) 
[23–25] (Figs. 5.19 and 5.20).

There are many experiences in such cases over 
the past 15 years in musculoskeletal area, and for 
more than 30 years in aesthetic surgical practice. 
These are often reported on small case series or 
case reports of treatment and outcomes, and are 
now being further studied in many clinical trials 
[26]. Evolving clinical trials include both guided 
placement of stem/stromal elements and biologi-
cal agents in orthopedic medicine and surgery, 
but also intravenous and central nervous system 
placement in a variety of complex disorders 
which do minimally or not respond to conven-
tional therapy (such as diabetes, multiple sclero-
sis, Alzheimer’s disease, Parkinson’s disease, 
severe limb ischemia, traumatic brain injuries) 
[27, 28]. Early reports of improvement in chronic 
conditions, including pain, arthritis, damaged 

tendons-ligaments, low back and facet degenera-
tion, etc., are driving many to select this option to 
improve surgical outcomes or avoid surgical 
interventions and shorten the demands for physi-
cal therapy.

Many remained confused about the potentials 
or best source of stem/stromal cells, often believ-
ing that this only refers to the use of embryonic 
tissues or nonautologous sources such as placen-
tal amniotic or umbilical cord-derived cells. In 
the past 15 plus years, much evidence has led us 
to understand that our own fat may be a much 
more plentiful and optimal cell source, avoiding 
the need to destroy fetal or embryonic tissues, or 
undergo more invasive marrow access in order to 
acquire cells and culture-expand them to achieve 
optimal potential. Further, the stem cells found in 
bone are heavily weighted to the blood-forming 
side, rather than the reparative group of cells.

Considering ready availability of fat and mini-
mally invasive access (using closed-syringe lipo-
suction for example), adipose now has become an 

Biocellular Therapy – Achilles Tendon 

Oliver, K, Alexander, RW JOP 2013

Fig. 5.19 Ultrasound-guided biocellular therapy in torn 
Achilles tendon. Top left: Tendon tear pretreatment [note: 
rest of tendon showing tendinosis]. Top right: 

Posttreatment tendon (at 6–8 weeks); posttreatment 1 year 
[note: resolution of tear without scarring, rest of tendon 
returning to more normal fibrillar tendon echotexture]
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optimal source for these cells with a high safety 
profile for patients. As previously described, ATC 
is the largest microvascular organ in the body, 
and as such has become well recognized as the 
largest depository of undifferentiated stem/stro-
mal cells in the entire body. The ease of gathering 
fat tissues on an outpatient basis and local anes-
thetic has led to the evolution of “biocellular 
therapy” and “cell-based therapy” for a wide 
variety of disorders and conditions. With the 
advent of closed cell isolation/concentration sys-
tems (incubation, agitative digestion of cellular 
contact points) at point-of-care (POC) availabil-
ity, the opportunity of cell enrichment in grafting 
procedures plus the availability of parenteral 
intravascular deployments can be achieved. It is 
most common for these procedures to be per-
formed in outpatient ambulatory surgical centers 
(ASC) or dedicated clinic procedural facilities.

Specific “key” cells that have been credited 
for promotion of healing and repair reside in tis-
sue microenvironments, where they comprise 
parts of tissues, and organ system identification 
of pathways, however, remains somewhat elu-
sive. The complex components within the 
AD-tSVF may be considered to offer “smorgas-
bord” of elements which can become available to 

any site or tissue. Analyses of growth factors and 
signal chemicals would suggest that the intact 
AD-tSVF may offer contributions over and above 
those as isolated elements [9]. The cell groups 
participating in the healing or repair are subject 
to important contributions of native cell compo-
nents in vascularized tissues, and by introduction 
of concentrates of cells and biologics appear to 
“auto-enhance” the site controls and effects. 
These native site cell groups are also called 
“niches,” and are the locations where injury or 
disease must be addressed to permit the body to 
repair or regenerate itself. It is believed that when 
that process is underway, addition of needed cell 
types and biological elements specifically tar-
geted (via ultrasound guidance for example) can 
effectively utilize your own tissues to heal them-
selves in a more efficient and effective manner.

5.7  What Is Involved 
in Providing Cellular or 
Biocellular Regenerative 
Therapy?

Cellular therapy begins with the exact same har-
vesting and processing of ATC via microcannu-

48 Hours Post Blunt Trauma
Injury (Rectus) 

Robert W. Alexander, MD, FICS

Use of AD-tSVF + HD PRP

UltraSound Image 5 Weeks
(Outline of Defect Marked)

Note:  Minimal Scar Evidence Residual

Fig. 5.20 Use of tSVF + high-density platelet concen-
trate (biocellular therapy) in torn rectus abdominus 
trauma. Left: Pretreatment image. Right: Area of trauma 

at 5 weeks post-trauma [note: return of muscle echotex-
ture without scarring]
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las, including centrifugation to remove the 
remaining suspensory fluid derived from the 
infusion of very diluted local/epinephrine solu-
tion in normal saline. Once removed, the tSVF 
derivative is exposed to digestion (typically using 
a blend of collagenase and neutral proteases), 
incubation, and concentration of the separation of 
cSVF portions. This cSVF is then neutralized and 
rinsed to remove the collagenase and protease 
additives. A final centrifugation results in a con-
centration “pellet” of cSVF (Fig. 5.21).

At this point, cellular isolates/concentrates 
may be used in multiple applications, such as cell 
enrichment (where these isolates are added back 
to a tSVF portion) to provide higher stem/stromal 
cell numbers for potential graft and injection 
applications. The other option is to resuspend this 
cSVF group in 500 cc normal saline for delivery 
parenterally (IV, IA, intrathecal, intraperitoneal, 
or mucosal spray) depending on desired locations 

and uses. If IV or IA, typical very-fine-in-line 
tubing filters (150  μm) ensure removal of any 
fibrin or other components in a manner common 
during blood product transfusions (which utilize 
a standard 170 μm filter).

In the case of parenteral deployment, most 
clinical researchers are using this within an FDA/
NIH-approved Clinical Trial situation, where 
safety and efficacy data is developed and reported 
(see www.ClinicalTrials.gov).

The biocellular therapies refer to the use of 
tSVF (harvested via microcannula syringe sys-
tems) plus the mixed additive of HD PRP (or 
lower concentrations when used on radiation 
damage and hair and for dermal uses). The tSVF 
may be used after a centrifugation (typically 
800–1200 g-Force for 3–4 min), mixed with an 
appropriate concentration (by volume percent-
age) of PRP, and then guided or intradermally 
placed to targets. Plastic surgery literature has 

Fig. 5.21 Main component cells in cellular stromal vascular fraction [note: approximately one-third have multipotent 
capabilities, balance supportive cells of importance] (courtesy of Dr. Stu Williams, University of Louisville)
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many examples of improved structural grafting 
accomplished using cell-enriched tSVF as previ-
ously discussed (Fig. 5.22).

As the platelet concentrates are understood to 
be a key contributor for provision of critical heal-
ing growth factors and signal proteins, we recom-
mend striving for greater concentrations achieved 
directly with linear increases of those elements. 
Acting as a central component in the inflammatory 
and healing cascade, they help begin and maintain 
the healing processes in conjunction with the local 
site stroma and cells. This effect is recognized as 
an “auto-amplification” effect, wherein the site-
specific needs are boosted in response during the 
most important regenerative or healing processes. 
Such factors as vascular endothelial growth factor 
(VEGF) and many others contribute to this process 
with encouragement of microvessel formation and 
improved perfusion. Thousands of patients have 
undergone treatments using these concentrates 
with quality results in many inflammatory or aging 
conditions.

An autologous tSVF sample is easily har-
vested from subdermal fat deposits under sterile 
protocols, using the patented closed-syringe sys-
tem. This is often referred to as microcannula 
lipoaspiration or lipoharvesting [17]. This adi-
pose tissue complex (ATC) may be cleaned and 
compressed (centrifuged) and unwanted liquid 

layers separated by centrifugation. This process 
not only helps with removal of unwanted liquids, 
but also compresses the adipose cellular compo-
nents to provide a more effective cell and bioac-
tive matrix with less intercellular fluid load 
(Fig.  5.23). By effectively reducing the volume 
of injection materials, earlier recovery of comfort 
and ambulation is common. Biologicals such as 
high-density platelet concentrates (HD-PRP) can 
then be added via closed, sterile luer-to-luer 
transfer to create a mixture of cells and the impor-
tant growth factors/signal proteins provided from 
within the platelet alpha-granules. There is a 
direct correlation between concentration achieved 
and delivery to targets [29].

Cellular and biocellular therapies are com-
monly performed in many areas of within and 
outside of the United States; FDA-suggested 
guidelines being discussed currently confuse 
these issues employing digestive chemicals. Many 
sites are actively providing these services in the 
United States, often acting within controlled 
Institutional Research Based (IRB) trials or study 
groups within specialties. The author currently 
stresses the importance of information documen-
tation and reporting on safety and efficacy. Until 
these existing trials are concluded and reported, it 
is common to perform these newer options within 
an approved IRB channel. Following multiple 

Decanting vs Centrifugation

Gravity Separation Density Gradient Centrifugation

Graft

Fig. 5.22 Value of 
centrifugation for layer 
separation compared to 
gravity decantation. 
Note: Density gradient 
separation at 800–
1000 g-Force/3 min 
provides effective excess 
liquid/debris 
(infranatant), 
compressed graft 
(tSVF), and well- 
separated unwanted free 
lipid (supranatant)
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institutional and organizational IRB guidelines 
using specific trial studies by providing the 
approved trial protocols, both within the United 
States and internationally, is important.

The cellular isolates are currently being uti-
lized for a wide variety of human clinical appli-
cations on a global basis. Following a myriad of 
basic research studies, animal models were tested 
and reported in the bioscientific literature, and 
are gradually being reported in translational clin-
ical journals in the medical literature. As the cel-
lular therapy group is well recognized as favoring 
immune privilege and pro-“benign” inflamma-
tion, those local, systemic, and autoimmune 
issues are included in many clinical studies 
(Figs. 5.24 and 5.25).

How the cSVF actually works is under intense 
study at this time. At first, the thought that the cel-
lular components were the most important (like 
the incorrect belief that autologous fat  grafting 
relied on the presence of mature adipocytes) has 
proven not to be correct. In fact, it is now believed 
that the actual graft successes are a result of the 

stem/stromal cells and bioactive matrix (extracel-
lular matrix and peri-adventitial cells) and their 
secretory abilities to impact healing and graft 
sites. This secretory action is considered of greater 
importance than the undesignated cell popula-
tions within the tSVF [30, 31].

The importance of this understanding has led 
to appreciation of the paracrine capabilities via 
exosomes and microvesicles, and their roles in 

Graft Separation-Density Gradient

Centrifugation 800-1000g 3 Minutes Aerobic Transfer Loading Graft ONLY

Fig. 5.23 Left: Showing centrifuged specimen. Right: Loading of compressed graft via clear luer-to-luer transfer, leav-
ing supranatant layer (not desired for injection)

Current Biocellular Uses 

• Aesthetic-Reconstructive Surgery

• Neurodegenerative Diseases

• Autoimmune Disorders

• Ischemic and Devascularized Wounds 

• Cardiovascular - COPD

• Crohn’s and Ulcerative Diseases

• Skin & Anti-Aging Applications

• Musculoskeletal Applications

• Chronic Wounds and Pain

Fig. 5.24 Sample of current cellular and biocellular uses
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transferring signals via mitochondrial RNA 
(miRNA) and messenger RNA (mRNA). It is 
now believed that the exchange of these elements 
is the means of communication and stimulation 
of nuclear change leading to the proliferative and 
trophic effects to guide the differentiation for cell 
activities or secretions in specific sites. There are 
currently important studies utilizing both autolo-

gous and non-autologous exosomes and 
microvesicles as an important contribution to the 
activation and guidance of cells to respond [32] 
(Figs. 5.26 and 5.27).

In the discussions on “nonhomologous” uses 
when using tSVF or cSVF, it is most misunder-
stood that the actual cells that are of importance 
are NOT the adipocytes, but rather the supportive 
and undesignated cell group found in association 
with the ECM and peri-adventitial elements that 
actual stimulate precursor replacement cells of 
adipose or other cell groups in applied regenera-
tive efforts in wound healing and orthopedic 
applications. The concept of these terminally dif-
ferentiated cells (mature adipocytes) playing a 
key role in repair and regeneration of musculo-

Fig. 5.25 Disposable system for emulsification (micron-
ization, “Nanofat”). Top: screen (offset 600/400  μm 
screen). Bottom: shows “partial-emulsification” luer-to- 
luer series of progressively smaller internal sizes (2.4, 1.4, 
and 1.2, respectively) (photo provided by Tulip Medical, 
San Diego, CA, USA)

Exosomes & Microvesicles 

•   Directly Relate To Paracrine Functions

•   Located In All Cells, Including Resident Stem

    Cells & MSC/PC/EPC Groups

•   Essential To Inter cellular Communication

•   Means By Which Stem Cells Send & Receive

    Messages

•   Uses mRNA & miRNA Exchanges To Initiate

    Their Effects On Nuclear Differentiation &

    Proliferation  

Fig. 5.26 Paracrine secretions and intercellular commu-
nications: exosomes and microvesicles as means of sig-
naling for stem cell activation and proliferation

Biogenesis and release of exosome

Cellular Release of EXOSOMES & MICROVESICLES

Microvesicles

Exosomes

MVE

MVE

Raposo G, and Stoorvogel W J Cell Biol 2013;200:373-383

ER

Golgi

CCV

Early
Endosome

Lysosome

Fig. 5.27  
Diagrammatic 
representation of 
exosomes and 
microvesicles
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skeletal components has been mostly discarded. 
The FDA concept that adipose structural grafting 
should not be allowed in large-volume breast 
augmentation is based on the statement that it is a 
nonhomologous use based on the fact that fat 
cells “cannot secrete milk” as the only function 
or tissue comprising the breast is ludicrous.

5.8  A Recent Advance in Use 
of Biocellular Uses: 
Micronized and “Nanofat™” 
(Emulsified AD-tSVF)

Over the past few years, several alternative 
advances in processing the lipoaspirated tSVF 
via mechanical emulsification have evolved [32]. 
However many applications still favor the same 
biocellular product creation (including use of 
additive advantages offered by addition of 
HD-PRP concentrates) while retaining small 
fragment tSVF capable of injection via small- 

bore needles (down to 30 gauge). Recent pub-
lished evidence has shown that creation of the 
mechanically emulsified “nanofat” does not have 
a detrimental impact on stem/stromal cellular 
numbers or viabilities while markedly reducing 
the volume of ATC provided by mature adipo-
cytes (Fig. 5.25).

Recent advances now offer the opportunity to 
have a disposable system to achieve maximal 
lysis of adipocytes while preserving the much 
smaller cSVF component (Figs. 5.28 and 5.29). It 
is important to note that this emulsified (micron-
ized) tSVF product is NOT ABLE to produce true 
cSVF and, therefore, CANNOT be safely used in 
any intravascular uses. Although not believed to 
be as effective as using larger fragment tSVF for 
structural grafting, it can still be combined with 
PRP concentrates to provide improved dermal 
vascularity and configuration.

With the ability to inject through small-bore 
needles, patient comfort in dermal and hair injec-
tions is enhanced, and it offers a range of radia-

Emulsified AD-tSVF 

AD-tSVF Emulsified AD-tSVF

Fig. 5.28 Emulsified adipose tissue complex (tSVF). 
Left: Shows SEM of AD-tSVF prior to emulsification. 
Right: SEM of AD-tSVF after emulsification [note: essen-
tial removal of all intact mature adipocytes, leaving peri-

vascular and extracellular matrix (ECM) intact] (Feng, J, 
Doi, K. et  al. Micronized Cellular Adipose Matrix as a 
Therapeutic Injectable in Diabetic Ulcer. Regen Med. 
2015; 10(6))

5 Adipose Tissue Complex (ATC): Cellular and Biocellular Uses of Stem/Stromal Cells and Matrix…



66

tion/solar-damaged skin and small joint targeted 
applications in orthopedic medicine. The abilities 
of biocellular modalities to promote wound heal-
ing and regenerative capabilities via intradermal 
placement have opened opportunities to permit 
improved skin circulation and texture; improve 
skin aging and radiation damage and hair regen-
eration; and participate in chronic wound applica-
tions, as well as many small joint and superficial 
targets in musculoskeletal applications (Fig. 5.30).

5.9  What Is the Future in Stem/
Stromal Cellular 
and Biocellular Treatments?

There are now safe, reproducible capabilities of 
sterile, closed isolation of the large numbers of 
stem and stromal cells from the adipose tissues. 
Within such semiautomated and automated closed 

Emulsified AD-tSVF

NON-Emulsified  AD-tSVF

Emulsified AD-tSVF
Perivascular Elements

Lectin
[Vascular E/C]

Lectin-WGA-
Hoechst

Lectin

Fig. 5.29 Emulsification of adipose tissue complex 
(tSVF). Top left: Shows AD-tSVF prior to emulsification 
(stain showing vascularity on left, and intact adipocytes 
(green) on right of micrograph). Bottom right: Shows 

AD-tSVF after emulsification of mature adipocytes [note: 
multiple blue-stained nuclei remaining intact (small frag-
ment tSVF, not a cSVF)]

Solar Damage Changes 

Pre Op 

Post Op
1 Year

Biocellular
Therapy-
Cheeks

a

b

Fig. 5.30 Sample of post-radiation skin aging/damage 
(sun). Top: Pretreatment biocellular mix. Bottom: 
Posttreatment biocellular grafting (1 year) of cheeks, lips, 
and nasolabial folds [note: to show true texture change as 
a result of biocellular mix, placed subdermally]
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systems, this ability is becoming practical even in 
outpatient procedural rooms and carefully pre-
pared within sterile protocols. Once this was 
exclusively possible only in very costly laboratory 
settings, requiring extensive equipment and tech-
nician costs. Today such isolation is being done in 
the United States under Institutional Review 
Board settings to insure reporting of patient safety 
and determining effectiveness. Clinical trials are 
gradually being released at this time, many requir-
ing several years to acquire data, compile, and 
report. The vast majority of such reports are pro-
viding clear clinical evidence of patient safety and 
effective clinical treatment outcomes.

With the changes in legislation and within the 
FDA, new and exciting possibilities of IND/
RMAT designations are being considered and 
suggested guidelines are evolving. Timing of 
these changes is optimal, as much of the safety 
and early efficacy opportunities will already be in 
place by the time such designations are better 
understood. The twenty-first-century Cures Act 
and the “Right To Try” 2018 Legislation are 
examples of some of these changes.

Isolation of these cells permits creation of 
what is termed “cell-enriched” biocellular grafts. 
These grafts, higher in numbers of the heteroge-
neous undifferentiated cells, are believed to pro-
vide an even more potent guided injectable 
therapy. For example, there are many peer- 
reviewed clinical articles providing strong evi-
dence of enhanced outcomes within the 
aesthetic-plastic surgical literature. Over the past 
decade, there are estimated numbers of use of 
biocellular therapies in musculoskeletal applica-
tion exceeding 150,000 human clinical uses, with 
a remarkable efficacy and safety profile. These 
are reported in case series or reports, and should 
not be discarded out of hand, simply because they 
are not participating in specific trial settings. It 
remains of a pivotal value to insure very accurate 
diagnostics and guided placement to defined tar-
gets. Ultrasonography, with its dynamic abilities 
during examination, will remain as a needed core 
competency for those taking care of musculo-
skeletal and chronic wound cases.

In the future, it is very likely that such isolated 
cells will provide parenteral (intravenous, intra- 
arterial, intra-thecal, intra-peritoneal, etc.) path-

ways, and become effective for a very expansive 
treatment for such disorders as neurodegenera-
tive diseases (MS, Alzheimer’s, ALS, Parkinson’s, 
brain injuries/stroke, etc.), diabetes, chronic lung 
disease, heart disease and damage, chronic 
wound healing, fibromyalgia/causalgia, ulcer-
ative bowel disease, Crohn’s, colitis, and so forth.

5.10  Who Provides Biocellular 
Treatment?

Initially the realm of cosmetic plastic surgeons 
advanced in uses for sun damage, and deep struc-
tural and superficial dermal injections, and a vari-
ety of indications have been adopted by a very 
wide variety of providers. Patients are now cared 
for by a diverse group of providing doctors (e.g., 
primary care healthcare providers, internists/neu-
rologists, aestheticians, hair regenerative special-
ists, aesthetic-plastic surgeons, general surgeons, 
orthopedic surgeons, emergency/sports medical 
specialists, pain management specialists, wound 
care centers, etc.). Those nonsurgical trained 
practitioners are now deciding whether candi-
dates have a condition which has reasonable 
potential for improvement through the use of 
combinations of biologic and stem/stromal cel-
lular treatment. Thorough physical and pretreat-
ment evaluations, proper training, and informed 
consent delivery to patients are essential in diag-
nostic, treatment planning, and care delivery. 
Circulatory, neurological, and indicated systemic 
conditions should be documented and thoroughly 
evaluated regardless of the background of the 
medical provider. In the case of orthopedic appli-
cations, use of metrics such as range of motion, 
indicated MRI studies, and high-quality ultraso-
nographic imaging combined can determine the 
specific locations of problems and guide proper 
placement. In the vast majority of orthopedic 
cases, use of high-quality MSK ultrasonography 
is considered a KEY part of such treatment. 
Proper diagnostic imaging and ultrasound evalu-
ation are considered a key to the most success, 
particularly considering that this modality plays a 
central role for providers to effectively “hit” the 
desired targets. Palpation may provide fairly 
accurate placement in experienced providers; tar-
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geted and tracked therapy consistently correlates 
with earlier and improved clinical outcomes. Use 
of metrics that are more objective, successful 
monitoring of many patients including range of 
motion, remodeling of tissues in repeated- interval 
ultrasound studies, and return of strength, range 
of motion, and comfort during function provide 
very valuable informative standards. For many 
years, simple dextrose prolotherapy major bench-
marks were limited to patient-reported pain lev-
els, activity levels, and perceived improvement as 
their primary metrics.

Most times these procedures are completed on 
outpatient, ambulatory basis using local anesthe-
sia, nitrous oxide, or occasionally light sedation 
depending on patient needs and desires. These 
cases are designed and planned to be completed 
within the same day. Providers handle tissues 
using standard aseptic protocols. Since the advent 
of a variety of mechanical emulsification systems 
have evolved, it has become easier to permit 
guided (ultrasound) targeting of damaged or 
degenerative tissues via very small bore needles 
(e.g. 23-30 gauge). In addition, this mechanical 
reduction in particle size of the tSVF does not 
statistically reduce the numbers, viability or clin-
ical outcomes from it use. The ability to provide 
improved patient comfort and access to skin, hair, 
and small joints is rapidly becoming an appealing 
option.

5.11  Conclusion

“USING YOUR OWN TISSUES TO HEAL” rep-
resents a major healthcare paradigm change, and is 
one of the most exciting minimally invasive options 
currently available. Both cellular and biocellular 
regenerative therapies are rapidly improving in 
documentation and cellular analyses, and gaining 
very good safety and efficacy profiles. Once con-
sidered purely experimental, it has entered into an 
accepted, translational period to clinical providers, 
backed by improving science supporting the basic 
hypotheses. It is a well- recognized and reported 
alternative to many traditional medical/surgical 
interventions. Clinical trials will prove to be of 
great value going forward in providing evidence of 
the specific area of optimal use.

There are many evolving clinical trials (NIH/
FDA oversight) recognizing the very remarkable 
abilities of cellular components of adipose tissue 
complex (ATC). The number of active and evolv-
ing trials using ATC is surpassing the uses of bone 
marrow due mostly to the much higher numbers 
of reparative cells within the marrow. Marrow 
remains the gold standard for various blood-
related diseases, but it is not clear that it possesses 
very few of the non-hematologic (reparative) stem 
cells, and it is thought by many to be only useful 
as a biologic contributor to the wound healing and 
regenerative processes discussed in this chapter.

To date, researchers and bioengineers are not 
able to effectively reproduce or provide true three-
dimensional scaffolding at this time. This inability 
limits the development of understanding how to 
mimic a true in vivo culture/expansion capability, 
and continues to delay the understanding of how 
these cells act and are controlled at the local tissue 
level. Translation from tissue culture and the inher-
ent changes potentially introduced in the process 
leave us with the need to cautiously advance thera-
peutic modalities into clinical practices. Classic 
tissue culture/expansion remains problematic, in 
that it is known to introduce variables which are 
not able to be translated into how the body uses 
these undesignated cell populations.
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6.1  Introduction

Plastic and reconstructive surgeons are continu-
ally seeking alternative strategies to improve the 
clinical results attained by soft-tissue filling. 
Autologous fat grafting is routinely implemented 
to treat a variety of soft-tissue defects and con-
tour abnormalities. However, unpredictable 
resorption rates, ranging anywhere from 25% to 
80%, often result in sub-optimal volumizing 
effects that necessitate repeat harvesting and 
grafting procedures [1, 2]. One such alternative 
strategy is cell-assisted lipotransfer (CAL). In 
this setting, regenerative components, such as 
adipose-derived stem cells (ADSCs), are isolated 
from adipose tissue, enriched, and then added 
back to the lipoaspirate prior to lipofilling [3]. 
Various studies demonstrate the regenerative 
benefits of ADSC enrichment [4], while others 
show that the retention of adipose tissue after 

CAL is superior to fat grafting alone [1, 3, 5]. 
However, these techniques are limited by their 
need for a separate harvesting procedure, 
extended cell-culturing times, and to date are 
generally not approved for use in the United 
States by the Food and Drug Administration 
(FDA) [6].

In general, there are two accepted theories that 
describe the pathophysiology of fat grafting 
results. The first is that once grafted, there is at 
least partial survival of the adipocytes to achieve 
a lipofilling effect [7]. The second theory is that 
the grafted adipocytes undergo necrosis, and it is 
the remaining stromal components and stem cells 
that recruit host tissue to fill the void through adi-
pogenesis, neovascularization, and fibrosis [2]. A 
critical review of the literature, however, supports 
the notion that both of the above factors contrib-
ute to the volume effects observed with fat graft-
ing. Debate will continue on the subject, but a 
recent study demonstrates that the majority of 
neovascularization and adipogenesis observed in 
fat grafting occur through recipient tissue recruit-
ment [8]. Moreover, ADSCs act more substan-
tially in a paracrine nature, rather than via direct 
engraftment or differentiation [9].

Frequently, substantial amounts of adipose tis-
sue are discarded as medical waste during 
abdominoplasty, liposuction, body contouring, 
and breast reduction procedures. This has led to 
burgeoning research that has focused on the opti-
mization of fat harvesting and processing, or on 
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its cellular components, such as the stromal 
 vascular fraction (SVF). However, the noncellu-
lar component, or the human decellularized adi-
pose extracellular matrix (hDAM), may be as 
important. Several groups have started to exam-
ine the use of hDAM as a scaffold for tissue engi-
neering, which shows great promise as a vehicle 
for adipose stem cell delivery as well as a con-
struct that promotes soft-tissue regeneration [10–
28]. The term hDAM is synonymous with 
decellularized adipose tissue (DAT), adipose-
derived matrix (ADM), and allograft adipose 
matrix (AAM). In addition, there is the possibil-
ity of using cadaver tissue as the source of hDAM, 
which, thus, creates an ideal off-the-shelf soft-
tissue filler.

Young and Christman [29] examined the use 
of commercially available soft-tissue fillers and 
synthetic and natural polymers, with and without 
extracellular matrix (ECM)-based materials for 
adipose tissue engineering and found that ECM- 
based products have the greatest potential to pro-
mote de novo adipogenesis and, hence, promote 
long-term retention. They also identified several 
qualities that would enhance the adipo-inductive 
properties of the grafted material, including mini-
mal in vivo immunogenicity, the ability to induce 
angiogenesis in vivo, and a composition similar 
to native adipose ECM.  With these findings in 
mind, decellularized adipose matrices are thought 
to provide the ideal biochemical and biomechani-
cal microenvironment for ADSCs to proliferate 
and recruit native tissue [30]. The focus of this 
chapter is hDAM, which may serve as an ideal 
soft-tissue filler both alone and as an adjunct to 
fat grafting.

Several studies were published early on that 
examined hDAM as a scaffold for ADSC supple-
mentation to enhance adipogenesis [10, 11, 15, 
25, 27, 31–37]. Additionally, evidence suggests 
that the addition of cross-linking agents to hDAM 
may modify the matrix properties to achieve the 
superior preclinical results already observed with 
this soft-tissue filler [31, 36]. Here, we examine 
how different research groups isolate, character-
ize, and use hDAM for tissue-engineering appli-
cations. We then discuss the potential for hDAM 
as an off-the-shelf lyophilized adjunct in alloge-

neic and autologous fat grafting to facilitate both 
adipogenesis and angiogenesis, and to improve 
volume retention. In addition, we discuss the 
potential of hDAM as a stand-alone material for 
soft-tissue reconstruction without the need for 
autologous fat or ADSCs due to the inductive 
properties of the ECM to recruit host cells and 
facilitate de novo adipogenesis.

6.2  Decellularization of Adipose 
Tissue

The optimal method of adipose tissue matrix 
preparation includes the removal of all cellular 
components, and hence immunogenicity, while 
maintaining an ideal 3D configuration of the 
ECM and key components, such as type IV col-
lagen and laminin (Table 6.1) [11, 14, 25, 38]. It 
is widely accepted that the method of hDAM iso-
lation impacts the ECM makeup and configura-
tion, which carry functional and 
pathophysiological implications with regard to 
its regenerative capacity [11, 39]. Additionally, 
Gilbert et al. [40] demonstrated that not all cel-
lular components are removed in various decel-
lularization processes used in commercially 
available products. Measurable amounts of DNA 
(0.01–0.1%) were found in many of these tissues 
using histological staining and gel electrophore-
sis, which could potentially elicit an immune 
response. In order to compare and validate the 
results of different studies assessing the efficacy 
of hDAM as a scaffold for tissue engineering, a 
standardized method of decellularization and 
characterization is desired to limit variation in the 
composition, purity, and configuration of the 
hDAM being evaluated.

Most published work on the decellularization 
of adipose tissue consists of physical, chemical, 
and biological treatment stages [15]. Flynn was 
the first to describe comprehensive methods for 
the decellularization of adipose tissue [10]. This 
5-day protocol starts with the mechanical dis-
ruption of the tissue achieved through multiple 
freeze-thaw cycles in hypotonic buffer. An over-
night enzymatic digestion is followed by a 2-day 
polar solvent extraction in isopropanol to 
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remove the lipid content. Next, the tissue is 
exposed to a number of wash and enzymatic 
digestion steps, including DNase. Finally, the 
tissue is subjected to one final polar solvent 
extraction before it is ready for use [10]. Flynn 
was able to achieve complete decellularization 
of adipose tissue samples up to 25  g in mass 
that, after hydration, typically represented 
30–45% of the original tissue mass. Hematoxylin 
and eosin (H&E) staining and scanning electron 
microscopy (SEM) confirmed the absence of 
cells and cellular debris [10].

Brown et  al. [11] compared three different 
methods for the decellularization of adipose tis-
sue. The first protocol, originally developed for 
the decellularization of liver tissue, included 
“mechanical massaging” prior to exposure to the 
strong detergent, Triton X-100. An n-propanol 
incubation step was eventually added due to its 
cost-effective ability to remove residual lipid 
components. The final two methods involved the 
use of various enzymes or detergents and acids, 

but both methods produced wet materials that 
were high in lipid content as well as DNA of high 
base pair length. Decellularization was assessed 
by H&E and 4′,6-diamidino-2-phenylindole 
(DAPI) staining as well as DNA quantification. 
Despite the finding that the first method was 
superior, in terms of the preservation of the native 
collagen structure, the secretion of basic fibro-
blastic growth factor, and an observed increase in 
the retention of glycosaminoglycans (GAGs), all 
three methods resulted in the complete removal 
of laminin, a key component of native adipose 
extracellular matrix.

Another method described by Choi et al. [14] 
employed a tissue homogenizer for mechanical 
disruption prior to treating the tissue with a 
hyperosmolar salt solution. The lipoaspirate was 
then treated with the detergent sodium dodecyl 
sulfate (SDS), followed by the enzymes DNase 
and RNase. A near-complete elimination of DNA 
content was quantified via gel electrophoresis, 
and decellularization was confirmed with acri-

Table 6.1 The optimal method of adipose tissue matrix preparation includes the removal of all cellular components

Technique Types Detects/confirms
Histological stains (1) Hematoxylin and eosin

(2) Oil red O
(3) Masson’s trichrome
(4)  Alkaline phosphatase 

(ALP)
(5) Alizarin red S (ARS)
(6) Von Kossa staining

(1) Cell and vascular architecture
(2) Lipid and adipocyte content
(3) Collagen structure
(4) and (5) Osteoblastic differentiation
(6) Matrix mineralization (calcium deposits)

Immunohistochemistry (1) Hoechst
(2) DAPI
(3) AO/PI
(4) Receptors/CD markers

(1), (2), and (3) Nucleic acid and retrained cellular 
components
(4) Presence and location of markers (e.g., CD31, 
Col IV, laminin)

Biochemical assays (1) DNA extraction kits
(2) RT-PCR
(3) Western blot

(1) and (2) Quantification and identification of 
specific component (e.g., DNA, genes, GAGs, 
elastin)
(3) Protein expression

Electron microscopy Scanning transmission 3D ultrastructure of extracellular matrix
Mechano-stress testing (1) Young modulus

(2)  Storage and loss 
modulus

(3)  Small-angle oscillatory 
shear rheology (SAOS)

(1) Measure of elasticity
(2) Mechanical integrity
(3) Rheological properties/mechanical stiffness

Mass spectrometry Secondary ion mass 
spectrometry

Identity of molecules

Atomic force microscopy Scanning probe microscopy Surface topography (e.g., surface area roughness)
Second harmonic generation 
microscopy

Laser scanning microscopy Fiber orientation and density
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dine orange (AO) and propidium iodide (PI) 
staining followed by SEM. The presence of lam-
inin, however, was not analyzed in this study.

In addition, Wang et al. [25] prepared hDAM 
using a modified protocol they previously devel-
oped to decellularize musculofascial ECM. Their 
protocol utilized very similar components to the 
Flynn methods, including a polar solvent extrac-
tion. However, they swapped the enzymatic 
digestion step for a Triton X-100 incubation. 
H&E and DAPI staining confirmed the absence 
of cellular content that was later confirmed via 
SEM. DNA was also extracted and quantified to 
reveal a low 2.1  ng·mg−1 of processed tissue. 
While SEM demonstrated that this extraction 
technique was very successful at decellulariza-
tion while maintaining the native 3D architec-
ture, laminin was not detected in the final tissue.

The most comprehensive comparison of 
hDAM isolation methods was published by Sano 
et  al. in 2014 [24]. Particularly, they compared 
purely mechanical, acid-based, and detergent- 
based methods to the original Flynn protocol and 
applied variations to each technique in an effort 
to define the optimal implementation. The 
mechanical based method A was the least suc-
cessful; even after 18 freeze-thaw cycles, all of 
the cells and cellular components still remained, 
yet the matrix structures were destroyed. The 
acid-based (method B) and enzyme-based 
(method C) protocols were successful at main-
taining the matrix architecture. Cells and cellular 
fragments remained even after extending the 
incubation periods eightfold. The only method 
that showed completely successful decellulariza-
tion was the Flynn protocol. However, Sano et al. 
[24] only achieved complete decellularization 
after extending the enzymatic digestion steps. 
Additionally, they found that 0.8 g of adipose tis-
sue was the upper limit of en bloc tissue that 
could be processed at any given time. This 
method did result in the preservation of collagen 
IV and laminin.

Recently, Wang et al. [41] employed the con-
cept of using supercritical carbon dioxide (SC- 
CO2) to decellularize adipose ECM. They washed 
the lipoaspirate twice in ethanol and loaded the 

samples into a reaction vessel with ethanol as a 
modifier. The liquid CO2 was then compressed to 
1.8 × 104 kPa and was passed through the reaction 
vessel at 37 °C for 3 h before collection and stor-
age at 4 °C. Oil Red O staining demonstrated deli-
pidization, while H&E staining with PicoGreen 
assay showed acceptable levels of DNA 
(43.52 ± 6.17 ng/mg), according to the threshold 
level for clinical applications. Immunostaining 
demonstrated the preservation of collagen, fibro-
nectin, elastin, and laminin, which are essential to 
the ECM.  The conservation of growth factors, 
such as vascular endothelial growth factor 
(VEGF) and fibroblast growth factor (bFGF), is 
reassuring for their potential contribution to 
angiogenesis and adipogenesis of tissue. Due to 
the evaporation rates of SC-CO2, the treatment 
resulted in a solvent-free hDAM that did not 
require further steps, such as lyophilization, thus 
making it a prime candidate for an ideal decellu-
larization protocol due to its low cytotoxicity and 
immunogenicity interactions [41].

Optimally, the decellularization process 
strikes a balance between the efficiency of cell 
removal and the maintenance of the native matrix 
structure. Flynn avoided detergents, like SDS, 
because their retention can be cytotoxic to cells, 
and they cause significant alterations, swelling, 
or irreversible macroscopic degradation of the 
matrix components [10]. Poon et  al. [22] also 
avoided detergents because of the increased risk 
of matrix protein denaturation and degradation. 
Similarly, Wang et al. [41] used SC-CO2 to avoid 
abrasive detergents, retaining key proteins and 
growth factors native to ECM. Wu et al. [36] used 
peracetic acid in combination with Triton X-100 
to create a form of hDAM. The low concentration 
of the acid (0.1%) resulted in samples with a high 
DNA content and incomplete lipid removal, 
while a high concentration (5%) resulted in a sig-
nificant degradation of collagen. The group 
determined that a 3% peracetic acid step yielded 
the optimal effect. However, they did not assay 
for the presence of laminin.

Over the past decade, proteomic capabilities 
have dramatically increased due to technologi-
cal improvements that include better sample 
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preparation protocols and enhanced capabili-
ties in mass spectrometry (MS), database 
searching, and bioinformatics analysis. The 
use of proteomics to examine ECM has been 
extensively done for  certain types of ECM, 
specifically cardiac ECM [42]. However, for 
hDAM, to the best of our knowledge, these 
types of studies have not been performed. We 
propose that the utilization of a proteomic 
approach to examine hDAM will contribute to 
our understanding of what actually constitutes 
this matrix. Furthermore, we hypothesize that, 
during the collection of adipose tissue, the fas-
cia component, which is normally ignored, 
might actually contain key ECM proteins that 
are essential to adipogenesis and angiogenesis 
[43]. Future studies, some of which are being 
conducted in our lab, should examine these 
prospects.

6.3  Characterization of hDAM

Currently, there is a need for a standard set of 
characterization assays that would not only allow 
for a more accurate comparison of the various 
forms of hDAM, but also predict consistent 
results upon hDAM use in the clinical setting 
(Table 6.2). Among all studies reviewed, there is 
a great deal of variability among the methods 
used to characterize the structure of hDAM as 
well as the resulting microenvironment upon its 
implantation. So far, each study analyzing hDAM 
consistently utilizes at least one form of simple 
histological staining or scanning electron micros-
copy (SEM) to assess for the presence of cells 
and cellular components as well as to visually 
characterize the matrix. In order to decipher the 
components of hDAM as well as the efficacy of 
the decellularization process, some studies 

Table 6.2 Methods used to characterize the structure of hDAM as well as the resulting microenvironment upon its 
implantation

Group Classification
Key steps/
components

Processing 
time Advantages Disadvantages

Flynn 
[10]

Nondetergent 
based

(1)  3 freeze/thaw 
cycles

(2)  Trypsin 
digestion

(3)  Polar solvent 
extraction

(4)  Specialized 
rinsing buffer

(5)  Specialized 
enzymatic 
digestion

(6)  Specialized 
rinsing buffer

(7)  Polar solvent 
extraction

~120–
156 h [8, 
10]

•  Retention of native 
hDAM structures 
including LN, Col IV

•  Complete 
decellularization 
consistently observed

•  Time consuming
•   Maximum fat parcel 

size that can be 
processed limited to 
800 mg [10]

Choi 
et al. 
[12]

Detergent 
based

(1)  Tissue 
homogenization

(2)  Salt-solution 
treatment

(3) SDS incubation
(4)  DNase/RNase 

treatment

~54 h •  DNA and RNA almost 
completely 
undetectable

•  Grafts showed no signs 
of inflammatory 
response in vivo

•  Processing led to 
24% decrease in acid/
pepsin- soluble 
collagen and 21% 
decrease in soluble 
elastin

•  LN and Col IV not 
analyzed

Young 
et al. 
[14, 27]

Detergent 
based

(1) Tissue thawed
(2) SDS incubation
(3)  Specialized 

enzymatic 
digestion

(4) Lyophilization

~88–
124 h

•  Complete 
decellularization based 
on IHC staining

•  Good preservation of 
Col I–IV with some 
preservation of LN

•  High-retained DNA 
content compared 
with other studies 
•  Demonstrated good 

host integration in 
in vivo model

(continued)
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employ techniques such as DNA isolation/quan-
tification, immunohistochemistry (IHC), bio-
chemical assays, mechanostress testing, and 
particle size separation [20]. This section sum-
marizes these methods and discusses their 
implications.

Simple histological staining is the quickest 
and most direct way to assess for decellulariza-

tion. Additional methods commonly used include 
Masson’s trichrome staining, which, in addition 
to staining cell fragments, allows for the detailed 
detection of collagen [10, 28, 36], and oil red O 
staining, which allows for the identification of 
adipocytes and lipid content [25, 27, 28, 36]. The 
majority of studies reviewed also utilize H&E 
staining, which allows for the direct visualization 

Table 6.2 (continued)

Group Classification
Key steps/
components

Processing 
time Advantages Disadvantages

Brown 
et al. 
[11]

Detergent 
based

(1) Tissue thawed
(2)  Mechanical 

massaging
(3)  Trypsin 

digestion
(4)  Mechanical 

massaging
(5)  Triton X-100 

incubation
(6)  Ethanol/

peracetic acid
   treatment
(7)  N-propanol 

polar solvent 
extraction

(8) Lyophilization

~24 h •  Relatively quick assay
•  Results in retention of 

collagen (mainly Col 
III) and GAGs

•  LN completely 
removed by 
decellularization 
process

•  Some lipid droplets 
remained in matrix

Wang 
et al. 
[27]

Detergent 
based

(1)  3 freeze/thaw 
cycles

(2)  Extensive wash 
step

(3)  Salt-solution 
treatment

(4) Overnight wash
(5)  Salt-solution 

treatment
(6)  Trypsin 

digestion
(7)  Polar solvent 

extraction
(8)  Triton X-100 

incubation

~214 h •  Complete 
decellularization with 
extremely low DNA 
content observed

•  Maintenance of 
collagen, VEGF, and 
GAGs and removal of 
MHC-I

•  Long preparation 
time required

•  LN completely 
removed during 
processing

Wang 
et al. 
[40]

Nondetergent 
based

(1)  Lipoaspirate 
washed in DI 
water

(2)  Rinsed twice in 
ethanol

(3)  Loaded into 
reaction vessel 
with ethanol as 
modifier

(4)  SC-CO2 
(1.8 × 104 kPa) 
passed through

~3 h •  Low levels of DNA 
content

•  Preservation of 
collagen, laminin, 
fibronectin, and elastin

•  Fast processing time
•  Retention of GAGs, 

bFGF, and VEGF

•  Some residual DNA 
content

•  Limited sample size 
due to size of 
reaction vessel
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of cell membranes, proteins, and nuclei. H&E 
staining is also conducted to observe cellular 
infiltration, angiogenesis, collagen organization, 
adipogenesis, and structural integration of hDAM 
into the host tissue. Studies that do not use H&E 
staining, however, typically employ some form 
of nucleic acid staining such as Hoechst, DAPI, 
or AO/PI for the detection of retained cellular 
components [11, 14, 23, 25, 27, 33].

Additionally, biochemical assays are powerful 
tools for the assessment of hDAM constituents. 
One of the more commonly studied aspects 
includes the extraction, characterization, and 
quantification of DNA [11, 14, 23, 25, 27, 33], a 
surrogate marker of decellularization. It is sug-
gested that a DNA content <50 ng·mg−1 of tissue 
is optimal for proper decellularization [11, 23]. 
Other assays in this category allow for the assess-
ment of components like GAGs [27], elastin [14], 
and specific collagen content [36]. Also, gel elec-
trophoresis can be used to quantify specific matrix 
components such as fibronectin and laminin [22].

Immunohistochemical staining (IHC) is a 
common method used to characterize 
hDAM. Immunohistochemistry enables scientists 
to detect specific cellular and structural markers, 
such as CD31 [23, 36] and VEGF [25], as well as 
important extracellular components, such as col-
lagen, laminin, fibronectin, and vitronectin. A 
large number of studies implement IHC to quan-
tify the presence of type IV collagen and laminin 
[10, 11, 24, 25, 27], the primary constituents of 
adipose extracellular matrix basement membrane 
[10, 11, 29]. Recent studies also increasingly uti-
lize IHC to assess for the presence of collagen IV, 
a key basement membrane protein, to further 
ensure that their decellularization procedure is 
successful in retaining this component of hDAM 
[20]. Another study implemented IHC to screen 
for collagen VI, which is positively correlated 
with obesity-associated fibrosis [44]. Additionally, 
IHC is used to detect the presence or absence of 
major  histocompatibility complex class I (MHC-
I), the absence of which indicates the removal of 
alloantigenicity.

In addition to matrix proteins, IHC is used to 
screen for bioactive materials related to adipogen-
esis, angiogenesis, and macrophage response. One 

group implemented IHC to screen for CD68 (pan-
macrophage marker) and CD163 (M2 macrophage 
marker) following hDAM implantation in a murine 
model [30]. M2 macrophages are well known for 
their pro-angiogenic capabilities and are linked to 
the regenerative properties observed with hDAM 
implantation [45]. Another protein of interest, per-
ilipin, is associated with intracellular lipid droplets 
and is used to observe increases in lipid-containing 
macrophages and adipocytes as a result of an 
hDAM injection [30]. Two other adipogenic mark-
ers that are screened for include peroxisome pro-
liferative activated receptor gamma (PPARγ) and 
anti-inflammatory adipokine adiponectin. PPARγ 
localizes in the nucleus upon initiation of the adi-
pogenesis pathway [30]. Also, adiponectin is 
secreted by mature adipocytes as well as lipid-
containing M2 macrophages and is reported to 
increase after hDAM implantation [30].

hDAM is comprised of several structural pro-
teins, such as collagen, chondroitin sulfate, elas-
tin, and non-proteoglycans, as well as several cell 
adhesive proteins, such as fibronectin, vitronec-
tin, laminin, and tenascins [46]. These cell adhe-
sive properties make it a favorable compound to 
be used in conjunction with synthetic scaffolds. 
For example, hDAM coating around the synthetic 
scaffold poly(sebacoyl diglyceride) (PSeD) 
allows for enhanced bone marrow mesenchymal 
stem cell (BMSC) adhesion because of the hydro-
philic properties as well as the porous nature of 
hDAM [46]. This study indicates that the ECM 
allows for growth factors to bind, become stored, 
and then be released when necessary following 
ECM protein degradation [46]. Wei et  al. [46] 
performed ELISA and demonstrated that human 
adipose-derived matrix secreted the growth fac-
tors bone morphogenetic protein-2 (BMP-2) and 
insulin-like growth factor-1 (IGF-1), which facil-
itate the formation of new bone tissue. Using a 
western blot analysis, this group also showed that 
bone-related gene markers, such as Ocn, OPN, 
Runx2, and Osx, were present in BMSCs cul-
tured on hDAM.  The group also compared the 
protein expression of collagen I, fibronectin, and 
laminin from adipose-derived matrix and bone 
marrow-derived matrix. These techniques permit 
scientists to determine whether hDAM is the 
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optimal matrix to be used for regeneration of a 
desired tissue type.

Another highly specific method for analyzing 
the protein composition of hDAM components is 
mass spectroscopy. However, interestingly, this 
has not been done for hDAM, but has been done 
for a variety of other ECM tissues. The character-
ization of the ECM, as a fundamental component 
of multicellular organisms, has been underway 
for some time. In 1984, Martin et al. [47] coined 
the term “matrisome” to define the ECM compo-
nents in terms of the basement membrane. Then, 
in 2012 the term was expanded to include all the 
genes that encode functional and structural ECM 
proteins and also ECM interacting and remodel-
ing proteins [48]. To capitalize on the develop-
ment of ECM proteomics, the same group, from 
the Massachusetts Institute of Technology, 
described new bioinformatic tools and experi-
mental strategies for ECM research, and they 
introduced a Web platform called “the matrisome 
project” and a database called MatrisomeDB, 
which compiles in silico and in vivo matrisome 
data. This essentially provides an ECM atlas 
based on proteomics data from the ECM compo-
nents of numerous tissue and tumor types [49]. 
We utilized mass spectrometry to identify pro-
teins in hDAM and in ECM derived from adipose 
fascia from four cadaveric donors. After identify-
ing all of the proteins, we selected only those 
associated with the matrisome using the database 
and Web platform described above. The proteins 
were then compared and identified in each type 
of ECM and found that there were 115 and 98 
proteins in the hDAM and fascia ECM, respec-

tively, and these were identified in at least 2 of the 
4 donors. There were 86 proteins in common and 
29 and 12 were unique in the hDAM and fascia 
ECM, respectively (Fig.  6.1). The unique pro-
teins were then annotated using Gene Ontology 
(GO). The GO analysis revealed that the fascia 
proteins were more related to angiogenesis than 
the hDAM proteins. These data suggest that a 
combination of hDAM and fascia ECM compo-
nent might enhance angiogenesis to improve 
graft retention. These are the areas of continued 
research in our lab.

Another emerging method of hDAM charac-
terization is the examination of particle size 
[46]. Following a milling procedure, hDAM was 
separated and grouped into three size ranges uti-
lizing stainless steel sieves of varying mesh 
sizes, including small (<45 μm sieve), medium 
(100 and 150  μm sieves), and large (250 and 
300  μm). Using a laser particle size analyzer, 
the size distribution was evaluated by using the 
refractive index of interstitial collagen (1.547). 
Isolating varying particle sizes from hDAM 
allows researchers to observe the optimal parti-
cle size necessary for regeneration and adipo-
genesis to occur. For example, smaller hDAM 
particles seem to promote adipogenic differen-
tiation by increasing surface area for cell-to-cell 
interaction [46]. Thus, understanding the parti-
cle size-to- tissue induction relationship is para-
mount creating hDAMs for various regenerative 
applications.

Analysis of collagen structure is another use-
ful technique to characterize changes in extra-
cellular matrix. One study conducted 
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Fig. 6.1 Gene ontology analysis following mass spec-
tometry to identify proteins in the human decellularized 
adipose tissue extracellular matrix (AAM) and the adi-
pose fascia from 4 cadaveric donors. Proteins only associ-

ated with the matrisome as described in the text were 
analyzed. The two tissue types shared 86 proteins, while 
the AAM contained 29 unique proteins; the fascia matrix 
with 12 unique proteins
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multiphoton autofluorescence second harmonic 
generation (SHG) imaging of obese and healthy 
hDAM collagen structures and analyzed the 
images through a custom-built autocorrelation 
analysis algorithm [50]. SHG imaging is uti-
lized as a microscopic imaging contrast mecha-
nism to determine the structures and functions 
of cells and tissues. Interestingly, this study uti-
lized SHG imaging and found that obese hDAM 
is structurally thicker in comparison to healthy 
hDAM through collagen observation. Also, obe-
sity-derived hDAM is associated with functional 
defects and an increase in malignant behavior 
[46]. This type of imaging provides a tool to 
characterize the structure of hDAM components 
in healthy and diseased tissue states and is there-
fore a crucial tool used to characterize healthy 
and non-healthy hDAM.  Virtually every study 
employs SEM or transmission electron micros-
copy in order to visualize the microstructure of 
hDAM [10, 11, 14, 24, 25, 27, 28, 33, 36]. In 
addition to enabling the confirmation of decel-
lularization, this high- level visualization also 
allows one to assess the ultrastructural charac-
teristics of the ECM [24].

Examining the cellular deposition and remod-
eling of fibronectin are also equally important 
when characterizing hDAM. The same study uti-
lized a Förster resonance energy transfer (FRET) 
analysis to characterize the conformation of 
fibronectin in hDAM from obese patients [46]. 
The study confirmed previous results that obesity- 
associated hDAM exhibits increased fibronectin 
unfolding, contributing to a more dysfunctional 
matrix. This may be crucial to ensuring that 
hDAM will be functionally effective in a regen-
erative capacity if it is derived from obese 
patients. Screening for these proteins allows for a 
greater understanding of the changes in the struc-
tural makeup of hDAM under a chronic disease 
state, such as obesity.

Additionally, the mechanical properties of 
hDAM must be taken into consideration when 
defining the structure of hDAM. Mechanostress 
testing is commonly overlooked in hDAM char-
acterization, but it is critical to its evaluation. A 
way to measure matrix stiffness is by calculat-
ing the compressive modulus using the linear 
region of the stress–strain curve. To do this, 
printed hDAM constructs are tested using an 

electromechanical universal testing machine. 
One group performing this testing determined 
that their printed hDAM constructs have a com-
pressive modulus of 122.56 ± 20.23 kPa, which 
is stiffer than the compressive modulus of native 
adipose tissue (19 ± 7 kPa) [20]. Kochhar et al. 
[51] recently reported that their detergent-based 
hDAM demonstrated viscoelastic properties 
similar to standard lipoaspirate and claimed that 
their hDAM, therefore, is an ideal candidate to 
substitute for standard lipofilling. Mechanical 
properties can also be communicated as rheo-
logical or elasticity data in the form of the stor-
age and loss modulus [31, 51] or Young’s 
modulus [14, 37, 52], respectively. Obtaining 
the ideal matrix stiffness is important because 
hDAM scaffolds that are too soft may result in 
structural collapse, whereas those that are too 
rigid may lead to irritation and scar-tissue for-
mation [52].

Finally, matrix porosity is a component 
thought to influence cellular autocrine and 
paracrine function [53]. Reporting on this 
structural element is achieved using SEM [24], 
ethanol displacement [54], and capillary flow 
porometry [16]. One group engineered a dome-
shaped hDAM construct and was able to control 
for porosity and reported long-term in  vitro 
ADSC culture capabilities and an adequate 
transfer of oxygen and nutrients, and obtained a 
high cell viability [20]. Adequate hDAM poros-
ity allows for a suitable environment for 
homogenous cellular distribution and tissue 
infiltration, and supports tissue remodeling at 
the implantation site [20]. Obtaining the ideal 
matrix porosity is challenging. Therefore, con-
structing a 3D printed hDAM hydrogel or using 
an electrospray protocol may be the two most 
efficient methods to ensure adequate matrix 
porosity.

6.4  Emerging Trends in Basic 
Science and Translational 
Applications

Several groups are currently testing hDAM 
in vitro and in vivo for clinical-translatability and 
tissue-engineering applications because natural 
ECMs possess an inherent property of biological 
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recognition, which includes ligand presentation 
for cellular interactions, susceptibility to cell- 
triggered proteolytic enzymes, and subsequent 
remodeling required for morphogenesis [55]. 
The properties of hDAM that lead to optimal tis-
sue formation are currently an area of investiga-
tion. For example, a preclinical study suggests 
that the presence of collagen IV and laminin, key 
constituents of the basement membrane, is asso-
ciated with increased adipogenesis [38]. Another 
study indicates that the optimal particle size of 
the hDAM components that results in optimal 
adipogenesis is <45 μm. Although older studies 
examining hDAM used it in combination with 
progenitor cells, several scientists have recently 
examined hDAM and show that tissue regenera-
tion is possible without the need for cell 
supplementation.

6.5  hDAM Supplementation

The use of biomaterial scaffolds in combination 
with cells expressing regenerative potential rather 
than utilizing just one of the two alone is gaining 
popularity in the field of regenerative medicine 
[30]. Currently the mechanisms of ADSC- 
mediated adipose tissue regeneration are not very 
well understood. However, a recent study indi-
cates that ADSC-mediated adipogenesis is 
enhanced upon co-implantation with exogenous 
hDAM in a female rat model [30]. Co-culturing 
ADSCs and hDAM leads to enhanced blood ves-
sel formation in ADSC-seeded hDAM scaffolds 
and significantly greater levels of VEGF com-
pared to unseeded hDAM at 4 weeks and, also, 
shows an increased blood vessel diameter. 
However, there are no significant differences in 
levels of CD31+ and VEGF+ cells at later time 
points [30]. hDAM also plays a surprising role in 
immune cell recruitment. Following an ADSC- 
seeded hDAM scaffold implantation in a rat 
model, CD68+ macrophage accumulation was 
induced by hDAM rather than by ADSCs. 
Furthermore, CD163+ macrophages are a sub-
type of the macrophages responsible for matrix 
deposition and tissue remodeling. The authors of 
this study hypothesize that following hDAM 

implantation, M2b macrophages may be induced 
to secrete IL10, leading to activation of CD163+ 
macrophages [30]. Increased CD163+ macro-
phages are more present in ADSC-seeded hDAM 
compared to non-seeded implants at 8 and 
12 weeks, and these macrophages are reported to 
have adipogenic potential. Also, an increase in 
the M2 macrophage subtype can contribute to the 
sprouting of new blood vessels and stimulate 
pericyte recruitment and vascular remodeling 
[30, 45]. The effects of hDAM are likely a result 
of changes in the microenvironment involving 
the secretion of beneficial paracrine factors that 
promote localized adipose tissue regeneration 
[30]. There are additional studies that demon-
strate the capacity of hDAM to fill soft-tissue 
defects when supplemented with ADSCs. One 
group used ultrasonic homogenization followed 
by pancreatic digestion to create an hDAM as 
well as an ECM from porcine small intestine 
mucosa. The hDAM was superior for promoting 
ADSC viability and proliferation when co- 
cultured in  vitro, inducing the upregulation of 
adipose-related genes, such as PPARγ and leptin, 
and also demonstrating superior adipogenesis in 
an in vivo model [28]. Ultimately, hDAM seeded 
with ADSCs promotes the recruitment of benefi-
cial host cell populations that can aid in adipo-
genesis, and this proves to be a promising method 
in tissue regeneration. For this reason, many sci-
entists are investigating the benefits of using 
hDAM in combination with ADSCs.

Cells are extremely sensitive to the environ-
ment in which they are cultured and introducing 
hDAM to the microenvironment improves cell 
culture outcomes. In a recent study by Marinkovic 
et  al. [56], bone marrow-derived MSCs 
(BM-MSCs), ADSCs, as wells as cervical cancer 
cell line, HeLa, and breast cancer cell lines, 
MDA-MB-231 and MCF-7, were maintained in 
classical 2D culture (TCP), in BM-ECM, and in 
human adipose-derived ECM (AD-ECM). The 
authors discovered that stem cell proliferation for 
both the BM-MSCs and ADSCs on the two ECMs 
was significantly greater compared to the 
TCP. They also determined that the highest cell 
number was achieved when the cells were cul-
tured in a tissue-specific manner with their native 
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ECMs. For example, BM-MSCs proliferated sig-
nificantly more on BM-ECM compared to 
AD-ECM, while ADSCs proliferated significantly 
more on AD-ECM compared to BM-ECM. The 
authors also examined cancer cell proliferation on 
the two ECMs and TCP. The authors determined 
that HeLa cell proliferation is significantly 
reduced when the cells are cultured on BM-ECM 
and AD-ECM compared to TCP, and interestingly 
AD-ECM provides the most significant reduction 
compared to both BM-ECM and TCP.  MCF-7 
cells experienced a similar trend in reduction. 
However, this was only when the MCF-7 cells 
were cultured on AD-ECM, and for MDA-MB-213 
cells proliferation was only significantly inhibited 
when they were cultured on BM-ECM.  Further 
studies are needed to examine the in vivo effects 
of hDAM on cancer cell inhibition.

Another promising future application of 
hDAM is enrichment with catalase to reduce the 
negative effects of a hypoxic environment. 
Hypoxia leads to the formation of reactive oxy-
gen species (ROS), such as H2O2, which in excess 
amounts leads to ischemic conditions, cell death, 
formation of necrotic tissue, and graft failure. A 
failure to provide oxygen to cells is one of the 
major reasons for unsuccessful tissue regenera-
tion [57]. One group recently developed a 
catalase- enriched hDAM 3D scaffold with the 
ability to detoxify H2O2 through its conversion to 
oxygen and water. The group implanted catalase- 
enriched and catalase-free scaffolds in rats and 
observed greater tissue regeneration and new 
blood vessel formation in catalase-enriched 
groups compared to catalase-free scaffolds. 
Through the presence of oxygen, angiogenesis is 
supported and catalase protects cells and tissues 
from oxidative stress. Rijal et al. [57] discovered 
that scaffolds without catalase were unable to 
regenerate tissue in the center of large-sized scaf-
folds in a rat model, indicating that preventing 
oxidative tissue damage is imperative for large- 
tissue regeneration. The ability to utilize hDAM 
as a delivery mechanism for antioxidant biomate-
rials and for promotion of angiogenesis is just 
beginning to be explored and proves to be a 
promising application of hDAM for the enhance-
ment of tissue grafting and regeneration.

6.6  Decellularization

A revolutionary method for the delipidization 
and decellularization of lipoaspirate-derived 
ECM is the use of supercritical carbon dioxide 
(SC-CO2). SC-CO2-treated ECM shows promise 
for future applications in wound healing [41]. 
Immortalized human keratinocyte cells (HaCAT 
cells) are commonly used to study wound heal-
ing, and keratinocyte migration plays an impor-
tant role in full-thickness and epidermal wound 
healing [41]. HaCAT cells cultured on SC-CO2- 
treated ECM-coated tissue culture plastic (TCP) 
show significantly improved migration and pro-
liferation. SC-CO2-treated ECM-coated TCP also 
significantly improves the proliferation of ADSCs 
and human umbilical vein endothelial cells 
(HUVECs) compared to TCP controls. SC-CO2- 
treated ECM also prevents an unfavorable inflam-
matory immune response. THP-1-derived 
macrophages were cultured on SC-CO2-ECM- 
coated TCP, and the inflammatory response was 
measured by TNF-α expression. THP-1-derived 
macrophages secrete significantly less TNF-α 
when they are cultured on ECM-coated TCP 
compared to TCP alone. SC-CO2-ECM shows 
promise as a material that exhibits low cytotoxic-
ity and low immunogenicity. This raises the ques-
tion of whether SC-CO2-ECM can be used as an 
off-the-shelf product to enhance patient out-
comes. However, the research is still in its early 
stages, and further in  vivo studies should be 
performed.

Wang et  al. [25] created a detergent-based 
hDAM that they extensively characterized in 
terms of complete decellularization, low DNA 
count, porosity, and maintenance of collagen. 
This hDAM, which was devoid of laminin, 
showed comparable results to native tissue fat 
grafting after supplementation with 4 × 105 cells/
mL of ADSCs in an in vivo model. The hDAM 
alone, similar to the previously mentioned 
detergent- based adipose ECMs, did not promote 
adipogenesis. This reinforces the notion that 
hDAM must be processed in a manner that pre-
serves the key components of the basement mem-
brane in order to be utilized without cellular 
supplementation; otherwise, an external cross- 
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linking agent or the addition of stem cells is 
needed for hDAM to serve as a soft-tissue filler.

6.7  hDAM 3D Architecture

A moving trend in the utilization of hDAM is to 
manipulate it to obtain characteristics that are 
most favorable for tissue regeneration. One 
method of manipulation of hDAM is electro-
spraying, which allows for the generation of 
spherical hDAM microcarriers of a desirable 
diameter. One group manipulated hDAM to syn-
thesize porous microcarriers to an average diam-
eter of 428  ±  41  μm via electrospraying [58]. 
hDAM microcarriers are porous, spherical, soft, 
compliant, and stable in long-term culture with-
out chemical cross-linking. hDAM microcarriers 
are generated using a mild digestion protocol 
with the glycolytic enzyme α-amylase. Then, the 
collagen fibrils from hDAM are dispersed in 
solution and electrosprayed into liquid nitrogen 
to form spherical particles. Finally, a lyophiliza-
tion step is required to generate porous hDAM 
microcarriers. Comparing hDAM microcarriers 
to commercially available Cultispher-S micro-
carriers, ADSC proliferation is enhanced in cul-
ture with hDAM microcarriers. When assessing 
the potential of ADSCs to differentiate to adipo-
cytes, osteocytes, and chondrocytes following 
in vitro culture in either hDAM microcarriers or 
Cultispher-S microcarriers, there is a significant 
upregulation of the adipogenic markers PPARγ 
on hDAM microcarriers and LPL for both ADSCs 
expanded on hDAM microcarriers and 
Cultispher-S [58]. ADSCs expanded on DAT 
microcarriers formed more uniform intracellular 
lipids as well as enhanced matrix mineralization 
and alkaline phosphatase (ALP) staining, demon-
strating increased osteoblastic differentiation 
compared to Cultispher-S microcarriers and 
TCP. The group also assessed for chondrogenic 
differentiation by collagen II staining and discov-
ered that ADSCs expanded on DAT microcarriers 
exhibited enhanced differentiation compared to 
Cultispher-S and TCP-expanded ADSCs. 
Quantitative real-time-PCR was also performed 
to measure chondrogenic gene expression, and 

ADSCs expanded on DAT microcarriers had a 
significantly higher expression of COLL2, 
COMP, and AGG compared to Cultispher-S or 
TCP. There is a need for scaffolds with a design 
that can mimic the complex microenvironment 
that occurs in the stem cell niche to promote dif-
ferentiation and proliferation. The porous nature 
of DAT microcarriers makes them ideal for cel-
lular infiltration and remodeling. Future studies 
utilizing DAT microcarriers should seek to iden-
tify the endogenous growth factors present in the 
microcarriers. The use of electrosprayed micro-
carriers is promising, since it yields positive out-
comes without the need for chemical 
cross-linking. However, even though the poten-
tial for hDAM to facilitate different tissue forma-
tion is great, researchers are still investigating the 
details about the ideal hDAM characteristics that 
are necessary for each tissue type, such as the 
stiffness, chemical cross-linking, composition, 
mechanical properties, and surface topography.

Cross-linking appears throughout the litera-
ture in various forms as a method to augment the 
beneficial properties of decellularized adipose 
tissue matrix. Lu et  al. [59] obtained murine 
decellularized adipose tissue extracellular matrix 
(mDAM) and cross-linked heparin to the matrix 
to create a delivery vehicle for basic fibroblast 
growth factor (bFGF). Their enhanced mDAM 
resulted in the formation of highly vascularized 
adipose tissue after 6  weeks compared with 
mDAM alone in a mouse model. Additionally, 
the explanted mDAM exhibited higher levels of 
the key components of adipogenesis, including 
CEBPα, adiponectin, and glucose transporter-4. 
The efficacy of an injectable hDAM, which was 
cross-linked with hexamethylene diisocyanate 
and 1-ethyl-3-[3-dimethylaminopropyl]carbo- 
diimide (EDC) to improve volume retention, was 
also investigated [36]. The injectable hDAM, 
which was derived using acids and detergent, 
supports the growth and differentiation of ADSCs 
in vitro. Additionally, in a rat model cross-linking 
increases the hDAM’s resistance to enzymatic 
degradation, promoting host-cell migration with 
adipose-tissue development and vascularization 
without the need for ADSC supplementation. 
Long-term in vivo studies demonstrate that acel-
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lular injectables develop into newly formed vas-
cularized adipose tissue [36]. Young et  al. [31] 
also compared a detergent-based hDAM gel for 
soft-tissue filling in a mouse model that was sup-
plemented with either ADSCs or transglutamin-
ase (TG), which is a cross-linking agent. They 
found that both were superior to hDAM alone 
and that the addition of TG was as effective as 
ADSCs at improving neovascularization and the 
soft-tissue-filling effect. This study contributes to 
the argument that progenitor cell supplementa-
tion of hDAM is not a necessity in achieving 
positive outcomes.

The efficacy of a purely mechanically based 
hDAM powder for soft-tissue-filling applications 
is currently under investigation [15]. Lipoaspirate 
was subjected to multiple washes with distilled 
water, homogenization, and centrifugation, form-
ing a gel-like tissue suspension that was freeze- 
dried and ground to a fine powder. After 
sterilization, the gel was cultured and injected into 
nude mice. The hDAM powder seeded with 
ADSCs displayed superior proliferation, viability, 
and distribution in  vitro and demonstrated 
improved neovascularization and adipogenesis 
in vivo when compared with the hDAM powder 
alone. In a subsequent study, Choi et al. [16] fabri-
cated hDAM scaffolds into shapes, such as round 
discs, hollow tubes, and beads. In vitro testing 
revealed that the frequency of ADSC attachment 
was directly correlated to the scaffold pore size, a 
parameter for which the magnitude is directly pro-
portional to the freezing temperature used for the 
scaffold preparation. More recently, this group 
investigated the use of various forms of hDAM for 
tissue-specific applications [13, 33, 60].

Initially, Flynn [10] demonstrated that hDAM 
seeded with ADSCs exhibited an increased 
expression of PPARγ and human CCAAT- 
enhanced binding protein alpha (CEBPα), which 
are both key regulators of adipogenesis, when 
compared with control adipogenic differentiated 
ADSCs. Glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) activity (a marker of adipose 
tissue maturation) was inversely proportional to 
the body mass index of the ADSC donors. Turner 
and Flynn [35] advanced these studies by design-
ing composite hydrogel hDAM scaffolds that 

serve as microcarriers for ADSCs. They 
implanted this hDAM subcutaneously in rats 
with or without ADSC supplementation. 
Macroscopically, there was no difference 
between the retained grafts, which were both 
superior to the gelatin-carrier control group. 
When analyzed under a microscope, both the 
seeded and unseeded hDAM grafts exhibited 
good integration with the host tissue, whereas the 
gelatin microcarriers were encapsulated by a 
dense fibrous tissue [61]. Because the seeded 
hDAM microcarriers exhibited the highest degree 
of cellularity and angiogenesis when compared 
with the unseeded graft, the researchers con-
ducted further experiments on this model and 
found that the addition of the cross-linking agent 
methacrylated chondroitin sulfate increased its 
overall performance [32].

6.8  Clinical Implications

The utilization of hDAM as a therapeutic is cur-
rently being intensely studied in the field of 
regenerative medicine. A large quantity of adi-
pose tissue is discarded as medical waste during 
surgical procedures including liposuction, reduc-
tion mammoplasty, abdominoplasty, and various 
other body contouring procedures. Rather than 
being discarded, this adipose tissue could serve 
as a reservoir of hDAM.  As soon as it is har-
vested, the adipose tissue can be frozen and sent 
to a central processing facility where decellular-
ization could proceed. This is practical because 
the first stage in many decellularization protocols 
consists of multiple freeze-thaw cycles. In 
 addition, cadaveric sources of adipose tissue and 
subsequent preparation and refinement offer 
excellent opportunities for mass production.

Preliminary studies show a great potential for 
the use of hDAM in a variety of tissue- engineering 
approaches with obvious clinical ramifications, 
and these applications are not limited to soft- 
tissue filling. For instance, one group demon-
strated the ability to significantly improve the 
healing of full-thickness wounds using sheets of 
detergent-based hDAM impregnated with ADSCs 
[62]. Another group combined hDAM with 
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mDAM to construct an adipose tissue-derived 
acellular matrix thread that, when seeded with 
ADSCs, improved erectile function after 3 months 
in a rat model for cavernous nerve injury [34].

6.8.1  Breast Reconstruction

One study investigated using hDAM without cell 
supplementation from various adipose depots to 
assess the potential for breast reconstruction in 
patients who have undergone either a mastec-
tomy or a lumpectomy [63]. The objective of this 
study was to investigate whether hDAM can be 
used as a material for breast reconstruction and 
identify the adipose depot ideally suited as a 
source of hDAM for this procedure. This study 
demonstrated, through a finite element model, 
that following its application, no hDAM sample 
had detectable contour irregularities following 
changes in body position to supine or to upright, 
similar to that of the normal breast. They identi-
fied that the hDAM, which can be isolated from 
pericardial, thymic, and omental adipose depots, 
causes higher breast deformation compared to 
subcutaneous and breast adipose depot following 
post-mastectomy reconstruction. As a result, the 
most promising depots to isolate hDAM for use 
in post-mastectomy breast reconstruction are the 
subcutaneous abdominal and breast depots, since 
they both lead to a deformation that is similar to 
a normal breast. In the post-lumpectomy sce-
nario, the impact of hDAM is minimal since the 
majority of breast volume is occupied by native 
breast tissue. Therefore, in a lumpectomy, there 
is no restraint from which the adipose depot 
hDAM can be derived from because the deforma-
tion differences are not significantly different 
among hDAM derived from the different adipose 
depots. Therefore, subcutaneous adipose tissue 
can be potentially used as a universal source of 
adipose tissue from which to isolate hDAM for 
treatment in volume grafting.

There is a growing awareness of the connec-
tion between the adipose ECM and the diseased 
state. The altered properties of obese ECM may 
be responsible for obese patients’ increased pre-
disposition and worse clinical prognosis observed 

in the setting of breast cancer. Evidence shows a 
connection between obesity, ECM remodeling, 
inflammation, and mechanotransduction [50]. 
The extracellular matrix of obese patients is much 
stiffer in comparison to the stiffness of hDAM 
from lean patients. The mechanisms by which 
obesity causes these changes within hDAM are 
currently unknown [63]. It is hypothesized that 
obesity-associated chronic inflammation or obe-
sity-associated hypoxia may play a role in matrix 
stiffness and increased tumorigenesis in these 
patients. Obesity also presents a challenge in early 
clinical screening with mammography for breast 
cancer, since women with highly dense breasts 
have a higher risk of breast cancer. Since adipose 
tissue is radiolucent, the breast tissue density of 
obese women appears lower. Thus, alternative 
imaging is needed to monitor tumorigenic regions 
[63]. The changes in obese hDAM may possibly 
contribute to the increased mechanosignaling in 
obese tumors and contribute to a poor clinical 
prognosis for obese cancer patients. Obese ECM 
from mice increases the malignant behavior of 
human breast cancer cells. However, the obesity-
associated mechanisms causing changes in the 
physicochemical properties of hDAM are still 
unknown and are a future area of investigation.

6.8.2  Wound Healing

Wound healing is an area of regenerative medi-
cine, in which hDAM is providing promising 
solutions. An ideal wound dressing exhibits a 
functionality and structure that is similar to 
endogenous skin tissue. hDAM is an ideal candi-
date to be used in wound healing because of its 
abundance, easy accessibility, and plethora of adi-
pokines it contains, such as bFGF, VEGF, insulin-
like growth factor-1 (IGF-1), and transforming 
growth factor-β1 (TGF-β1) [64]. The high poros-
ity, surface area, physical property manipulability, 
and morphology of hDAM enable its application 
in deep-penetrating wound therapy. Recently, a 
group developed a novel bilayer wound dressing 
with a top layer comprised of an antibacterial tita-
nium dioxide (TiO2)-incorporated chitosan mem-
brane and a sublayer of human adipose- derived 
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extracellular matrix (ECM). The group utilized 
their wound dressing for treatment of full-thick-
ness wounds in rats [64]. The bilayer- treated 
group expressed many CD31 endothelial cells, 
and the microvessel density was greater in com-
parison to the no bilayer treatment wound group. 
In addition, there was also reduced scar formation 
and an expedited regeneration of granulation tis-
sue and epidermis in the bilayer composites. This 
work provides an excellent example of one of the 
future potential uses of hDAM in wound healing 
through its combination with an antibacterial 
material that can serve as a wound dressing with-
out the need for progenitor cell supplementation.

6.8.3  Diabetes Mellitus

A recent study observing the effects of nondia-
betic and diabetic hDAM on adipocyte metabolic 
function suggests that hDAM is a potential target 
for manipulating adipose tissue metabolism [65]. 
Diabetes mellitus (DM) is associated with adipo-
cyte metabolic dysfunction as well as abnormal 
changes in the adipose extracellular matrix, since 
hDAM regulates adipocyte metabolism. Visceral 
hDAM from DM and non-DM patients was com-
pared to assess hDAM-regulated adipocyte 
metabolism. Co-culturing diabetic hDAM and 
nondiabetic adipocytes inhibits insulin- 
stimulated glucose uptake in non-DM adipo-
cytes. Also, nondiabetic hDAM partially rescues 
the effect of isoproterenol-stimulated lipolysis in 
DM preadipocytes. Nondiabetic hDAM also res-
cues glucose uptake and basal lipolysis in DM 
adipocytes, while DM hDAM impairs glucose 
uptake in non-DM adipocytes. hDAM, as a means 
to manipulate adipocyte metabolism, presents 
novel avenues for diabetes therapeutics, which 
should be further explored. This therapy is still in 
its early stages, and many in  vivo studies are 
needed to determine its translatability.

6.8.4  Bone Generation

The use of ADSC-derived matrix (ADM) is gain-
ing attention for its efficacy in bone tissue gen-

eration. Utilizing ECM from ADSCs is a 
promising alternative over the use of ECM from 
BMSCs in repairing defective bone tissue for 
several reasons [46]. First, ADSCs are in abun-
dance in the adipose tissue and it is much easier 
to isolate them in comparison to the painful pro-
cedure of obtaining BMSCs. Second, the ethical 
concerns surrounding the use of ADSCs are vir-
tually nonexistent, and finally ADSCs demon-
strate a greater proliferation capacity making the 
isolation of their ECM more readily available. A 
method of manipulating ADM is coating it on 
PSeD for bone tissue regeneration. PSeD is a 
novel polymer functional material that contains 
the necessary hardness and stiffness for bone 
repair. Human-ADM was isolated from human- 
ADSCs and coated onto PSeD to examine bone 
defect repair. In situ bone formation was exam-
ined by seeding a PSeD-ADM scaffold with rat 
BMSCs, PSeD with rBMSCs, and a defect-only 
group. New bone formation was observed to a 
greater extent in the PSeD/ADM + rBMSC group 
than the PSeD + rBMSC or the defect-only 
group. A morphometric analysis indicated that 
the total bone volume/total volume ratio in the 
PSeD/ADM group was significantly higher com-
pared to the other two groups, indicating that 
PSeD/ADM promotes more bone tissue regener-
ation than PSeD and rBMSCs alone. Aside from 
promoting BMSC proliferation, ADM also dem-
onstrates BMP-2 and IGF-1 growth factor release 
over a period of 30 days; exhibits strong osteo-
genic stimulant effects, with increases in the 
osteogenic genes Ocn, BSP, ALPL, and OPN; 
and also demonstrates a greater expression of 
collagen 1 and fibronectin than BMSC-ECM. The 
growth factors that are intrinsically stored in 
ADM are released and do have an effect on osteo-
blastic differentiation. Blocking BMP-2  in the 
ADM suppresses osteogenic gene expression 
(Ocn and OPN) and decreases ALP activity, and 
alizarin red S (ARS) staining demonstrates that 
the intrinsic growth factors in hDAM actively 
contribute to tissue regeneration. It would have 
been interesting if the same study had been per-
formed with ECM derived from whole adipose 
tissue instead of only ADM, because the compo-
sition of the ECM from the different components 
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of adipose tissue and the role they play in tissue 
regeneration are not completely understood and 
are currently an area of investigation.

6.8.5  Soft-Tissue Replacement

The use of hDAM as a stand-alone injectable 
filler to substitute for traditional fat grafting in 
situations requiring volumetric replacement 
provides a major advantage to current pro-
cesses as it obviates the need for same-setting 
fat harvesting but still uses natural human adi-
pose-derived scaffold for soft-tissue replace-
ment. Though the majority of studies reviewed 
focus on hDAM as a framework for ADSC 
delivery, a further emphasis is needed on the 
regenerative benefits of hDAM alone, a prod-
uct that could be lyophilized, stored, and used 
in an off-the-shelf manner. For instance, Turner 
and Flynn [35] created a nondetergent- based, 
unsupplemented hDAM that exhibited good 
host-tissue integration after implantation in 
rats when compared with the control. Similarly, 
Poon et  al. created a detergent- free porcine 
decellularized adipose tissue extracellular 
matrix (pDAM) hydrogel that was capable of 
promoting adipogenesis in rats [18, 22]. Not 
only does hDAM lack immunogenicity, but 
also its properties would align it under section 
361 of the Public Health Service Act by the US 
FDA as being a “minimally manipulated” tis-
sue, much like the many brands of acellular 
dermal matrix used today. Turner et al. [61] did 
not detect any macroscopic or microscopic dif-
ferences between seeded and unseeded hDAM 
grafts in a rat model, which is supported by 
recent research. Unfortunately, removing the 
unpredictability in fat grafting using seeded 
hDAM results in a process that requires an ini-
tial harvest procedure, extensive time in cell 
culture, and approval as an investigational new 
drug in the United States. The recent revolu-
tionary preparation methods of hDAM along 
with enzyme and biomaterial supplementation 
as well as cross-linking may lead to the devel-
opment of an hDAM that does not require cel-

lular supplementation. Recent preparation 
protocols are allowing for intrinsic growth fac-
tors to remain present within the matrix lead-
ing to their continuous release to promote 
tissue regeneration [64].

6.9  Conclusions

It is well established that hDAM has the poten-
tial to promote the attachment and prolifera-
tion of progenitor cells. The functionality of 
hDAM in vivo is not as clearly understood. A 
majority of researchers explore the utilization 
of hDAM as a method to deliver progenitor 
cells and few studies seek to examine the 
effects of utilizing hDAM alone without pro-
genitor cell enrichment to observe native cell 
infiltration and tissue enhancement. The sup-
plementation of hDAM with cells in culture to 
be provided for patients may pose regulatory 
challenges; therefore, more studies should seek 
to explore the potential of hDAM without 
exogenous cellular supplementation in tissue 
regeneration. The low immunogenicity and 
low cytotoxicity of hDAM along with its abil-
ity to enhance progenitor cell proliferation 
make it a strong candidate for use in soft-tissue 
regeneration and may result in the off-the-shelf 
use of this product. Furthermore, there are sev-
eral methods to derive hDAM; yet, no research 
group, thus far, has compared the most promis-
ing methods of hDAM isolation against one 
another to examine the results of specific tissue 
regeneration. hDAM is promising in many 
areas of tissue regeneration, such as bone for-
mation, adipose tissue formation, cartilage for-
mation, and wound healing. Also, the role 
hDAM plays in cancer cell suppression as well 
as metabolic regulation is promising for the 
development of novel therapeutics. Creating 
the optimal microenvironment for tissue regen-
eration may prove to be tissue specific, and 
recent research on hDAM manipulation and 
supplementation with synthetic scaffolds is 
paving the way for novel therapies in the field 
of regenerative medicine.
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Mesenchymal Cells that Support 
Human Skin Regeneration
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7.1  Introduction

Skin is a large, complex organ that covers the sur-
face of the body and undergoes continuous 
renewal throughout life. The most important 
function of skin is forming a protective barrier 
between the body and external environment, 
thereby defending the host against external 
agents, such as pathogens, mechanical and chem-
ical insults, heat, and radiation. Skin also pre-
vents water and electrolyte loss, provides 
insulation, mediates thermoregulation and sen-
sory function, and is a site of immune surveil-
lance and synthesis of biological mediators, such 
as vitamin D [1–3]. The skin consists of two 
major layers:

 1. The epidermis, an upper layer of stratified 
squamous epithelium

 2. The dermis, a lower layer of connective tissue 
(Fig. 7.1) [1, 3]

The epidermis and dermis are separated by a 
basement membrane [1, 3], and in human skin the 
epidermal-dermal interface displays a characteris-
tic undulating structure of rete ridges and dermal 
papillae (Fig. 7.1) [4]. Beneath the dermis, there is 
a layer of subcutaneous adipose tissue, called the 
hypodermis, which provides additional shock pro-
tection and insulation, as well as participating in 
energy metabolism and storage [1].

The protective skin barrier can be compro-
mised by injuries and pathologies, such as burns, 
ulcers, and cancer [2, 5, 6]. A major therapeutic 
approach for the treatment of skin injury or loss 
is culturing skin cells in vitro to generate epider-
mal sheets or skin equivalents for transplant to 
the patient’s affected skin area [5, 7, 8]. The 
development of in vitro epithelial sheets or skin 
equivalents for therapeutic purposes requires an 
understanding of the process of wound healing 
and epidermal regeneration, especially which 
cell types and mechanisms are involved. Cross 
talk between cells of the epidermis and dermis, 
mediated by soluble factors, is critical for suc-
cessful epidermal regeneration [8]. In this chap-
ter, we provide an overview of the epidermal and 
dermal cell types known to be involved in skin 
regeneration, followed by a discussion of experi-
mental approaches used to date involving these 
cell types to grow skin equivalents in vitro, and 
the potential underlying mechanisms that medi-
ate cross talk of epidermal and dermal cells that 
may contribute to skin regeneration.
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Fig. 7.1 Human skin structure: (a) Skin is comprised of 
(1) the epidermis, a stratified squamous epithelium; (2) the 
dermis, a connective tissue layer which is subdivided into 
papillary (superficial) and reticular (deep) layers, and con-
tains skin-associated structures such as hair follicles, sweat 
glands, and sebaceous glands; and (3) a layer of subcutane-
ous adipose tissue, termed the hypodermis. The epidermal-
dermal interface of human skin displays a characteristic 

undulating structure of epidermal/rete ridges and dermal 
papillae. (b) A close-up view of the epidermal- dermal 
junction shows that each dermal papilla is supplied by a 
dermal microvessel, and depicts the location of basal kera-
tinocytes (which contain stem cell and transit- amplifying 
populations), relative to dermal cells such as fibroblasts 
(grey), pericytes lining dermal capillaries (green), and 
immune cells (yellow) (reproduced with permission)
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7.2  Epidermis

The epidermis consists of a multilayered epithe-
lium of keratinocytes, and associated structures, 
such as hair follicles (Fig. 7.1); the areas of the 
epidermis between hair follicles are referred to as 
the interfollicular epidermis [3]. Keratinocytes 
are the predominant cell type in the epidermis, 
and are organized into distinct, stratified layers 
based on their proliferation/differentiation status. 
The basal layer, located just above the dermis, 
contains keratinocytes with high proliferative 
capacity. Above the basal layer are the suprabasal 
spinous and granular layers, and the outermost 
layer, the stratum corneum. Keratinocytes lose 
their proliferative capacity and become progres-
sively more differentiated as they move upwards 
through the suprabasal layers and to the stratum 
corneum [1]. Keratinocyte differentiation is asso-
ciated with profound changes in their morphol-
ogy, in which they become progressively flatter, 
and anucleated when they reach the stratum cor-
neum [1]. The different epidermal layers also dis-
play distinct expression patterns of keratins, 
structural proteins synthesized by keratinocytes. 
Keratin-5, -14, and -15 are expressed in keratino-
cytes of the basal layer, whilst keratin-1 and -10 
are expressed by differentiated keratinocytes in 
the spinous layer [4, 9, 10].

7.3  Basal Keratinocytes/Stem 
Cells

The continuous renewal of the epidermis through-
out life, and skin regeneration following injury, is 
mediated by epidermal stem cells [1, 2, 10]. 
These cells have high proliferative and regenera-
tive potential, and are located in the basal layer of 
the interfollicular epidermis (Fig. 7.1) [2, 10]. A 
population of epidermal stem cells can also be 
found in hair follicles, and whilst their main role 
is to contribute to hair regeneration, they can also 
participate in epidermal wound healing [10]; 
however, we will focus our discussion on kerati-
nocyte stem cells in the interfollicular epidermis. 
In human skin, the exact location of stem cell 
niches in the basal keratinocyte layer along the 

rete ridges remains uncertain [4]. Depending on 
the markers used to identify epidermal stem cells, 
and the type of skin examined (different body 
sites, adult versus neonatal), stem cell niches 
have been described at various locations along 
the rete ridges [4]. Expression of high levels of β1 
integrin has been associated with keratinocytes 
with stem cell properties, specifically high prolif-
erative potential and slow cycling [10, 11]. In 
human skin in  vivo, high levels of β1 integrin 
expression have been observed at the top of the 
dermal papillae where the dermis is closest to the 
outer surface (Fig. 7.1) in adult breast and scalp 
skin and neonatal foreskin, suggesting that these 
are the regions at which stem cells are localized 
[12, 13]. Use of the markers melanoma chondroi-
tin sulfate proteoglycan [14] and Lrig-1 [15] to 
identify epidermal stem cells also places them at 
the top of the dermal papillae. In contrast, palm 
and foot skin display high β1 integrin levels along 
the deep rete ridge, suggesting that stem cells 
identified using this marker vary in  location 
depending on body site [12, 13]. Studies by our 
group have identified that interfollicular epider-
mal stem cells exhibit high expression of α6 inte-
grin, and low expression of CD71 (transferrin 
receptor), and also express keratin-15  in adult 
skin, although this keratin is also expressed in the 
dividing progeny of stem cells termed transit- 
amplifying (TA) cells [16–18]. Based on kera-
tin-15 distribution in vivo, epidermal stem cells 
and their progeny appear to be located at the deep 
rete ridge in adult skin [19].

Regardless of their location in the basal layer, 
epidermal stem cells are responsible for skin 
renewal and generation of a stratified epidermis. 
There are different models to explain how epider-
mal renewal and stratification may be achieved, 
with the orientation of basal keratinocyte division 
being an important factor [9, 10]. In the symmet-
ric division model, the majority of basal keratino-
cyte divisions occur in a parallel orientation 
relative to the basement membrane, generating 
two basal daughter cells. Slow-cycling basal 
keratinocyte stem cells give rise to TA intermedi-
ate cells, which are highly proliferative and 
undergo four to five symmetric divisions, replen-
ishing the basal cell population. Following this, 
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TA cells delaminate and differentiate, migrating 
upwards through the suprabasal skin layers, and 
eventually to the stratum corneum [9]. In the 
asymmetric division model, which was first dem-
onstrated in embryonic murine skin [20], the 
majority of basal keratinocytes reorient their 
mitotic spindle from being parallel to perpendic-
ular, relative to the basement membrane. During 
cell division, the basal daughter receives 
proliferation- associated factors, whilst 
differentiation- associated factors are distributed 
towards the suprabasal daughter, thereby enabling 
differentiated, stratified skin layers to form [20]. 
In vitro, when given the appropriate support and 
conditions (for example, growth factors, signals, 
and nutrients), human primary basal keratino-
cytes (which are a mixture of slow-cycling stem 
cells and highly proliferative TA cells) can prolif-
erate and differentiate into a stratified epidermis, 
which includes a basement membrane, and 
resembles in vivo skin [21].

7.4  Basement Membrane

The skin basement membrane, which separates 
the epidermis and dermis, is an extracellular 
matrix composed predominantly of collagen type 
IV, laminins including the LAMA3 and LAMA5 
isoforms, nidogen, and perlecan [3, 22]. A key 
function of the basement membrane is to provide 
anchoring and support to basal keratinocytes, 
thereby helping to maintain the structural organi-
zation and integrity of the epidermis [22]. 
Importantly, the basement membrane is a 
dynamic interface that permits diffusion of solu-
ble factors/mediators, enabling cross talk between 
cells of the dermal and epidermal compartments 
[22], which plays a critical role in directing epi-
dermal regeneration [8].

7.5  Dermis

The dermis is a layer of connective tissue com-
posed of an extracellular matrix containing col-
lagen and elastic fibers, and it provides 
mechanical support and nutrition to the epider-

mis [1]. It is organized into the papillary dermis 
(also called the superficial dermis), which is the 
layer closest to the epidermis, and the reticular 
dermis (also called the deep dermis), which is the 
layer beneath the papillary dermis and above the 
hypodermis (Fig.  7.1) [3]. The dermis contains 
skin-associated appendages, such as hair folli-
cles, sweat glands and sebaceous glands, as well 
as networks of blood vessels, capillaries and lym-
phatic vessels (Fig. 7.1) [1]. Fibroblasts are the 
most abundant cell type in the dermis, and are 
located in the areas of connective tissue matrix in 
between hair follicles (Fig. 7.1), as well as spe-
cific fibroblast subtypes associated with hair fol-
licles [8]. Other cell types found in the dermis 
include endothelial cells and pericytes of dermal 
capillaries, immune cells (Fig.  7.1), as well as 
adipocytes and adipose-derived mesenchymal 
stem cells (MSCs) of the hypodermis [1, 4].

7.6  Fibroblasts

Fibroblasts are the most abundant cell type in the 
dermis, where their main role is production of 
collagen, elastic fibers, and matrix proteins of the 
extracellular matrix [23, 24]. Additionally, fibro-
blasts are important regulators of skin physiology 
due to their ability to communicate with each 
other, and other skin cells (including keratino-
cytes) via direct cell-to-cell contact and/or solu-
ble factors [23]. Fibroblasts are a morphologically 
and functionally heterogeneous population, and 
can be categorized into distinct subtypes [23]. In 
skin, fibroblasts located in the areas of the dermis 
in between hair follicles are referred to as inter-
follicular dermal fibroblasts, and are further clas-
sified as:

 1. Papillary dermal fibroblasts, located in the 
papillary (superficial) dermis

 2. Reticular dermal fibroblasts, located in the 
reticular (deep) dermis [8, 23]

Another group of fibroblasts found in skin is 
hair follicle-associated fibroblasts, which include 
hair follicle dermal sheath fibroblasts, located 
along the hair follicle shaft, and hair follicle 
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 dermal papilla fibroblasts, located at the base of 
the hair follicle [8, 23]. Whilst the main role of 
hair follicle-associated fibroblasts is regulation of 
hair follicle morphogenesis and hair cycle, they 
can also participate in epidermal regeneration 
and wound healing [24]. Skin fibroblast subtypes 
display different characteristics, including behav-
ior in in  vitro cultures, rates of division, and 
secretion profiles of extracellular matrix compo-
nents and soluble factors, such as growth hor-
mones and cytokines [8, 23]. Differences in the 
characteristics of skin fibroblast subtypes, par-
ticularly growth factor and cytokine secretion 
profiles, confer differing abilities to support kera-
tinocytes [8].

7.7  Other Dermal Cells: 
Endothelial Cells, Pericytes, 
Mesenchymal Stem Cells, 
and Immune Cells

In human skin, dermal capillaries are located in 
the dermal papillae, in between the rete ridges 
(Fig. 7.1), where they supply the epidermis with 
nutrients and oxygen [25]. Dermal capillaries 
consist of endothelial cells, which form the ves-
sel wall and are in direct contact with a layer of 
pericytes, which form a protective sheath around 
the vessel wall and provide an interface between 
the endothelial cells and surrounding dermal 
extracellular matrix [25, 26]. Pericytes are cells 
of mesenchymal origin, and in addition to their 
main roles in stabilizing blood vessels and regu-
lating vascular development, they exhibit a range 
of other functions, including involvement in 
blood coagulation, modulating immune function, 
and phagocytosis [26], and can act as MSCs [26, 
27]. The MSC activity of pericytes means that 
they have the capacity to differentiate into differ-
ent tissue cell lineages, enabling them to partici-
pate in tissue regeneration, including skin [27]. 
Given the close proximity of pericytes and endo-
thelial cells in the capillary loops of dermal papil-
lae to the basal keratinocyte layer (Fig. 7.1), it is 
possible that they are able to influence the pro-
cess of epidermal regeneration [4].

In addition to the MSC-like pericyte popula-
tion, other MSC subtypes can be found in skin, 
such as adipose-derived MSCs in the hypodermis 
[28]. Similarly to pericytes, adipose-derived MSCs 
may contribute to skin regeneration via their multi-
lineage potential [28]. Despite their distance from 
the basal keratinocyte layer, they may also contrib-
ute to epidermal regeneration indirectly via secre-
tion of factors that modulate the dermal 
microenvironment and/or dermal cells [28].

Immune cells represent another important cell 
population in skin, due to their role in immuno-
surveillance and defense against pathogens [29, 
30]. The skin contains cells of both the innate 
(antigen-presenting dendritic cells, phagocytic 
macrophages, and neutrophils) and adaptive 
immune systems (lymphocytes). Although their 
role in epidermal regeneration has not yet been 
directly characterized, immune cells secrete a 
variety of cytokines and inflammatory mediators 
during an immune response, and it is possible 
that these factors may modulate keratinocytes. 
Additionally, macrophages are known to play a 
role in wound healing in a variety of tissues, 
including skin [31], providing further support for 
the notion that immune cells contribute to epider-
mal regeneration.

7.8  Approaches to Grow 
Keratinocytes In Vitro 
for Regenerative Purposes

The development and advancement of skin regen-
eration techniques require an understanding of 
which cell types support and promote keratino-
cyte growth and renewal, as well as the mecha-
nisms by which support cells perform this role. 
The earliest method for clonal human keratino-
cyte expansion in vitro, developed by Rheinwald 
and Green [32], used a two-dimensional (2D) 
monolayer co-culture system in which human 
primary keratinocytes were grown on an irradi-
ated or mitomycin C-treated feeder layer of the 
murine Swiss 3T3 J2 strain fibroblastic cell line. 
This resulted in generation of keratinocyte colo-
nies that displayed epidermal stratification, and 
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features of in  vivo skin, such as desmosomes 
[32]. Furthermore, epidermal sheets generated 
using this technique have been successfully used 
to treat patients with burn injuries [7], and this 
method remains the current gold standard for 
expanding human keratinocytes in  vitro. 
Rheinwald and Green’s [32] approach has formed 
the basis for further development and improve-
ment of in vitro skin equivalent cultures and bio-
engineered skin models for therapeutic purposes 
[5, 7, 33]. Subsequent research has focused on 
identifying optimal feeder cell types to support 
keratinocyte expansion. In particular, replace-
ment of animal (rodent)-derived feeder cells/
components with human-derived feeder cells is 
important from a therapeutic viewpoint, and for 
safe clinical application of in vitro-derived skin 
therapies. Another important improvement in the 
field of skin regeneration is the shift from 2D 
monolayer cultures to three-dimensional (3D) 
organotypic models. Organotypic cultures are 
produced by culturing support cells alongside 
keratinocytes at an air-liquid interface, enabling 
establishment of the stratified, differentiating lay-
ers of the epidermis, and thus more accurately 
reflect the 3D microenvironment of skin in vivo 
[21, 34]. Additionally, the type of matrix/struc-
tural support provided to keratinocytes as well as 
the type of media and supplementation with spe-
cific growth factors are other important aspects 
that require optimization for successful keratino-
cyte culture and generation of skin equivalents 
in vitro. Of all these factors, a critical component 
for the success of in vitro keratinocyte expansion 
is the inclusion of feeder cells [8]. There is strong 
evidence that dermal/mesenchymal cell-derived 
factors and signals are necessary for keratinocyte 
growth and regeneration, based on observations 
from Rheinwald and Green’s initial work [32], 
and subsequent studies performed using a variety 
of 2D and 3D in vitro skin models, as keratino-
cytes expand poorly in  vitro in the absence of 
support cells [8]. Thus, we will discuss the der-
mal/mesenchymal cell types that have been used 
to support in  vitro keratinocyte growth to date, 
potential mechanisms by which these feeder cells 
may promote keratinocyte growth and expansion, 

as well as future directions and important consid-
erations in the field of epithelial regeneration.

7.8.1  The Role of Fibroblasts 
as Keratinocyte Support Cells

To date, the most widely studied and used feeder 
cell type to support keratinocyte expansion 
in  vitro is fibroblasts. This began with the pio-
neering studies of Rheinwald and Green [32], 
who used the murine Swiss 3T3 J2 fibroblast cell 
line as a feeder cell for human primary keratino-
cytes in 2D monolayer cultures. Murine Swiss 
3T3 fibroblasts have subsequently been used as 
the benchmark for comparing different 
approaches to culture human keratinocytes 
in vitro [8], as summarized in Table 7.1.

The replacement of rodent-derived feeder 
cells with those of human origin is important 
from a clinical perspective. Several studies have 
demonstrated that human primary dermal fibro-
blasts from adult skin and neonatal foreskin can 
support keratinocyte growth and expansion in 2D 
and 3D in  vitro co-cultures, under a variety of 
growth media and matrix conditions [8], as sum-
marized in Table 7.1. Additionally, with certain 
media and growth matrices, human dermal fibro-
blasts have been shown to be as efficient as 
murine Swiss 3T3 J2 fibroblasts in promoting 
keratinocyte expansion/proliferation, epidermal 
stratification, and expression profiles of pheno-
typic/differentiation markers (Table 7.1) [38–42, 
48–52]. Furthermore, in  vitro skin equivalents 
generated using human dermal fibroblasts have 
been transplanted onto burn patients to produce 
stable skin regeneration [46, 47].

The aforementioned studies involving human 
dermal fibroblasts used the entire fibroblast pop-
ulation, but it is now recognized that dermal 
fibroblasts are a heterogeneous population com-
prised of several different subtypes, which have 
differing abilities to promote keratinocyte growth 
and regeneration. Interfollicular dermal fibro-
blasts can be further categorized into papillary 
and reticular subpopulations, and there is a con-
sensus that human papillary dermal fibroblasts 
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Table 7.1 Summary of studies using different mesenchymal feeder cells to support 2D and 3D human (rat and rabbit) 
keratinocyte cultures

Source and type of feeder 
cell

Source of 
keratinocytes

Co-culture model and measurement of keratinocyte growth/
regeneration References

Current gold standard
Murine Swiss 3T3 J2 
strain fibroblasts 
(γ-irradiated or 
mitomycin C treated)

Human adult 
skin or 
neonatal 
foreskin

2D monolayer; fetal calf serum (FCS) in media
  •  Stratified, keratinized colonies with desmosomes 

formed

[7, 32, 
35–37]

Unfractionated fibroblast population
Human adult dermal 
fibroblasts 
(nonirradiated)

Human adult 
skin

2D monolayer; FCS in media
  •  Keratinocyte proliferation rate and K14 and K10 

expression comparable to murine Swiss 3T3 feeder 
layers

[38]

Human adult dermal 
fibroblasts (irradiated or 
nonirradiated)

Human adult 
skin

2D monolayer; plasma copolymer surface, serum-free 
conditions
  •  Keratinocytes proliferate and form colonies
  •  Keratinocyte viability comparable to Swiss 3T3 

feeder layers

[39–41]

Human adult dermal 
fibroblasts (γ-irradiated)

Human adult 
skin

3D skin equivalent; serum-free media with growth factors
  •  Keratinocytes formed stratified epithelial layers with 

appropriate K1, K10, and K14 expression 
comparable to Swiss 3T3 feeder layers

[42]

Human adult dermal 
fibroblasts

Human adult 
skin

3D organotypic culture; FCS in media
  •  Keratinocytes proliferate, form stratified epidermis, 

expressing differentiation marker loricrin and 
β1-integrin and K15

  •  Display basement membrane and ultrastructural 
features resembling in vivo skin

[43–45]

Human adult dermal 
fibroblasts

Human adult 
skin

3D organotypic culture; clotted plasma scaffold, FCS in 
media
  •  Keratinocytes formed stratified layers, expressed 

differentiation markers (keratin-5 and -10, loricrin), 
complete basement membrane present

  •  In vitro-generated skin engrafted onto burn patients 
and produced stable skin regeneration

[46, 47]

Human neonatal 
foreskin and adult 
dermal fibroblasts 
(γ-irradiated)

Human 
neonatal 
foreskin and 
adult skin

2D monolayer; FCS in media
  •  Keratinocyte growth rate, clonogenic potential, size, 

and morphology comparable to Swiss 3T3 feeder 
layers

[48, 49]

Human neonatal 
foreskin and adult 
dermal fibroblasts 
(nonirradiated)

Human 
neonatal 
foreskin and 
adult skin

3D organotypic culture; fibrin gel support, FCS in media
  •  Keratinocyte colony number, doubling rate, 

stratification, expression of proliferation (PCNA, 
p63), differentiation (involucrin) and dermo-
epidermal junction markers (integrin β4, collagen IV, 
laminin) comparable to Swiss 3T3 feeder layers

[50–52]

Human neonatal 
foreskin dermal 
fibroblasts

Human 
neonatal 
foreskin

3D skin equivalent; collagen matrix, serum-free 
conditions
  •  Keratinocytes formed stratified, differentiated layers, 

expressed K1, K10, and K14, basement membrane 
and desmosomes present

[53, 54]

(continued)
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Table 7.1 (continued)

Source and type of feeder 
cell

Source of 
keratinocytes

Co-culture model and measurement of keratinocyte growth/
regeneration References

Fibroblast subpopulations
Human adult dermal 
fibroblasts separated 
into papillary and 
reticular subtypes

Human adult 
skin

3D organotypic culture; collagen matrix, FCS in media
Papillary fibroblasts were superior to reticular fibroblasts 
with respect to:
  •  Promoting epidermal stratification with differentiated 

keratinocyte layers, polarized basal cells, and 
cornification of upper layers

  •  Promoting basal keratinocyte proliferation
  •  Basement membrane formation and expression of 

associated proteins (laminin-5, nidogen, collagens IV 
and VII)

  •  Uniform expression of keratinocyte differentiation 
markers (filaggrin, K5, loricrin, small proline-rich 
protein-2)

[55–61]

Human adult hair 
follicle dermal papilla 
and dermal sheath 
fibroblasts

Human adult 
skin

2D monolayer
  •  Hair follicle-derived fibroblasts promoted increased 

keratinocyte proliferation and colony numbers 
compared to human interfollicular dermal fibroblasts 
and murine Swiss 3T3 fibroblasts

[62]

Human adult hair 
follicle dermal papilla 
and dermal sheath 
fibroblasts

Human 
neonatal 
foreskin

3D organotypic culture
  •  Keratinocyte proliferation and differentiation were 

comparable to hair interfollicular dermal fibroblasts
  •  Hair follicle dermal sheath fibroblasts had a superior 

ability to promote basement membrane formation, 
compared to hair follicle dermal papilla and 
interfollicular dermal fibroblasts

[63]

Human adult hair 
follicle dermal papilla 
and dermal sheath 
fibroblasts

Human adult 
skin

3D in vitro skin equivalent transplanted onto dorsal 
wound of BALB/c nude mice
  •  Skin grafts with hair follicle dermal papilla fibroblast 

feeder layers promoted superior basement membrane 
formation and collagen synthesis, compared to grafts 
with hair follicle dermal sheath or interfollicular 
dermal fibroblast feeder layers

[64]

Human adult hair 
follicle dermal sheath 
fibroblasts

Human 
neonatal 
foreskin

3D skin equivalent; FCS in media
Hair follicle dermal sheath fibroblasts were superior to 
neonatal foreskin interfollicular dermal fibroblasts with 
respect to:
  •  Inducing formation of thicker epidermal layers
  •  Promoting expression of keratinocyte differentiation 

markers (filaggrin and K1) and basement membrane 
components (integrin α6)

  •  Promoting desmosomal ultrastructure development

[65]

Rat (PVG/C strain) hair 
follicle dermal papilla 
fibroblasts

Rat (PVG/C 
strain) skin

2D monolayer
  •  Keratinocyte proliferation, aggregation, and 

formation of organotypic structures and basement 
membrane were comparable for hair follicle dermal 
papilla fibroblast and interfollicular dermal fibroblast 
feeder layers

[66]

Other dermal/mesenchymal cells
Human neonatal 
foreskin dermal 
pericytes

Human 
neonatal 
foreskin

3D organotypic culture
Pericytes were superior to dermal fibroblasts with respect 
to:
  •  Restoring regenerative capacity of differentiating 

keratinocytes
  •  Promoting laminin-511/521 deposition at dermal-

epidermal junction

[27]
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Table 7.1 (continued)

Source and type of feeder 
cell

Source of 
keratinocytes

Co-culture model and measurement of keratinocyte growth/
regeneration References

Human adult adipose 
tissue MSCs (X-ray 
irradiated)

Human adult 
skin

2D monolayer; FCS in media
Human adipose MSCs were comparable to or better than 
murine Swiss 3T3 fibroblasts with respect to:
  •  Promoting keratinocyte proliferation and forming a 

multilayered epidermis
  •  Maintaining keratinocytes in a proliferative rather 

than differentiated state

[67]

Human adult adipose 
tissue MSCs (X-ray 
irradiated)

Human adult 
skin

2D monolayer and 3D transplantable epithelial sheet
  •  Comparable keratinocyte colony size induced by 

human adipose MSC and murine Swiss 3T3 
fibroblast feeder layers

[68]

Human adult adipose 
tissue MSCs

Human 
neonatal 
foreskin

3D skin equivalent
Compared to neonatal foreskin fibroblasts, adipose MSCs 
promoted:
  •  More complete epidermal differentiation and 

filaggrin expression
  •  Similar levels of keratinocyte proliferation (assessed 

by p63 expression)

[69]

Human adult adipose 
tissue MSCs

Human adult 
skin

3D organotypic culture; collagen matrix, FCS in media
  •  Adipose MSCs promoted increased primary 

keratinocyte proliferation, and similar epidermal 
morphology and thickness, comparable K1, K10, and 
K14 expression, increased K19 expression, and 
abnormal K5 distribution, compared to adult human 
dermal fibroblast feeder cells

[70]

Wistar rat MSCs from 
heart, lung, spleen, 
liver, and kidney

Wistar rat skin 3D organotypic culture; collagen matrix
  •  Non-skin-derived MSCs promoted formation of 

stratified epidermal layers, expression of the 
proliferative marker p63 in the basal keratinocyte 
layer, and patterns of K10, K14, and involucrin 
resembling in vivo rat skin

[71]

Wistar rat bone marrow 
MSCs and 
subcutaneous 
pre-adipocytes

Wistar rat skin 3D organotypic culture; collagen matrix
Bone marrow MSCs and subcutaneous pre-adipocytes 
were comparable feeder cells to dermal fibroblast FR cell 
line with respect to:
  •  Promoting epidermal stratification and ridgelike 

structures
  •  Inducing K14 in basal keratinocytes
  •  Inducing K10 expression pattern similar to in vivo rat 

skin
  •  Promoting keratinocyte proliferation
  •  Inhibiting keratinocyte apoptosis

[72]

Human adult bone 
marrow MSCs

Human adult 
skin

3D organotypic culture
Bone marrow MSCs were comparable feeder cells to 
human adult dermal fibroblasts with respect to:
  •  Promoting formation of stratified epidermal layers
  •  Inducing K6 and K10 expression patterns similar to 

in vivo skin
  •  Inducing basal keratinocyte proliferation
  •  Expression of basement membrane marker collagen IV

[73]

(continued)
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are superior compared to their reticular 
 counterparts with respect to promoting keratino-
cyte proliferation, morphogenesis, stratification, 
expression of differentiation markers, and base-
ment membrane formation in 3D organotypic co- 
cultures (Table  7.1) [55–61]. In addition to the 
fibroblast subpopulations contained in the inter-
follicular dermis, more recent studies have started 
to examine the supportive potential of hair folli-
cle fibroblast subtypes, namely, hair follicle der-
mal papilla and dermal sheath fibroblasts 
(summarized in Table  7.1). These studies have 
shown that rat [66] and human [62–65] hair 
follicle- associated fibroblasts are comparable or 
superior to human interfollicular dermal fibro-
blasts and/or murine Swiss 3T3 J2 fibroblasts in 
supporting keratinocyte proliferation, differentia-
tion, and basement membrane formation in vitro 
(summarized in Table  7.1). Thus, hair follicle- 
associated fibroblasts represent a promising alter-
native feeder cell type that warrants further 
investigation.

A major mechanism by which fibroblasts sup-
port keratinocyte growth and expansion is via 
secretion of paracrine factors, in particular, cyto-
kines and growth factors. A key concept in 
fibroblast- keratinocyte cross talk is reciprocal 
paracrine signaling, whereby each cell type 
secretes factors that act on the other cell type, 
which has an additive effect to further promote 
epidermal proliferation, differentiation, and 
growth [8, 23, 76, 77]. Fibroblasts can secrete 
many different cytokines and growth factors, and 
some of the key factors they produce that are 

 central to promoting keratinocyte growth, 
 proliferation, and migration are keratinocyte 
growth factor (KGF, also known as fibroblast 
growth factor-7; FGF-7), FGF-10, hepatocyte 
growth factor (HGF), granulocyte-macrophage 
colony- stimulating factor (GM-CSF), interleu-
kin-6 (IL-6), and IL-8 [8, 23, 78]. In addition, 
fibroblast- derived transforming growth factor 
(TGF)-β1 is an important inducer of keratinocyte 
differentiation [8, 79], and is likely to promote 
the development of epidermal stratification in 
organotypic cultures in vitro. Keratinocytes also 
secrete a variety of cytokines and growth factors, 
and IL-1α has been identified as a primary factor 
produced by keratinocytes that induces fibro-
blasts to produce keratinocyte growth-promoting 
factors, such as KGF, GM-CSF, pleiotrophin, and 
stromal cell-derived factor-1 [23, 76, 77, 80]. As 
well as cytokine and growth factor-mediated 
 fibroblast- keratinocyte cross talk, it is important 
to consider the potential role of other soluble fac-
tors, such as hormones and vitamins, as binding 
of these ligands to neurohormonal and/or nuclear 
receptors is known to influence epidermal prolif-
eration and differentiation [8].

Another important outcome of reciprocal 
fibroblast-keratinocyte paracrine signaling is the 
production of basement membrane components 
and correct basement membrane assembly [81–
83]. In organotypic cultures, the presence of 
fibroblasts is required for production of basement 
membrane components by keratinocytes, such as 
collagens IV and VII; laminin-1, -5, and -10/11; 
nidogens; and bullous pemphigoid antigens  

Table 7.1 (continued)

Source and type of feeder 
cell

Source of 
keratinocytes

Co-culture model and measurement of keratinocyte growth/
regeneration References

Wistar rat adipocytes Wistar rat skin 3D organotypic culture; collagen matrix
  •  Keratinocytes displayed greater proliferation, 

formation of thick, stratified layers, and expression 
of keratins more closely resembling in vivo rat skin, 
with adipocyte feeder layers, compared to dermal 
fibroblast feeder layers

[74]

Murine corneal 
endothelial cells

Rabbit corneal 
epithelium

3D organotypic culture; collagen matrix
Compared to organotypic cultures with only keratinocytes 
and fibroblasts, inclusion of endothelial cells improved:
  •  Basement membrane formation and morphology
  •  Epithelial differentiation

[75]
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[8, 23, 78, 82–84]. TGF-β2, KGF, GM-CSF, and 
epidermal growth factor (EGF) secreted by fibro-
blasts are some of the main factors which induce 
keratinocytes to produce basement membrane 
components [8, 23, 78, 82, 83, 85–88]. 
Additionally, fibroblasts themselves can produce 
basement membrane molecules, including colla-
gens IV and VII, laminin-5, and nidogen [78, 85], 
and promote the ultrastructural assembly of these 
components, thereby contributing to basement 
membrane formation [78]. Thus, factors secreted 
by fibroblasts, and subsequent paracrine cross 
talk between fibroblasts and keratinocytes, repre-
sent a critical underlying mechanism by which 
fibroblasts support epidermal growth and regen-
eration in in vitro skin cultures.

Different fibroblast subtypes have varying 
abilities to promote keratinocyte growth and 
regeneration, and this is likely related to differ-
ences in their cytokine and growth factor secre-
tion profiles. The superior ability of papillary 
fibroblasts, compared to reticular fibroblasts, to 
promote keratinocyte growth could be attributed 
to the observation that papillary dermal fibro-
blasts produce a higher ratio of GM-CSF to KGF 
than their reticular counterparts [55], as differ-
ences in the ratio of these two factors impact 
upon keratinocyte growth status [76]. 
Additionally, papillary fibroblasts secrete more 
IL-6, compared to reticular fibroblasts [55], 
which could suggest that the former subtype is 
more likely to induce keratinocyte proliferation. 
Conversely, reticular fibroblasts have been 
shown to express higher levels of TGF-β1 than 
papillary fibroblasts [89, 90], which may suggest 
that reticular fibroblasts are more likely to pro-
mote keratinocyte differentiation, rather than 
proliferation. Furthermore, papillary and reticu-
lar fibroblasts demonstrate differences in the 
profiles of extracellular matrix molecules they 
secrete, such as collagens, decorin, and versican 
[23, 59], which may impact matrix and basement 
membrane formation in organotypic cultures 
in vitro. For example, papillary fibroblasts have 
higher expression of collagen type VI α2, which 
may help promote formation of a more intact 
basement membrane in vitro, compared to retic-
ular fibroblasts [59].

Of the few studies to date examining the role 
of hair follicle-associated fibroblasts as keratino-
cyte feeder cells (Table 7.1), only one has directly 
examined potential support mechanisms [62]. 
Hill et al. [62] observed that human hair follicle 
dermal fibroblasts expressed higher levels of 
secreted protein acidic and rich in cysteine 
(SPARC, a protein involved in tissue repair), 
compared to interfollicular dermal fibroblasts; 
however, this was not involved in the improved 
keratinocyte support offered by hair follicle- 
associated fibroblasts, suggesting that this effect 
is likely mediated by other factors. Hair follicle 
dermal papilla and dermal sheath fibroblasts are 
known to secrete factors that promote keratino-
cyte growth, such as IL-6 and insulin-like growth 
factor (IGF)-1 [91]. Differences in hair follicle- 
associated fibroblast and dermal interfollicular 
fibroblast growth factor and cytokine secretion 
profiles have been hypothesized to contribute to 
the differential supportive effects of these fibro-
blast subtypes [65, 91]. For example, hair follicle 
dermal papilla and dermal sheath fibroblasts pro-
duce higher levels of TGF-β2, compared to der-
mal interfollicular fibroblasts [91, 92]. 
Fibroblast-derived TGF-β2 promotes keratino-
cytes to produce basement membrane compo-
nents, and the higher production of TGF-β2 by 
hair follicle-associated fibroblasts could contrib-
ute to improved basement membrane formation 
in organotypic cultures with hair follicle dermal 
cells [64, 65]. Additionally, hair follicle- 
associated fibroblasts contribute to wound 
 healing in skin, potentially via deposition of 
matrix components [93, 94], which represents 
another mechanism by which they may contrib-
ute to improved basement membrane assembly in 
organotypic cultures.

7.8.2  Other Dermal/Mesenchymal 
Cells that Can Support 
Keratinocytes

7.8.2.1  Pericytes
Although fibroblasts are the major dermal cell 
population, and the most widely used keratino-
cyte feeder cell, it is important to consider other 
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cell types present in the dermis, as there is grow-
ing evidence that they can also play a supportive 
role in keratinocyte growth. A study by our group 
has shown that dermal pericytes derived from 
human neonatal foreskins promote human kerati-
nocyte growth in 3D organotypic co-cultures in 
an angiogenesis-independent manner [27]. The 
support offered by pericytes was superior to that 
from dermal fibroblasts, as pericytes, but not 
fibroblasts, enhanced the low regenerative capac-
ity of differentiating keratinocytes, as well as 
enhancing LAMA5 deposition at the dermal- 
epidermal junction in organotypic cultures 
(Table 7.1) [27].

These observations are consistent with the 
role of pericytes in promoting repair and regen-
eration in other tissues, such as muscle [95]. 
Although the mechanisms by which pericytes 
promote tissue regeneration have not yet been 
fully characterized, paracrine effects of pericyte- 
derived growth factors and/or cytokines are 
thought to play a central role [95–97]. In the con-
text of keratinocyte/epidermal regeneration, peri-
cytes secrete several of the aforementioned 
factors that promote keratinocyte proliferation. 
Specifically, human embryonic and fetal muscle 
pericytes secrete KGF [97], human CD146+ 
MSCs which are classified as pericytes produce 
GM-CSF [98], and murine brain pericytes secrete 
GM-CSF and IL-6 [99]. Thus, secretion of these 
factors may contribute to the ability of pericytes 
to induce keratinocyte proliferation [27]. 
Additionally, bovine retinal pericytes have been 
shown to produce several extracellular matrix 
components, such as fibronectin, laminin, throm-
bospondin, and collagens, which suggests that 
pericytes may contribute to matrix formation dur-
ing wound healing [96], and potentially to matrix 
and/or basement membrane formation in organo-
typic skin cultures.

7.8.2.2  Mesenchymal Stem Cells
MSCs have also been examined as potential sup-
port cells for keratinocytes. Human MSCs 
derived from the subcutaneous adipose layer of 
skin have been shown to be comparable to, or 
better than, murine Swiss 3T3 fibroblasts and 

human dermal fibroblasts with respect to promot-
ing keratinocyte proliferation, colony formation 
and differentiation (Table  7.1) [67–69]. One 
study has also observed that human bone marrow- 
derived MSCs are comparable feeder cells to der-
mal fibroblasts and induce keratinocytes to form 
an epidermal structure and phenotype similar to 
that of in vivo skin [73], and similar findings have 
been reported for rat bone marrow MSCs [72]. 
An additional study using a rat model has shown 
that MSCs from other tissues (heart, lung, spleen, 
liver, and kidney) are capable of promoting epi-
dermal stratification and keratin expression pro-
files in 3D organotypic co-cultures in  vitro that 
are comparable to in  vivo rat skin (Table  7.1) 
[71]. However, whether findings from the study 
by Aoki et al. [71] are also applicable to human 
MSCs derived from tissues other than skin and 
bone marrow needs to be determined.

MSCs play a significant role in promoting tis-
sue regeneration and wound healing, including 
that occurring in skin [100–103]. MSCs secrete 
many wound-healing mediators, and several of 
these are known to influence keratinocyte growth, 
proliferation, and/or migration [100–103], and 
could represent potential mechanisms by which 
MSCs support keratinocyte growth and regenera-
tion in in vitro organotypic cultures. For example, 
Alexaki et al. [70] showed that human adipose- 
derived MSCs promoted increased keratinocyte 
migration and proliferation, compared to dermal 
fibroblasts, and these effects were mediated by 
adipose MSC-derived KGF-1 and platelet- 
derived growth factor-BB (PDGF-BB), as 
 blocking these two factors using neutralizing 
antibodies abrogated the effects on keratinocytes. 
Other wound-healing mediators secreted by bone 
marrow- and adipose-derived MSCs that may 
provide support to keratinocytes in organotypic 
cultures include IL-6, TGF-β1, EGF, IGF-1, and 
collagen type I [100–103].

7.8.2.3  Endothelial Cells, Adipocytes, 
and Immune Cells

Other cell types found in the dermis, such as 
endothelial cells of dermal microvessels, and 
immune cells, as well as hypodermal cells, such 
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as adipocytes, may also potentially support kera-
tinocyte growth and expansion, although the role 
of these cell types in this context has not yet 
been well studied. One study has shown that co- 
culturing rat keratinocytes with a feeder layer of 
rat adipocytes leads to greater keratinocyte pro-
liferation and generation of skin equivalents 
more closely resembling in vivo skin, compared 
to cultures that include fibroblasts in the feeder 
layer (Table 7.1) [74]. Another study has demon-
strated that inclusion of endothelial cells in 3D 
organotypic co-cultures with fibroblasts and 
keratinocytes led to improved basement mem-
brane organization and epithelial differentiation, 
compared to organotypic cultures with only 
fibroblasts and keratinocytes (Table  7.1) [75]. 
However, these two studies used rat cells [74] or 
murine and rabbit cells [75], and whether human 
adipocytes and endothelial cells can induce the 
same effects remains to be determined. Two 
other studies have shown that tri-cultures of 
human endothelial cells, keratinocytes, and 
fibroblasts can form vascularized skin equiva-
lents [104, 105], and another study has demon-
strated successful incorporation of human 
primary keratinocytes, fibroblasts, and mono-
cyte-derived dendritic cells into a 3D organo-
typic model [106]. Although these three studies 
[104–106] did not directly examine whether 
incorporation of endothelial cells or dendritic 
cells affected keratinocyte growth/regeneration, 
endothelial cells and dendritic cells secrete fac-
tors that are known to stimulate keratinocytes, 
such as IL-6, IL-8, GM-CSF, and TGF-β [107, 
108]; therefore it is possible that they may influ-
ence keratinocyte growth and regeneration. In 
regard to organotypic cultures containing more 
than two cell types, it is important to consider 
not only interactions of each feeder cell type 
with keratinocytes, but also how cross talk 
between different feeder cell types with each 
other may then influence keratinocytes. For 
example, fibroblasts and endothelial cells have 
been demonstrated to interact with each other 
[109], and this cross talk may result in produc-
tion of factors that modulate keratinocytes.

7.9  Conclusions

The inclusion of support cells is an essential 
component for successful keratinocyte growth 
and formation of epidermal equivalents in vitro. 
Whilst the role of fibroblasts as feeder cells is 
well established, recent studies have started to 
recognize that different fibroblast subtypes have 
differential capacities to support keratinocytes, 
suggesting that development of future organo-
typic skin models should consider fibroblast sub-
types separately, rather than using the fibroblast 
population as a whole. Additionally, there is 
growing evidence that other dermal cell types, 
such as pericytes, endothelial cells, MSCs, and 
immune cells, can support keratinocyte growth 
and regeneration and may even offer superior 
alternatives to the current gold standard, and 
therefore warrant further investigation. Another 
important area for future studies is characterizing 
the mechanisms by which feeder cells promote 
keratinocyte growth and regeneration, in particu-
lar the identification of soluble factors and signal-
ing pathways that mediate paracrine 
keratinocyte-feeder cell cross talk. Elucidation of 
the factors involved and the support cells that 
secrete them will assist in identification of opti-
mal cell types to be used as feeder layers, and 
may also provide useful insights for developing 
optimal media compositions and growth factor 
supplementation. Capturing the complexity of 
the in vivo skin microenvironment under in vitro 
conditions is difficult, although this can be 
assisted by approaches such as 3D organotypic 
models, as well as the simultaneous incorpora-
tion of several different feeder cell types into 
these cultures. The continued and more in-depth 
investigation of support cells and the underlying 
mechanisms by which they promote keratinocyte 
growth and regeneration will help to inform the 
development of improved in  vitro models that 
more accurately reflect in  vivo skin. This will 
provide an informative basis for studying skin 
regeneration in the context of different disease 
states, and enable the design of improved skin 
equivalents for therapeutic purposes.
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8.1  Introduction

Tremendous clinical advancement has been made 
in the last four decades in terms of treating burn 
victims [1]. Thus, currently, mortality is no lon-
ger an uprising issue following a severe burn 
injury. However, improving the quality of life fol-
lowing a severe burn injury is an accomplished 
challenge [2]. Researchers are actively investi-
gating different synthetic substitutes [3], biologi-
cal mediators [4, 5], and pharmacological 
compounds [6] to increase the rate of wound 
healing and decrease scarring and finally improve 
the quality of life following burn injury. Among 
the biological mediators, the use of stem cells, 
especially the adult stem cells to accelerate the 
rate of wound healing, decreases the inflamma-
tion and improves scarring and pain outcome has 
been intensely studied in recent years [5]. 
Although stem cells in conjunction with tissue 
engineering were hoped to synergistically change 
the field of burn and tissue injury, almost four 
decades back, when the first epidermal keratino-
cytes forming colonies were expanded, however, 
the changes have been slow. But, with the 

advancement in technology, characterization 
techniques, and increase in public interest in the 
use of adult stem cells and tissue engineering to 
address the comorbidities associated with the 
wound healing in general, the field has again gar-
nered a momentum in the last two decades. This 
book chapter examines the current application, 
outcomes, and therapeutic effects and challenges 
from a safety, efficacy, and ethical point of view 
following the application of different types of 
stem cells in burn wound healing models in a 
clinical and laboratory setting.

There has been a steady rise in the use of stem 
cells to address the comorbidities associated with 
the burn [5, 7]. The applied stem cells on the burn 
patients can be sourced from either (1) allogeneic 
tissue (obtained from the same species) or (2) 
autogenic tissue (obtained from own body parts) 
and there are pros and cons with the usage of 
each source of stem cells (Fig. 8.1).

An autologous stem cell refers to stem cells 
isolated from the patient’s own body tissue from 
either bone marrow, fat, or skin, while allogeneic 
refers to stem cells isolated from a donor’s tissue. 
Limited number of early animal [8] and human 
[9] studies had shown stem cells in general to be 
immune privileged. However, recently, a number 
of studies have reported immune rejection and 
other clinical complications including tumor for-
mation following the transplantation of alloge-
neic stem cells [10–12]. Thus, one of the main 
advantages of using autologous stem cells over 
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allogeneic is to circumvent the immune rejection 
that may occur with the allogenic stem cell 
source. However, due to scarcity of tissue follow-
ing severe injury or other clinical limitations allo-
geneic sources may be used to obtain the stem 
cells.

Both allogeneic and autogenic stem cells iso-
lated from various sources are currently used to 
treat burn injury. A new major breakthrough—the 
development and usage of induced pluripotent 
stem cells (iPSCs) from mature differentiated 
somatic cells, mostly the skin fibroblasts, as a 
source to treat the burn-related wounds—is also 
on the rise [13].

8.2  Human Umbilical Cord- 
Derived Stem Cells

The use of fetal membrane to treat wound can be 
traced back almost a century when Sabella [14] 
first described its usage; however the use of iso-
lated and enriched human umbilical cord-derived 
mesenchymal stem cell (HU-MSC) to treat burn 
wound has taken a pace in the last two decades 
[15, 16]. Unlike bone marrow-derived mesenchy-
mal stem cells and embryonic stem cells, 
HU-MSC are free of ethical concerns, are 

immune privileged, and are non-tumorigenic. 
Researchers have isolated both mesenchymal and 
epithelial stem cells from the human umbilical 
cord and are actively studying its usage in treat-
ing wounds in general [17].

A recent study by Moenadjat et  al. [18] has 
reported that the topical application of HU-MSC 
along with silver sulfadiazine (SSD) cream on 
the comparable deep partial-thickness wound 
size on 20 patients has showed faster wound clo-
sure, reduction in the pain, and no immune rejec-
tion or infection. Additionally, the authors also 
noted the increase in formation of dermal- 
epidermal junction and rete ridges examined via 
histological examination in HU-MSC-treated 
patients. Another clinical study done by 
Eskandarlou et al. [15] on 32 patients observed 
rapid epithelization, wound healing, increase in 
mobility, and decrease in pain. A study done by 
our group also observed significant decrease in 
the rate of dressing change, following the appli-
cation of amnion; however no significant differ-
ences were observed in terms of wound healing, 
length of hospital stay, and development of 
hypertrophic scarring [16].

The use of HU-MSC to treat burn-related inju-
ries is on the rise. Currently as of 2017, according 
to clinicaltrials.gov two clinical trials have been 

Stem cell sources for burn injuries
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Fig. 8.1 Current sources of stem cells to treat burn-related injuries
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registered with the application of HU-MSC to 
treat different comorbidities associated with the 
burn. In the first study HU-MSC has been used to 
repair sweat glands and body features following 
the burn injury, while the other study focuses on 
the use of HU-MSC to treat the ocular corneal 
burn damage [7].

The actual mechanism of how HU-MSC aid in 
burn wound healing has not been clearly eluci-
dated yet; however researchers have used differ-
ent in vivo and in vitro animal burn wound model 
to decipher various possible molecular mecha-
nisms [19]. Although the actual mechanism was 
not examined in the study, Liu et al. [20] noted 
accelerated wound healing and decrease in infil-
tration of inflammatory cells and inflammatory 
mediators in the wounds treated with HU-MSC. 
The researchers also observed significant increase 
in neovascularization and increase in the ratio of 
collagen type I-to-type III ratio in the treated 
group. Researchers have also stated that the ther-
apeutic effect of the HU-MSC is derived from its 
exosomes. Li et al. [21] observed that application 
of HU-MSC exosomes overexpressing 
microRNA miR-181c favorably modulated the 
macrophage response by downregulating the 
TLR-4 signaling pathway, in a murine burn 
inflammation model.

In summary, HU-MSC are one of the ideal 
sources of stem cells for clinical application, on 
account of their ease of collection, less ethical 
issues, high number of stem cells [22], low 
immunogenicity [23], and therapeutic properties 
in wound repair [24].

8.3  Bone Marrow-Derived 
Mesenchymal Stem Cells 
(BM-MSCs)

Although human umbilical cord and placenta sac 
tissues were first used to treat burn injuries, with 
the discovery of bone marrow-derived mesen-
chymal stem cells (BM-MSCs) it became the 
benchmark for the treatment of chronic and acute 
wound injuries. The bone marrow contains two 
distinct types of precursor stem cells, namely 
hematopoietic cells and mesenchymal cells, that 

have stem cell-like properties. Hematopoietic 
cells have been rarely utilized to treat wound 
injuries, but mesenchymal stem cells from bone 
marrow have been regularly sourced to treat 
wound injuries. Published studies report that the 
BM-MSCs contribute to wound healing either via 
paracrine signaling or via its high differentiation 
potential abilities [25–29]. Chimeric murine 
studies have shown that during wound healing, 
bone marrow-derived cells can differentiate into 
CD45+antigen-presenting fibroblasts known as 
the fibrocyte [26, 30] and CD34+endothelial pro-
genitor cells differentiate into endothelial pro-
genitor cells which aid in angiogenesis [31].

Shumakov et al. [32] first described the usage 
of huBM-MSCs to treat deep burn wounds on a 
murine model. This study was followed by 
another clinical study by Rasulov’s group, where 
huBM-MSCs were used to treat skin burn on a 
female patient. The author reported that applica-
tion of BM-MSCs resulted in higher wound res-
olution, angiogenesis, and accelerated 
rehabilitation of the burn patient [33]. Falanga 
et  al. [34] also reported the use of fibrin and 
autologous bone marrow-derived mesenchymal 
stem cells in murine and human cutaneous 
wounds. The study concluded that the BM-MSCs 
can be safely and effectively applied to wounds 
for better wound resolution. This study was fol-
lowed by outburst of several other studies using 
different in  vitro and in  vivo models to better 
understand and verify the role of BM-MSCs in 
burn-related wound healing and other disease 
models [28, 33, 35–40].

One of the main problems in skin following 
burn injury is the loss of sweat glands. 
BM-MSCs are currently also being explored for 
their regenerative properties to restore the per-
spiration function of the skin via regeneration of 
sweat glands [41]. A study done by Ohyama and 
Okano reported that when BM-MSCs were 
transplanted into wounds from deep burn injury, 
the stem cell- transplanted areas showed positive 
iodine-starch perspiration test, which is a confir-
mation for the presence of sweat glands. In mice 
chimeric study, other researchers also reported 
the incorporation of GFP+ BM-MSCs in the 
sweat glands [41, 42].
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8.4  Induced Pluripotent Stem 
Cells (iPSCs)

Induced pluripotent stem cell (iPSC) is an artifi-
cial technique of reprogramming the somatic 
cells into pluripotent state via nuclear transplan-
tation of four specific stemness-related genes. 
iPSCs exhibit similar differentiation abilities, 
molecular markers, and functional and differen-
tiation properties to those of embryonic stem 
cells. These cells can be prepared from easily 
accessible somatic cells like skin fibroblast, thus 
obtaining an autologous pool of iPSCs for regen-
erative medicine or cellular therapy will not be an 
issue. Additionally, in contrast to allogeneic stem 
cells, iPSCs are mostly made from autologous 
sources; thus there is a negligible risk of immune 
rejection [43–45]. Geron Corporation was one of 
the first institutions to initiate first stem cell clini-
cal trial for spinal cord injuries in 2010 [46]; 
thereafter many other institutions followed the 
study in other disease models like heart failure 
[47], type 1 diabetes [48], macular degeneration 
[49], and burns [5].

The use of iPSCs as a potential source of stem 
cells is in early stage of research and develop-
ment; thus instead of iPSCs some researchers 
have used embryonic stem cells as a surrogate for 
tissue engineering purposes [50, 51]. In recent 
years, researchers have successfully induced skin 
fibroblast into functional keratinocytes that can 
be incorporated into tissue engineering purposes 
[13, 52]. In terms of burn care, the primary focus 
of iPSCs would be to generate primary epidermal 
lineage stem cells that cannot be generated by the 
induction of other types of stem cells. iPSCs can 
also be utilized to generate the cells that can 
abrogate the hypermetabolic and inflammatory 
state by overexpressing anti-inflammatory medi-
ators and growth factors that can accelerate 
wound healing.

Initially iPSCs were generated via retroviral 
transfection methods due to which there were 
concerns of epigenetic aberrations, unwanted 
mutations, and carcinogenesis. However, recently 
nonviral gene transfer methods have been devel-
oped to address these issues [52, 53]. In sum-
mary, iPSCs hold great promises in treating burn 

injuries; however, the method of isolation, opti-
mum source of tissue to isolate the primary cells, 
amount of cells to be applied to the wound sites, 
and other clinical and administrative hurdles 
need to be addressed before iPSCs can be trans-
ferred from bench to the bedside.

8.5  Adipose-Derived Stem Cells 
(ASCs)

Following the discovery of adipose-derived stem 
cells (ASCs) in adipose tissue [54], there has been 
a surge in clinical trials using ASCs to treat differ-
ent wound healing models including burns. 
Compared to other types of stem cells, ASCs offer 
better option for wound healing purposes, as they 
are readily available; each gram of fat can yield up 
to 5 K cells [55–57] and like other types of stem 
cells they have been reported for angiogenesis 
[58], wound healing [59], and immunomodula-
tion [60] in different disease and animal models.

Autologous ASCs are especially favorable for 
burn wound injury. Following burn injury, as a 
standard of care, burned tissue along with some 
healthy periphery tissues was excised and dis-
carded. In the discarded tissue lies a layer of sub-
cutaneous fat where ASCs reside. Since burn 
may affect the resident ASCs that are residing in 
the fat tissue, study done by our group in an 
established rat burn model has shown that both 
stromal vascular fraction and ASCs isolated 
3 days following burn injury have similar levels 
of differentiation potential, proliferation rate, 
cytokine production, and expression of stemness- 
related cell surface markers [4] indicating that the 
discarded tissue can be used as a source to obtain 
the autologous stem cells.

ASCs has been actively studied to address the 
hypertrophic scarring following burn injury. Yun 
and colleagues showed that local application of 
ASCs reduces normal scar size and pliability in 
the Yorkshire pig. At the molecular level, the 
authors observed a decrease in mast cell activity 
and an increase in the expression of TGF-β path-
way components [61]. In another full-thickness 
burn wound model, authors reported that 
 application of ASCs in the combination with a 
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poly- 3- hydroxybutyrate-co-hydroxyvalerate 
matrix improved wound healing, increased 
expression of VEGF and basic fibroblast growth 
factor, downregulated expression of TGF-β1 and 
alpha smooth muscle actin, and increased TGF-
β3 mRNA expression, all of which resulted in an 
anti-fibrotic phenotype. Similar findings were 
reported following the injection of ASCs under 
grafted skin, with increased levels of VEGF and 
TGF-β3 and importantly increased ratio of colla-
gen I to collagen III [62, 63]. Given these find-
ings, ASCs will most likely have a beneficial role 
in modulating hypertrophic scar formation by 
accelerating the rate of angiogenesis and wound 
healing, attenuating inflammation, and most 
importantly modulating ECM matrix production 
following the burn injury.

Yun et al. [61] injected ASCs into the wound 
50 days post-burn and after the scar started form-
ing. ASCs were injected three times at 10-day 
intervals and the scars examined every 10 days 
until 100  days after surgery. Scars treated with 
ASCs had improved color and pliability, 
decreased area, and a reduction in the total num-
ber of mast cells. ASCs promoted more mature 
arrangement of collagen in this model, probably 
via the increase of TGF-β3 and MMP1  in the 
early phase and the decrease in alpha-smooth 
muscle actin and tissue inhibitor of metalloprote-
ase- 1  in the late phase of scar remodeling [61]. 
These data suggest that ASCs accelerate wound 
healing and reduce hypertrophic scarring through 
autocrine or paracrine regulation of different 
phases of wound healing or via suppression of 
fibrosis-related pathways including the p38/
MAPK signaling pathway [64].

8.6  Conclusions

Application of stem cells to address burn wound 
healing comorbidities has a promising future. 
Nonetheless, still many unaddressed questions 
including the optimum source of the stem cells, 
method of isolation, characterization, and espe-
cially follow-up on the molecular mechanism 
following the application of stem cells on the 
burn wounds need to be further studied in detail.
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Applications

Alvin Wen Choong Chua, Chairani Fitri Saphira, 
and Si Jack Chong

9.1  Background

Despite the recent question on whether skin is the 
largest organ in the human body [1], no one can 
dispute its protective, perceptive, regulatory, and 
cosmetic functions. The top layer of the skin, the 
epidermis which comprised mainly of keratino-
cytes, is critical for survival as it provides the bar-
rier against exogenous substances, chemicals, 
and pathogens and prevents dehydration through 
the regulation of fluid loss. Other cells within the 
epidermis include melanocytes which give pig-
mentation and Langerhans cells which provide 
immune surveillance. Beneath the epidermis, the 
dermis is a thicker layer of connective tissues that 
consists mainly of extracellular matrix (ECM) or 
structural components (predominantly collagen 
and elastin) which give mechanical strength, 
elasticity, and a vascular plexus for skin nourish-

ment. Cells interspersed within the ECM include 
fibroblasts, endothelial cells, smooth muscle 
cells, and mast cells [2]. These two morphologi-
cally distinct layers—the epidermis and the der-
mis—are in constant communication across 
various levels (for example at the molecular or 
cellular level, growth factor exchange, paracrine 
effects) to establish, maintain, or restore tissue 
homeostasis. Between the epidermis and dermis 
is the basement membrane (BM), a highly spe-
cialized ECM structure (composed of a set of dis-
tinct glycoproteins and proteoglycans) that 
physically separates the two layers rendering pri-
marily a stabilizing though still dynamic inter-
face and a diffusion barrier [3]. In general, the 
BM contains at least one member of the four pro-
tein families or subtypes of laminin, type IV col-
lagen, nidogen, and perlecan, a heparan sulfate 
proteoglycan [4].

Populating the epidermal and dermal layers 
are the various skin appendages such as the hair 
follicles, sweat glands, sebaceous glands, blood 
vessels, and nerves. Extreme loss of skin function 
and structure due to injury and illness will result 
in substantial physiological imbalance and may 
ultimately lead to major disability or even death. 
As much as it is claimed that tissue-engineered 
skin is now a reality to treat severe and extensive 
burns, the fact remains that current skin substi-
tutes available are still fraught with limitations 
for clinical use. It is clearly evident amongst 
burns or wound-care physicians that there is cur-
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rently no single tissue-engineered substitute 
which can fully replicate the split-thickness skin 
autografts for permanent coverage of deep der-
mal or full-thickness wounds in a one-step proce-
dure. Indeed, clinical practice for severe burn 
treatment has since evolved (Table 9.1) to incor-
porate some of these tissue-engineered skin sub-
stitutes (Table 9.2), usually as an adjunct to speed 
up epithelization for wound closure and/or to 
improve quality of life by improving functional 
and cosmetic results long-term.

9.2  Birth of Skin Tissue 
Engineering

The year 1975 seems to be a special year for skin 
tissue engineering, even before the term “tissue 
engineering” was officially adopted more than a 
decade later by the Washington National Science 
Foundation bioengineering panel meeting in 
1987 [5] and later its definition was elucidated 
further by Langer and Vacanti [6] in 1993. The 
beginnings of skin tissue engineering can be 
attributed to the pioneering work of two groups in 
the United States 40 years ago. First, Rheinwald 

and Green [7] reported the successful serial culti-
vation of human epidermal keratinocytes in vitro 
and later made possible the expansion of these 
cells into multiple epithelia suitable for grafting 
[8] from a small skin biopsy.

In today’s term, the work is termed “tissue 
engineering of the skin epidermis.” Concurrently, 
Yannas et al. [9] reported their maiden work on 
the in vitro and in vivo characterization of colla-
gen degradation rate which we believe paved the 
way for the design of artificial biological dermal 
substitute [10], resulting in the “tissue engineer-
ing of the skin dermis.”

In 1981, both groups independently reported 
the clinical use of their respective tissue- 
engineered substitutes for the treatment of severe 
and extensive burns, albeit in different approaches. 
O’Connor et al. [11] and Greene [12] reported the 
world’s first grafting of extensive burns with 
sheets of cultured epithelium (expanded from 
autologous epidermal cells) on two adult patients 
with success at the Peter Bent Brigham Hospital. 
These autologous cultured sheets (Fig.  9.1) 
termed cultured epidermal autografts (CEA) were 
also subsequently demonstrated to provide per-
manent coverage of extensive full-thickness burns 

Meek
(autologous microskin)
grafting established104

Biobrane established for
clinical use in

partial-thickness burns69

Timeline

Clinical trial of Integra™
in major burn15

Chinese-originated
microskin autografting

introduced105, 106

Clinical use of
meshed autografting + CEA 28, 102

Current clinical trial on
allogeneic

bone marrow-MSCs147, 148

Modified Meek
grafting

established107

Clinical use of
AlloDerm® + CEA in

aplasia cutis congenital
reconstruction86

1950 1960 1970 1980 1990 2000 2010

Meshed autografting
introduced99

First clinical use of
CEA in burn patients11,13

Clinical use of
Integra™ + CEA22

Clinical use of
microskin autografting + CEA109,119

Clinical use of
modified Meek + Integra™120

Clinical use of
cultured autologous

bone marrow-MSCs144

Clinical use of MatriDerm®

as seedng template for
autologous fibroblast and

keratinocytes93,94

Table 9.1 Timeline of cultured epithelial autograft (CEA) supported on a fibrin mat [38] used at the Singapore General 
Hospital (SGH) Burns Centre to treat major burn
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in another two pediatric patients [13]. Meanwhile, 
Burke et  al. [14], a few months after O’Connor 
et al.’s [11] article, reported the successful use of 
a physiologically acceptable artificial dermis in 
the treatment of extensive burn injuries with full-
thickness component on ten patients [14]. This 
was followed by a randomized clinical trial for 
major burns led by Heimbach et al. [15] on the use 
of this artificial dermis, now known as Integra™ 
Dermal Regeneration Template. This successful 
multicenter study involving 11 centers and many 
other studies [16, 17] might have inevitably given 
this dermal substitute a “gold standard” status for 
full-thickness burn treatment [18]. While ground-
breaking, the work of the above two groups is still 
far from reaching the ultimate goal of replacing 
skin autografts for permanent coverage of deep 
dermal or full-thickness wounds in extensive 
burns.

9.3  CEA Sheets

9.3.1  Importance of Cuono’s 
Method

One of the main disadvantages of the CEA tech-
nology was apparently the lack of consistency in 
engraftment, with poor “take” reported mainly on 
wounds devoid of dermal elements, even with 
properly cultured keratinocytes [19–22]. It was 

later demonstrated in the mid-1980s by Cuono 
et al. [23, 24] the importance of having the der-
mal component present when they reported good 
graft take of the CEA laid on healthy vascular-
ized allogeneic dermis in a full-thickness wound 
bed. For the Cuono’s method to be effective, a 
two-stage procedure is required. First, human 
skin allografts must be available ready to be 
grafted on excised full-thickness wound. This is 
followed by a wait of about 2–3  weeks which 
would provide the patient with necessary protec-
tion and coverage as the underlying cadaver der-
mis vascularizes while the autologous epithelial 
sheets from the harvested small skin biopsy can 
be prepared simultaneously by culture. When the 
cultures are ready, the highly immunogenic 
cadaver epidermis placed on the patient earlier 
will have to be removed by dermabrasion to make 
way for the CEA to be grafted (Fig.  9.2). This 
two-stage composite allodermis/cultured auto-
graft technique has been adopted by several cen-
ters with fairly reproducible success since the 
1990s [25–27]. One relatively recent success 
story came from the Indiana University experi-
ence that reported a final graft take of 72.7% with 
a 91% overall survival rate on 88 severe burn 
patients. This result as the authors mentioned 
“gives much optimism for continuing to use CEA 
in critically burned patient” [28].

9.3.2  The Detractors

However, there are still detractors to this Cuono’s 
method for a number of reasons. Firstly, there 

Fig. 9.1 Cultured epithelial autograft (CEA) supported 
on a fibrin mat [38] used at the Singapore General Hospital 
(SGH) Burns Centre to treat major burn

Fig. 9.2 Grafting of CEA on alloderms at SGH Burns 
Centre based on CUONO’s two-stage method
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might not be readily available skin allografts, 
especially in the East Asian region where organ 
and tissue donation is still not prevalent [29, 30]. 
In addition, skin allografts carry some risks of 
infection and antigen exposure [31]. Secondly, 
the timing of the CEA placement could be a 
tricky balancing act. It was mentioned that if 
cadaver skin or epithelium is rejected or sloughed 
off prior to the availability of cultured epidermal 
grafts for the burn patients, the opportunity to use 
the cadaver dermis as vascularized dermal sup-
port (based on Cuono’s method) might be lost 
[32]. The coordination of CEA use with the tim-
ing of surgery is therefore a concern. In another 
scenario, the wound bed might be ready for CEA 
grafting but yet the cultured keratinocytes were 
not ready or sufficient for grafting. On the other 
hand, there were situations where the CEA cul-
tures were ready for grafting but the wound bed 
was not or the patient was too sick to undergo 
surgery. It is known that once the keratinocytes 
form a sheet in culture, the sheets need to be used 
within the shortest time as possible to maintain 
efficacy especially for treatment of full-thickness 
burns [28, 33]. Otherwise, the keratinocyte stem 
cell population in the cultures would be compro-
mised and these critical cells for regeneration 
would move towards an irreversible unidirec-
tional process from holoclones (stem cells) to 
paraclones (highly differentiated cells) [34–36]. 
In such a case, the efficacy of the CEA would 
drop drastically, rendering poor engraftment and 
sub-optimal wound healing [37]. Even though 
there was a recommendation to use colony- 
forming efficiency assay of keratinocytes 
(Fig. 9.3) as an indirect and simple quality check 
for the “regenerative property” of CEA cultures 
[36, 38], there were not too many adopters.

CEA sheets are fragile in nature and extreme 
care must be taken to avoid tangential and shear-
ing forces while moving the patient’s limb or 
repositioning the patient to prevent any loss of 
the cell layers. Therefore not surprising, it was 
reported that CEAs placed on anterior sites were 
amendable to improved take rates [28]. However 
with the need to keep the grafted site completely 
immobile [39] and given the limited sites for 

grafting of CEAs (recommended to be placed on 
“nonpressure sites” to prevent shearing off of 
these friable grafts), these led to some form of 
resistance to CEA use by certain burn surgeons. 
In addition, the higher vulnerability of CEA to 
bacterial contamination on the wound site which 
could result in almost complete loss of the grafts 
compared to meshed autograft [22, 40] also exac-
erbates the reluctance of CEA use in the clinical 
setting.

9.3.3  Issue of Cost

Finally, the high cost of production of CEA has 
often been quoted as one of the major hindrance 
for its widespread use in many review papers [37, 
39, 41]. This cost is going to escalate further as 
there is a trend of directing cellular therapeutic 
products with “substantial manipulation” (this 
would include keratinocyte expansion) to be pro-
duced in a good manufacturing practice (GMP) 
setting for administrative demands like quality, 
safety controls, and regulations [42]. GMP is a 
pharmaceutical quality system which ensures that 
products are consistently produced in a tightly 
controlled cleanroom environment according to 
stringent quality standards. Typically, adoption of 
this practice especially for autologous human cel-
lular therapeutic products would entail much 
higher cost in terms of overheads such as man-
power and facility resources as there is no econ-
omy of scale for such tailored cellular products 
unlike the manufacturing of allogeneic cells [43].

Fig. 9.3 Colony-forming efficiency assay: a simple way 
of measuring the clonogenic ability of keratinocytes and 
estimating the growth capacity of these cells
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9.4  Dermal Substitutes

9.4.1  Two-Stage Procedure

Based on the knowledge that there are now 
many dermal substitute products available com-
mercially and with many of such products 
widely reviewed and tested in both preclinical 
and clinical settings [2, 18, 32, 41, 43–46], it is 
self- evident that the challenge for their thera-
peutic use (especially for acellular ones) is less 
than CEA (cellular-autologous products) insofar 
as their respective functional requirements (der-
mal versus epidermal) are totally different. If 
epidermis is “life,” providing the protection cru-
cial for our survival, then dermis is the “quality 
of life.” Most current biocompatible dermal 
substitutes are to a certain extent able to mimic 
the basic properties of the ECM in the human 
skin by providing some form of structural integ-
rity, elasticity, and a vascular bed. However, the 
fact remains that these products lack an epithe-
lial layer and in most cases the use of such prod-
ucts will need to be followed up with grafting of 
split-thickness skin autograft for permanent 
coverage, usually in a two-stage procedure. 
While there are advantages of harvesting thin-
ner split-thickness skin autografts and that 
donor sites heal faster [15], there is still harvest-
site morbidity with a possibility of insufficient 
donor sites in extensive burns.

9.4.2  Integra™

Being the most widely accepted artificial biologi-
cal dermal substitute [47], the use of Integra™ 
which is made up of bovine collagen and chon-
droitin 6-sulfate has been reported to give good 
aesthetic and functional outcomes when com-
pared to using split-thickness skin autograft alone 
[48]. However, it is known that infection still 
remains the most commonly reported complica-
tion of Integra™ [49–51]. Meticulous wound bed 
preparation before the use of this template (or 
similar type of artificial biological materials) has 
been reported to be critical to ensure good take. 
Otherwise with the collection of hematomas and 

seromas beneath the material, the product is sus-
ceptible to infection resulting in a costly loss of 
an expensive tissue-engineered product and man-
power time while increasing the length of hospi-
tal stay for the patient.

But with much progress in the development of 
newer wound care products, the use of advanced 
antimicrobial silver dressing such as Acticoat 
dressing as an overlay to Integra™ [44] as well as 
the use of topical negative pressure or vacuum- 
assisted closure (VAC) in combination with 
Integra™ [52–54] have been reported to mitigate 
the rates of infection with positive results. In one 
study, it was reported that the application of topi-
cal negative pressure dressings to dermal tem-
plates can reduce shearing forces, restrict seroma 
and hematoma formation, simplify wound care, 
and improve patient tolerance, even as it was 
reported that the negative pressure did not accel-
erate vascularization of the Integra™ dermal 
template based on histological assessment [55].

9.4.3  MatriDerm®

Another newer generation of artificial biological 
dermal substitute that is gaining wider accep-
tance for use in the clinics recently is MatriDerm®. 
Made up of bovine collagen and an elastin hydro-
lysate, this product is touted for use in a single- 
stage procedure. MatriDerm® was shown to be 
able to accommodate split-thickness skin auto-
graft safely in one step with no compromise in 
take on burn injuries [56, 57]; and it seemed to be 
feasible for use in critically ill patients [58]. It 
was suggested that unlike Integra™ which has 
antigenic properties due to the presence of 
chondroitin- 6-sulfate, the combination of colla-
gen and elastin in MatriDerm® can promote vas-
cularization quicker through the support of 
ingrowth cells and vessels while improving sta-
bility and elasticity of regenerating tissue [44]. 
Furthermore, higher rate of degradation and dif-
ference in neodermal thickness of MatriDerm® 
compared to Integra™ [59] might give the former 
an extra edge, even though there is still relatively 
weak scientific evidence on their comparison in 
the current literature [58].
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9.4.4  Other Dermal Substitutes

There are also other categories of dermal substi-
tutes available commercially. On top of substi-
tutes made from “artificial biological materials” 
described above for Integra™ and MatriDerm®, 
the other two commonly recognized classifica-
tions are “natural biological materials” and “syn-
thetic materials” [43, 44]. Decellularized human 
skin allografts (such as AlloDerm®) and decellu-
larized porcine xenografts (such as Permacol™) 
are dermal products derived from “natural bio-
logical materials” as typically these products are 
“de-epidermalized” and processed to remove the 
antigenic cellular components while retaining the 
structure of the native dermis. Known as acellular 
dermal matrix (ADM), the advantage of using 
this class of product is that the templates derived 
from decellularized tissues provide natural der-
mal porosities for regeneration and vasculariza-
tion on the wound bed in vivo. In vitro studies 
have shown that such products support adhesion, 
growth, and function of several cell types [60, 
61]. In addition, there is partial conservation of 
BM which might aid in epidermal cell attach-
ment [62]. Nevertheless these products are known 
for their high cost with the risk of transmitting 
infectious diseases and they are usually used in 
two surgical procedures [63]. But with advance-
ment in processing of human skin allografts and 
also with the use of negative pressure therapy, 
studies using a one-stage procedure of co- grafting 
with human ADM (CG derm) and autologous 
split-thickness skin grafts have been reported 
with some success [64, 65].

Finally, dermal substitutes using synthetic mate-
rials seem to be less widely used since their incep-
tion in the 1990s for burn treatment. Such products 
include Transcyte®, a porcine collagen- coated 
nylon mesh seeded with allogeneic neonatal human 
foreskin fibroblasts bonded to a silicon membrane, 
and Dermagraft®, a bioabsorbable polyglactin 
mesh scaffold seeded with cryopreserved alloge-
neic neonatal human foreskin fibroblasts. It was 
reported that both of these products are currently 
off the market but their technologies have been 
licensed to Advanced BioHealing for further pro-
duction and marketing to improve the product [44].

This brings to the issue about cost of dermal 
substitutes. In general, dermal substitutes are 
deemed to be costly for clinical usage as men-
tioned in a report comparing the clinical outcome 
of MatriDerm® and Integra™ [66]. Based on a 
tabulated comparison of cost per cm2 between 
different dermal substitutes in 2007, it was noted 
that Dermagraft® was about twice the cost of 
Integra™ [67], and that might explain why 
Dermagraft® is presently off-market.

9.4.5  Biobrane®

As opposed to Transcyte®, Biobrane® is still 
widely used as a synthetic skin substitute as it is 
known for its success in the definitive manage-
ment of partial-thickness burns (Fig.  9.4) in 
many centers [68–70]. Biobrane® is the exact 
product of Transcyte® less the neonatal human 
fibroblasts and is also used as a dressing to hold 
meshed autografts and cultured keratinocyte 
suspension [69, 71]. On top of the versatility in 
usage, the popularity of Biobrane® is likely due 
to its lower cost and yet it is as efficacious in 
treating partial- thickness burns as Transcyte® 
[72]. In a recent comparison of Biobrane® and 
cadaveric allograft for temporizing the acute 
burn wound, Austin et  al. [73] concluded that 
Biobrane® is superior in terms of lower proce-
dural time and associated cost largely due to the 
relative ease of application of this product. 
Indeed, Greenwood et  al. [69] in a sharing of 
their experience using Biobrane® on 703 patients 
concluded that Biobrane® is relatively inexpen-
sive; easy to store, apply, and fix; and reliable 
when used according to guidelines.

Currently, there is also an increasing trend to 
use Biobrane® as an alternative to cadaver 
allografts as temporizing dressings after excision 
of major burn injuries [68, 69, 73]. However, the 
caveat of using this technique is that the wound 
bed must be meticulously prepared to prevent 
any infection and there is still the lack of existing 
literature and published clinical protocols [68] to 
prove that it can be a worthy replacement of the 
human skin allografts, especially in the treatment 
of full-thickness burn wounds.
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9.4.6  Suprathel®

Suprathel®, a permanent and degradable skin 
substitute for the treatment of dermal wounds, is 
an absorbable new-generation dressing based on 
a copolymer of three compounds. Suprathel® is a 
polylactic-co-glycolic acid scaffold, similar with 
other polylactic-co-glycolic acid scaffolds such 
as TransCyte® and Dermagraft® [74]. It is pro-
duced from a synthetic copolymer mainly based 
on dl- lactide (>70%); the other components are 
trimethylene carbonate and e-caprolactone lac-
tide [75]. It was developed analogous to the 
human skin and thus shares the same properties 
such as elasticity, permeability to water vapor, 
and impermeability to bacteria [75].

Suprathel® is used in the healing of mainly par-
tial-thickness and also superficial burns [76]. 
Elasticity makes it possible to apply the dressing 
to the wound at the sites which are difficult to treat, 
and also ensures that the dressing will closely 
adhere to all the curves and depressions on the 
damaged skin surface [77, 78]. Water permeability 
prevents accumulation of exudate in the wound 
while at the same time creating the optimum 
humid environment contributing to wound epithe-
lization [77, 78]. The inherent viscosity and the 
molecular weight, the maximum strength, and the 
elongation at break of Suprathel® decrease during 
the degradation phase, facilitating the detachment 
process on the completely epithelialized wound. 

In clinical applications at the Marienhospital in 
Stuttgart it was observed that Suprathel® becomes 
transparent on the wound and therefore an evalua-
tion of the wound ground without moving 
Suprathel® is feasible [79]. The drawbacks of 
Suprathel® as burn dressings are that it should be 
applied on acute burn wound (within 24  h of 
injury) [80] and the relatively high cost [81].

Towards a composite skin substitute for per-
manent replacement

9.5  Combining CEA and Integra™

The first hint of CEA and Integra™ combined use 
was in 1984 when Gallico et al. [13] reported the 
permanent coverage of large burn wounds with 
autologous culture. In the study, it was mentioned 
that Patient 1 with flame burns of 97% total body 
surface area had received excision to the level of 
muscle fascia on certain parts of the body and was 
covered temporarily by human cadaver skin 
allograft or a collagen- glycosaminoglycan silastic 
sheet (later known as Integra™). This was fol-
lowed by grafting with CEA even though it was 
not mentioned whether the Integra™ was replaced 
with the cultured epithelium. It was only in 1998 
that the use of cultured autologous keratinocytes 
with Integra™ in resurfacing of acute burns was 
presented in a case report by Pandya et al. [82]. 
Used as a two-step procedure, the authors resur-

a b

Fig. 9.4 Application of Biobrane. (a) Before application. (b) After application
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faced the neodermis (vascularized Integra™) by 
the third week with ultrathin meshed autografts 
and CEA on the anterior torso of the patient in 
two mirror-image halves. It was found that the 
CEA performed as well as the side covered with 
split-thickness autograft in terms of appearance, 
durability, and speed of healing. This positive 
result was not surprising as a month earlier in the 
same journal, another group [31] reported that 
vascularized collagen-glycosaminoglycan matri-
ces produced a favorable substrate for cultured 
epithelial autografts in a porcine model.

There were practically no subsequent bigger 
clinical series which describe the two-stage use of 
Integra™ followed by the grafting of CEA. One of 
the reasons as alluded by Pandya et al. [82] was 
that of cost when they mentioned that the combi-
nation of Integra™ and autologous cultured kera-
tinocytes was very expensive. The other reason 
quoted was that direct application of cultured kera-
tinocytes to an Integra™ wound bed was found to 
be problematic due to the poor adhesion of the 
cells to the template [43]. This might be attributed 
to the lack of fibroblasts migrated into the 
Integra™ which delayed the maturation of the BM 
between the epithelial grafts and the neodermis. In 
a bilayered skin equivalent tested in vitro, the pres-
ence of fibroblasts with keratinocytes was reported 
to be important for the formation of high levels of 
collagen type IV and laminin, some of the key ele-
ments of the BM [32, 83]. In fact it was further 
validated later in another skin equivalent model 
that only in the presence of fibroblasts or of vari-
ous growth factors, laminin 5 and laminin 10/11, 
nidogen, uncein, and type IV and type VII colla-
gen (all of which are components of the BM) were 
decorating the dermal/epidermal junction [84].

9.6  Combining CEA and Other 
Skin Substitutes

Similarly, it was also observed that there were 
scanty clinical reports on the two-stage use of 
AlloDerm® (a decellularized human ADM product 
that was first approved by the FDA to treat burns in 
1992 [85]) and CEA. One notable case report in 
2009 was the successful treatment of aplasia cutis 

congenita using the combination of first applying 
on the defect with AlloDerm® followed by CEA 
grafting 2 weeks later. It was reported that during 
a 2-year follow-up period, there were no compli-
cations such as motion limits resulting from hyper-
trophic scarring or scar contracture. Coincidentally, 
there was also an earlier attempt in 2000 to use 
allogeneic dermis and CEA as a one-stage proce-
dure to reconstruct aplasia cutis congenita of the 
trunk in a newborn infant [86]. While the results 
were reported to be promising, it was noted that 
three additional applications of CEAs were 
required for 90% of the wound to be healed.

9.7  Autologous Dermo- 
Epidermal Composite Skin 
Substitutes

One of the most promising autologous dermo- 
epidermal (composite) skin substitutes reported 
is the cultured skin substitutes (CSS) developed 
in Cincinnati in the United States. This substitute 
is composed of collagen glycosaminoglycan 
substrates which contain autologous fibroblasts 
and keratinocytes. Reported to be able to provide 
permanent replacement of both dermal and epi-
dermal layers in a single grafting procedure [2, 
87–91], this product was later commercialized as 
PermaDerm™ [43]. PermaDerm™ can currently 
be engineered within 30 days. It is indicated for 
the treatment of large full-thickness skin defects; 
however it has not yet obtained Food and Drug 
Administration (FDA) approval and clinical tri-
als on its efficacy remain to be seen. More 
recently, a German group reported the develop-
ment of an engraftable tissue-cultured composite 
skin autograft using MatriDerm® as a template 
for the seeding of expanded autologous skin 
fibroblasts and keratinocytes [92]. They reported 
that this developed skin composite has strong 
homology to healthy human skin based on the 
characterization of the epidermal strata, com-
parison of the differentiation and proliferation 
markers, and presence of a functional basal lam-
ina. This skin substitute was subsequently used 
clinically on two patients with full-thickness 
wounds. While the wounds are relatively small 
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in size (the largest being 9 × 6  cm), there was 
positive outcome with full wound closure for all 
the defects treated [93, 94].

There are many promising autologous cellular 
bilayered skin substitutes proposed out there 
such as DenovoSkin developed at Tissue Biology 
Research Unit, University Children’s Hospital, 
Zurich, Switzerland. This product is based on 
plastically compressed collagen type I hydrogels 
engineered with human keratinocytes and fibro-
blasts from a small skin biopsy [95, 96]. The 
same group has further reported for the first time 
a more advanced bioengineered human dermo- 
epidermal skin graft containing functional der-
mal blood and lymphatic vessels using human 
keratinocytes, fibroblasts, and microvascular 
endothelial cells [97, 98]. However, the challenge 
for the utilization of such products remains; that 
is, how soon can sufficient autologous cells are 
cultured, how soon can they be impregnated into 
the scaffold, and how soon can the substitute be 
made ready for grafting. Time is of essence espe-
cially for a massive burn case with little donor 
site and options.

Adapting the use of skin tissue engineering 
products to current practice in the clinics

9.8  Combining CEA and Widely 
Meshed Autografting

One of the solutions adopted in the clinical set-
ting autografting to quickly treat extensive full- 
thickness burn wounds is to use widely meshed 
split-thickness skin grafts to cover the large 
injured surfaces after the technique of meshing 
was introduced by Tanner et  al. in 1964 [99]. 
However, at expansion rate greater than 1:4, such 
meshed grafts have been reported to be difficult 
to handle. Worse still, re-epithelialization might 
be delayed or even absent when a meshed piece 
of skin was expanded beyond a ratio of 1:6 [100], 
and with substantial areas left uncovered in the 
interstices, there would be cosmetically unsatis-
factory “string vest” appearance [101]. To address 
these disadvantages, use of CEA in combination 
with widely meshed autografts (Fig.  9.5) has 
been reported with success in a clinical series of 

12 children with major burns. As the authors in 
the study mentioned, this synergistic combina-
tion of autografts and autologous cultured epider-
mis sheets appeared more effective than one of 
these techniques applied alone [102]. Based on 
the Indiana University experience of 88 patients 
who received CEA (an earlier mentioned study 
deemed to be one of the success stories in CEA 
usage), the authors also reported that if an insuf-
ficient amount of cadaver dermis remains after 
allografting (Cuono’s method), 1:6 meshed split- 
thickness autografts (if available) would be 
placed onto recipient wound bed under the CEA 
sheets. This was to minimize shear forces and 
hasten graft take in areas with inadequate alloder-
mis [28]. Other variant techniques involving the 
use of sprayed cultured autologous keratinocytes 
in combination with meshed autografts to accel-
erate wound closure in difficult-to-heal burn 
patients were also reported [103].

9.9  Resurgence of Microskin 
Autografting

Based on the current literature, there seems to 
be a resurgent towards the use of autologous 
microskin grafting (Fig.  9.6) even though the 
concept of using small skin bits for autograft-
ing was described by Meek in 1958 [104], 
before the use of meshed grafts. Chinese-
originated microskin autografting was 
described in the 1980s for the treatment of 
extensive burns [105, 106]. Later in 1993, Kreis 
et al. [107] improved on Meek’s original tech-

Fig. 9.5 Combining CEA and widely meshed 
autografting
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nique and popularized the so-called modified 
Meek method which was found to be superior 
to widely meshed autografts when higher 
expansion rates (up to 1:9) were used in adult 
patients with major burns [108]. While the 
modified Meek method or the Chinese- 
originated microskin grafting method (expan-
sion rate of up to 1:15) is still time consuming 
and laborious with the need for more staff in the 
operating theatre [109], these problems do not 
seem to serve as a deterrent because this proce-
dure which can be performed almost immedi-
ately is seen as lifesaving [110]. Outcome is 
generally positive with reliable take rate even 
on difficult wound bed [111], shorter epitheli-
zation time [109, 112, 113], less proneness to 
loss due to infection [99, 107], as well as satis-
factory functional and aesthetic results [114–
116]. Moreover, if the Meek graft fails, it is 
restricted to a partial area without affecting the 
neighboring skin islands [111] formed from the 
epithelial migration from the borders of each of 
the skin bits. More recently, the use of micro-
graft transplantation with immediate 100-fold 
expansion for epidermal regeneration on both 
healthy and diabetic wounds in porcine models 
was reported [117]. In the same report, it was 
mentioned that early clinical results confirmed 
the utility of this technique in a case report of a 
civilian patient with 54% total body surface 
area burn admitted to a US Army military hos-
pital in Iraq and successfully treated with the 
described micrografting technique [118].

9.9.1  Combining CEA and Microskin 
Autografting

However, scar contracture and hypertrophic scar 
formation (as would be seen in cases using widely 
meshed autografts) are problems frequently asso-
ciated with microskin autografting, especially 
where high expansion ratios are used for the treat-
ment of extensive burns with high percentage of 
deep dermal or full-thickness component [100, 
101]. Therefore, as what was described earlier for 
widely meshed skin autografts, CEA was also 
reported to be used in combination with microskin 
autografting to accelerate wound closure [101, 
109, 119]. Results reported have been positive 
with one of the earliest studies by Raff et al. [109] 
describing that the combination of widely 
expanded postage stamp split-thickness grafts and 
CEA provided an excellent take rate and durable 
wound closure within a short time while avoiding 
the problems associated with engraftment of CEA 
on fascia. Menon et  al. [101] also reported that 
with the use of sprayed CEA and modified Meek 
technique, they observed no cases of blistering or 
scar contracture in those treated sites but unfortu-
nately the problem of hypertrophic scar remained.

9.10  Modified Meek Technique 
and Integra™

The modified Meek technique in combination with 
Integra™ dermal template in a two-stage proce-

a b

Fig. 9.6 Microskin autografting on an extensive-burn 
patient at the SGH Burns Centre. (a) Split-thickness skin 
autografts were cut into small pieces and laid in close 

proximity with one another on cadaveric allografts. (b) 
Sheets of autologous microskin-allografts were grafted 
onto recipient wound bed
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dure has been reported in extensive burns with 
some success in a case report involving three 
patients [120]. As well, radical resection and recon-
struction of a giant congenital melanocytic nevus 
with Meek-graft-covered Integra™ were also 
reported [121]. However, there are very few reports 
that utilized the above-described technique subse-
quently. On top of cost and issue of infection, it can 
be speculated that the lack of popularity of this 
two-stage procedure is that it would incur a delay in 
utilizing the microskin for epithelization which is 
the main strength of the micrografting technique.

9.11  Stem Cells

Advances in research of adult stem cells and embry-
onic stem cells offer hope for the therapeutic defi-
ciencies in severe burn treatment using existing skin 
tissue-engineered products. The therapeutic power 
of stem cells resides in their clonogenicity and 
potency [122] and these can be delivered in con-
junction with skin composites or by various other 
methods, including direct application [123]. More 
recently, there is a burgeoning interest in human 
induced pluripotent stem cells (hiPSCs) as this 
Nobel-winning technology pioneered by Yamanaka 
and his team [124, 125] enables the reprogramming 
of adult somatic cells to embryonic stage cells. 
hiPSC technology therefore allows for patient- and 
disease-specific stem cells to be used for the devel-
opment of therapeutics, including more advanced 
products for skin grafting and treatment of cutane-
ous wounds [123]. However, the recent suspension 
of the world’s first clinical trial involving hiPSCs to 
treat age-related macular degeneration continues to 
raise questions about the safety of this new technol-
ogy. hiPSCs often acquire mutations with epigene-
tic and chromosomal changes in culture [126]. 
Hence, human epidermal and mesenchymal stem 
cells remain the more promising options for clinical 
use to treat severe burns, at least in the near term.

9.11.1  Enriching for Epidermal Stem 
Cells

Poor engraftment of CEA even on a properly pre-
pared vascularized wound bed with dermal ele-

ment is thought to be due to epidermal stem cell 
depletion during graft preparation. A solution for 
this would be to start with a pure population or 
higher percentage of these stem cells as sug-
gested by Charruyer and Ghadially [127]. 
Epidermal stem cells can be enriched from the 
patient’s own skin and a recent study demon-
strated that ABCG2, a member of the ATP- 
binding cassette (ABC) transporter family, was a 
robust stem cell indicator in the human interfol-
licular keratinocytes that could potentially be 
used to quickly enrich for keratinocyte stem cells 
[128]. Mavilio et al. showed that sheets of epithe-
lium grown from autologous holoclones or kera-
tinocyte stem cells (modified genetically) could 
be used to treat a patient with junctional epider-
molysis bullosa [129], demonstrating the power 
of this graft refinement. The use of enriched pop-
ulation epidermal stem cells for the preparation 
of cultured grafts for patients offers hope of over-
coming several limitations of current skin substi-
tutes as in a suitable microenvironment; 
keratinocyte stem cells can also form appendages 
such as hair, epidermis, and sebaceous glands 
[130, 131]. However finding or creating that elu-
sive microenvironment (in vivo or in vitro)—to 
provide the necessary molecular or cellular 
 signals for the stem cells to regenerate a fully 
functional skin with all its appendages—remains 
a challenge.

9.11.2  Harnessing Allogeneic 
Mesenchymal Stem Cells

During the past decade, adult tissue-derived 
MSCs have rapidly moved from in vitro and ani-
mal studies into human trials as a therapeutic 
modality for a diverse range of clinical applica-
tions. MSCs raise great expectations in regenera-
tive medicine, not only because of their 
multipotent differentiation characteristics and 
trophic and immunomodulatory effects but also 
for their extensive sources and biostability when 
cultured and expanded in vitro [132]. Apart from 
bone marrow and adipose tissues, human MSCs 
can also be isolated from a variety of other tissues 
such as the amniotic membrane [133], umbilical 
cord [134, 135], cord blood [136], as well as hair 
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follicle dermal papilla [137] and sheath [138, 
139]. MSCs have demonstrated a number of 
properties in vitro that can promote tissue repair, 
including the production of multiple growth fac-
tors, cytokines, collagens, and matrix metallo-
proteinases [140, 141], in addition to the ability 
to promote migration of other skin cells such as 
keratinocytes [142]. MSCs have also been 
reported to enhance wound healing through dif-
ferentiation and angiogenesis [143]. In the cur-
rent literature, several clinical cases on the use of 
cultured autologous bone marrow MSCs for 
localized and topical treatment of chronic wounds 
have been reported. Yoshikawa et  al. treated 20 
patients with various nonhealing wounds (i.e., 
burns, lower extremity ulcers, and decubitus 
ulcers) using autologous bone marrow-derived 
mesenchymal stem cells expanded in culture and 
a dermal replacement with or without autologous 
skin graft [144]. The authors reported that 18 of 
the 20 wounds appeared healed completely with 
the cell-composite graft transfer, and the addition 
of mesenchymal stem cells facilitated regenera-
tion of the native tissue by histologic examina-
tion. For allogeneic MSC usage, Hanson et  al. 
[145] reported the use of allogeneic bone mar-
row- or adipose-derived MSCs to treat partial- 
thickness wounds of Göttingen minipigs and 
demonstrated the safety, feasibility, and potential 
efficacy of these MSCs for treatment of wounds.

The immunomodulatory effect of MSCs could 
be key to the immediate utilization of these cells 
for rapid treatment of severe burns. It is now clear 
that MSCs modulate both innate and adaptive 
responses and evidence is now emerging that the 
local microenvironment is important for the acti-
vation or licensing of MSCs to become immuno-
suppressive [146]. The regenerative and 
pro-angiogenic effects of the MSCs can be har-
nessed owing to this property.

The first worldwide clinical trial which uses 
allogeneic bone marrow MSCs to treat ten 
patients with large severe deep burns is in prog-
ress in Argentina. This is done by treating the 
wound with the application of MSCs through a 
fibrin-based polymer spray over an acellular der-
mal biological matrix [147]. The same group, 
Mansilla et al. [148], has just reported their pre-

liminary experience treating a patient with 60% 
total body surface burned with positive results. A 
search using “allogeneic mesenchymal stem cells 
for burns” in ClinicalTrials.gov (as at Nov 2015) 
also revealed that two of such trials have been 
filed [149] which further reinforce the hypothesis 
that allogeneic MSCs might have a role in major 
burn treatment.

9.12  Conclusions

Similar to what was mentioned that no single 
treatment can be recommended in the manage-
ment of diabetic foot ulcers based on the current 
and emerging therapies [150], there is no partic-
ular approach that is definitely superior for the 
treatment of severe burns. But based on existing 
technologies and products available for rapid 
coverage of extensive burn wounds, the use of 
Biobrane or similar products to cover the partial- 
thickness component whilst covering the deep 
dermal or full-thickness component with skin 
allografts after excision, followed by a definite 
closure with autografts (meshed, microskin, 
CEA or in combination), seems to be one of the 
 efficacious and cost-effective management 
approaches. If the quality of life of the patients is 
to be considered such as to reduce scarring and 
contractures, tissue-engineered dermal templates 
can be used but they typically come at a cost. 
Therefore, before technology can catch up in 
terms of producing a truly functional substitute 
that comes at a reasonable cost, the need for skin 
allograft tissue banks, whether local or regional, 
to serve healthcare centers that treat severe burns 
cannot be overstated. This is especially true in 
the event of mass casualty [151]. Having a facil-
ity that can double up as both a skin allograft 
bank and an autologous epithelial cell sheet cul-
ture laboratory would be a bonus as we seek to 
train and build up a critical mass of skin tissue 
engineers, scientists, as well as administrators 
specializing in finance, quality assurance, and 
regulatory affairs. Only by working closely with 
clinicians to fully appreciate the requirements 
for the patients can this specialized pool of per-
sonnel innovate, harness emerging technologies, 
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manage cost, and navigate through the regula-
tory minefields for a realistic advancement of 
this exciting field of skin-based regenerative 
medicine.
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Skin Substitutes for Burn Wounds

Daniel Popp, Christian Tapking, 
and Ludwik K. Branski

10.1  Introduction

Progress in the care of severely burned patients 
has been achieved over the past decade and led to 
significantly decreased morbidity and mortality 
[1]. Mortality decrease could be seen especially 
in the severely burned children population [2]. 
The main fields of improvement in burn care 
have been (1) fluid resuscitation and early patient 
management, (2) control of infection, (3) modu-
lation of the hypermetabolic response, and (4) 
surgery and wound care [3].

10.2  Burn Wound Care

Extensive burn injuries are characterized by a local 
and systemic inflammatory as well as by a hyper-

metabolic response. Inflammatory mediators, pro-
duced and released by infiltrating immune cells, 
and toxins of wound-colonizing microorganisms 
would lead to burn sepsis if burn eschar is not 
removed. Early excision and early wound coverage 
are generally accepted as standard of care since the 
early 1970s [4]. Debridement of the burn wound 
and eschar should be done as soon as possible after 
the patient has been resuscitated and stabilized. 
That would be usually within the first 48–72 h post- 
burn. It has been shown that early excision signifi-
cantly reduces blood loss, amount of circulating 
endotoxin levels, hypermetabolic response, wound 
infection, overall hospital stay, and ultimately post-
burn morbidity and mortality [5–8].

As an effective alternative to surgical and non-
surgical standard of care in partial- and full- 
thickness burns, Debriding Gel Dressing (DGD) 
(NexoBrid®, formerly also known as Debrase®), 
a bromelain-based enzymatic agent, can be used 
safely and is nowadays widely used in burn cen-
ters [9, 10].

For partial-thickness burn wounds, silver sul-
fadiazine (SSD) has been the standard of care for 
many years. In the last three to four decades, a 
huge variety of new dressing came onto the mar-
ket [11]. Nowadays, they are standard of care due 
to the below-mentioned superiority compared 
over SSD. In partial-thickness burn wounds, the 
wound coverage should provide an occlusive, 
moist environment conducive to wound healing 
and preventive to infection. The ultimate goal is 
to decrease treatment time, pain, and discomfort.

D. Popp · L. K. Branski (*) 
Division of Plastic, Aesthetic and Reconstructive 
Surgery, Department of Surgery, Medical University 
of Graz, Graz, Austria
e-mail: danpopp@utmb.edu; lubransk@utmb.edu 

C. Tapking 
Department of Surgery, Shriners Hospital for 
Children-Galveston, University of Texas Medical 
Branch, Galveston, TX, USA 

Department of Hand, Plastic and Reconstructive 
Surgery, Burn Trauma Center, BG Trauma Center 
Ludwigshafen, University of Heidelberg,  
Heidelberg, Germany
e-mail: chtapkin@utmb.edu

10

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-19962-3_10&domain=pdf
https://doi.org/10.1007/978-3-030-19962-3_10#DOI
mailto:danpopp@utmb.edu
mailto:lubransk@utmb.edu
mailto:chtapkin@utmb.edu


138

10.3  Skin Substitutes

Skin is a highly complex organ. The two highly 
specialized layers of the skin contribute to their 
function as a whole as follows: The epidermis 
serves as a barrier against vaporization and bacte-
ria. The dermis provides mechanical strength and 
elasticity. Loss of that barrier function leads to a 
loss of fluid and protein. The loss of the epider-
mis makes the tissue prone for inflammation, 
bacterial colonization, infection, and sepsis. 
Prolonged wound healing leads to higher rates of 
scarring [12].

Despite the known benefits of early autograft-
ing [4], in many cases it is not safe, as in unstable 
patients or if not enough donor sites are available 
due to extensive burns, or simply not possible, as 
on the battlefield, in mass casualties, or due to 
limited operating room resources. In these cir-
cumstances the burn surgeon needs to resort to 
alternatives, either for temporary covering or as a 
definitive dermal replacement.

The ideal skin substitute is constantly 
available off the shelf; is durable, flexible, 
and easy to handle; can be applied in one sin-
gle operation; provides an effective barrier 
layer to prevent water and heat loss as well as 
to bacterial invasion; does not become hyper-
trophic; is nonantigenic; grows with children; 
is cost efficient; and provides permanent 
wound coverage but unfortunately to date also 
does not exist [12].

Generally, skin substitutes can be classified 
based on their usage (temporary vs. permanent) 
and on their origin (biologic vs. synthetic). Many 
of them can be applied in the treatment of partial- 
thickness as well as full-thickness burns.

In this chapter, we elucidate a selection of cur-
rently available skin substitutes for temporary 
and (semi-) permanent coverage. We describe the 
origin of the material (biologic, synthetic, combi-
nation) and indications of its application (either 
for partial-thickness or for full-thickness burn 
wounds). Furthermore, we outline the current 
study situation and illustrate product-related 
characteristics and limitations.

10.3.1  Temporary Skin Substitutes: 
Clinical Use, Advantages, 
Limitations, Prospects

10.3.1.1  Biological Tissues

Human Allograft (Cadaver Skin)
Fresh allograft skin possesses many of the 
ideal features of a biologic dressing, where-
fore it is the “gold standard” for temporary 
coverage of extensive full-thickness burn 
wounds when not enough autologous tissue is 
available. It basically replaces the lost physi-
ologic barrier and reduces water, electrolyte, 
and protein loss; prevents wound desiccation; 
suppresses microbial proliferation; is non-
immunogenic; and prepares the wound bed for 
definitive wound coverage and can serve as an 
indicator as to if the wound bed is ready for 
autografting. This can be crucial, as in large 
burns successful autografting can be essential 
for survival [13]. It also reduces pain, which 
makes occupational and physiotherapy easier 
for the patient.

Human allograft skin can be used as viable tis-
sue up to 14 days when kept refrigerated at 4 °C 
and the nutrient solution is changed frequently 
[14]. Cryopreserved skin can be used up to 
5 years [15]. It can also be used in a nonviable 
state after lyophilization [16].

Viable allograft fulfills its role as a biologic 
cover usually for 3–4 weeks until it gets rejected. 
Furthermore, meshed allograft is used as an over-
lay for widely meshed autograft (overlay tech-
nique) [17].

Glycerolized allograft is useful as permanent 
coverage for partial-thickness burns until re- 
epithelialization occurs. It is particularly useful 
in scald burns of children, as it makes dressing 
changes easy and less painful [18]. Following 
FDA and AATB regulations [19], the use of 
human cadaveric skin is generally considered 
safe. Nevertheless, there is still a risk for trans-
mitting viral diseases, especially CMV. But with 
regard to the benefits, these risks are clinically 
negligible [20].
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Human Amnion
Human amniotic membrane has been used for 
centuries as a biological wound dressing. After 
the first report of its usage in skin transplanta-
tions by Davis in 1910 [21], Sabella [22] 
described the use of amnion in burn patients.

Beneficial effects as faster wound epitheliali-
zation, lower rate of burn wound infections, pain 
relief, fluid loss, and scar reduction as well as 
shortening of the hospital stay have been proven 
[23, 24]. Furthermore it is easy to handle for the 
surgeon and adheres well to the wound bed [25].

Amnion is usually used as viable tissue. Since 
amnion is gained from living donors, consent has 
to be taken prior to caesarean section. Apart from 
that, it has to undergo a very similar process as 
allograft skin and is screened for any viral or bac-
terial diseases prior to grafting. Furthermore, the 
donor is screened to prevent transmission of dis-
eases [17] and finally it is sterilized. Those stan-
dardized procedures provide safe usage and make 
amnion broadly available for specialized burn 
care providers [26]. When preserved in glycerol, 
it is a long-time storable nonviable biologic 
dressing that is enormously valuable in develop-
ing countries due to its cost-effectiveness [27].

Recently, there has been a method developed 
to preserve amnion/chorion that can be stored for 
up to 5  years under ambient conditions and 
though keep its biologic activity [28–30]. The 
nonviable and sterilized product still contains 
growth factors, chemokines, and other regulatory 
proteins that are important for wound healing, in 
much higher concentrations compared to other 
processing methods. The two-layer composition 
seems to contribute to that, especially chorion 
[31]. Dehydrated human amnion/chorion mem-
brane (dHACM) is commercially available 
(EpiFix; AmnioFix; EpiBurn; MiMedx Group, 
Inc., Marietta, GA) and has been used to treat 
partial-thickness burns as well as full-thickness 
burns as a temporary treatment and also as over-
lay [32, 33]. Moreover, it is an ideal scaffold for 
stem cells in tissue engineering [34].

At our institution, until present, we use amnion 
mainly for second-degree facial burns because of 
its advantageously good plasticity. In a previous 
study, notably less frequent dressing changings 

and related patient comfort at no higher infection 
rate with comparable cosmetic outcome were seen 
when compared to topical antimicrobials [35].

Xenograft
Among the different animal skins being studied 
in the past, only pig skin turned out to be useful 
due to its histologic structure close to human skin 
[36, 37]. It shows very little immunologic proper-
ties and gets more “ejected” by epithelialization 
underneath than rejected and should rather be 
classified as dressing [38]. It provides similar 
beneficial effects as allograft, but does not show 
vascularization or capillary ingrowth [39] and 
therefore xenografts cannot be used to prove 
readiness of the wound for autografting [40]. In 
some populations they might also not be used due 
to ethnic or religious reasons [41] and there is a 
theoretic risk of zoonoses. Porcine xenograft can 
be used as a temporary cover for partial-thickness 
as well as for full-thickness burns or for coverage 
of donor sites. It is processed and stored similar 
to allograft [42, 43].

10.3.1.2  Synthetic and Biosynthetic 
Materials

Up to date there exists a huge variety of synthetic 
wound dressings. The below mentioned are a 
selection of dressings routinely used at our 
institution.

Biobrane®

Biobrane® (Bertek Pharmaceuticals Inc., 
Morgantown, WV, USA) is a bilayer biosynthetic 
composite wound dressing, consisting of porcine- 
derived collagen chemically bound to a nylon 
mesh that is partially embedded into an ultrathin 
porous silicone. The silicone film serves as a 
semipermeable epidermal substitute that allows 
wound water vapor but still maintains a moist 
healing environment and serves as a bacterial 
barrier. Its translucent properties allow for wound 
judgment without removing the product, and its 
flexibility enables its usage over joints. Sera and 
blood clot within this matrix and firmly adhere 
the fabric to the wound bed until epithelialization 
occurs and Biobrane® can be easily removed [3, 
13, 44, 45]. It accelerates wound healing and 
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lowers pain overall and during dressing changes 
in partial-thickness burns [45]. It is a safe alterna-
tive to allograft as a temporary coverage in third- 
degree burn wounds when applied to thoroughly 
debrided, noninfected wound beds. A further 
advantage is that early mobilization can be per-
formed, while after allograft transplantation the 
patient or at least the burned area has to be immo-
bilized for a few days. That has clear benefits 
especially in hand and extremity burns. Overall 
costs seem not to differ significantly, even though 
if applied faster than, e.g., allograft, OR time can 
be saved [13, 46, 47]. It has to be changed usually 
after 10 days. For some reason, it is currently off 
the market. There are already existing products 
that claim to be its successor, but there is still a 
lack of clinical data [48].

TransCyte
TransCyte (Advanced Tissue Sciences, La 
Jolla, CA, USA) is also a bilayer biosynthetic 
composite wound dressing with similar proper-
ties as Biobrane with additional neonatal 
in  vitro- cultured human fibroblasts integrated 
into the nylon mesh. Those fibroblasts secrete 
human dermal collagen, matrix proteins, and 
growth factors [49, 50]. It can also be used for 
treatment of partial- thickness burn wounds as 
well as a temporary substitute for full-thickness 
wounds [51–54]. There is evidence that it leads 
to faster re-epithelialization and fewer dressing 
changes when compared to Biobrane [50], but 
it is currently also off the market, probably due 
to high costs.

Suprathel®

Suprathel® (PolyMedics Innovations GmbH, 
Denkendorf, Germany) is a synthetic copolymer 
membrane that serves as a temporary replace-
ment of the epithelium and imitates the same. It 
contains mainly dl-lactide (>70%); the other 
components are trimethylene carbonate and 
ɛ-caprolactone. The membrane features a poros-
ity of 80% that enables exudate to drain and it can 
be elongated up to 2.5 times of its size, which 
gives the product a very good plasticity. 
Furthermore it supports wound healing and re- 
epithelialization [55].

Once applied after meticulous debridement of 
the wound, it attaches nicely to the moist wound 
bed. At our institution, we cover it with at least 
one layer of paraffin gauze under normal gauze to 
absorb the wound fluid. During healing, it 
becomes—at least partly—transparent, which 
allows the physician to judge the wound without 
removing the membrane. It will consecutively 
detach from the areas that already show epitheli-
alization and should be trimmed in a circular 
manner until the whole wound has healed and it 
can be peeled off painless.

The major advantages of this product are its 
potent pain-reducing potential and its excellent 
handling. However, it is quite expensive com-
pared to allogenic material or other products, 
used for second-degree burns [55, 56].

Especially in patients with extensive burns, 
STSGs can be saved for coverage of third-degree 
burns when Suprathel® is applied to the second- 
degree burn wounds [57]. It may be used not only 
for superficial partial-thickness burns, but also 
for mixed-depth partial-thickness burns [58]. 
Furthermore, it can be used also in an outpatient 
setting for adults as well as for children [56].

Mepilex® Ag
Mepilex Ag® (Mölnlycke Healthcare, Göteborg, 
Sweden) is an absorbable, silver-coated foam 
pad. Its innermost silicone layer Safetec® pre-
vents adhesion to the wound bed and therefore 
reduces pain during dressing changes while the 
silicone foam absorbs exudate, yet keeps the 
wound in a moist condition. The broad-spectrum 
antimicrobial effect of Mepilex® Ag is due to 
therein comprised silver-sulfate ions and acti-
vated carbon [59]. Dressing changes need to take 
place usually every 3–7 days but are quite easy to 
handle and relatively pain free compared to 
dressings without a silicone layer. It furthermore 
may increase healing time and is more cost effi-
cient than for example Suprathel® ($0.8/cm2 vs. 
$0.56/cm2) [56, 60]. At our institution it is the 
standard of care for superficial burn wounds.

Aquacel®

The first Aquacel® (ConvaTec Inc., Greensboro, 
North Carolina, USA) contains a core hydrofiber 
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layer with carboxymethylcellulose and carboxy-
methylation [61]. An update was Aquacel® Ag, 
which includes ionic silver. The controlled release 
of ionic silver absorbs fluids to form a cohesive 
gel [62]. It provides an antimicrobial protection 
and protects the wound for up to 14 days [63]. A 
dressing, which is slightly larger than the wound, 
is placed on the wound and covered with a sterile 
secondary layer. Aquacel® is used for burn inju-
ries as well as for chronic wounds and was shown 
to be safe and effective in partial-thickness burns 
[61, 64]. Especially in chronic wounds, which 
tend to develop infections, Aquacel® Ag was 
proven to decrease wound size and rate of infec-
tions [65]. Aquacel® was shown to be more cost 
effective than other dressings, because it normally 
does not require a lot of dressing changes [62]. 
Furthermore, Aquacel® seems to increase the 
comfort for patients and nurses [66].

10.3.2  Dermal Replacements/
Analogues

10.3.2.1  Biologic Materials

Split-Thickness Skin Graft (STSG)
Split-thickness skin grafts (STSG) are typically 
indicated for temporary or permanent coverage 
of cutaneous defects [67]. It consists of epider-
mis and parts of the dermis, depending on the 
graft thickness (0.2–0.7  mm). STSG are har-
vested with a dermatome (constant pressure at a 
45° angle to the skin) from thigh or back and 
other areas, if necessary [68]. Some of the der-
mal skin appendages remain at the donor site. 
After harvesting, the graft may be meshed or 
Meek technique is used and then placed on the 
clean wound. The STSG can be kept in moist 
gauze and hydrated until ready to be applied 
[69]. STSG are well known and accepted for 
soft-tissue coverage, especially in burns and 
plastic surgery reconstruction, but also in ulcers 
[70]. STSG are usually fixed via staples or 
(sometimes) with sutures. For large sheet grafts, 
to leave the graft uncovered to allow rolling of 
fluids is an option [71]. Grafts initially survive 
via diffusion until a subsequent revasculariza-

tion occurs. A major limitation of STSG is its 
often unsatisfying functional and cosmetic 
results, which affects the patients’ quality of life 
especially when used in exposed or joint areas. 
Hypertrophic scarring and poor elasticity and 
scar contractures are common problems [72]. In 
order to increase cosmetic and functional 
results, dermal matrices such as described below 
have been developed [73, 74]. Nevertheless, 
STSG remain the gold standard by now.

 1. Indications
Immediate coverage of clean soft-tissue 
defects and accelerated wound healing

Prevention of scar contracture and 
enhanced cosmetic in superficial wounds

Immediate coverage of burn defects and 
reduced fluid loss from the wounds

 2. Contraindications
Infected wounds or necrotic tissue

Exposure of tendons or bones
Exposure of blood vessels or nerves

 3. Donor-site morbidity
The donor site, which is often a large surface 
of the body, heals by epithelialization and is 
expected to heal like any abrasion [75]. It 
needs to be kept in mind that skin grafting pro-
duces a wound at the donor site which enlarges 
the unprotected wound area [75, 76]. It has 
been shown that scarring in donor site is pro-
portional to the thickness of the graft and to 
the occurrence of infections [77]. Intensive 
itching may occur due to exposed nerve end-
ings. It has been shown that returning har-
vested skin, which is not needed, to the donor 
site may decrease healing time and wound 
morbidity [78].

Mesh
The technique of meshing was introduced by 
Tanner et  al. in 1963 [79]. To increase the 
 coverable surface, the STSG can be enlarged up 
to a 1:4 ratio. Larger ratios can be difficult to 
handle, because the skin tends to curl on itself. 
Meshing can be performed by hand or the STSG 
is placed on a plastic sheet and rolled through a 
machine which cuts the skin sheet on several 
points, so that a net with preset interstices is pro-
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duced [80]. The interstices prevent an accumula-
tion of the fluid, which leads to better and safer 
healing [81]. The location and size of the wound 
as well as possible donor site determine the 
meshing ratios [80].

Meek first described this technique in 1958 
[82] and it was later modified by other authors 
[79, 83, 84]. The expansion is efficient and 
effective. STSG are placed on a cork plate, 
which is then cut vertically and horizontally into 
1 × 1 to 3 × 3 mm squares. The grafts are then 
transferred to a carrier with aluminum foil back-
ing, the cork plate is removed, and the graft is 
sprayed with an adhesive spray. After waiting 
for 5–8 min, the aluminum foil is expanded and 
the graft can be placed on the wound. An expan-
sion ratio up to 1:9 may be reached. This tech-
nique allows to cover larger wounds and if there 
is a lack of donor sites. That is why severely 
burned patients can often benefit from this tech-
nique [83, 85].

Acellular Dermal Matrix
Alloderm® (Life Cell Corporation, Branchburg, 
NJ, USA) is an acellular human matrix, which is 
processed from cadaveric dermis and does not 
contain epithelial elements [86]. The substitute 
is freeze-dried, which allows the graft to adapt to 
the dermal structure, and screened for poten-
tially transmissible pathogens [72, 87]. 
Comparable to Integra®, Alloderm® is placed 
over the wound after full excision of nonviable 
tissue. The dermal matrix incorporated with the 
patients’ own tissue and a thin layer of split-
thickness skin graft is placed on top of the 
Alloderm® graft. Since the cells have been 
removed, Allograft® is not rejected by the 
immune system [88]. The outcome is similar to 
other dermal replacements with favorable results 
[89]. Recent studies have shown that Alloderm®, 
aside from burns [88], is also suitable for breast 
reconstructions, head and neck reconstructions, 
and abdominal wall/hernia surgery [90, 91]. 
Since Alloderm® contains elastin and collagen, 
there is less tension and increased elasticity 
compared to other dermal substitutes, which 
results in a less contractions [73].

10.3.3  Biosynthetic Materials

10.3.3.1  Integra
Integra® (Integra Life Sciences Corporation, 
Plainsboro, NJ, USA) consists of two layers: one 
bovine tendon collagen matrix and one silicone 
layer. The silicone layer, which prevents water 
loss and protects the dermis, is peeled away dur-
ing wound healing and the bovine layer integrates 
with the human skin [92]. It is used as a dermal 
skin substitute and placed over the wound after 
full excision of nonviable tissue. After initial 
healing of approximately 3  weeks, a thin auto-
graft is placed onto the neo-dermis [92]. In sev-
eral studies, Integra® seemed to have a better 
outcome regarding wound healing time com-
pared to autograft, allograft, or xenograft, but had 
a higher rate of infections than other substitutes 
such as Biobrane® [77, 93, 94]. Long-term use 
and outcomes and outcomes in terms of length of 
hospital stay, cosmetic results, and functional 
outcome are mentioned to be favorable [95]. In 
very large burns, it can be used under widely 
meshed autografts (4:1–10:1) with an overlay 
(e.g., allograft or Biobrane).

10.3.3.2  Matriderm
Matriderm® (MedSkin solutions Dr. Suwelack 
AG, Billerbeck, Germany) is a highly porous 
membrane composed of three-dimensionally 
coupled collagen and elastin. The collagen is 
gained from a bovine dermis and the elastin from 
a bovine nuchal ligament by hydrolysis [72]. 
After being sterilized and freeze-dried, 
Matriderm® can be stored at room temperature 
[72]. Matriderm® can be engrafted in a one-step 
procedure with a thin skin graft after full excision 
of the nonviable tissue [96]. Due to its good der-
mal wound bed preparation with extensive for-
mation of rete ridges and capillary loops, the skin 
barrier and elasticity are close to the normal 
human skin, which is surrounding the wound [72, 
97, 98]. It is reported to have minimal complica-
tions and good clinical outcomes and was proved 
valuable in restoring skin elasticity and skin bar-
rier [72]. Survival rate is reported similar to other 
dermal matrices [99, 100].
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10.4  Partial- Versus Full-Thickness 
Burns: Using the Right 
Substitute

Given the huge number of different skin substi-
tutes available, the selection of product to use for 
a certain patient is always an individual decision 
based on the experience and personal preference 
of the surgeon. The clinician has to take the 
advantages and disadvantages of the product into 
account and ultimately, in the era of cost pres-
sure on our healthcare system, cost-effective-
ness. Given the fact that procedure time makes 
up around 40% of operating room time in a burn 
OR [101], not only material costs but also appli-
cability in a timely manner have to be 
considered.

All abovementioned temporary substitutes 
are used at our institution. In partial-thickness 
facial burns—especially in children—amnion 
is a good option, as well as for hand burns. 
Here, also Suprathel is a very good alternative. 
If infection is present, biologic products or 
products containing silver may be preferred in 
combination with frequent dressing changes 
and/or debridements. For full-thickness burns, 
our standard of care is either allograft or xeno-
graft until enough donor sites are available, 
even though the above mentioned are used if 
needed. In the end it may vary between institu-
tions and every clinician has his or her preferred 
products.
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11.1  Introduction

The skin is an intricate structure composed of the 
epidermis, dermis, and a dermal adipocyte layer 
[1]. It is the largest organ in the human body act-
ing as a barrier against external microorganisms 
and dehydration [2]. The skin further contributes 
to homeostasis by participating in thermal regula-
tion by sensing and responding to disturbances.

Regeneration is a process of restoration, 
renewal, and growth crucial to the ability of cells 
and organs to be resilient to damage [3]. It is impor-
tant to distinguish between repair, healing via for-
mation of scar tissue, and regeneration, which is 
restoration to the pre-injury state [4]. Full-thickness 
skin loss in adult mammals typically results in a 

reparative rather than regenerative response, lead-
ing to the formation of scar tissue [3]. Deposition 
of a collagen-rich matrix in the neo-dermis makes 
it prone to contracture, decreased elasticity, and 
tensile strength, and promotes hypertrophic scar 
formation [5]. Epithelialization without epidermal 
appendage development over a large surface area 
leads to alopecia and thermal imbalance [5]. This 
repair depends on the differentiation and prolifera-
tion of involved cells, including epidermal stem 
cells (ESCs), keratinocytes, and fibroblasts, 
together with the assistance of various biological 
signals [6].

Healing of skin wounds parallels embryonic 
skin development in many ways. Both processes 
involve the differentiation, migration, proliferation, 
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and apoptosis of various cell types to create the 
multilayered tissue that constitutes the skin [3]. 
While skin wounds in early mammalian embryos 
regenerate without scar tissue formation and com-
plete restitution of the normal skin architecture [7], 
this is not the case with adult wounds [8]. However, 
many of the same key signaling pathways that are 
activated during embryonic skin development are 
also activated during postnatal wound healing, e.g., 
Wnt/β-catenin, Notch, and Hedgehog pathways 
[9], creating interest in better understanding the 
role of these pathways.

Maintenance of epidermal homeostasis is 
achieved by separate populations of stem cells 
in the skin: stem cells that come from the bulb 
region of the hair follicles, interfollicular epi-
dermis, as well as sebaceous gland [10]. While 
both epidermal and bulb stem cells have dem-
onstrated the potential to regenerate epidermis, 
an effective cell-based approach utilizing these 
populations to promote “scarless” wound heal-
ing remains elusive [3]. Interestingly, recent 
data demonstrate that the epidermis of wounded 
adult mice can regenerate hair follicles under 
the influence of Wnt-responsive interfollicular 
stem cells [11].  Here, we present a summation 
of data, which provide strong evidence for an 
alternative approach for enhancing cutaneous 
regeneration after injury: augmenting the 
endogenous Wnt pathway to activate tissue-
resident stem cells.

11.2  Three Wnt Signaling 
Pathways

The Wnt signaling pathway is an evolutionarily 
conserved pathway that regulates crucial aspects 
of cell fate determination, cell polarity, cell 
migration, neural patterning, and organogenesis 
during embryonic development [12]. The name 
Wnt is resultant from a fusion of the name of the 
Drosophila segment polarity gene wingless and 
the name of the vertebrate homolog, integrated or 
int-1 [13]. Wnt proteins regulate a dizzying array 
of cellular processes including cell fate determi-
nation, motility, polarity, primary axis formation, 

organogenesis, and stem cell renewal [13]. As the 
signaling pathways that play crucial role during 
embryogenesis are tightly regulated, the expres-
sions of the Wnt proteins and Wnt antagonists are 
exquisitely restricted both temporally and spa-
tially during development [14].

Intracellular Wnt signaling diversifies into 
three main branches: (1) the β-catenin pathway 
(canonical Wnt pathway), which activates target 
genes in the nucleus; (2) the planar cell polarity 
(PCP) pathway, which involves jun N-terminal 
kinase (JNK) and cytoskeletal rearrangements; 
and (3) the Wnt/Ca2+ pathway [3]. In humans, 
there are currently 19 different known Wnt pro-
teins and ten different frizzled (Fzd) receptors 
[15]. Frizzled genes encode integral membrane 
proteins that function in multiple signal transduc-
tion pathways. They have been identified in 
diverse animals, from sponges to humans. The 
family is defined by conserved structural fea-
tures, including seven hydrophobic domains and 
a cysteine-rich ligand-binding domain. Frizzled 
proteins are receptors for secreted Wnt proteins, 
as well as other ligands, and also play a critical 
role in the regulation of cell polarity. Frizzled 
genes are essential for embryonic development, 
tissue and cell polarity, formation of neural syn-
apses, and regulation of proliferation, and many 
other processes in developing and adult organ-
isms. Here we focus on canonical/ß-catenin- 
dependent Wnt signaling, which has been impli-
cated in tissue regeneration and repair.

11.3  Canonical Wnt Signaling

The hallmark of canonical Wnt signaling is the 
accumulation and translocation of the adherens 
junction-associated protein, β-catenin, into the 
nucleus [16]. β-Catenin has been shown to per-
form two apparently unrelated functions: cell- 
cell adhesion in addition to a signaling role as a 
component of the Wnt/wg pathway. Wnt/wg 
signaling results in β-catenin accumulation and 
transcriptional activation of specific target genes 
during development. Dysregulation of β-catenin 
signaling plays a role in the genesis of a number 
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of malignancies, suggesting an important role in 
the control of cellular proliferation or cell death. 
Without Wnt signaling, cytoplasmic β-catenin is 
degraded by a β-catenin destruction complex 
[17]. Phosphorylation of β-catenin within this 
complex by casein kinase and GSK3 targets it 
for ubiquitination and subsequent proteolytic 
destruction by the proteosomal complex [18]. 
Binding of Wnt to its receptor complex com-
posed of the Fz (frizzled) and the LRP5/6 trig-
gers a series of events that disrupt the APC/
Axin/GSK3 complex that is required for the tar-
geted destruction of β-catenin [19, 20], allowing 
consequent stabilization and accumulation in 
the cytoplasm [3]. Stabilized β-catenin translo-
cates into the nucleus, exerting its effect on gene 
transcription by functioning as a transcriptional 
coactivator [13]. A large number of binding 
partners for β-catenin in the nucleus have been 
uncovered and perhaps the best characterized 

are the members of the LEF/TCF DNA-binding 
transcription factors (Fig. 11.1) [21].

11.4  Wnt Signaling in Tissue 
Regeneration and Repair

The importance of Wnt in tissue regeneration 
has been highlighted by studies demonstrating 
impaired regenerative capacity in animals 
when Wnt signaling is reduced [22, 23]. 
Additionally, the Wnt pathway regulates cell 
proliferation in the adult epidermis, which 
directly impacts the rate and extent of skin 
wound healing [24]. Wnt proteins also serve as 
niche signals for at least two types of skin stem 
cells that contribute to skin wound healing: 
those in the bulge region of the hair follicle, 
and those in the basal layer of the interfollicu-
lar epidermis [25].

Fig. 11.1 Canonical Wnt signaling pathway. In the 
absence of signal, action of the destruction complex 
(CKIα, GSK-3β, APC, Axin) creates a hyperphosphory-
lated β-catenin, which is a target for ubiquitination and 
degradation by the proteosome. Binding of Wnt ligand to 
a frizzled/LRP-5/6 receptor complex leads to stabilization 
of hypophosphorylated β-catenin, which interacts with 
TCF/LEF proteins in the nucleus to activate transcription. 

In a canonical pathway, CKIα, GSK-3β, APC, and Axin 
act as negative regulators and all other components act 
positively. APC adenomatous polyposis coli, CK casein 
kinase, GSK glycogen synthase kinase, Fzd frizzled 
receptor, LRP low-density lipoprotein receptor-related 
protein, Tcf/Lef T-cell-specific transcription factor/lym-
phoid enhancer-binding factor
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Recent studies have shown that fibroblast 
growth factor (FGF)-9 modulates hair follicle 
regeneration after skin injury in adult mice and 
that FGF-9 triggers Wnt activation in wound 
fibroblasts [26]. Through a unique feedback 
mechanism, activated fibroblasts then express 
FGF-9, thus amplifying Wnt activity throughout 
the wound dermis during a crucial phase of skin 
regeneration (Fig.  11.2). Skin wounds express 
various Wnt proteins during the early phases of 
healing, with transcripts of Wnts 1, 3, 4, 5a, and 
10b being present in murine full-thickness cuta-
neous wounds up to 7 days after injury [9]. In the 
epithelium, Wnt 10b protein can be detected in 
migrating epithelial cells up to 3  days after 

wounding, while Wnt 4, 5a, and 10b localize to 
hair follicles [9]. Wnt 2a and 4 are expressed in 
the dermis, although reports vary with respect to 
the time course of their expression (range: 30 h to 
7 days after wounding) [3]. It appears that Wnt 
signaling, through its ability to activate stem cells 
with induction of their self-renewal and prolifera-
tion, serves as a positive stimulus for wound 
repair [27]. Collectively, these data demonstrate 
that endogenous Wnt signaling is a prerequisite 
for tissue repair, but there are obvious caveats 
[22]. Most experimental methods used to study 
Wnt signaling in tissue healing rely on techniques 
that, in general, produce unrestrained Wnt path-
way activation [22].

Fig. 11.2 Wnt signaling maintains the hair-inducing 
activity in skin repair. Fibroblast growth factor (Fgf) 9 is 
a secreted signaling molecule that is expressed in epithe-
lium. Mesenchymal Fgf signaling interacts with 
β-catenin- mediated Wnt signaling in a feed-forward 
loop that functions to sustain mesenchymal Fgf respon-
siveness and mesenchymal Wnt/β-catenin signaling. 
Wnt2a is a canonical Wnt ligand that activates mesen-
chymal Wnt/β-catenin signaling, whereas Fgf9 is the 

only known ligand that signals to mesenchymal Fgf 
receptors (FGFRs). Mesothelial Fgf9 and mesenchymal 
Wnt2a are principally responsible for maintaining mes-
enchymal Fgf-Wnt/β-catenin signaling, whereas epithe-
lial Fgf9 primarily affects epithelial branching. In 
summary, Fgf signaling is primarily responsible for reg-
ulating mesenchymal proliferation, whereas β-catenin 
signaling is a required permissive factor for mesenchy-
mal Fgf signaling. Fgf fibroblast growth factor
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11.5  Wnt Signaling and Stages 
of Wound Healing

11.5.1  Hemostasis and Inflammation

Wound healing is classically described as a pro-
cess involving three overlapping phases. The first 
stage of physiological or acute wound healing is 
dedicated to hemostasis and formation of a provi-
sional wound matrix, which occurs immediately 
after injury and is completed after some hours 
[28]. This matrix is comprised of activated plate-
lets and fibrin molecules, fibronectin, vitronectin, 
and thrombospondins, forming a scaffold struc-
ture for the migration of leukocytes, keratino-
cytes, fibroblasts, and endothelial cells, while 
functioning as a reservoir of growth factors [29]. 
Recent data suggests that Wnt signaling is essen-
tial for development of megakaryocytes and for 
stimulating proplatelet function in  vitro [30]. 
Interestingly, canonical Wnt has been shown to 
inhibit platelet aggregation whereas noncanoni-
cal Wnt-5A stimulates platelet aggregation [3].

Hemostasis triggers the inflammatory phase, 
which is characterized by the presence of ery-
thema (rubor), warmth (calor), edema (tumor), 
and pain (dolor) [3]. At a cellular level, inflam-
mation involves blood vessel dilation, increased 
vascular permeability, and leukocyte recruitment 
to the site of injury. Two leukocyte populations 
sequentially dominate the inflammatory events of 
wound healing: neutrophils and macrophages 
[31]. Both provide the critical function of wound 
debridement, whereas the latter population is 
critical in orchestrating the subsequent steps in 
wound healing. Wnt signaling has been shown to 
be involved in the regulation of inflammatory 
processes: Wnt5a is induced in human macro-
phages in response to mycobacteria and con-
served bacterial structures, contributing to the 
regulation of pro-inflammatory cytokines via its 
receptor frizzled (Fzd) 5 [32]. Wnt5a is also 
induced in other infectious and inflammatory dis-
eases such as tuberculosis, sepsis, psoriasis, rheu-
matoid arthritis, and atherosclerosis [33]. 
β-Catenin-dependent Wnt signaling enhances the 
inflammatory response [34].

11.5.2  Proliferation

During the proliferative phase of healing, approx. 
3–10 days after injury, the body seeks to cover 
the wound surface through the formation of gran-
ulation tissue to restore the vascular network [35] 
and re-epithelialization. Under the control of 
regulating cytokines like IFN-γ and TGF-β, the 
synthesis of collagen, fibronectin, and other pro-
teins by fibroblasts forms the basis for the new 
matrix of connective tissue and the restoration of 
mechanical strength to injured tissue [36]. 
Subsequently, the synthesis of collagen increases 
throughout the wound, while the proliferation of 
fibroblasts declines successively [33].

β-Catenin is an important regulator of fibro-
blast behavior during the proliferative phase of 
dermal wound repair [4]. β-Catenin protein levels 
and transcriptional activity are elevated in dermal 
fibroblasts during the proliferative phase of heal-
ing in murine cutaneous wounds and return to 
baseline during the remodeling phase [37]. 
Human wounds similarly show increased expres-
sion of β-catenin and its target genes, such as 
fibronectin and MMP7, during the proliferative 
phase [7]. While increased β-catenin activity dur-
ing the proliferative phase is crucial for success-
ful wound repair, prolonged or aberrant β-catenin 
activity beyond the normal parameters of healing 
contributes to excessive fibrosis and scar forma-
tion [38]. Indeed, human hypertrophic scars and 
keloids exhibit elevated β-catenin levels [39].

While Wnt ligands may participate in stimu-
lating dermal β-catenin during wound repair, 
Wnt signaling is not crucial for maintaining ele-
vated β-catenin levels during the proliferative 
phase of cutaneous healing [5]. This has been 
demonstrated in mice treated with an adenovirus 
expressing the Wnt signaling inhibitor Dickkopf 
(DKK1, which binds LRP6/Arrow), without a 
significant decline in β-catenin protein levels 
during the proliferative phase of skin wound 
healing, in contrast to the situation in bone repair 
[40]. This suggests that other factors play a role 
in regulating β-catenin levels during the prolif-
erative phase of healing. Indeed, β-catenin lev-
els in fibroblasts can be stimulated by growth 
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factors, such as TGF-β1, which are released dur-
ing the early stages of wound repair [41]. 
Furthermore, β-catenin activity in dermal fibro-
blasts is regulated by extracellular matrix (ECM) 
components, such as fibronectin, which activates 
β-catenin through a GSK3ß-dependent, β1 
integrin- mediated pathway [42]. Hypertrophic 
scars and keloids represent a dysregulated 
response to cutaneous wounding, resulting in an 
excessive deposition of ECM, especially colla-
gen [36]. TGF-β is believed to be responsible for 
excessive ECM deposition in hypertrophic scars, 
keloids, and other fibrotic conditions [39]. Since 
β-catenin is known to accumulate during fibrop-
roliferation, it is speculated that it could play a 
role in the mechanisms that lead to hypertrophic/
keloid scarring [43]. β-Catenin and Wnt signal-
ing are intrinsically involved in the formation of 
the dermis and of epidermal structures, both dur-
ing wound repair and during skin development 
[5]. It will be interesting to elucidate whether 
non-Wnt activators of β-catenin, such as ECM 
proteins and growth factors, modulate β-catenin 
during skin development as they do during the 
response to injury [22].

11.5.3  Remodeling

Remodeling is the final phase of wound healing 
and occurs from day 21 to up to 1  year after 
injury [44]. In the skin, remodeling consists of 
deposition of matrix and subsequent changes in 
its organization and composition over time [45]. 
During the maturation of the wound the compo-
nents of the ECM undergo certain changes. 
Fibrin clot formed in the early inflammatory 
phase is replaced by granulation tissue that is 
rich in type III collagen and blood vessels dur-
ing the proliferative phase and subsequently 
replaced by a collagenous scar predominantly of 
type I collagen [36]. This type of collagen is ori-
ented in small parallel bundles and is, therefore, 
different from the basket-weave collagen in 
healthy dermis. Wnt is responsible for the dif-
ferentiation of myofibroblasts causing wound 

contracture, decreasing the surface of the devel-
oping scar [46]. Wnt has also been shown to be 
critical in the process of angiogenesis and 
endogenous enhancement of Wnt can correct 
vascular defects [47]. As angiogenic processes 
diminish, wound blood flow declines, and acute 
wound metabolic activity slows, eventually 
stopping.

11.6  Fetal and Adult Wound 
Healing

In the fetus, at least through the second trimester, 
skin and bone wounds heal in a regenerative 
manner [46]. Cutaneous wound healing in the 
early gestation fetus is remarkably different from 
that in the adult [48]. The most striking features 
of the fetal wound response are the speed and the 
absence of obvious scarring [49]. Investigators 
have now begun applying more comprehensive 
transcriptomic techniques to the study of scarless 
wound healing. In particular, there has been a 
focus on the time during fetal gestation when 
regenerative healing changes to adult wound 
healing with scar formation in order to under-
stand the phenomena occurring immediately 
before and after this transition [8]. In rats, wounds 
made on the 16th day of gestation (gestation 
period: 21  days) histologically regenerate, but 
wounds made on the 18th day of gestation are 
associated with scarring [50]. The major objec-
tive of skin wounding research is restoration of 
the extracellular matrix architecture, and a subse-
quent return of strength and function to the 
injured skin, and therefore must overcome the 
fibrotic nature of postnatal wound healing. It is 
clear from studies conducted in mammals that 
normal skin development absolutely depends on 
a tight regulation of the activities of secreted sig-
naling molecules that display potent organizing 
properties in the embryo [51]. These signaling 
molecules include members of the Hedgehog 
(Hh), transforming growth factor-beta (TGF- 
beta), and Wnt families of secreted factors 
(Table 11.1).
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11.7  Conclusions

Converting tissue repair to tissue regeneration 
remains a lofty goal, but exciting new techniques 
and methods of investigation, including high- 
throughput transcriptomic analysis, make it an 
increasingly realistic objective. Over the past 
decade, considerable insights into the molecular 
pathways driving the animal healing response 
and impairment have suggested new therapeutic 
targets and provided scientific rationale for future 
clinical trials. The wound epithelium in adult 
mammals is capable of responding to morpho-
genic signals from the dermis, as it does in the 
embryo during hair placode formation. Adult 
stem cells have tremendous therapeutic potential, 
and the skin epithelium represents an enormous 
source of accessible stem cells that might be a 
starting point for generating cells to replace dis-
eased tissue. Skin stem cells have already been 
used to replace skin lost to burns; whether it will 
be possible to use skin stem cell plasticity to 
engineer treatments for other disorders remains 
to be determined.

Although increasing evidence supports a role 
for Wnt signaling in skin epithelial stem cell 
maintenance and/or determination, deregulated 
Wnt signaling activation has long been implicated 

in human cancers. Wnt signaling is essential at 
multiple steps during the complex organogenesis 
of the skin and its appendages. It is required to 
induce the formation of the dorsal dermis and 
regulate the size of the different skin appendage 
tracts. Later, Wnt signaling is required for the 
very early stages of skin appendage formation. 
Skin appendage distribution and pigmentation are 
regulated, in part by Wnt signaling. Disruption of 
the pathway can lead to the formation of skin 
appendage tumors. Any strategy that attempts to 
target the Wnt pathway to augment tissue regen-
eration will have to take into consideration the 
need to selectively and locally activate signaling 
in the tissue or area of interest while simultane-
ously restricting Wnt signaling in other parts of 
the body.

The intricate and dynamic nature of the wound 
environment suggests that successful therapies 
for treating wound healing disorders will not rely 
upon a single all-encompassing agent, but will 
likely require a multitude of factors for a finely 
tuned attenuation of endogenous Wnt signaling 
during the wound-healing process. Recognition 
of the complexity of the wound-healing process 
and its diseases as well as acceptance of the seri-
ousness and mortality associated with repair 
pathologies will be critical steps in these future 

Table 11.1 Summary of developmental signaling pathways in mammalian skin development and repair

Signaling 
pathway

Skin 
section Skin development Skin repair

TGF-β Epidermis No significant role in hair 
follicle development

Inhibitory role in re-epithelialization

Dermis Role previously unknown
Expressed in developing 
dermis

Reconstitution of the dermis: fibroblast proliferation and 
behavior, myofibroblast formation, matrix production, 
wound contraction

Wnt Wnt Development and 
morphogenesis of hair 
follicles

Regeneration of hair follicles in large wounds

Dermis Development of the 
dermis

Reconstitution of the dermis: fibroblast numbers and 
behavior, matrix production

Sonic 
hedgehog

Epidermis Development and 
morphogenesis of hair 
follicles

Present in regenerated hair follicles

Dermis Role previously unknown Involved in dermal reconstitution: effects on matrix, 
cellularity and vascularity

Notch Epidermis Epidermal differentiation Role previously unknown
Dermis Role previously unknown Involved in dermal reconstitution: effects on macrophage 

behavior, angiogenesis
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efforts. Consequently, the combination of current 
knowledge in basic biology, identification of the 
limits of past clinical trials as well as transla-
tional research that includes development of 
improved animal models, harnessing of new 
technologies for more accurate imaging, and 
biomarker- based diagnostics will provide a 
strong basis to advance viable clinical approaches 
for treating patients with wound-healing patholo-
gies. Identifying the relationships between devel-
opmental signaling pathways in adult wound 
repair and fetal skin development and/or regen-
eration will certainly propel the research commu-
nity closer to this goal, and is a fruitful area of 
future investigation.
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12.1  Introduction

The human skin is the main protective barrier 
between the body and the environment. It is com-
posed of three different layers: the epidermis on 
the outside; the dermis, containing a complex 
network of nerves, vessels, and glands; and the 
hypodermis, composed of fat and connective tis-
sue. Altogether, these layers, all equally impor-
tant, constitute a physical and chemical barrier 
function. Additionally, the skin represents an 

organ, essential for biosynthetic, immunologic, 
homeostatic, and sensitive functions [1, 2].

Due to its external disposition in the human 
body, the skin is prone to traumas, potentially 
leading to chronic wounds or pathological scars. 
Additionally, exposure to external stimuli like 
UV radiation, chemical agents, cigarette smoke, 
and pollution has a great impact on skin integrity 
and leads to effects commonly summarized as 
extrinsic aging [3]. In parallel, skin gets also 
altered by intrinsic aging, which is time depen-
dent and reflects the individual genetic back-
ground [4]. Intrinsic skin aging is also associated 
with increased formation of reactive oxygen spe-
cies (ROS). ROS are products of cellular metabo-
lism, which induce damage to essential cellular 
components like membranes, enzymes, and 
deoxyribonucleic acid (DNA) [5].

Extrinsic as well as intrinsic triggers of aging 
converge over time and cause broadly noticeable 
skin changes, such as loss of elasticity (so-called 
skin elastosis), irregular pigmentation, coarse 
wrinkles, or crow’s feet [4, 6]. However, not only 
aging does lead to apparent changes, but also 
regenerative abilities have shown to be altered 
and lead to diminished wound healing and skin 
regeneration [7]. Skin damage repair requires a 
dynamic and highly regulated repair process, the 
coordination of different cell types and biochem-
ical pathways [8]. Aging goes along with dimin-
ished cellular function and subsequent 
impairment of these pathways.
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Sufficient skin repair also depends on several 
patient-dependent factors such as comorbidities, 
metabolic state, nutrition, and age [9]. The ongoing 
change in world’s population towards older age is 
related to a higher prevalence of patients suffering 
from chronic diseases [10]. Disease states like dia-
betes make patients more vulnerable to chronical 
wounds. This vicious circle is putting increasing 
pressure on scientists and  physicians to work on the 
advancement of skin regeneration [11].

For this purpose, the development of novel 
therapies through drug delivery system (DDS) 
technology is gaining importance. The use of 
intelligent delivery vehicles for skin regeneration 
has enabled the possibilities to exactly define 
administration routes (systemic or local), to limit 
the duration of effect, or to change pharmaceuti-
cal form and posology of drugs and bioactive 
compounds [12]. In this chapter, we provide a 
brief overview of recent strategies with the poten-
tial to improve or induce aging skin regeneration 
by using drug delivery systems

12.2  Drug Delivery Routes 
for Skin Regeneration 
Applications

The latest drug delivery systems (DDS) are working 
in a spatiotemporal manner and provide controlled 
release of a bioactive agent in a previously defined 
target tissue [13]. This technology has been pro-
gressing for more than 60 years with the ultimate 
goal to develop clinically useful formulations and to 
provide sustained drug release systems [14]. With 
ongoing development of drugs and bioactive com-
pounds that promote wound healing and skin regen-
eration, also developing the optimal DDS for every 
new compound became more and more important. 
Additionally, DDSs can be used to enhance effect or 
change administration pathways of drugs that are 
already in clinical use [15].

Drug delivery systems are more than simple 
drug carriers. Their development has to be based 
and specifically adapted on the physicochemical 
characteristics of the drug and on the molecular 
drug-to-DDS interactions. In this manner, the 
appropriate coordination of pharmacokinetic and 
pharmacodynamic properties, efficacy, and safety 

can lay the foundation for the successful develop-
ment of novel DDSs [12].

Skin regeneration still represents a major chal-
lenge for drug delivery. Different drug application 
forms have shown to hold different advantages 
and disadvantages. On the one hand, systemic 
administration faces the obstacles of systemic cir-
culation such as drug liberation, absorption, first-
step metabolism, drug protein binding, and 
excretion. On the other hand, local administration 
has to penetrate through the skin barrier, most 
importantly the stratum corneum, and address the 
sustained delivery needed for cutaneous, intrader-
mal, and subcutaneous application [16].

12.2.1  Systemic Application

It is well understood that pharmacokinetic 
parameters (e.g., liberation, absorption, distri-
bution, metabolism, and excretion of the intact 
active principle) must be taken into account for 
the development of a new systemically admin-
istered drug [17]. An advanced DDS poten-
tially provides the solution for all of these 
problems. Certain pharmacokinetic properties 
can be modified through the application of a 
DDS; simultaneously, the drug’s pharmacody-
namics can be changed by using a particular 
DDS [17].

There are DDSs used for systemic administra-
tion that can modulate the drug release in 
response to physiological and biochemical stim-
uli. These stimuli can be unique for certain envi-
ronments and thereby specifically activate 
DDS. For example, acid-sensitive polymers have 
been described to release their load at a specific 
and controlled manner by changing their archi-
tecture due to external stimuli [18]. External 
stimuli include redox conditions, pH, light, and 
enzymes. These factors could induce these poly-
meric carriers and thereby promote the sustained 
release of the drug [18, 19], whereas it can bind 
to the target structure [20, 21]. However, unlike 
systemic delivery, a localized delivery approaches 
this goal more effectively and is potentially asso-
ciated with less adverse effects. To achieve a 
local drug concentration high enough to stimu-
late regeneration efficiently, the systemic concen-
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tration has to be increased with a subsequent 
increased risk of side effects.

12.2.2  Local Application

The local application of bioactive compounds or 
drugs for skin regeneration offers the advantage to 
avoid systemic circulation with all its problems 
and simultaneously enhances local efficacy [22]. 
Nevertheless, there remain several difficulties in 
preclinical and clinical studies. The efficient diffu-
sion through the stratum corneum without risking 
ulceration, targeting the local cells, stimulating 
them to produce collagen for regeneration of the 
ECM, and chemotaxis of circulating regenerative 
cells represent the main challenges.

Topical drug administration pathway can fol-
low two different absorption routes. Uptake can be 
either transepidermal through transcellular and/or 
intercellular transportation or via the cutaneous 
annexes, such as pilous follicles, sudoriferous 
glands, and sebaceous glands. These structures 
reach all the way to the subcutaneous tissue [19, 
22]. DDSs should consider either one or both of 

these routes to guarantee efficient drug delivery 
and appropriate absorption [23–25].

Given that human skin has a lightly acid hydro-
lipidic film (pH 4.5–5.5), which facilitates regen-
eration and offers protection towards external 
agents, the delivery system must also overcome 
this barrier while protecting the drug and keeping 
it in a stable condition [22]. For this purpose, 
nanoparticles have been formulated to increase 
percutaneous absorption of bioactive compounds 
without damaging the skin barrier function. 
Nanoparticle constituents may be biodegradable 
polymers/copolymer (PLA, PLGA, PCL, chito-
san, etc.) or lipids (Fig. 12.1) [26–28]. They can 
be classified into two types of particles: polymeric 
nanoparticles and lipid nanoparticles. Both enable 
drugs to penetrate deep into the skin. Their direct 
interaction helps to improve the efficacy of tradi-
tional topical drugs and thereby can also reduce 
the systemic dose and side effects [29].

Different nanoencapsulation techniques have 
been used to improve efficacy of local application 
[30–32]. For some drugs nanoencapsulation even 
represents the key mechanism of effect. For exam-
ple, Raza et al. [33] developed ointments including 

Nanoparticle Drug Delivery Systems

Lipid Nanoparticles Polymeric Nanoparticles

Natural

Collagen
Fibronectin
Gelatin
Glycosaminoglycans
Oxidized cellulose
Hyaluronic acid
Chitosan
Hydroxypropyl-
methylcellulose     

Poly-ε-caprolactone
Star-PEG
Poly(lactic-co-glycolic) acid
Poly-β-hydroxybutyrate
Poly-β-hexanoate
Poly(3-hydroxybutyrate-co-3-
hydroxyhexanoate)
β-tricalcium phosphate

Synthetic

Liposomes
Transfersomes
Nanoemulsions
Solid Lipid Nanoparticles
Nanostructured Lipid Carriers

Fig. 12.1 Overview of nanoparticle drug delivery systems
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different nanocarriers, to improve its skin delivery, 
biocompatibility, and pharmacodynamic efficacy 
of tretinoin (TRE). Further investigations showed 
that not TRE, but the nanocarriers represent the 
main effectors of the ointments.

Despite advantages of local application, 
some studies suggest possibilities with both 
administration routes for drug delivery. Such is 
the case of GHK (glycyl-l-histidyl-l-lysine)-
Cu peptide, a human sequence common in pro-
teins of the extracellular matrix (ECM). 
GHK-Cu has been shown to trigger positive 
effects on skin regeneration. GHK-Cu peptide is 
capable of up/downregulating about 4000 
human genes, basically resetting DNA back to a 
healthier state and leading to a better regulation 
of certain cellular pathways [34]. Although the 
mechanism of action of this peptide is not com-
pletely elucidated, recent findings associate its 
ability to improve tissue regeneration with 
restored activity of genes involved in the TGF-
beta pathway. Since GHK is present as an amino 
acid sequence in ECM proteins and is released 
after injury, it appears to serve as a natural mod-
ulator of dermal repair [35]. By stimulating skin 
remodeling, including cell migration, prolifera-
tion, and differentiation of skin cells, this com-
pound could serve as an adhesion molecule 
between cells and ECM [34].GHK could be 
incorporated into different DDSs as additional 
supporting compound for dermal repair. 
However, further research is required to deter-
mine the best way of application to guarantee 
efficient stimulation of skin renewal [36]. 
Currently, many bioactive compounds and drugs 
share this scenario where their potential is 
restricted to find the best administration route 
and delivery system to control their release.

12.3  Drug Delivery Systems 
for Skin Regeneration

Skin regeneration involves three main steps: 
inflammation, cell proliferation, and dermal 
matrix remodeling. Every stage relies on a coor-
dinated molecular interaction between different 
cell types and ECM components [18].

While healthy and young skin offers an opti-
mal microenvironment and a fully functional 
growth factor (GF), peptide, and bioactive mole-
cule pathway for cell attachment, proliferation, 
and differentiation, these functions are dimin-
ished in aged or pathological conditions [37]. 
Accordingly, recent strategies include incorpora-
tion of bioactive agents (small molecules, GF, 
nucleic acids, vitamins, antioxidants, stem cells, 
etc.) in novel drug delivery systems (liposomes, 
transfersomes, nanoemulsions, lipid nanoparti-
cles, scaffolds, etc.). This section provides a brief 
overview of nanoparticles for DDSs and summa-
rizes their use with bioactive agents (Fig. 12.1).

12.3.1  Liposomes

Liposomes encircle an aqueous core by self- 
assembled phospholipid bilayers [38]. These 
DDSs offer several advantages, such as the abil-
ity to deliver both hydrophilic and lipophilic 
drugs. Hydrophilic drugs are imbibed in the core 
and lipophilic ones are dispersed in the bilayer 
[39].

The use of liposomes can guarantee targeted 
delivery by fusion with other bilayers. However, 
untargeted delivery can also occur by fusing the 
bilayer with other cells (e.g., immune cells) and 
awake an immunity response [40]. Another diffi-
culty with the use of liposomes is their instability. 
They are prone to lysis or fusion with other lipo-
somes, which could eventually lead to loss or 
alteration of their content [38].

Yu and Liao [40] formulated a DDS for triam-
cinolone, a glucocorticoid locally applied for 
psoriatic plaque and keloid scar skin regeneration 
treatment. By using liposomes, they were able to 
enhance flux and permeability of the drug. Sinico 
et al. [41] reported the use of liposomes for der-
mal delivery of tretinoin, a derivative of vitamin 
A, that regulates cell proliferation and differenti-
ation. The use of liposomes led to better drug 
retention and skin hydration results. Also pivotal 
factors for wound healing, such as the epidermal 
growth factor (EGF), can be encapsulated into 
liposomes and remain stable after a topical 
administration on lesions [42]. To sum up, drug 
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permeability can be enhanced by utilizing a lipo-
some bilayer structure. However, such features 
may be an inconvenience if absorption occurs at 
an undesirable site.

12.3.2  Transfersomes

Transfersomes are used as elastic vesicular carri-
ers that have an aqueous interior surrounded by 
phospholipid edge activators—a special surfac-
tant that causes destabilization of lipid bilayers 
and increases elasticity and deformability. The 
surfactant imparts flexibility to the transfersome 
membrane allowing penetrating pores smaller 
than its own size. Additionally, the structure of a 
transfersome also prevents aggregation and 
vesicular fusion [38].

The advantages offered by transfersomes were 
firstly observed with vitamin E and its deriva-
tives. α-Tocopherol and tocopheryl acetate were 
encapsulated and delivered in them. Results 
showed higher encapsulation efficiency, 
improved skin deposition (four times higher than 
with liposomes), and enhanced photostability 
[43]. Fesq et al. [44] used transfersomes loaded 
with triamcinolone and thereby significantly 
increased drug activity (the same activity with 
tenfold lower dose compared to conventional 
formulations).

To summarize, due to their augmented vesicu-
lar flexibility transfersomes have the potential to 
be exploited for targeted topical delivery through 
cutaneous annexes.

12.3.3  Nanoemulsions

Nanoemulsions are dispersed systems of encap-
sulated hydrophilic/lipophilic species. The sur-
face tension between both counterparts is 
stabilized by an emulsifier or a surfactant. Based 
on the proportion of hydrophilic/lipophilic agents 
nanoemulsions acquire a different encapsulation 
structure. They could be water-in-oil (w/o) sys-
tems, or oil-in-water systems (o/w) [38].

Nanoemulsions have been used for delivering 
cosmeceuticals to the skin to moisturize and 

improve its texture, but also for topical delivery 
of medications. For instance, hyaluronic acid for-
mulations based on nanoemulsion have been 
used in topical application. This was offered as 
an alternative for the injectable application of the 
same therapeutic agent [38].

Another drug whose topical delivery could 
be enhanced via nanoemulsion technique was 
ubiquinone. Ubiquinone is an antioxidant found 
in both hydrophilic and hydrophobic compart-
ments of skin cells. Its delivery as a nanoemul-
sion resulted in an increase of its natural 
antioxidant potential and a decrease in collage-
nase expression in fibroblasts. These results 
shed light on more possibilities to promote 
regeneration by using chemically similar com-
pounds [45].

12.3.4  Lipid Nanoparticles

Lipid nanoparticles (LN) were developed to 
overcome certain difficulties presented by lipo-
somes. LN include solid lipid nanoparticles 
(SLN) and nanostructured lipid carries (NLC). 
Both offer good tolerability, safe material con-
tent, and capability to encapsulate hydrophilic/
lipophilic compounds and cosmetics for topical 
application [38, 46].

Lipid nanoparticles have been reported to 
release their load either in burst or in a controlled 
manner. A burst release enhances skin penetra-
tion, whereas sustained release is helpful, when 
the active compound is toxic at high concentra-
tions [47, 48]. Bioactive agent distribution inside 
different LN types is variable and for some thera-
peutic agents or cosmetics NLC can load higher 
amounts than SLN.  However, a lower potential 
for release of the active compound has been 
reported for NLC [49].

Another advantage described for both (SLN 
and NLC) is the augmented resistance against 
oxidation and hydrolysis [50]. SLN as well as 
NLC have been used successfully in creams and 
gels for topical application. In vitro experiments 
using glucocorticoid prednicarbate showed 
increased intake and targeted distribution when 
being loaded in SNL [51].
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Gainza et  al. [52] demonstrate that further 
SLN and NLCs loaded with recombinant human 
epidermal growth factor (rhEGF) significantly 
improved in vitro keratinocyte and fibroblast pro-
liferation. Therefore, lipid nanoparticle encapsu-
lation can guarantee sustained release of EGF and 
thereby improve EGF receptor binding capacity.

12.3.5  Scaffolds

Materials used as scaffolds are purposely 
designed to assure physical protection of the bio-
active agent and to promote sustained release in 
the targeted tissue. Overall, these materials 
should be nonallergenic, nonmutagenic, nonhe-
molytic, and nonpyrogenic [51–53]. Scaffolds 
developed for skin regeneration have the main 
goal to mimic the extracellular matrix (ECM) and 
provide an appropriate environment for cell 
growth and tissue differentiation [54, 55]. 
Collagen, the most abundant protein of the ECM, 
has been used as a scaffold to deliver epidermal 
growth factor and TGF-β1 to promote wound clo-
sure [38, 56].

Other constituents such as fibronectin, gelatin, 
glycosaminoglycans, oxidized cellulose, hydroxy-
propyl methylcellulose, and alginates are alterna-
tives to collagen. Nevertheless, their use is often 
limited by the possibility of immunological and 
inflammatory response after application, as well 
as difficulties to reproduce, characterize, and ver-
ify their properties [57].

These disadvantages have been solved for cer-
tain synthetic polymeric scaffolds. Star-PEG 
incorporating heparin (38), poly-ε-caprolactone 
[56], and poly(lactic-co-glycolic) acid [57] are 
commonly used for tissue regeneration purposes. 
However, unlike natural materials, synthetic scaf-
folds do not participate actively in intercellular 
communication and could hinder skin regenera-
tion pathways [58].

Furthermore, scaffolds can be used as DDSs 
for delivering stem cells and serve as a protection 
layer to minimize cell loss. Moreover, the ECM- 
like environment offered by the scaffold itself 
represents an appropriate system for stem cell 

proliferation, migration, and differentiation to 
potentially regenerate the targeted tissue [59]. 
Huang et al. [60] reported the use of incorporated 
EGF nanosponges and microspheres as scaffolds 
to deliver stem cells. This approach led to direct 
cell differentiation and proliferation, slower deg-
radation rate, and sustained release of EGF in 
contrast to injected EGF application. 
Undoubtedly, scaffolds are promising DDSs and 
their optimization has the potential to efficiently 
support skin regeneration.

12.4  Conclusions and Future 
Perspectives

The identification of the underlying mechanisms 
and key players of skin aging has become a major 
goal of regenerative medicine. Continuous 
research for innovative strategies to achieve tis-
sue regeneration has involved holistic insight 
from different disciplines and integration of their 
knowledge. However, effective drug delivery 
strategies for skin regeneration still represent a 
major challenge for research and clinical transla-
tion. The delivery of bioactive agents into target 
tissues through DDS technology emerged as a 
therapeutic alternative to promote skin regenera-
tion. New approaches aim to enhance and opti-
mize DDS properties (biocompatibility, 
bioavailability, and safety) for specific bioactive 
agents to assure their sustained delivery, at the 
right concentration, for the appropriate period of 
time in the site of interest. Recent strategies 
incorporate bioactive agents in liposomes, trans-
fersomes, nanoemulsions, lipid nanoparticles, 
and scaffolds to stimulate skin regeneration. 
However, further research is needed to compare 
different DDSs, as well as to define effective dos-
ages and ways of administration (systemically or 
locally) that fit best for each compound. In the 
meantime, the development of promising syner-
gistic strategies that combine more than one bio-
active agent is a further challenge while we 
continue to shed light on new opportunities and 
more holistic approaches to achieve skin 
regeneration.
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13.1  Introduction

Diseases, trauma, and surgical procedures can be 
the cause of bone paucity and defects. Due to the 
complexity of bone anatomy and physiology bone 

tissue degeneration and diseases can pose a big 
threat to doctors and physicians. However, modern 
bone tissue biomedical engineering has been con-
sidered as a valid substitute solution for these con-
ditions [1]. Procedures applied to repair defects or 
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degeneration need the use of proper biomaterials 
with the right dimensions and anatomy shape that 
can fit into the damaged area. The cases of larger 
and more difficult defects need highly osteogenic 
scaffolds to promote and improve the bone tissue 
formation and regeneration [2].

The majority of scaffolds made of ceramics and 
metals or from polymers showed a weak osteo-
genic capability. Bone grafts are currently avail-
able in many different forms, such as allogeneic/
autologous demineralized bone matrix or implants, 
growth factor-loaded microbeads, or bio-derivate 
as calcium hydroxyapatite, gels, ceramic derivate, 
sea corals, and metals [2, 3]. The main target is to 
reduce the incidence of collateral complications 
such as rejection, infection and inflammation, and 
donor-site morbidity and of course reduce the 
overall costs and related expenses such as frequent 
hospitalization [3–5]. Breakdowns, such as partial 
ruptures or complete collapse, are the major issues 
related to synthetic implants, generally due to 
quality of the material and subtle autoimmune 
responses that may also create ideal conditions for 
bacterial growth, inflammation, and rejection [6–
9]. Metal implants, for example, may cause mal-
function due to aseptic loosening with specific 
inflammatory and immune responses to metal-
wear particles released during bio-corrosion which 
intensify the osteolytic activity of osteoclasts at the 
bone- implant interface, leading to a progressive 
loss of fixation [8, 9]. Therefore, an optimal bio-
material should possess specific bio-characteris-
tics and qualities that should be biodegradable, 
tolerable, and safely absorbed by the body. This 
should happen without causing any kind of dam-
aging event such as an inflammation or an immune 
reaction, capable of carrying and supporting tissue 
growth and proliferation, thus allowing bone 
regeneration [5, 9].

The latest generations of bio-implants have 
been created with the precise intent of functioning 
as cell carriers capable of reproducing human 
bone formation process. The newest generation of 
these types of scaffolds has been developed with 
materials that possess specific mechanical and 
structural properties that are compatible with the 
anatomical site into which they are to be inserted, 
with enough volume fraction and high surface area 
to carry an enough number of cells within the scaf-

fold and the surrounding host tissues. This allows 
ingrowth and vascularization [5]. Therefore, the 
new bio-implants tend to replicate the process of 
the formation of new bone development or which 
physiologically takes place after an injury [10].

An inflammatory response takes place after an 
implantation of a biomaterial as a consequence of 
host immune response [10]. During this phase 
monocytes differentiate to tissue macrophages. 
However, presence of MSCs promotes an immune-
modulatory activity on macrophage M1/M2 bal-
ance towards M2 commencing a favorable cascade 
of events where interleukins such as IL-10, IL-4, 
IL-13, and IL-6 and prostaglandin E2 initiate the 
first step of the repairing process [11–14]. Bone 
plays a key role in well functioning of immune sys-
tem and it is the site that immune cells are created. 
In fact, autoimmune disorders often induce bone 
tissue damages and degeneration, an event that has 
been confirmed by an experiment where macro-
phage ablation leads to intramembranous bone 
defection and inhibiting of the healing process [14].

In effect, previous studies have shown that 
some biomaterials due to high similarity with 
human tissues are able to trigger physic-chemical 
signals leading to stem cell differentiation towards 
diverse cell phenotypes as osteoblasts [15, 16]. 
Results have shown that biomaterials based on 
calcium phosphate (CaP), a major constituent of 
native bone tissue, induce naïve stem cells towards 
osteogenic differentiation promoting in vivo bone 
tissue formation and augmentation [16, 17].

However, though CaP is quickly absorbed 
in vivo, the process often occurs preceding the for-
mation of new bone tissue that results in an incon-
gruence between the host’s new bone and scaffold. 
Conversely, β-TCP seems to be better compatible as 
the absorption rate is slower with a steady release of 
both calcium (Ca2+) and sulfate (SO4

2−) ions [18].
In line with our published study, we can con-

firm that hPB contains the right amount of differ-
ent subsets of pluripotent and multipotent stem 
cells such as MSCs, HSCs, NSCs, and ESCs 
capable of differentiating into cells of different 
lineages such as osteoblasts [19]. In this current 
study, we have noted that part of hPB-SCs were 
induced to differentiate to active osteoblasts 
under the direct influence of β-TCP granules 
within a period of 7–10 days without the need of 
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osteo-inductor medium in cell culture flask. 
Therefore we have hypothesized that the adjunct 
of autologous hPB-SCs together with β-TCP 
embedded in fibrin matrix gel could enhance 
both the correct time fraction for endogenous 
bone formation and the quality of the bone tissue 
itself in both in vitro and in vivo condition.

13.2  Material and Methods

13.2.1  Beta-Tricalcium Phosphate

The biomaterial composed of β-TCP (GUIDOR 
Calc-i-Oss) granules with diameters of 3 × 0.5ml 
500–1000 μM were supplied by Sunstar Degrad-
able Solution AG Co., AS. Switzerland. The gran-
ules were irregular in shape, and each had 
interconnection diameters ranging from 70 to 
200 μm. The porous structure of β-TCP was char-
acterized using a scanning electron microscope 
(SEM, Zeiss-Sigma, USA). The porosity and 
interconnections of the porous as well as the com-
position and weight percentage of β –TCP gran-
ules were calculated using an analysis software 
package performed at Sunstar Degradable Solu-
tion AG laboratories. Guidor Calc-i-Oss consists 
of pure β-TCP with a purity of > 99% with a Ca/P 
molecule ratio of 1.5. Resorption will take place 
mostly parallel to bone regeneration. Depending 
on the regeneration potential of the host tissue, it 
will be completely resorbed within 9–15 months.

Peripheral blood 24  mL from each consent 
donor (n  =  10) has been collected in four HSC 
VacutainerR tube kit (1 red, 1 green, and 2 whites 
(Human-Stem CellsR provided by Silfradent, 
Italy)). The red cap tube consists of internal coating 
material made by silicon crystals in a coagulum 
and when separation/centrifugation is done at room 
temperature the final product is in a condensed 
form. White cap tube has no material and after 
separation the fibrin gel will be ready after 20 min. 
Green cap tube contains heparin and Ficoll-Paque 
PLUS (GE Healthcare Life Science- Uppsala, 
Sweden) to which blood is added in a ratio of 1:2.

The procedure to obtain Compact Bio-BoneR 
scaffold includes the use of β-TCP granules mixed 
together with different preparations obtained from 

the blood collected in four VacutainerR tube kit. 
The blood needs to be centrifuged for 12 min at 
different variation speeds (Medifuge, Silfradent, 
Italy). In the first step, the clotted plasma-rich 
fibrin from the red cap tube is collected, separated 
from blood part, and squeezed to obtain fibrin 
serum, while the membrane was chopped into 
pieces and mixed with β-TCP granules and fibrin 
serum. Then, 2  mL plasma from the white cap 
tube without anticoagulant was used and mixed 
with β-TCP and fibrin, moved into Eppendorf 
conical tube 2  mL, and inserted in the APAG 
heater machine (Silfradent, Italy) for max 1 min at 
74  °C.  Meanwhile, peripheral blood stem cells 
(about 2 × 10 6 ± 5 × 105 cells/mL) from the green 
cap tubes were isolated by using one part of 
Ficoll-Paque PLUS and two parts of blood, gently 
washed twice with PBS, and injected directly into 
the β-TCP and fibrin composite precedently 
obtained. The scaffold was put in flasks contain-
ing 5  mL serum-free medium (SFM, Gibco, 
Germany) and incubated at 37 °C with 5% CO2; 
the medium was changed every 5 days.

13.2.2  Cytochemical Staining,  
Flow Cytometry Analysis, 
and RT-PCR

Mineral matrix deposits and bone nodules of 
osteoblasts, from human PB-SCs and es, were 
evaluated by staining cell cultures with alizarin 
red (AR), alkaline phosphatase (AP), and von 
Kossa (VK); flow cytometry analysis was used to 
confirm the expression of multipotent and plu-
ripotent stem cells such as CD34, CD45, CD90, 
CD105, and SSEA3.

13.2.3  Alizarin Red Stain Procedure

The presence of calcium deposits was detected 
by washing cells with cold PBS and fixing them 
in NFB-neutral formalin buffer solution 10% for 
30  min in a chemical hood. Cells were rinsed 
three times with distilled water and immersed in 
2% solution of alizarin red for 5 min. Cells were 
rinsed 2–3 times in distilled water and checked 
under inverse microscope and photographed.
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13.2.4  Alkaline Phosphatase Stain 
Procedure

The presence of alkaline phosphates was detected 
by washing cells with cold PBS and fixing them in 
NFB-neutral formalin buffer solution 10% for 
30 min in a chemical hood. Cells were then stained 
with solution naphthol As-MX-PO4 (Sigma) and 
Fast red violet LB salt (Sigma) for 45 min in the 
dark at room temperature. Cells were rinsed three 
times in distilled water and checked by inverse 
microscope and photographed.

13.2.5  Von Kossa Stain Procedure

The presence of calcium deposits was detected 
by washing cells with cold PBS and fixing them 
in NFB-neutral formalin buffer solution 10% for 
30  min in a chemical hood. They were then 
stained with 2.5% silver nitrate (Merck, 
Germany) for 30  min in the dark. Cells were 
rinsed three times with distilled water, checked 
by inverse microscope, and photographed.

13.2.6  Cytochemical Staining 
of CFU-Fs

After being cultured in serum-free medium 
(SFM) for 7 days, PB-SCs were fixed with cold 
10% neutral-buffered formalin (30 min at 4 °C) 
and then assayed for colony-forming unit fibro-
blasts (CFU-Fs). Briefly, the substrate solution 
was prepared by removing flasks from the incu-
bator. We removed off cell culture medium and 
washed the flask with 10–15  mL of PBS.  We 
added 10  mL of a 0.5% crystal violet solution 
(Sigma) made with methanol and we incubated 
the dishes, on the bench at room temperature, for 
30  min. Then, the crystal violet solution was 
removed and the flasks were carefully rinsed 4× 
with 10–15  mL D-PBS.  Then, each flask was 
gently rinsed 1× with tap water. All remained tap 
water was accurately pipetted off and let dry. The 
colonies were enumerated by microscope.

13.2.7  Immunophenotyping by Flow 
Cytometry Analysis

Immunophenotyping by flow cytometry analysis 
was performed to evaluate the presence of a set of 
markers CD34, CD45, CD90, CD105, and SSEA3. 
Cell samples were washed twice in Dulbecco’s 
PBS containing 1% BSA (Sigma- Aldrich). Cells 
were stained for 30 min at 4 °C with anti-CD14-
fluorescein isothiocyanate, anti-CD34-fluorescein 
isothiocyanate, anti-CD133-fluorescein isothiocy-
anate, anti-CD44-phycoerythrin, anti-CD45-fluo-
rescein isothiocyanate, anti-CD90-phycoerythrin, 
anti-CD105-fluorescein isothiocyanate mAb, anti-
Nestin, anti-Tra1, and anti-SSEA3 (BD 
Biosciences, Franklin Lakes, NJ, USA). Stained 
cells were analyzed by a FACSCalibur flow cytom-
eter (BD Biosciences). Isotype controls were used 
for all analyses.

13.2.8  Real-Time-Polymerase Chain 
Reaction Procedure

RT-PCR for the expression of OCT-4, Sox-2, 
osteocalcin, Nanog, Nestin, DMP, and GAPDH 
was performed on human PB-SC-derived osteo-
blasts. Results were confirmed using a negative 
control procedure. Total RNA extraction of the 
tested cell culture was carried out including the 
positive control using the Trizol LS reagent 
(Invitrogen): (1) 150 μL of cell culture was added 
to one biopure Eppendorf tube containing 450 μL 
Trizol LS (Invitrogen) and homogenized by mix-
ing up and down several times. (2) The homoge-
nized solution was incubated at 30 °C for 10 min. 
(3) 120 μL of chloroform was added, then rapidly 
and carefully shaken for 15 s, kept at 30 °C for 
10 min, and centrifuged in a refrigerated centri-
fuge (2–8 °C) at 1300 × g for 15 min. (4) 300 μL 
of the supernatant was carefully transferred into 
another biopure Eppendorf tube. While taking 
care not to disturb the interface, 300 μL isopropa-
nol was added, and the tube was shaken gently up 
and down for a few seconds, then kept at 30 °C 
for 10  min, and centrifuged in the refrigerated 
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centrifuge at 1300 × g for 20 min. (5). The super-
natant was removed without losing the precipi-
tated RNA (sometimes invisible) at the bottom or 
on one side of the bottom of the tube. (6) About 
1 mL ethanol 80% was added without any shak-
ing, and then centrifuged in the refrigerated cen-
trifuge at 800 × g for 5 min; all of the supernatant 
was removed using a vacuum pump. (7) The pel-
let was dried at 55 °C for 10–15 min; 40 μL Q 
water is added to the dried pellet and then kept at 
56 °C for 10 min. The isolated RNA was stored at 
−20  °C prior to RT-PCR.  The cDNA synthesis 
was carried out using the iScript cDNA synthesis 
kit (BioRad): (1) In one tube PCR 0.2, 1  μL 
reverse transcriptase was added, 4 μL RT mix, 
and 15 μL of the isolated RNA; this was gently 
mixed by pipetting up and down several times. 
(2) The cDNA synthesis was carried out in the 
thermal cycler by the following thermal cycle, 
25 °C/5 min, 42 °C/30 min, and 85 °C/5 min, and 
then kept at 4 °C until PCR (Table 13.1).

13.2.9  Primers

DMP
GCAGAGTGATGACCCAGAG sense primer 

(3′ to 5′)
GCTCGCTTCTGTCATCTTCC antisense 

primer (5′ to 3′)

200 Primer expected size (bps)
OCN
CAAAGGTGCAGCCTTTGTGTC sense 

primer (3′ to 5′)
TCACAGTCCGGATTGAGCTCA antisense 

primer (5′ to 3′)
150 Primer expected size (bps)
Nestin
AGAGGGGAATTCCTGGAG sense primer 

(3′ to 5′)
CTGAGGACCAGGACTCTCTA antisense 

primer (5′ to 3′)
496 Primer expected size (bps)
RUNX2
GGTTAATCTCCGCAGGTCACT sense 

primer (3’to 5′)
CACTGTGCTGAAGAGGCTGTT antisense 

primer (5′ to 3′)
203 Primer expected size (bps)
GAPDH
CCCATCACCATCTTCCAGGA sense 

primer (5′ to 3′)
TTGTCATACCAGGAAATGAGC antisense 

primer (5′ to 3′)
94 Primer expected size (bps)

13.3  Discussion

The improved understanding of the tissue micro-
environment where the replacements had to be 
done resulted in better quality of the biomaterials 
used for the generation of bone implants. Early 
graft substitutes were conceptually made respect-
ing the mechanical properties of the affected area; 
therefore biomaterial should have matched the 
physical properties of the replaced structure while 
keeping integrity with the surrounding environ-
ment [20]. Metals, ceramics, and polymers were 
the main materials used in these procedures. The 
collateral was the presence of consistent idiopathic 
immune responses probably due to the formation 
of fibrous tissues at the biomaterial- tissue interface 
that led to aseptic loosening. The persistent inflam-
matory response induced the generation of fibrotic 
connective tissue that encapsulated the foreign 

Table 13.1 Number of patient donors recruited for the 
study and it was analyzed the CFU-s

No. of 
patients Age Sex

Blood  
volume (mL)

Number  
of CFU

1 24 Female 9 38
2 32 Male 9 4
3 58 Male 9 9
4 55 Male 9 14
5 59 Male 9 3
6 53 Male 9 2
7 58 Male 9 144
8 48 Female 9 6
9 47 Male 9 5
10 53 Male 9 33

The number of CFU-s is not strictly corresponding to the 
donor’s gender or age
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structure repairing it from the attack of immune 
system. This generated a deep friction between the 
implant and the surrounding tissues that eventually 
led to the total removal of the implant [20].

Thus second generation of bone graft substitutes 
were studied with the intent of inducing specific 
biological responses improving osteoconduction 
and vascularization to avoid the formation of this 
fibrous layer by using bioactive and biodegradable 
coatings. The procedure based on the use of bio-
components that promote the integration with the 
surrounding tissues such as bioactive ceramics to 
include HA, β-TCP, or bioactive glass that closely 
mimics the bone tissue microenvironment [20]. 
These bio-compounds were designed to allocate 
stem cells and growth factors enhancing bone repair 
and regeneration and providing the necessary cel-
lular and molecular support for vascularization and 
enough nutritional support [20].

We have presented through this chapter a new 
bioscaffold that meets the basic needs essential to 
enhance the repair, regeneration, and growth of 
host bone tissue, easy to manipulate and insert in 
in vivo procedures as presented in (Figs. 13.14, 
13.15, and 13.16). This new scaffold due to the 
combined presence of autologous fibrin gel 
matrix, β-TCP, and autologous PB-SC-derived 
osteoblasts closely mimics the bone tissue micro-
environment. The in  vitro phase showed few 
prominent points that allow us to predict that this 
new bioscaffold may eventually match the bio-
material degradation rate with the bone regenera-
tion rate and also a proper control of stem cells 
growth over their release kinetics and it may 
induce enough vascularization on the site.

The presence of pluripotent and multipotent 
PB-SCs both adherent and floating was tested 

by flow cytometry analysis and resulted posi-
tive for markers like CD 34-45-90-105 and 
SSEA-3 but negative for SSEA-1 (Figs. 13.18, 
13.19, 13.20, 13.21, 13.22, and 13.23). The 
autologous PB-SCs obtained by consent donors 
were seeded with β-TCP embedded in a gel of 
fibrin gel obtained by donor’s blood and were 
named the Compact Bio- Bone. Compact Bio-
Bone. Compact Bio-Bone was positively tested 
by specific immune stain like alizarin red (AR, 
Figs.  13.1, 13.2, and 13.3), alkaline phospha-
tase (AP, Figs.  13.4, 13.5, and 13.6), and von 
Kossa (VK, Figs. 13.7 and 13.8); the Compact 
Bio-Bone cells were then tested by RT-PCR for 
the expression of osteo-matrix producing genes 
and the outcomes were positive for Runx2 (203 
Kb), OCN (150 kb), DMP (200 Kb) and Nestin 
(496 Kb) (Fig.  13.13); eventually the scaffold 
was pictured in high resolution by SEM 
(Figs.  13.9, 13.10, 13.11 and 13.12). These 
results though obtained from in  vitro showed 
highly promising outcomes especially if one 
considers the use in bone reconstructive proce-
dures; the presence of mature osteoblast-like 
cells in a relatively short period of 7–12 days 
not only prefigures the possibility of a faster 
resorption rate once applied in  vivo, but also 
definitively opens up the chance to resolve the 
formation of better endogenous bone forma-
tion. The  presence of Nestin detected within 
Compact Bio-Bone cells, as recently confirmed 
by other authors though from bone marrow-
derived  stromal cells, showed to contribute to 
the normal osteoblast lineage cell turnover in 
the adult bone [21] (Figs. 13.19, 13.20, 13.21, 
13.22, and 13.23).
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Figs. 13.1–13.8 The Compact Bio Bone with cells was 
incubated with SFM in an specific cell incubator at 37 °C 
with 5% CO2 and at day 7 the scaffold with the fibrin 
sheet was stained by AR (Figs. 13.1–13.3) cells results 
positive to the red stain, it’s possible to see under the 
microscope (X 100) the presence of osteoblast like cells; 
the scaffold was then stained by AP at day 7 and the cells 

positively revealed the typical violet color of mature 
osteoblasts, it’s possible to visualize under microscope 
the presence of osteoblast cells expressing the AP within 
the fibrin compartment (Figs. 13.4–13.6- X 100); cells 
positively revealed the expression of VK typical of osteo 
cell expressing calcium matrix in a black color (Figs. 
13.7 and 13.8)
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Figs. 13.9–13.12 The SEM analysis showed the 
ingrowth newly osteoblasts like cells within the Compact 
Bio Bone scaffold. The cells were shown to be able to 

interact with their micro-environment and change it, typi-
cal filaments and osteo-composit material are seen in all 
pictures
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MPL1  MPL2  MLP3  MW  

Fig. 13.13 RT-PCR analysis for osteoblast from PB-SCs 
seeded in beta tricalcium phosphate scaffold. The results 
show the expression of typical bone matrix gene such as 
Runx2 (203 Kb), OCN (150 kb), DMP (200 Kb) and 
Nestin (496 Kb) an intermediate filament protein that is 

commonly expressed in the neural or glial progenitors. 
PB-derived Nestin+ stem cells showed self-renewal 
capacity contributing to the regular osteoblast lineage cell 
turnover in the adult bone
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Figs. 13.14–13.17 Preparation of Compact Bio Bone 
with freshly harvested PB-SCs embedded in a autologous 
fibrin gel (15); the Compact Bio Bone could be bultured in 

FSM up to 12 days in cell incubator 37 °C with 5% CO2; 
the Compact Bio Bone is ready to be used by dentist and 
inserted on patient (17-17)
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Figs. 13.18–13.23 Both adherent and floating autologous hPB-SCs were resulted positive for stem cell pluripotent 
and multipotent CD markers by Flow-cytometry analysis CD 34-45-90-105 SSEA3 but negative for SSEA1
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13.4  Conclusion

The big majority of researches in the develop-
ment of these types of biocompatible bone graft 
substitutes are still in the experimental testing 
phase and very few have been conducted on clini-
cal scale. A large clinical phase testing will be a 
necessity as it will open a new vision about the 
complexity of physiological-molecular processes 
that are involved in the clinical scenario. In addi-
tion, there is still much to learn about the strict 
relationship between bone tissue microenviron-
ment and the current endocrine-metabolic condi-
tion of the patient to assess a proper individualized 
treatment and procedure. All of these questions 
surely will need a close interdisciplinary approach 
between all the different branches of science as 
medicine, chemistry, physics, and engineering.
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Ordinary and Activated Bone 
Substitutes

Ilya Y. Bozo, R. V. Deev, A. Y. Drobyshev, 
and A. A. Isaev

14.1  Introduction

Bone grafting is one of the frequently used surgi-
cal procedures in traumatology, orthopedics, and 
oral and maxillofacial surgery. The treatment of 
patients with skeletal bone pathology requires 
often the use of bone substitutes, which tempo-
rarily replace the lost volume of bone tissue and 
accelerate reparative osteogenesis. The high rate 
of such operations is associated with the preva-
lence and variety of pathological conditions that 
result in the formation of bone defects. The spe-
cific group of indications for bone grafts and sub-
stitutes in traumatology and orthopedics consists 
of degenerative diseases of spine and major 

joints, and in dental and maxillofacial surgery the 
atrophy of the alveolar ridges of the upper and 
lower jaws [1].

In the USA, according to the National Center 
for Health Statistics, in 2010, 4,392,000 bone and 
joint surgeries were made. Approximately one 
million of them involved cranial bones, extremi-
ties, ribs, and sterna affected by injuries, postsur-
gical deformations, and oncological and 
inflammatory diseases, and 1,394,000 more were 
joint replacements of the lower extremities (with 
regard to revision surgeries). Bone grafting mate-
rials were required at least in 20–25% of the 
cases. There were 500,000 spine fusions (includ-
ing 27,000 reoperations), which usually utilized 
bone substitutes, and 21,000 cases of arthrodesis. 
In other words, the total number of surgeries with 
bone grafting was at least 1.3–1.5 million. As the 
total number of autogenic bone harvesting proce-
dures did not exceed 207,000, the need for 
approved bone substitutes is evident.

Bone grafting is also required for one of every 
four dental implant placement. According to the 
estimate of Straumann (Germany) in 2016, the 
total number of implants annually placed among 
19 countries with highest level of dental implant 
penetration is not less than 14.2 million. The 
demand for bone substitutes exceeds 3.5 million 
units in this category of indications alone.

More than 200 bone grafting materials have 
been approved for clinical use all over the world. A 
larger number of them are investigated in experi-
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mental and clinical studies. Such a variety of prod-
ucts is the result of not only high demand but also 
the absence of a universal bone grafting material 
that could be effective in most clinical cases. Even 
with a correctly chosen treatment plan and an opti-
mal surgical technique with advanced medical 
equipment, the bone substitute may often prede-
termine the unpredictability and, in some cases, 
unacceptability of the clinical outcome.

The array of bone substitutes that have been 
implemented in clinical practice and evaluated in 
different studies should be systematized. For this 
purpose, a row of classifications based on nature, 
chemical composition, physical properties, and 
other parameters have been described [2]. 
Moreover, we proposed chronological classifica-
tion dividing all developed bone substitutes into 
five generations: xeno-, allo-, and autogenic bone 
fragments not specifically processed; preserved 
allogenic bone materials; bone matrix analogues 
of synthetic and natural origin, including items 
with growth factors; tissue-engineered bone 
grafts; and gene-activated bone substitutes [3]. 
All of these systems are logical, but have only 
theoretical relevance that is not associated with 
therapeutic indications and, accordingly, do not 
aid in the selection of the most optimal variant of 
material in a particular clinical situation. For this 
reason, we described applied classification that 
unified both theoretical aspects significant for 
biomaterial specialists and practical aspects that 
physicians needed [1]. The sense of this classifi-
cation is presented in the chapter title and will be 
explained below. But before that we need to 
detail the key aspects of reparative osteogenesis 
regulation that formed the background for “ordi-
nary and activated bone substitute conception.”

14.2  Features of Reparative 
Osteogenesis Regulation: 
Local Osteoinductive Factors 
and “Osteogenic 
Insufficiency”

Reparative osteogenesis is difficultly regulated 
process which requires coherent cooperation of 
different cell types belonging to the lines of 

osteocytes, osteoclasts, fibroblasts, endothelio-
cytes, and leukocytes interacted between each 
other with cytokines, growth factors, and direct 
cell-to-cell and cell-to-matrix contacts. Each 
kind of cells on every stage of development has 
special role that is realized via proliferation, fur-
ther differentiation, production of extracellular 
matrix components, bone matrix resorption, etc. 
Local osteoinductive factors (Table  14.1) that 
cells secrete within the bone defect area are criti-
cally important to make this “orchestra” work 
correctly for the sake of complete bone 
restoration.

All factors involved in reparative osteogenesis 
regulation have different impacts on bone forma-
tion, but some of them are dramatically 
important.

Bone morphogenetic proteins. BMP are 
members of the transforming growth factor fam-
ily discovered in the second half of the twentieth 
century whose biological effect is not limited by 
bone tissue. They are so referred to because they 
were first discovered in demineralized and lyoph-
ilized bone matrixes that were implanted into 
rabbit muscles and showed osteoinductive prop-
erties [44]. Among all members of the BMP fam-
ily, BMP-2, -4, -6, -7, and -9 have the largest 
impact on cells of osteoblastic differon (lowest—
BMP-3, -5, -8, -10–15) [13].

Binding BMP with specific membrane tyro-
sine kinase receptors (types 1 and 2) results in the 
phosphorylation of intracellular proteins Smad-1, 
-5, and -8, which after activation form a “trans-
port” complex, with Smad-4 translocating them 
to cell nuclei. In the nuclei, the Smad receptor 
proteins increase the expression of genes encod-
ing key transcription factors responsible for the 
activation of the “osteoblastic phenotype” in cells 
(Fig.  14.1) [45–50]. Such transcription factors 
include Runx2 (runt-related transcription factor 
2) [50, 51], Msx2 [52], and Dlx 5 and 6 [53]. By 
interacting with each other and with other tran-
scription factors, such as Osx (osterix) [54, 55], 
they affect target genes. As a result, they increase 
the proliferative activity of progenitor cells 
(mainly Msx2 [52]) and differentiation to osteo-
blasts, as well as the production of the compo-
nents of the bone intracellular matrix (osteocalcin, 
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bone sialoprotein, alkaline phosphatase, and col-
lagens of types III and I) [54]. Interestingly, two 
other Smad types, 6 and 7, have an inhibitory 

Table 14.1 The main local osteoinductive factors

Factor
Effect on 
osteogenesis

Effect on 
angiogenesis

BMP-2,4 Activation of 
proliferation, 
differentiation, 
synthesis of 
components of 
bone 
intercellular 
matrix and 
growth factors 
(VEGF, bFGF, 
etc.) [4, 5]. 
Biological 
action is 
decreased by 
impact of 
BMP-3 [6]

Influence on 
EPC. Stimulation 
of migration, 
proliferation, and 
formation of 
capillary-like 
structures; 
increase of VEGF 
and ANG-1 
receptor 
expression; no 
effect on cell 
differentiation 
and survival 
[7–9]

BMP-3 Suppression of 
differentiation; 
decrease of 
osteogenic 
activity [6]

–

BMP-6 Decrease of 
proliferative 
activity of 
MMSCs and 
activation of 
their 
differentiation 
[10] (to a 
greater extent 
than the other 
BMPs [11])

Activation of 
EPC 
proliferation, 
organization of 
capillary-like 
structures [12]

BMP-7 Activation of 
proliferation, 
differentiation, 
and synthesis 
of components 
of bone 
intercellular 
matrix [13]

Increase of 
endothelial cell 
proliferation, 
production of 
VEGF receptors, 
induction of 
capillary-like 
structure 
formation [14]

BMP-9 Increase of 
bone 
intercellular 
matrix 
production 
without 
negative 
regulation by 
BMP-3 [15]

Activation of 
endothelial cell 
proliferation, 
including 
production of 
angiogenic factor 
receptors (VEGF 
and ANG-1) [7]

(continued)

Table 14.1 (continued)

Factor
Effect on 
osteogenesis

Effect on 
angiogenesis

Vascular 
endothelial 
growth factor 
(VEGF)

Increase of 
proliferative 
activity, 
differentiation, 
and chemotaxis 
induction by 
gradient of 
concentration 
[16–19]

Stimulation of 
proliferation, 
differentiation, 
migration, 
formation of 
capillary-like 
structures, 
inhibition of 
endothelial cell 
apoptosis [20–22]

Stromal derived 
factor-1 
(SDF-1)

Induction of 
cambial cell 
homing by 
concentration 
gradient, 
inhibition of 
differentiation 
[23]

Activation of 
migration, 
proliferation, 
adhesion, and 
differentiation of 
EPCs [24]

Angiopoietin-1, 
2

– Activation of 
differentiation, 
intercellular 
contact formation 
of endothelial 
cells in vessel 
wall (vascular 
stabilization) [25, 
26]

Erythropoietin Stimulation of 
MMSC 
differentiation 
to osteoblasts, 
monocytes—to 
osteoclasts, 
without 
increase of 
their activity 
[27]; increase 
of chondrocyte 
proliferation 
[28]

Stimulation of 
endothelial cell 
proliferation [29] 
and NO 
production [30]

Basic fibroblast 
growth factor

Increase of 
proliferation 
and 
suppression of 
differentiation 
[31]

Increase of 
proliferation and 
suppression of 
EPC 
differentiation 
[32]

Hepatocyte 
growth factor

Activation of 
differentiation 
and synthesis 
of bone 
intercellular 
matrix 
components 
[33]

Activation of 
proliferation and 
migration [34], 
inhibition of 
apoptosis, 
decrease of 
endothelial 
permeability [35]

(continued)
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effect on Smad-mediated BMP action [56]. The 
intracellular Smad signal pathway is not solely 
for BMP [4], and the list of Smad activators and 
transcription factors is not limited to the trans-

forming growth factor family (BMP and TGF-β) 
(Fig. 14.1).

Loss-of-function mutations in genes encoding 
BMP-2 or key intracellular proteins (Runx2, 
Msx2, Dxl5, 6; Osx, etc.) providing transduction 
of its signals result in the development of severe 
disorders that are non-survivable in homozygote 
status. Therefore, genetically mediated BMP-2 
deficiency leads to increased bone fragility, dis-
turbance of enchondral osteogenesis, and miner-
alization of the bone matrix [57, 58]. Hereby, 
only BMP-2 function could not be compensated 
by the activities of other proteins: the selective 
knockout of other BMPs (4, 7) does not have a 
significant effect on the histophysiology of skel-
etal bone, although it is accompanied by patho-
logical symptoms from other organs and systems 
(urinary, cardiovascular, etc.) [59, 60]. Loss of 
function of the α-subunit of Runx2 due to muta-
tion, if the identical β-subunit is preserved 
(Runx2+/−), results in the formation of cleidocra-
nial dysplasia (dysostosis) [61, 62], whereas the 
Runx2−/−genotype is unsurvivable [63]. 
Autosomal-dominant craniosynostosis is based 
on Msx2 gene mutations [64].

Vascular endothelial growth factor. VEGF 
is a family of biologically active proteins first iso-
lated by Folkman et  al. in 1971 [65] that com-
prises the main auto- and paracrine regulation 
factors of vasculo-, angio- (VEGF-A, B; PIGF), 
and lymphogenesis (VEGF-C, D); they are pro-
duced by cells of all body tissues including 
epithelial.

In postnatal period of human development, 
VEGF-A (isoforms 121, 145, 148, 165, 183, 189, 
206) [66] has the greatest impact on the  formation 

Table 14.1 (continued)

Factor
Effect on 
osteogenesis

Effect on 
angiogenesis

Insulin-like 
growth factor-1

Increase of 
mechanic 
sensitivity of 
specialized 
cells, induction 
of 
differentiation, 
and synthesis 
of bone 
intercellular 
matrix 
components in 
response to 
physical 
exercise [36]

Activation of 
migration, 
proliferation, and 
differentiation of 
endothelial cells, 
induction of 
capillary-like 
structure 
formation [37]

PDGF-AA Insignificant 
increase of 
proliferation 
and 
differentiation; 
chemotaxis 
activation (to 
lesser extent 
than when 
exposed to 
PDGF-BB) 
[38]; increase 
of IGF-1 
production [39]

–

PDGF-BB Activation of 
cell 
proliferation 
and migration 
[40]

Induction of 
pericyte 
migration, 
adhesion and 
incorporation to 
walls of forming 
vessels, activation 
of EPC migration 
[40]

TGF-β1 Increase of 
proliferative 
activity, 
decrease of 
differentiation, 
and synthesis 
of bone 
intercellular 
matrix 
components 
[41]

Activation, 
migration, 
proliferation, and 
formation of 
capillary-like 
structures [42]

(continued)

Table 14.1 (continued)

Factor
Effect on 
osteogenesis

Effect on 
angiogenesis

Angiogenin – Release of 
endothelial cells 
from vascular 
vessels and their 
activation, 
stimulation of 
migration, and 
proliferation [43]

EPC endothelial progenitor cells
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of blood vessels. There are three types of VEGF 
receptors. Types 1 and 2 are involved in angio-
genesis, and type 3 is involved in the formation of 
lymphatic vessels. Hereby, type 1 receptor has a 
greater affinity to VEGF, but its tyrosine kinase 
activity is much lower than that of type 2 recep-
tor, which is considered one of the regulatory 
mechanisms preventing excessive VEGF activity. 
Correspondingly, VEGF effects are implemented 
via the type 2 receptor [66]. After VEGF interac-
tion with a specific type 2 receptor, the intracel-
lular tyrosine sites of its kinase and 
carboxy-terminal domains undergo autophos-
phorylation (Y951, 1054, 1059, 1175, 1214) 
which, in turn, activate several intracellular pro-
teins such as phospholipases Сγ, Cβ3, adapter 
proteins SRK, NCK, SHB, and SCK, which are 
the first complex cascades of signal transduction 

that change the morphofunctional state of target 
cells (mainly endothelial). In particular, phos-
pholipase Сγ hydrolyzes membrane phospho-
lipid PIP2 by forming diacylglycerol and 
inositol-1,4,5-triphosphate, which increases the 
intracellular calcium levels that activate protein 
kinase С, which, in turn, initiates the subsequent 
activation of signalling pathway RAS-ERK lead-
ing to mitosis induction. As a result, the prolifera-
tive activity of endothelial cells is increased [66]. 
Phospholipase Cβ3 is involved in actin polymer-
ization and the formation of stress fibrils that pro-
vide migration and motor cell activity. VEGF 
suppresses apoptosis via activation of the 
“phosphoinositide- 3-kinase—protein kinase В 
(PI3K/AKT)” signalling pathway, inhibiting cas-
pases 3, 7, and 9 and increasing cell survival. 
Moreover, axis PI3K/AKT along with calcium 

Fig. 14.1 Scheme of intracellular SMAD-mediated transduction pathway for BMP signals. BMP bone morphogenetic 
protein, R receptor
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ions modulates the activity of endothelial NO 
synthase, which is accompanied by a rise in NO 
production and an increase in vascular permea-
bility, which leads to angiogenesis (Fig.  14.2) 
[67, 68]. Thus, VEGF via a specific type 2 recep-
tor induces activation, migration, proliferation, 
and differentiation of endotheliocytes and their 
progenitor cells, increasing cell survival which, 
combined with the modulation of intracellular 
interactions and increase in vascular permeabil-
ity, are essential prerequisites for the formation 
of capillary-like structures and subsequent 
remodelling into mature vessels [69]. Because in 
both primary and secondary osteogenesis vessels 
sprouting into fibrous or cartilaginous tissues, 
respectively, provide the necessary conditions for 
the differentiation of resident cells into osteo-
blasts, as well as the migration of cambial 

reserves (perivascularly and with blood flow), 
VEGF-А may be considered an indirect osteoin-
ductive factor.

Along with the angiogenesis-mediated effect, 
VEGF also has a direct influence on osteoblastic 
differon cells that not only produce VEGF [70] 
but also express its type 1 and 2 receptors both in 
embryogenesis [71] and postnatal period of 
development [72]. It is shown that the prolifera-
tion of cambial cells of bone tissue exposed to 
VEGF significantly increases (up to 70%), and 
the migration of osteogenic cells is activated by 
the gradient of VEGF concentration [16].

More recently, apart from the canonical, a 
receptor, mechanism of VEGF action on the pro-
genitor cells of osteoblastic differon, data on a 
fundamentally different “intracrine” mechanism 
is available. Its existence is confirmed by results 

Fig. 14.2 Scheme of the intracellular cascade pathway of 
VEGF signals. VEGF vascular endothelial growth factor, 
R receptor, PIP-2 phosphatidylinositol biphosphate, PLCγ 
phospholipases Сγ; PLCβ phospholipases Cβ, SRK, NCK, 

SHB, SCK group of adapter proteins, MAPK mitogen- 
activated protein kinase, ERK complex of extracellular 
signal-regulated kinase, FAK focal adhesion kinase, eNO 
endothelial NO synthase

I. Y. Bozo et al.
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showing that progenitor cells committed to osteo-
blasts (expressing Osx) synthesized VEGF not 
only for “export” but also to differentiate them-
selves to osteoblasts [73]. Liu et al. [74] investi-
gated bone marrow MMSC cultures obtained 
from healthy mice (control) and animals with a 
“loss-of-function” mutation of the gene encoding 
VEGF. It appeared that cells of the experimental 
group underwent osteogenic differentiation to a 
lesser extent than that of the control; hereby, their 
adipogenic potential was increased. The addition 
of recombinant VEGF to the culture medium of 
the “mutant” cells did not result in normalization 
of osteogenic differentiation, and the addition of 
antibodies blocking the VEGF receptors in the 
control was not accompanied by negative effects. 
However, after transfection of cells in the experi-
mental group by a retroviral vector with the vegf 
gene to compensate for the knockout, an increase 
in the intracellular concentration of VEGF pro-
teins was observed, which led to normalization of 
osteogenic differentiation and a simultaneous 
decrease of adipogenic potential [74].

Therefore, VEGF has a wide spectrum of 
action on cells of endothelial and mesenchymal 
cellular differons involved in reparative osteo-
genesis having both an angiogenesis-mediated 
stimulatory effect and a direct inducing impact 
on osteoblastic cells via the receptor and intra-
crine mechanisms.

Stromal derived factor-1. SDF-1 (CXCL12) 
is a protein from the chemokine group repre-
sented by two forms derived from alternative 
splicing, SDF-1α (89 amino acids) and SDF-1β 
(93 amino acids) [75]. Both are produced by cells 
of the bone marrow, fibroblastic and osteoblastic 
differons, and perivasculocytes.

The main SDF-1 receptor is CXCR4. After 
formation of a complex with the ligand, an intra-
cellular G-protein that consists of three subunits 
(α, β, γ) is activated by separating into a heterodi-
mer Gβ/γ and monomer Gα (4 isoforms) possess-
ing both different and common intracellular 
pathways of signal transduction. Gβ/γ activates 
phospholipase Сγ which, as mentioned above, 
increases the release of calcium ions from intra-
cellular depots and via subsequent chains acti-
vates mitogen-activated protein kinases (MAPKs) 

which, in turn, initiate chemotaxis (Fig.  14.3) 
[76]. Moreover, the cell impulse to migration is 
also provided via PI3K activation, and p38 pro-
vides the impulse to proliferation [77]. 
Transcription factor NF-kappa В, which level is 
increased under exposure to SDF-1, has a wide 
range of action due to its increase of expression 
by more than 200 target genes encoding proteins 
involved in the regulation of cell proliferation, 
differentiation, and migration [78]. It should be 
noted that recent data indicates that NF-kappa В, 
in general, inhibits osteogenesis via suppression 
of osteoblastic cambial cell differentiation. In 
this regard, SDF-1 secreted by osteoblasts from 
the lesion area [79] may bring a bifacial effect: 
inducing the homing of progenitor cells includ-
ing MMSC to the target area [23] and inhibiting 
their differentiation to osteoblasts. However, 
there are reasons to suppose that the effects, 
“undesirable” during a certain period of time, 
may be eliminated by other factors. In particular, 
it is shown that activated Smad proteins (1, 5) 
may inhibit SDF-1 production of osteoblasts 
[80]. Hence, in the inflammatory phase when 
activity of BMP proteins is reduced, osteoblasts 
actively secrete SDF-1 to attract additional cam-
bial reserves, including endothelial precursors to 
the bone defect by a gradient of the chemokine 
concentration. With the transition of the recovery 
process to the phase of regeneration, with the 
increase of BMP-2 and -7 levels and under their 
action (through Smad-1, -5), bone cells cease 
producing SDF-1, which inhibits differentiation 
of the migrated progenitor cells to osteoblasts. 
During the late stages of regeneration and as part 
of the remodelling of newly formed bone tissue 
when cancellous bone should be populated with 
cells of bone marrow, the BMP level is decreased, 
whereas SDF-1 is again increased, which pro-
vides a homing of hematopoietic stem cells 
(HSC). The same mechanism allows cells of the 
osteoblastic line to hold HSC within bone mar-
row niches formed by both MMSCs and osteo-
blasts [81].

Thus, collected and systematized current data 
on cell populations, systemic and local osteoin-
ductive factors (Table 14.1), and regulatory path-
ways involved in reparative osteogenesis made a 
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rationale for the concept of osteogenic insuffi-
ciency that simply clarified why small and large 
bone defects healed differently. Osteogenic 
insufficiency is a pathological condition associ-
ated with the low activity of osteoinductive fac-
tors and (or) a decreased level of cambial cell in 
the bone lesion area, so that the natural process of 
reparative osteogenesis may not provide com-
plete histo- and organotypic bone recovery [82].

Causes of osteogenic insufficiency may be 
divided into local and general; the former 
includes defect size, geometry, number of walls, 
damaging factor (high- and low-energy injuries), 
presence of pathological inflammatory processes 
and related factors, and low density of functional 
blood vessels in the bone defect area, and the lat-
ter involves age, coexisting disorders (diabetes 
mellitus, osteoporosis), social habits (smoking), 
and administration of drugs that negatively affect 

osteogenesis (cytostatic agents and possibly 
bisphosphonates, although a meta-analysis by 
Xue et al. [83] did not show any negative effects 
of these drugs on fracture healing time [83]).

It is therefore reasonable to divide all bone 
defects into two groups based on the absence/
presence of osteogenic insufficiency. The first 
group is characterized by high activity of natural 
reparative processes, so optimization of bone 
regeneration alone is sufficient to decrease the 
treatment term and derive a larger volume of 
newly formed bone tissue. In the latter, defects 
with osteogenic insufficiency are determined by 
poor intensity of osteogenesis, and accordingly 
they require not optimization but rather induction 
and maintenance of reparative processes on a 
high level that may be achieved by introducing 
additional growth factors, substances increasing 
their synthesis, or cells that are able to produce 

Fig. 14.3 Scheme of intracellular cascade pathway of 
SDF-1 signal transduction. SDF-1 stromal derived factor-
 1, R receptor, PIP-2 phosphatidylinositol biphosphate, 

PLCγ phospholipases Сγ; MAPK mitogen-activated pro-
tein kinase, NFkВ nucleic factor-kappa В, PI3K 
phosphoinositide-3-kinase
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them. In these terms, each kind of the defects are 
specific in their demand to bone substitute’s 
mechanism of action that found practical embodi-
ment in ordinary and activated bone substitute’s 
conception.

14.3  Ordinary Bone Substitutes

This category includes the majority of bone graft-
ing materials approved for clinical applications 
that do not contain biologically active compo-
nents standardized by qualitative and quantitative 
parameters. The present category, which we 
referred to as “ordinary materials,” integrates 
allogenic and xenogenic bone matrixes from var-
ious processing technologies (demineralized, 
deproteinized, etc.); calcium phosphates 
(β-tricalcium phosphate, octacalcium phosphate 
[84], etc.); natural or synthetic hydroxyapatites; 
synthetic (PLGA, etc.) and natural (collagen, chi-
tosan) organic polymers; silicates; and composite 
products of the abovementioned materials.

It is well known that bone substitutes may 
possess different properties that have specific 
effects on reparative osteogenesis. Such proper-
ties include osteoconduction, osteoprotection, 
osteoinduction, and osteogenicity [85]. The 
majority of ordinary materials have mainly osteo-
conduction. Some of them (e.g., demineralized 
bone matrixes derived using different processing 
technologies and calcium phosphates) are addi-
tionally characterized by a moderate osteoinduc-
tive effect, most likely due to optimal physical 
and chemical properties and (or) the presence of 
certain biologically active substances in the 
matrix that are not standardized by qualitative 
and qualitative parameters. Their principal mech-
anism of action is to guide bone regeneration 
coming from natural osteogenic sources (pre-
served bone fragments) to the central part of a 
defect, and their range of ultimate effectiveness is 
limited by biological properties of damaged bone 
tissue.

In an attempt to improve ordinary bone substi-
tute properties the researchers correct their com-
position, structure, surface macro- and 
microrelief, and bioresorption rate to get more 

similarities with natural bone matrix. There are 
some data indicating that material’s surface 
topography is capable to modulate cells’ mor-
phofunctional features [86] that theoretically can 
make the mechanism of ordinary bone substitute 
action more beneficial through some direct influ-
ence on the cells involved in reparative 
osteogenesis.

Overall ordinary materials are appropriate for 
bone grafting in cases with high activity of native 
osteoinductive factors and (or) levels of cambial 
cells, but not enough for large bone defect repair. 
In other words, ordinary substitutes are ineffec-
tive in bone defects with osteogenic insufficiency, 
as they cannot modulate the effects of factors 
regulating osteogenesis. For that, ordinary mate-
rials as the scaffolds are combined with cells, 
growth factors, or gene constructs encoding them 
to make complex products, the “activated bone 
substitutes” containing biologically active com-
ponents standardized by qualitative and quantita-
tive parameters. Based on the nature of 
osteoinductive components, these materials may 
be divided into three main groups: tissue engi-
neered, and protein and gene activated (Fig. 14.4).

14.4  Activated Bone Substitutes

The “ideal prototype” and the main competitor of 
activated bone substitutes is autogenic bone tis-
sue, a “gold standard” for bone grafting that 
could be used in any clinical situation. In some 
cases during a surgery it is possible to harvest 
certain amount of autobone applicable to be 
grafted (either alone or being mixed with some 
other materials in various ratios) in the corre-
sponding step of the same operation. However, 
majority of cases require expanded or additional 
surgical approach that increased duration of sur-
gery, complications rate, and associated supple-
mentary trauma. Large bone autograft harvesting 
including those with vascular supplies preserved 
for restoration of defect with osteogenic insuffi-
ciency is especially complicated, traumatic, and 
long-term. Moreover, this approach is not abso-
lutely effective because there is a high rate of 
subsequent graft resorption (up to 50% and more 
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of primary volume lost in case of free iliac crest 
flap) [86], as well as a risk of microvascular anas-
tomosis failure [87]. Thus, the activated bone 
substitutes are intended to replace bone auto-
grafts in clinical practice.

14.5  Tissue-Engineered Bone 
Substitutes

This group of materials includes those containing 
two main components, a bioresorbable scaffold 
and live (auto- or allogenic) cells. The principal 
idea of the approach is to replace lost cambial 
reserves and increase the concentration of osteo-
inductive factors in the area of material implanta-
tion. With high survival rates, cells transplanted 
into the recipient site may have a beneficial thera-
peutic effect due to two mechanisms of action: 
direct—differentiation to specialized cells of 
impaired tissues (mostly indicated for autoge-
nous cells)—as well as indirect, a paracrine 
effect, the modulation of morphofunctional activ-

ity of other cells by the production of biologically 
active substances that are the factors of local 
osteogenesis regulation (Table 14.1). According 
to many authors, the paracrine activity of cells of 
the tissue-engineered bone substitutes, in particu-
lar, is their main mechanism of action [88]. 
Among the most significant factors for reparative 
osteogenesis produced by transplanted cells, 
bone morphogenetic protein (BMP), vascular 
endothelial growth factor (VEGF), and stromal 
derived factor (SDF-1) should be specified. It is 
of interest that ten million bone marrow multipo-
tent mesenchymal stromal cells (MMSC) in vitro 
produce approximately 750  pg/mL VEGF, 
1030 pg/mL of TGFβ1 [89], and 220 pg/mL of 
SDF-1 per day [90], whereas ten million osteo-
genic periosteal cells secrete up to 40 ng/mL of 
BMP-2 and 200 pg/mL of VEGF per day [91].

Cells for the development of tissue-engineered 
bone substitutes may be either expanded by cul-
tural technologies or used immediately as a 
“fresh population” after harvesting from a tissue 
source. The main types of cells exposed to in vitro 

Fig. 14.4 Applied classification of current bone grafting materials according to composition, mechanism of action, and 
theoretical range of clinical indications
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processing are MMSCs, osteogenic cells and 
osteoblasts, as well as their combination. For that 
purpose, some investigators use endotheliocytes 
as independent or additional cell components and 
even induced pluripotent stem cells. Uncultured 
cell populations include bone marrow cells (a 
mixture of MMSCs, fibroblasts, endothelial pro-
genitor cells, HSC and definitive blood cells, etc.) 
and the stromal-vascular fraction of adipose tis-
sue (SVF-AT) (MMSCs, endotheliocytes and 
endothelial progenitor cells, smooth muscle cells, 
fibroblasts, pre-adipocytes, and immunocompe-
tent cells).

Multiple preclinical studies have shown the 
safety and efficacy of different variants of devel-
oped tissue-engineered bone substitutes that 
formed the basis for clinical translation. 
Moreover, several bone substitutes containing 
live cells have already been registered and 
approved for clinical application:

 1. Allogenic: “Osteocel plus” (NuVasive, USA) 
(2005), “Trinity Evolution” (Orthofix, USA) 
(2009), “AlloStem” (AlloSource) (2011), 
“Cellentra VCBM” (BioMet, USA) (2012), 
and “OvationOS” (Osiris Therapeutics, USA) 
(2013)

 2. Autogenous (“cell service,” which consists of 
harvesting a primary cell population, cultiva-
tion, combination with an appropriate scaf-
fold, and transfer to the clinic for use): 
“BioSeed-Oral Bone” (BioTissue 
Technologies, Germany) (2001), 
“Osteotransplant DENT” (co.don, Germany) 
(2006)

The large number of registered tissue- 
engineered bone substitutes proves both the 
safety and the efficacy of the approach for certain 
bone defects. The majority of the registered prod-
ucts (Trinity Evolution, AlloStem, Osteocel Plus, 
Cellentra VCBM) are indicated for particular 
variants of spondylo- and arthrodesis, and others 
are for substitution of jaw defects (BioSeed-Oral 
Bone, Osteotransplant DENT). “Osteocel Plus” 
is one of the first and the most successful tissue- 
engineered bone substitutes. The product is 
allogenous spongy bone tissue with live cells 

(5.25  ×  105  ±  4.6  ×  103 in 5  mL [92]) that are 
preserved in the composition due to a special 
“gentle” processing technology for cadaveric 
material with immunodepletion. Osteocel Plus is 
intended for spine surgery, including cervical spi-
nal fusion. Separate clinical studies were per-
formed on each of the five surgery types in which 
the product was indicated, a total number of 384 
patients were enrolled, and adverse events were 
not reported. Most patients (over 90%) achieved 
complete fusion at 5–6 months after surgery [93]. 
The successful results of pilot clinical studies 
were published on the use of Osteocel Plus for 
other indications, such as augmentation of the 
alveolar ridge and arthrodesis of the lower 
extremities [94]. The developers associate the 
mechanism of action of Osteocel Plus and other 
allogenous tissue-engineered bone substitutes 
with the osteoinductive effect of the matrix, as 
well as the paracrine activity of cells producing 
BMP, VEGF, SDF-1, and other growth factors 
[92]. A certain concentration of biologically 
active substances is also contained in the bone 
matrix.

None of these tissue-engineered bone substi-
tutes has been registered in Russia as a medical 
product approved for clinical application, 
although successful results in the area have been 
obtained since the 1980s [95, 96]. This is mainly 
due to the absence of approved legal regulations 
on the registration of medical products consisting 
of cells. Nevertheless, pilot and initiative clinical 
studies under local authorities, beyond registra-
tion, have been ongoing [97–101]. In particular, 
successful results were obtained with the use of 
tissue-engineered bone substitutes consisting of 
autogenous adipose-derived MMSCs and two 
types of matrices (hydroxyapatite and a compos-
ite material of hydroxyapatite and collagen) in 
the treatment of patients with the atrophy of the 
alveolar bone of the upper jaw and the alveolar 
part of the lower jaw at the A.I.  Evdokimov 
Moscow State University of Medicine and 
Dentistry [98]. A pilot clinical trial on the safety 
and efficacy of tissue-engineered bone substi-
tutes of tricalcium phosphate and autogenous 
gingiva-derived MMSCs with sinus lifting has 
been initiated at the A.I.  Burnazyan Federal 
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Medical Biophysical Center (NCT02209311) 
[99].

However, several negative aspects of tissue- 
engineered bone substitutes should be 
mentioned:

• Lack of efficacy for large bone defects due to 
the death of most cells shortly after the trans-
plantation of the tissue-engineered bone sub-
stitutes (cells require an active blood supply 
which is crucially minimized in a large lesion 
area) [100]

• High self-cost and complexity of technologi-
cal process (cellular service) for making 
tissue- engineered bone substitutes in accor-
dance with GMP and GTP standards

• Impossibility to organize full-scale batch pro-
duction of the most effective personalized 
(containing autogenous cells) tissue- 
engineered products

• Special storage conditions that are not always 
available at medical institutions (e.g., temper-
atures below −80 °С)

• Complicated legal regulation and registration 
of medical products containing live cells

Thus, the tissue-engineered approach to the 
development of activated bone substitutes allows 
the creation of safe medical products that are 
effective for certain indications. However, there 
are some problems that limit the implementation 
of tissue-engineered products to routine clinical 
practice that predetermines the development of 
alternative approaches.

14.6  Bone Substitutes 
with Growth Factors

This group includes bone grafting materials con-
sisting of a scaffold and growth factors (one or a 
few) that provide an osteoinductive effect; this is 
the most successful trend considering the prece-
dents of clinical translation. Numerous products 
have already been registered and approved for 
clinical use such as “Emdogain” (Straumann, 
Germany)—a material with enamel matrix pro-
teins (1997); “OP-1” (Stryker Biotech, USA)—

with recombinant BMP-7 (2001); “Infuse” 
(Medtronic, USA) (2002, 2004, 2007)—with 
recombinant BMP-2; “GEM21S,” “Аugment 
bone graft” (BioMimetic Therapeutics Inc., 
USA)—with recombinant PDGF-ВВ (2005, 
2009); and “i-Factor Putty” (Cerapedalloics, 
USA)—with protein P-15 (ligand for integrin 
α2β1 expressed by cells of an osteoblastic line) 
(2008) [1].

“Infuse” was approved by the FDA for inter-
body spinal fusion in 2002, for bone grafting in 
shin bone fractures in 2004 (in combination with 
intramedullary fixation), and for sinus lifting and 
augmentation of the alveolar ridge in defects 
related to tooth extraction in 2007 [102]. The 
product is manufactured as a set consisting of a 
collagen matrix and recombinant BMP-2, which 
should be combined immediately prior to use. 
For spine surgery, because of the suboptimal bio-
mechanical properties of the material, it should 
be implanted in a complex with special metallic 
cages. Two hundred and seventy patients were 
enrolled in the first clinical study and underwent 
anterior lumbar interbody spinal fusion. Of these 
patients, 143 had surgery with Infuse, and the 
others had surgery with a bone autograft of the 
iliac crest. During the 2-year follow-up, adequate 
safety was shown, as well as high efficacy of 
treatment, with fusion rates of 94.5% and 88.7% 
in the clinical and control groups, respectively 
(the differences were not statistically significant). 
Only in patients of the control group (5.9%) were 
adverse events related to autograft withdrawal 
identified [103]. Subsequently, several postmar-
keting clinical studies were performed; the results 
were published, and a systematic analysis 
revealed the safety and efficacy of Infuse to be 
equal to those of bone autografts [104–106].

However, critical articles were also published 
that emphasized the complications and adverse 
events of Infuse, as well as their concealment by 
the company developer [107, 108]. A special 
issue of the journal “Spine” was fully devoted to 
the problem, including the central review of the 
chief editor Carragee et  al. [107]. The authors 
conducted a detailed analysis of 13 official clini-
cal studies on Infuse, including reports submitted 
to FDA, on a total of 780 patients, and revealed 
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that the rates of complications and adverse events 
(osteolysis with horizontal or vertical implant 
dislocation, lack of fusion, retrograde ejection, 
heterotopic ossification, radiculitis and infec-
tions) were approximately 10% for on-label 
application and up to 50% for thoracic or cervical 
spinal fusion [107]. Summarizing the results of 
multiple clinical studies on all three Infuse indi-
cations, it was stated that “on-label” use of the 
product is safe and effective in most cases, 
although there is a definite possibility of compli-
cations, as well as unsatisfactory results requiring 
re-surgery. The off-label application, for other 
variants of bone grafting, is accompanied with a 
significant increase in the risk of complications 
and adverse events [109]. The total number of 
surgeries with bone substitutes containing BMP 
alone (mainly Infuse) in 2010 was 107,000, and 
the total number of spine interventions with inter-
body cages was 206,000. This shows both the 
success of bone substitutes with growth factors 
and perhaps the high rates of off-label application 
of Infuse.

Some bone substitutes with growth factors are 
at different stages of experimental and clinical 
studies in Russia. For example, the results of the 
evaluation of bone substitutes with recombinant 
BMP-2 [110] or VEGF [111] have been 
published.

Advanced studies on the development of bone 
substitutes with growth factors focus on two main 
aspects, the combination of several factors 
including angiogenic and osteogenic, e.g., VEGF 
and BMP-2, in one scaffold [112] and providing 
the prolonged and controlled release of therapeu-
tic proteins from the matrix structure, in particu-
lar due to the regulated dynamics of hydrogel 
matrix biodegradation [113–115] or the encapsu-
lation of growth factors into microspheres made 
of organic polymers [116]. Some authors changed 
the structure of growth factors using special tech-
nologies (e.g., site-directed mutagenesis) to com-
bine several factors, creating “mutant” molecules 
with higher efficacy in the activation of repara-
tive osteogenesis. For example, Kasten et  al. 
[117] modified growth/differentiation factor-5 
(GDF-5) by adding BMP-2 sites to its sequence 
to enable it to bind with specific receptors. As a 

result, molecule GDF-5 acquired properties typi-
cal of BMP-2 [117, 118].

Bone substitutes with growth factors also have 
shortcomings and problems that limit their effi-
cacy. Firstly, protein molecules in surgical 
wounds (due to exudation and the high activity of 
proteolytic enzymes) undergo rapid biodegrada-
tion, making them short-lived, which does not 
allow the bone substitute to demonstrate its 
osteoinductive action to the fullest extent. 
Second, the amount of therapeutic protein is lim-
ited, and its action is short-term and difficult even 
with controlled and limited release. In other 
words, the low concentration of protein mole-
cules that left the scaffold and preserved its bio-
logical activity reaches a target cell, interacts 
with specific receptors on its surface, and induces 
a biological effect. Hereby, the receptors are rap-
idly inactivated in the presence of the ligand as 
compensatory adaptation mechanism that pro-
tects cells from excessive stimulation. The bio-
logical effect of growth factors will cease, and 
the protein concentration will be exhausted.

Theoretically, tissue-engineered and gene- 
activated materials are devoid of such shortcom-
ings. In the first case, surviving cells protractedly 
produce a range of biologically active substances 
that accurately react on microenvironment sig-
nals, and in the second they act more gently and 
long-term than bone substitutes with growth fac-
tors, as therapeutic proteins are produced for a 
certain period of time due to the expression of 
gene constructs delivered to target cells that can 
be regulated by the microenvironment.

14.7  Gene-Activated Bone 
Substitutes

The main active component of these products is 
gene constructs (nucleic acids). In this regard, the 
development of gene-activated bone substitutes 
is directly related to the advances of gene ther-
apy, in which gene constructs are used as active 
substances of gene therapeutic drugs.

Since 1989, more than 1900 clinical studies 
on gene therapy have been already registered 
[119], which highlights the activity of the 
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 conducted studies. Moreover, several gene thera-
peutic drugs have been already implemented into 
routine clinical practice: “Gendicine,” “Oncorine” 
(SiBiono GeneTech, China), “Neovasculgen” 
(HSCI, Russia), and “Glybera” (uniQurо, The 
Netherlands). “Neovasculgen” is a Russian 
research product approved for clinical use in 
Russia and Ukraine [120, 121]. The experience 
of “Neovasculgen” development has been extrap-
olated to the first clinical trial of a gene-activated 
bone substitute (NCT02293031) [122] and sub-
sequent clinical trial approved by Russian Federal 
Service for Surveillance in Healthcare 
(NCT03076138).

A gene-activated bone substitute is a complex 
“scaffold-nucleic acid” combined using methods 
such as “chemical binding” [123], adjuvants 
(e.g., gel biopolymers) [124], or direct incorpora-
tion of nucleic acids into the scaffold at a certain 
stage of the matrix synthesis. The total efficacy of 
the product is thereby determined with the total 
mechanism of action including both gene con-
structs (osteoinduction) and a scaffold 
(osteoconduction).

Two subsequent stages may be distinguished 
in the mechanism of the osteoinductive action of 
a gene-activated bone substitute, nonspecific and 
specific. The first is associated with the release of 
nucleic acids from the scaffold structure after 
implantation into the bone defect area, delivery to 
the cells of recipient area, and expression. This 
step is similar for any gene constructs, and the 
variability of transfection is provided mainly by 
transgene delivery systems. The second consists 
of the specific action of a protein regulatory mol-
ecule produced by transfected cells which act as 
“bioreactors of therapeutic proteins,” synthesiz-
ing them for a certain period of time. In contrast 
to bone substitutes with growth factors, the main 
component of a gene-activated bone substitutes 
acts “gently,” as mentioned above. In other 
words, transgene entry into the nucleus of target 
cell does not force obligatory expression of the 
therapeutic protein. The cell preserves its normal 
functional state and reaction to microenviron-
ment stimuli, so that if the therapeutic protein is 
not needed at a particular period in time the trans-
fected cell may decrease the mRNA of the trans-

gene by intracellular posttranscriptional 
mechanism regulated stability and the half-life of 
mRNA and thereby prevent protein production 
[125]. This mode of action of gene constructs sig-
nificantly increases the efficacy of gene-activated 
bone substitutes in comparison with substitutes 
containing growth factors [126].

Gene constructs consist of a therapeutic gene 
(cDNA or RNA) and its intracellular delivery 
system (vector). Vectors are divided into two 
main groups, viral and nonviral. In the first case, 
a transgene is incorporated into a particle of a 
retro-, lenti-, adenovirus, or adeno-associated 
virus, and in the second case a transgene is incor-
porated into a plasmid, a circular molecule of 
nucleic acids containing several additional 
sequences providing transgene expression. Viral 
and nonviral delivery systems differ in their effi-
cacy of transfection. 40% or more of viral gene 
constructs can enter target cells, and the rate of 
plasmid DNA uptake (“naked”) does not exceed 
1–2% due to its size and negative charge. Some 
approaches were proposed (physical and chemi-
cal) to increase the efficacy of plasmid DNA 
transfection up to 8–10% [127].

It should also be mentioned that several viral 
vectors (retro-, lentiviral, etc.) are incorporated 
into the genome. In other words, a transgene has 
an almost lifelong expression, and others, includ-
ing plasmid DNA, are not integrated into the 
genome and therefore only temporarily express 
for 10–14 days. Considering that the production 
of a therapeutic protein encoded by a gene con-
struct should not exceed the terms of complete 
reparative regeneration, retro- and lentiviral vec-
tors are rarely used in making gene-activated 
bone substitutes; they are more often applied in 
the gene-cellular approach, wherein a cell culture 
is transfected ex vivo and then combined with a 
scaffold [128].

Hence, all gene-activated materials may be 
divided by the technology of scaffold and gene 
construct combinations, as well as by the compo-
sitions of their biologically active components: 
the nature of the vector or transgenes or the num-
ber of transgenes or various gene constructs in 
one product. However, it is evident that the main 
differences in the biological effect of a 

I. Y. Bozo et al.



195

Table 14.2 Compositions of gene constructs developed for induction of reparative osteogenesis (as components of 
gene-activated bone substitutes or gene-cellular products)

No. Protein encoded by transgene Vector References
Genes encoding growth factors/hormones
1 Angiopoietin-1 Cao et al. [129]
2 BMP-2 Plasmid DNA Betz et al. [130]

Adenoviral Baltzer et al. [131]
Lentiviral Virk et al. [132]
Liposomal Lutz et al. [133]

3 BMP-4 Plasmid DNA Chen et al. [134]
Retroviral Rose et al. [128]

4 BMP-6 Plasmid DNA Sheyn et al. [135]
Adenoviral Bertone et al. [136]
Adeno-accociated Li et al. [137]
Lentiviral Sheyn et al. [135]

5 BMP7 (OP-1) Plasmid DNA Bright et al. [138]
Adenoviral Schek et al. [139]
Adeno-associated Song et al. [140]
Retroviral Breitbart et al. [141]

6 BMP-9 Plasmid DNA Kimelman-Bleich et al. 
[142]

Adenoviral Abdelaal et al. [143]
7 BMP-12 Plasmid DNA Kuroda et al. [144]
8 Cyclooxygenase-2 (Cox-2) Retroviral Rundle et al. [145]
9 Erythropoietin (EPO) Adenoviral Li et al. [146]
10 Epidermal growth factor (EGF) Plasmid DNA Wallmichrath et al. [147]
11 bFGF Plasmid DNA Guo et al. [148]
12 HGF Adenoviral Wen et al. [149]
13 HIF-1α Lentiviral Zou et al. [150]

14 IGF-1 Plasmid DNA Shen et al. [151]
15 Integrin-α5 Lentiviral Srouji et al. [152]

16 LIM mineralization protein-1 (LMP-1) Retroviral Strohbach et al. [153]
17 LMP-3 Adenoviral Lattanzi et al. [154]
18 Nell-1 Adenoviral Lu et al. [155]
19 Osterix Retroviral Tu et al. [156]
20 PDGF-А Adenoviral Jin et al. [157]

21 PDGF-B Plasmid DNA Elangovan et al. [158]
Adenoviral Jin et al. [157]

22 Parathyroid hormone (amino acids 
1–34)

Plasmid DNA Fang et al. [159]

23 TGF-β1 Nonviral vector (K)16GRGDSPC Pan et al. [160]

24 VEGF-А Plasmid DNA Geiger et al. [161]
Adenoviral Tarkka et al. [162]

25 BMP2 + BMP7 Adenoviral Koh et al. [163]
26 BMP-2 + BMP-6 Adenoviral Menendez et al. [164]
27 BMP-2 + IHH Adenoviral Reichert et al. [165]
28 BMP-2+ VEGF Adenoviral Deng et al. [166]
29 BMP-2 + VEGF + IGF-1 + TGF-β1 Liu et al. [167]

30 BMP-7 + PDGF-b Adenoviral Zhang et al. [168]
31 RANKL + VEGF Adeno-associated Ito et al. [169]

(continued)
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 gene- activated bone substitutes are driven by the 
transgene. Nucleotide sequences encoding the 
main osteoinductive and osteoblast-specific tran-
scription factors are, as expected, the most fre-
quently used for the development of 
gene-activated bone substitutes (Table 14.2).

Among the transgenes most often selected for 
induction of recovery processes are BMP, espe-
cially encoding BMP-2 (Table 14.2), and VEGFA. 
The first studies were related to direct gene trans-
fer; the method injected gene constructs into the 
soft tissues surrounding the bone defect as a solu-
tion, i.e., without immobilization on or into a 
scaffold [131, 170]. It is important that even in 
such a case, positive results were obtained, which 
proved the supreme importance of gene con-
structs in gene-activated materials. In particular, 
in the study by Baltzer et al. [131], complete con-
solidation was shown at 12 weeks after adenovi-
rus administration (2 × 1010 particles) of the DNA 
encoding BMP-2  in the muscle around defects 
(1.3 cm) of the femur in rabbits. In the control, in 
which a gene encoding a fluorescent marker pro-
tein (luciferase) without osteoinductive activity 
was used as a transgene, a central part of the 
defect was preserved in all cases and filled by 
fibrous tissue. Until now, in vitro or in vivo direct 
gene transfer was mainly used in bone indica-
tions for the selective assessment of the biologi-
cal effect of gene constructs chosen for the 
development of gene-activated bone substitutes. 

Feichtinger [170] et al. developed a co-expressive 
plasmid DNA with genes encoding BMP-2 and 
BMP-7 that is subcutaneously injected as a solu-
tion (20  μg) and found that in 46% of cases 
induction of heterotopic osteogenesis resulted 
[170].

However, despite the published positive 
results of direct gene transfer, without mechani-
cal filling of the bone defects with osteoconduc-
tive materials, especially in cases of large defects, 
complete recovery of the bone seems impossible. 
In this regard, gene-activated bone substitutes 
have become the logical “evolution” of direct 
gene transfer. The peak for the development of 
such products containing gene constructs with 
BMP occurred in 2004–2007, which may be 
related to the prior success of an alternative 
approach: the FDA approval and wide use in clin-
ical practice of bone substitutes containing 
growth factors BMP-7 (OP-1, Stryker Biotech, 
USA) and BMP-2 (Infuse, Medtronic, USA) in 
2001 and 2002, respectively.

Subsequently, the specification of the role of 
angiogenesis in bone regeneration, as well as a 
detailed description of the intracellular signal 
pathways regulating proliferation, differentia-
tion, and morphofunctional activity of bone cells, 
formed a fundamental ground for an increasing 
number of investigators to use sequences encod-
ing VEGF as transgenes and some transcription 
factors as well (Table 14.2).

Table 14.2 (continued)

No. Protein encoded by transgene Vector References
32 BMP-2/BMP-7 Plasmid DNA Feichtinger et al. [170]
33 BMP-2/BMP-4 Liposomal Wehrhan et al. [171]
34 BMP-6/BMP-9 Adenoviral Die et al. [172]
35 BMP-6/VEGF Adenoviral Seamon et al. [173]
36 BMP-7/IGF-1 Adenoviral Yang et al. [174]
37 BMP-7/OPG Plasmid DNA Liu et al. [175]
38 VEGF-A/SDF-1α Plasmid DNA Bozo et al. [122]

Genes encoding transcriptional factors
39 Cbfa1 Lentiviral Kim et al. [176]

Adenoviral Li et al. [177]
40 c-myb Plasmid DNA Bhattarai et al. [178]
41 Runx2 Adenoviral Zhao et al. [179]

Retroviral Takahashi [180]
42 SOX9 Adeno-associated Cucchiarini et al. [181]
43 caALK6 + Runx2 Plasmid DNA Itaka et al. [182]
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Keeney et al. [183] developed a gene-activated 
bone substitute made of a 
 collagen-calcium- phosphate matrix and plasmid 
DNA encoding VEGF-А165 (0.35 μg/mm3 of the 
carrier). The item was implanted subcutaneously 
in mice and into the defects of the intercondyloid 
fossa of the femur (diameter 1 mm, length 7 mm). 
Although no signs of osteogenesis or a signifi-
cant difference in the number of vessels appeared 
under heterotopic conditions, a significantly 
larger volume of bone was regenerated in the 
experimental group under orthotopic conditions 
than in the control (a scaffold with DNA encod-
ing a marker gene) at 30 days after surgery [183]. 
However, the experimental model for the assess-
ment of bone substitute efficacy could not be 
considered optimal due to minimum size of the 
defect.

In Russia, some variants of gene-activated 
bone substitutes have been already developed 
using VEGFA as a transgene and different scaf-
folds (xenogenic bone matrix, composite mate-
rial of collagen and hydroxyapatite, octacalcium 
phosphate, etc.). The efficacy of the products was 
shown in a more complex model, with the substi-
tution of bilateral cranial defects (diameter 
10 mm) of parietal bones in rabbits [123].

Based on an analysis of the published study 
results associated with development of gene- 
activated bone substitutes (as well as the gene- 
cellular approach and direct gene transfer), we 
can conclude that most of them showed accept-
able safety and high effectiveness in the experi-
mental models, regardless of the vector type and 
scaffold. However, some difficulties remain for 
gene-activated materials in general: manufacture, 
sterilization, standardization of control for pres-
ervation of the specific activity of the gene con-
structs after the completion of the production 
cycle, and necessity of increasing the transfection 
level of nonviral gene constructs and enabling 
their prolonged release from the scaffold’s struc-
ture after implantation. Delivery problem is the 
most acute for gene-activated materials contain-
ing plasmid DNA. But it was proposed and con-
firmed in some studies that calcium-consisting 
scaffold passively improved plasmid DNA deliv-
ery by realizing them in microscale complexes 

with scaffold fragment that was similar to well- 
known calcium-phosphate-mediated transfection 
method in vitro [123, 184].

In spite of all the advantages of gene-activated 
bone substitutes and a huge amount of experi-
mental data the precedents of clinical studies are 
extremely rare. Below we can present detailed 
description of world’s first clinical case [122].

The patient, aged 37  years, a female, was 
admitted to the department of maxillofacial sur-
gery with complaints on the mandible mobility in 
the frontal and right distal regions when opening 
and closing the mouth, and impaired mastication 
due to partial mandibular edentulism on the right 
side.

In 2011 in a clinic at the place of the patient’s 
residence she was diagnosed to have fibrous dys-
plasia of the mandible on the right side, for which 
the patient underwent the resection of the lower 
jaw from the frontal region to the right ramus 
with external approach. Later on she had two sur-
geries of microsurgical mandibular reconstruc-
tion with the use of vascularized fibular bone 
autografts carried out in the regional clinical cen-
ter. Unfortunately, the autotransplants were 
removed in both cases due to vascular anastomo-
sis failure. In May 2012 a reconstruction of the 
right mandible was done with a free non- 
vascularized rib autograft in our department. 
Within a year after the surgery, the patient had a 
retention of more than 90% of the autotransplant 
volume and the satisfactory function of mastica-
tion on the left side. However, no consolidation 
was observed and nonunions were diagnosed 
within the proximal and distal fixation areas that 
caused mobility and prevented any prosthetic 
treatment in the mandible on the right side. 
Therefore, reconstructive surgery with the resec-
tion of nonunions, bone grafting, and osteosyn-
thesis was performed. Despite the surgical 
intervention a control clinical and instrumental 
examination in 0.5  year after the operation 
detected slight mobility in the frontal region and 
within the right ramus and no radiological evi-
dence of consolidation (Fig. 14.5). The diastasis 
in the frontal mandible ranged from 5 mm on the 
upper edge to 14 mm on the lower one; the aver-
age tissue density between bone edges was 
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158.55 ± 116.29 HU; the separation between the 
transplant edge and the mandibular ramus on the 
vestibular surface achieved 9.2  mm, with the 
average tissue density in the nonunion area being 
204.52 ± 97.84 HU [122].

Complex clinical cases with bone defects 
characterized by “osteogenic insufficiency” 
(large ones, nonunions, etc.) are the main indica-
tions for the use of activated bone substitutes as 
conventional ones will be suitable in less compli-
cated settings. Therefore, to study the safety and 
efficacy of the gene-activated bone substitute we 
started with a very difficult clinical case when the 
main standard methods and materials used either 
resulted in specific complications or had limited 
efficacy. Four previous surgical interventions on 
the mandible resulted in scarring and impaired 
blood supply within the fixation areas of the bone 
autograft that predisposed to the development of 
osteogenic insufficiency and as a consequence—
a formation of nonunions with high score accord-
ing to Non-union Scoring System proposed by 
Calori et  al. [184]. Moreover, one side of each 
nonunion was a non-vascularized bone autograft 
intended to be completely resorbed and simulta-
neously replaced by newly formed bone tissue. 
Such a feature has not been taken into account by 
current Non-union Scoring System but obviously 

significantly increased a complexity of the clini-
cal case.

Taking into account a potentially poor blood 
supply within the fixation of the autotransplant 
and the mandibular fragments due to numerous 
operations previously performed including two 
failed microsurgical ones as well as a prolonged 
smoking experience (more than 15  years) the 
patient was offered to undergo a surgical treat-
ment with the use of the gene-activated bone sub-
stitute. Considering the patient’s characteristics 
and anamnesis the total score according to Non- 
union Scoring System [184] was estimated to be 
31 that corresponded with high risk of nonunion 
relapse and required more specialized care. 
Additionally, the nonunions were complicated 
being formed by non-vascularized bone autograft 
intended to be resorbed and replaced by newly 
generated bone tissue. The voluntary written 
informed consent was obtained.

The gene-activated bone substitute we devel-
oped consists of the two components. The first 
one is the composite scaffold of bovine collagen 
and synthetic hydroxyapatite (granules with 
diameter of 500–1000 μm) registered as a bone 
substitute (CJSC Polystom, Russia) and approved 
for clinical use in Russia, and the second—a 
supercoiled naked plasmid DNA with 

a b

Fig. 14.5 CT scans of the patient’s mandible in the fron-
tal region (a) and within the ramus on the right side (b) 

prior to the operation and 3, 6, and 12 months after sur-
gery. Arrows indicate nonunions (before operation) and 
sites of gene-activated bone substitute implantation
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 cytomegalovirus promoter and gene encoding 
VEGF which is the active substance of 
“Neovasculgen.” The pilot batch of the gene-acti-
vated bone substitutes in the form of dense elastic 
plates with sizes of 20 × 10 × 10 mm and weight 
of 200 ± 10 mg and that contained 0.2 mg of the 
gene constructs was produced for clinical study. 
Five plates were used for a surgical intervention 
(total amount of the scaffold—1000  mg, total 
dose of the plasmid DNA—1 mg).

The standard surgical protocol with metal 
construct removal, nonunion fibrous tissue exci-
sion, and approximated bone surface careful 
grinding was performed. Bone defects (5–14 mm 
in the frontal, 7–9 mm in the distal region of the 
mandible) between the rib autograft still present 
from previous interventions and mandibular frag-
ments were filled in with the gene-activated bone 
substitute (Fig.  14.6). The autotransplant was 
fixed in the correct position with four straight 
miniplates and miniscrews.

In a postoperative period a soft diet and con-
servative therapy including antibiotics, analget-
ics, and desensitizing and anti-inflammatory 
agents were prescribed to the patient.

To evaluate the treatment results clinical and 
radiological diagnostic methods were used dur-
ing the first 14 days of the postoperative period 
(in a hospital) and in 3, 6, and 12 months after 
surgery. A pain level in the postoperative region 
was rated with the use of the Visual Analog Scale, 
and edema was scored with the Numeric Rating 

Scale. A control panoramic radiograph was made 
on the next postoperative day, and dental CT was 
done on the other time points. A manual segmen-
tation of the mandible was performed in the soft-
ware 3DSlicer (Brigham, USA). The newly 
formed tissues within the bone substitute grafting 
were separately selected; their average density 
was calculated in Hounsfield units (HU) by using 
the “Label statistics” module. 3D bone recon-
struction with volume rendering in the range of 
250–2000 HU was made that complied with an 
optimal “bone window” with retention of spongy 
and lamellar bone in a model without metal con-
structs. A minimal size of diastases between 
mandibular fragments and rib autograft edges 
was determined with standard morphometry in 
the software Planmeca Romexis viewer 
(Planmeca Oy, Finland).

Neither adverse events (hypersensitive reac-
tion, abnormal pain, edema, inflammatory com-
plications, development of local vascular 
malformations, tumors, etc.) nor serious adverse 
events (life-threatening conditions) were 
observed. The postoperative pain score did not 
exceed 6 within the first 3 days after surgery; it 
was controlled with pain relievers; an average 
score for the following 4 days was 3.5, and no 
pain relief was required. Later on the patient did 
not notice any tenderness or discomfort within 
the postsurgical area. The maximal edema rated 
as 5 by the Numeric Rating Scale was observed 
on the third postoperative day. Then edema grad-
ually decreased; its score was 3 by the end of the 
first week and remained at the same level for up 
to 14  days. These clinical data on safety were 
expected because each of the gene-activated bone 
substitute components, the 

Fig. 14.6 Intraoperative view: nonunions are removed; 
mandible fragments and rib autograft are fixed with mini-
plates; bone defects filled with gene-activated bone 
substitute Fig. 14.7 Panoramic radiography, next day after surgery
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 collagen- hydroxyapatite scaffold and plasmid 
DNA, separately was registered and approved for 
clinical use previously in Russia as medical 
device for bone grafting and drug for CLI treat-
ment, respectively.

Based on the panoramic radiograph data 
(Fig. 14.7) the autograft was fixed in a right posi-
tion, the gene-activated bone substitute was 
located within bone defects, and its radiodensity 
was approximately twice as less as that of the 
bone autograft.

No inflammation sings, edema, or pain was 
observed in the postsurgical area for 12 months 
after surgery. Control CT showed that the rib 
autograft and metal constructs were correctly 
positioned.

Three months after surgery increased density 
regions were visualized in the zones of the distal 
and proximal autograft fixation and bone grafting 
(Fig.  14.5). The average density of these areas 
was 402.21  ±  84.40  in the frontal and 

447.68  ±  106.75 HU within the distal fixation 
(Fig.  14.8). Newly formed tissues with an 
increased density equal to spongy bone were 
visualized within both zones of gene-activated 
bone substitute grafting. The volume of those tis-
sues correlated with that of the substitute 
implanted. It is known from the previous experi-
mental studies that the gene-activated bone sub-
stitute investigated has a baseline density equal to 
130 ± 350 HU. Collagen comprising 60% of the 
scaffold mass undergoes rapid biodegradation 
(within 1 month). Starting from 45 days after the 
operation only single hydroxyapatite granules 
remain from the scaffold within the zone of a 
bone defect [123]. Therefore and considering a 
low standard deviation, bone tissue formation 
within the substitute implanted rather than the 
density of the remained scaffold fragments deter-
mined the high tissue density in the zone of bone 
grafting in 3 months.
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The diastasis sizes between the bone frag-
ments were 4.8  mm on the upper edge and 
12.5  mm on the lower one in the frontal, and 
6.2 mm on the vestibular surface and without dis-
sociations on the lingual one within the distal 
region. No defects in the zones of proximal and 
distal fixation of the autograft were detected 
using 3D reconstruction. Heteromorphic newly 
formed tissues were seen in these areas; the tis-
sues overstretched the bone borders of the recon-
structed mandible outlining to a certain extent the 
substitute engrafted previously (Fig. 14.9).

The newly formed tissues with average den-
sity about 400 HU within gene-activated bone 
substitute implantation area were observed in the 
frontal region 6 and 12  months after surgery 
(Figs. 14.1 and 14.4). However, there was moder-
ate partial resorption in the proximal edge of the 
bone autotransplant that prevented consolidation 
and maintained a diastasis. Clinical examination 
identified the appearance of minimal mandible 
mobility in the frontal region only 12  months 
after surgery that corresponded with CT results.

Meanwhile the distal edge of the rib autograft 
was completely integrated with adjacent man-
dibular ramus on both latest time points that did 
not allow to distinguish the borders between the 
mandible fragment, newly formed bone tissue, 
and rib autograft to segment these regions 
(Fig.  14.9). Normotrophic bone callus with no 
defects was formed 6 months after surgery and 
fully mineralized later on revealing the average 
density of 921.51 ± 321.89 on the last time point. 
Moreover, we found the completed remodeling 
of newly formed bone tissue with distinguished 

vestibular (1028.67  ±  169.77 HU) and lingual 
(1528.78  ±  81.53) cortical plates and spongy 
bone between them in 12 months. No mandibular 
mobility was detected in this region.

Thus, the main encouraging result we showed 
was that complete consolidation with normotro-
phic bone formation was achieved on the site of 
previously diagnosed distal nonunion. Bone 
remodeling process with cortical plate formation 
was completed in this area within 12 months after 
surgery. Unfortunately, the treatment of the other, 
more complex, nonunion was not successful: 
although the gene-activated bone substitute stim-
ulated bone formation preserved in the frontal 
region during the 12  months of follow-up, the 
partial resorption of the adjacent autotransplant 
edge contributed to the proximal nonunion 
relapse. Such a resorption of the rib bone is nor-
mal but expectedly increased in response of the 
surgical intervention. Basically, any non- 
vascularized bone autograft undergoes continu-
ous bioresorption to be completely replaced by 
newly formed bone tissue. No bone substitute is 
able to stop this natural process. The only option 
for gene-activated bone substitute to provide a 
consolidation was to accelerate the reparative 
osteogenesis so highly to make it outrunning the 
bioresorption rate. This bone formation activity 
was achieved in the distal nonunion site, but was 
not enough in the proximal one. That prevents 
any prosthetic treatment and requires additional 
surgery in the frontal region with bone autograft-
ing and more rigid fixation (for example, long 
custom-made titanium reconstructive plate).

a b c

Fig. 14.9 The patient’s mandible in different time points 
after bone grafting with the gene-activated bone substi-

tute: (a) before; (b) 6 months; (c) 12 months. Dental CT, 
3D reconstruction with volume rendering 250–2000 HU 
(titanium constructs are excluded)
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Considering the results of the first clinical 
case we can conclude that more clinical trials and 
published data are needed to assess the treatment 
options and opportunities gene-activated bone 
substitutes could provide.

14.8  Conclusion

A detailed understanding of the regulation fea-
tures of reparative osteogenesis, its dynamics, 
and results depending on the presence or absence 
of osteogenic insufficiency, as well as a compre-
hension of the modes of action characterized for 
various groups of bone substitutes that fall under 
two main technological trends, allowed us to pro-
pose the conception of “ordinary and activated 
bone substitutes.”

The category of ordinary materials includes 
those which do not contain biologically active 
components standardized by qualitative and 
quantitative parameters. Osteoconduction and, in 
some cases, moderate osteoinduction allow these 
materials to optimize reparative regeneration for 
the promotion and increase in size of newly 
formed bone tissue. They are therefore intended 
for substitution of bone defects (and recovery of 
jaw atrophy) in the absence of osteogenic insuf-
ficiency. The main problem for this category of 
bone substitutes is low osteoinductive potential, 
which surgeons often try to overcome using an 
improvised, empirical activation of mixing the 
material with the patient’s blood, autogenous 
bone (generally, in a ratio of 1:1), plasma enriched 
with thrombocytes, or plasma enriched with 
growth factors immediately prior to implantation 
[185].

Due to their biologically active components, 
activated materials have pronounced osteoinduc-
tion and (or) osteogenicity and are therefore able 
both to support the natural course of reparative 
osteogenesis and induce and provide high activ-
ity up to complete histotypical recovery. This 
quality makes them theoretically applicable for 
substitution of even large bone defects that are 
characterized by osteogenic insufficiency. 
Autogenous bone tissue is a prototype, a type of 
reference sample or a “gold standard” of materi-

als for bone substitution [186]. The origin of their 
development lies in the necessity to develop 
effective alternatives for autogenous bone that 
may allow limiting or completely eliminating the 
use thereof.

The complex composition and mode of action 
of activated bone substitutes predetermine the 
necessity to carry out more comprehensive stan-
dardized preclinical studies with individual 
assessment of active components (growth fac-
tors, cells, or gene constructs) in terms of safety 
and biological action.

The practical value of the proposed classifica-
tion of all bone substitutes as ordinary and acti-
vated, along with developing an understanding of 
osteogenic insufficiency, is to form a fundamen-
tal ground for physicians to make the most effec-
tive objective choice of bone graft for every 
particular clinical situation. However, before 
active using the presented system, some addi-
tional studies should be performed on methods 
for the quantitative evaluation of osteogenic 
insufficiency and the real clinical efficacy of all 
variants of activated bone substitutes.

Further development of ordinary and activated 
bone substitutes is directly related with 3D print-
ing technologies that provide the opportunity to 
extrapolate all the advantages in personalized 
form that fully corresponds with the size and 
shape of a bone defect to be completely repaired. 
Being primarily devoted for large bone defects 
repair-activated bone substitutes are needed to be 
3D printed; some methods have been already 
applied for this purpose [187, 188], and least of 
them were proposed for gene-activated bone sub-
stitutes [189].
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15.1  Introduction

In times of rising numbers of infections and 
growing populations bone defects caused by 
trauma, infection, or tumor pose a challenge for 
reconstructive surgery. Bone grafting is used as 
an established method, both autologous and het-
ero- and xenologous. In addition bone grafts can 
be antibiotically loaded [1] to prevent or treat 
infections. The final fate of a bone graft is influ-
enced by local phenomena such as osteocon- and 
-induction as well as osteogenesis [2]. Autologous 
grafts are regarded as a near-ideal solution for 
defect reconstruction. However, their use is not 
without restrictions, harvesting sometimes com-
plicated and availability limited. An alternative 
approach for defect reconstruction can be the use 
of allografts. Research activities have been 
focused on attempts to create ideal artificial bone 
grafts. Calcium sulfate (CS) poses a readily avail-
able and inexpensive solution with high biocom-
patibility [3]. In addition CS has the potential for 
incorporation of therapeutic substances and thus 
can function as a carrier for drugs, extending its 
usability in the field of bone reconstruction [4, 5]. 

Furthermore it can serve as an osteoconductive 
structure for ingrowing bone, through a process 
in which newly formed host bone replaces the CS 
material simultaneously without inducing a sig-
nificant inflammatory reaction [6]. CS generally 
has no intrinsic osteoinductive or osteogenic 
capacity, and its resorption generally happens 
more rapidly than bone formation [7]. One way 
to antagonize this is the addition of osteoinduc-
tive and/or osteogenic components such as 
hydroxyapatite (HA) which has proven to deliver 
favorable results [8, 9]. However, the main limi-
tation for the use of HA ceramics is the inherent 
brittleness and difficulty in processing [10]. 
Another promising additive is calcium carbonate. 
It has been shown that resorption of the CS can 
leave porosities enhancing the ingrowth of bone. 
In this study, we analyzed the biological remod-
eling in response to implantation of new formula-
tions of CS augmented with antibiotics and 
calcium carbonate/tripalmitin in rabbit tibiae. 
Bone ingrowth and biomaterial performance 
were evaluated using optical microscopy, fluores-
cence microscopy, conventional radiography, and 
micro-computed tomography (micro-CT). 
Specifically, the effect of calcium carbonate/tri-
palmitin formulations of CS on resorption period 
was examined. Hence, the provision of tempo-
rary structural support during the remodeling 
process, and thus synchronization of the ingrow-
ing bone with biomaterial resorption, as well as 
preservation of the bone graft’s initial volume 
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were investigated. New formulations for delayed 
resorption and osteoconduction of artificial bone 
substitute materials may facilitate the bone regen-
eration process in an antimicrobial environment. 
Herewith, trauma and orthopedic surgeons may 
find a future bone substitute material for complex 
bone regeneration as infect prophylaxis, espe-
cially in case of methicillin-resistant staphylo-
coccus aureus (MRSA) infections.

15.2  Materials and Methods

15.2.1  Implants

The resorbable bone substitute materials based on 
CS formulations used in the experiment consisted 
of CS dihydrate, gentamicin, and tripalmitin 
(group 1: Herafill®-G), CS dihydrate, vancomy-
cin, and tripalmitin (group 2: CaSO4-V), as well 
as commercially available tobramycin- loaded CS 
hemihydrate (group 3: Osteoset®). The specific 
beads varied in size and consequently in implanted 
quantity to match overall implanted mass of 
approximately 500  mg. For this purpose, two 
units of group 1 implants (500 mg), 14 units of 
group 2 implants (490 mg), and five units of group 
3 (537.5 mg) were used to implant inside an arti-
ficial rabbit tibial bone defect for investigation.

Group 1 implants at 6.0  mm diameter and 
250 mg weight per unit consist of calcium sulfate 
dihydrate (71.6%), calcium carbonate (17.9%), 
tripalmitin (8.8%), and gentamicin sulfate (1.7%). 
Group 2 implants at 3.0 mm diameter and 35 mg 
per unit consist of calcium sulfate dihydrate 
(72.0%), calcium carbonate (18.0%), tripalmitin 
(8.9%), and vancomycin hydrochloride (1.1%). 
Group 3 implants at 4.8  mm diameter and 
107.5 mg weight per unit consist of a hemihydrate 
modification of calcium sulfate (96.0%) and 
tobramycin sulfate (4.0%). Composition of bead 
implants is given in contents per weight.

15.2.2  Animal Study: Protocol

The study was approved by the Animal 
Experimentation Ethics Committee of Bavaria 

(Reg. No. 209.1/211-2531.2-22/05) and con-
ducted with reference to the OECD Principles of 
Good Laboratory Practice. Fifty-four female 
New Zealand white rabbits (Charles River 
Laboratories, Sulzfeld, Germany) with a mean 
body weight (BW) of 4.5 kg (range: 4.3–4.7 kg) 
underwent surgery. For acclimatization purposes, 
the animals were delivered to the facility at least 
2  weeks prior to surgical intervention. Animals 
were housed in cages (2–3 animals) at normal 
room temperature and daylight illumination with 
ad libitum access to food and water. The animals 
were divided into three groups according to the 
test implant groups (Fig. 15.1).

15.2.3  Animal Study: Surgical 
Procedure

The surgical procedure was performed under gen-
eral anesthesia utilizing weight-adapted intramus-
cular injection of medetomidine 0.25 mg/kg BW 
(Domitor®, Pfizer Inc., Germany) and ketamine 
17 mg/kg BW (S-Ketanest®, Parke-Davis GmbH). 
Analgesia during surgery was obtained through 
intravenous application of metamizole 30 mg/kg 
BW (Novaminsulfon®, Ratiopharm GmbH, 
Germany) at the beginning of surgery. The left 
hind leg prior to surgery was shaved, and the skin 
cleaned antiseptically (Cutasept®, Bode Chemie, 
Germany). The skin incision was placed laterally 
of the tibial tuberosity; consequently bone manip-
ulation was performed at the medial side. This 
local skin displacement serves the purpose of 
infection prevention through the skin wound. A 
water-cooled surgical diamond fraise was 
employed to drill an 8 mm spherical bone cylinder 
to open the medullary cavity. Using a sterile for-
ceps beads were inserted into the proximal medul-
lary cavity. Specific quantities of implants were 
implanted according to varying size of beads to 
match overall implanted mass of 500 mg (±8%) 
(group 1: 2 units, group 2: 14 units, and group 3: 
5 units). After implantation, the  cavity was closed 
using the initially removed bone cylinder while 
surgical site was irrigated using sterile saline. 
Subcutaneous tissues were readapted (3-0 Vicryl®, 
Ethicon GmbH, Germany), and skin closed (3-0 
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Prolene®, Ethicon GmbH, Germany). Thereafter, 
a spray bandage (Opsite®, Smith & Nephew 
PLC, England) was applied. Anesthesia was 
antagonized using atipamezole 0.25  mg/kg 
(Antisedan®, Pfizer Inc., Germany).

Buprenorphine (0.03  mg/kg BW s.c., 
Temgesic®, Essex Pharma GmbH, Germany) was 
administered for analgesia towards the end of the 
surgical procedure immediately before wound clo-
sure was completed and postoperatively every 8 h 
for 4  days. In addition, carprofen 4  mg/kg  s.c. 
(Rimadyl®, Pfizer Inc., Germany) was given for 
7 days every 12 h. Animals underwent daily con-

trol examinations considering general condition, 
body temperature, and surgical site of the operated 
leg. Blood was obtained from the ear vein towards 
the end of the surgical procedure and weekly until 
sacrifice of the animal to determine blood count, 
and calcium/alkaline phosphatase levels.

Animals were euthanized after 4, 6, 8, and 
12  weeks according to different testing groups 
employing an overdose of pentobarbital-sodium 
(Narcoren®, Merial GmbH, Germany 50 mg/kg). 
The tibiae were dissected. Then, all soft tissue 
was stripped from the bone, which was consecu-
tively stored in 100% methanol.

a b

c

Fig. 15.1 Explanation of micro-CT planes used for tibia 
of a sacrificed animal (group 1 after 6 weeks). Exemplary 
declaration of micro-CT planes used in sacrificed rabbits 
from group 1 after 6 weeks: (a) 3-D reconstruction was 

carried out for gross overview; 2-D section plane in the 
sagittal direction (b) and the transversal plane from micro-
 CT scan (c) were analyzed for bone ingrowth and implant 
degradation. Reproduced with permission
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15.2.4  Radiographic Evaluation

Immediately after surgery and at the end of each 
observation period, the tibiae underwent X-ray via 
contact radiography in a lateral view using an 
X-ray generator at 44 kV and 4 mAs (Super 80CP, 
Philips GmbH, Germany). Evaluation of the imag-
ing changes was performed semiquantitatively.

15.2.5  Micro-CT

In addition, micro-computed tomography (micro-
 CT 80, Fa. Scanco, Brüttisellen, Switzerland) of 
the explanted tibiae was carried out. Images were 
obtained as transverse planes of the tibia and 
were further processed as 3-dimensional recon-
structions to get an overview. All micro-CTs 
were performed after sacrifice of the animals on 
dissected tibiae.

15.2.6  Histology

Histomorphological analysis (Fig.  15.2) was 
performed to evaluate bone growth and bone 
vitality around the implants using two kinds of 
staining. In vivo fluorochrome substances were 
injected postoperatively at fixed time intervals to 
achieve a fluorescent labeling of newly format-
ted bone. Additionally, a classical histomorpho-
logical staining of specimen surfaces was 
performed after polymerization and down pol-
ishing of tibiae ex vivo.

Histological specimens were prepared by 
embedding with methyl-methacrylate resin 
(Technovit® 4004,HeraeusKulzer GmbH, 
Germany) and dissecting mid-tibiae sagittally 
utilizing a diamond saw (Exakt 300CL, Exakt 
GmbH, Germany), followed by grinding down 
with a polishing machine (Planopol-V and 
Pedemax-2, Struers GmbH, Germany) to a 

Osteo-
genesis

Implant
resorption

1Scoring 2 3 4

Fig. 15.2 Histological scoring system (modified Giemsa 
stain) for osteogenesis (group 1) and implant resorption 
(group 2). Histological scoring system (modified Giemsa 
stain) for osteogenesis (1: no osteogenesis, 2: <50% of 
implant circumference with signs of osteogenesis,  

3: >50% of implant circumference with signs of osteo-
genesis) and implant resorption (1: <10% of implant 
degraded, 2: 10–50% of implant degraded, 3: >50% of 
implant degraded, 4: <10% of implant remnants detect-
able). Reproduced with permission
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thickness of 40–120 μm with diamond discs to 
get histological slides.

Approximately 100 μm thick tibia sections of 
every group at 4, 6, 8, and 12 weeks were then 
histomorphologically stained with a modified 
Grünwald-Giemsa staining called “K2.” This 
staining is suitable to evaluate the newly formed 
bone, with newly formed osteoid tissue stained 
yellowish-brown, old bone stained light-green/
blue, connective tissue stained orange-red, and 
calcifications stained bright-greenish-blue. The 
surface-stained specimens were then investigated 
via photo macroscopy (Wild M400, Wild 
Heerbrugg AG, Switzerland) at ×2 magnification 
to get an overview and using light microscopy 
(DMRB, Leica Microsystems GmbH, Germany) 
for more detail at ×25 and up to ×250 
magnifications.

All implants and surrounding tissue were 
evaluated for osteogenesis (criteria: amount of 
trabecular bone formation, number of osteo-
blasts, amount of osteoid, general impression) 
and amount of implant resorption (criteria: lysis 
of implant surface, presence and number of sur-
rounding giant cells, general inspection of mor-
phology). Osteogenesis was graded on a scale 
from 1 to 3 (little to maximum), and resorption of 
implants from 1 to 4 (none to complete).

To measure bone apposition rates after sur-
gery (i.e., the rate of bone ingrowth or bone 
deposition) within and around the implants, five 
separate fluorochrome labels were administered 
subcutaneously. For this purpose different fluo-
rochrome solutions were injected at the follow-
ing days postoperatively: 21 and 22  days 
(tetracycline, 30  mg/kg BW), 35 and 36  days 
(alizarin complexone, 30  mg/kg BW), 49 and 
50 days (calcein green, 30 mg/kg BW), 63 and 
64 days (xylenol orange, 90 mg/kg BW), and 77 
and 78  days (calcein blue, 30  mg/kg BW). 
Fluorochrome labels are bound to sites of active 
bone deposition shortly after administration 
[11]. Therefore, the time of bone formation can 
be related to the individual fluorescence color of 
each fluorochrome label administered 
chronologically.

Later on, specimens were investigated with 
their fluorochrome labeling, because of new bone 
formation using a light microscope (DMRB, 

Leica Microsystems GmbH, Germany) with an 
ultraviolet light source and at ×25 and up to ×250 
magnifications. Polychrome sequence marking 
was performed during the time of postoperative 
observation, exemplarily for one animal of each 
group. The fluorescence evaluation was per-
formed at weeks 8 and 12.

Fluorescence colors of bone tissue specimens 
indicate the time of bone formation, correlating 
with the time of fluorescence stain application 
in  vivo. Thus, time of bone formation can be 
assigned to individual label colors.

15.2.7  Statistical Analysis (Table 15.1)

Experimental investigations via X-ray, micro-
CT, and classical histology were conducted on 
a minimum of four animals. One animal for 
each group was sacrificed additionally at weeks 
8 and 12, to achieve specimen for fluorescence 
microscopy after polychrome sequence label-
ing. Scores for X-rays and classical histologi-
cal (modified Giemsa stain) pictures were 
generated to collect semiquantitative informa-
tion on the progress of implant resorption and 
osteogenesis.

15.3  Outcome and Scientific 
Literature Context

Rapid and complete reconstruction of bone 
defects through autologous or allogeneic bone 
or bone-related tissue can be crucial in trauma 

Table 15.1 Correlation of fluorescence color and bone 
formation time

Substance

Time of bone 
formation 
(postoperative week)

Fluorescence 
color (UV 
excitation)

Tetracycline 3 Yellow/green
Alizarin 
complexone

5 Red

Calcein green 7 Green
Xylenol 
orange

11 Orange

Correlation of fluorescence color of newly formed bone 
dependent on substance solution and time of administration 
used. Resulting in visually distinguishable stains of newly 
formed bone at different time periods by defined colors
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and orthopedic surgery. Calcium sulfate (CS), 
also known as plaster of paris, has been used 
for multiple implications for more than a cen-
tury [12] and its use in the surgical setting has 
been proposed [2]. Key features of this bone 
graft substitute include its biocompatibility as 
well as its features as a binding and stabilizing 
agent. Additionally it can serve osteoconduc-
tive purposes potentially leading to bone 
ingrowth [13, 14]. On the other hand, rapid 
resorption rate limits its use as a structural 
allograft. In this context, some authors found 
unsatisfactory results for CS if used as a bone 
graft [15]. We had anticipated that a combina-
tion of CS with calcium carbonate/tripalmitin 
can purposely delay the degradation process, 
providing temporary structural support during 
remodeling, synchronizing the ingrowing bone 
with biomaterial resorption, as well as preserv-
ing the bone grafts’ initial volume. This study 
aimed to visualize the mechanisms of bone for-
mation in the presence of novel antibiotic- 
impregnated CS implants in a rabbit model. 
With the use of radiographic and histologic 
methods, none of the three tested bead formula-
tions (Herafill®-G (1), CaSO4-V (2), and 
Osteoset® (3)) displayed any adverse reactions, 
while all of them were undergoing at least par-
tial decomposition within the tibial bone.

In the underlying research the surgical proce-
dure was well tolerated by all rabbits as well as 
the follow-up period. The animals were immedi-
ately after surgery fully weight bearing. No local 
or generalized signs of infection were observed.

These three bone substitutes composed of 
CS; differing side groups consisting of dihy-
drate (1, 2) and hemihydrate (3) in combination 
with differing antibiotics (gentamicin (1), van-
comycin (2), and tobramycin (3)) were used as 
study implants. Beads of group 3 consisted of a 
hemihydrate formulation of CS and are com-
mercially available (Osteoset®). In contrast, 
beads of groups 1 and 2 are novel preparations 
consisting of CS dihydrates with calcium car-
bonate and tripalmitin. Also, group 1 
(Herafill®-G) is a commercial product, whereas 
group 2was at the time of testing still in the 
development stage to treat MRSA infections in 

the future. The rationale for the use of calcium 
carbonate as an additive is its ability to delay 
degradation of CS and buffer the pH value in 
the implant region, thus counteracting healing 
problems of the tissue [16, 17]. Tripalmitin as a 
fatty acid influences the release kinetics of the 
antibiotics gentamicin and vancomycin to allow 
the beads to act potentially antimicrobially over 
a longer period of time [18, 19].

The tibiae were analyzed by different meth-
ods, in which drug release kinetics had already 
been described [12]. Conventional radiographs 
allowed a statement on the rate of resorption of 
implants during the study period. Further exam-
ination by micro-CT enabled a more precise 
insight into the processes of bone formation and 
implant resorption. While the 3-D reconstruc-
tions gave an overview of the processes in the 
interior of the entire bone, the main disadvan-
tage is the influence on the image by adjusting 
black- and- white values. On the other hand, the 
transversal 2-D images reflect the unaltered 
facts and ongoing visible mechanisms at the 
bone-implant interface. However, the amount of 
pictures is not suitable for an overview. 
Therefore, the combination of both views is 
essential for analysis of the mechanisms acting 
around the implants.

15.4  Resulting Radiographic 
Imaging

Conventional X-ray imaging showed differences 
of biodegradation between the implants over 
time. Initially, 4  weeks after implantation, all 
beads were radiographically detectable at the 
level of the initial insertion sites. Evaluation of 
changes in radio-opaqueness revealed no relevant 
changes from the 4th to the 12th weeks, with 
well-distinguishable beads at 12 weeks in group 
1. Radiolucency of the beads increased over the 
study period in groups 2 and 3. In group 2 radio-
lucency increased uniformly starting from the 4th 
week with completely disbanded implants at 
12  weeks. In group 3 the implants were only 
faintly detectable after the 4th week and had 
already disappeared radiologically after 6 weeks.
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15.4.1  Micro-CT

In group 1 all investigated implants showed radi-
opaque cores and localized mineralized surface 
changes after 4  weeks. Two of four animals 
showed beads with well-distinguishable trabecu-
lar structures between the implant’s surface and 
the host bone cortex. After 6  weeks the radi-
opaque core of all implants had disappeared, and 
the resorption left a homogenously disorganized 
surface. In addition, cortical bone bridges reached 
all implants. After 8 and 12 weeks, bone bridging 
on the implants had progressed, with no change 
in resorption of the implants.

Almost complete resorption for groups 2 and 
3 was detected within 12 and 6  weeks, respec-
tively. The implants were almost completely 
resorbed in all animals. Varying degrees of min-
eralization at the periphery of the implant bed 
were detected. Group 2 indicated a delayed 
resorption until week 12 and superficial trabecu-
lar structures, compared to pure calcium sulfate. 
Bone bridges from the animals’ cortex to the 
mineralized areas were found in a smaller quan-
tity in group 2, but not for group 3 implants.

Resorption of the beads between the groups of 
this study differed considerably. The implants of 
group 3 consisted only of CS and tobramycin and 
had already shown peripheral and central signs of 
resorption in the 4th week. In the 6th and espe-
cially the 8th weeks after implantation, beads had 
almost fully degraded. Beads of group 2 were no 
longer detectable radiologically after the 12th 
week, while the micro-CT scans and histological 
slices showed remnants of the beads as well as 
low amounts of bone formation around the for-
mer implant sites. This observation was sup-
ported by the data of the polychrome sequence 
marking. The beads of group 1 (Herafill®-G) 
were well detectable radiographically after 
4 weeks. In the 6th week increasing radiolucency 
of the beads was detectable, which increased up 
to week 8. At week 12 no further changes had 
shown. These observations suggest that both the 
size and composition of the implants influence 
the degradation rate. For Osteoset®, CS alone 
(group 3), a faster degradation was observed than 
for the compositions containing tripalmitin and 

calcium carbonate (groups 1 and 2 (CaSO4-V)). 
Within the latter group, the size of the implants 
seems to play an important role, since the small 
beads of group 2 were absorbed more rapidly 
than the large beads of group 1. These findings 
are in accordance to reported data from literature, 
where different degradation times for CS are 
reported for different sizes of implants: 3–4 weeks 
[20], 4–10 weeks [21], 6 weeks [22], 5–7 weeks 
[23], 45–72  days [3, 24], 8  weeks [25], 
2–4 months [16], and 6 months [26]. This shows 
that size correlates directly with resorption time. 
Additionally, the localization of implantation 
influences degradation time as presented on 
beads in the radius [3], tibia [27], femur [27], or 
maxilla and mandible [28, 29]. Lastly, the used 
animal model can also influence the degradation 
as already investigated in the dog [3, 28, 29] or 
rabbit [20].

15.5  Histological Results

In group 1, trabecular bone formation, invasion 
of osteoblasts, and erosion were detectable on 
all implants’ surfaces after 4  weeks. These 
mechanisms protruded up to 12 weeks with still 
detectable implants and surrounding giant cells 
at the time of sacrifice. In group 2, changes 
described above for group 1 were visible after 
4  weeks as well. Implant resorption was more 
pronounced compared to group 1 with almost 
fully degraded implants after 12  weeks. Giant 
cells were not detectable from week 8 on. Group 
3 showed  similar osteogenesis as group 2 with 
invasion of osteoblasts and production of oste-
oid starting from week 4. Resorption was very 
pronounced with almost fully resorbed implants 
from week 6 on. No more beads were recogniz-
able after 12 weeks.

Analysis of the histological specimen by 
means of polychrome sequence marking after 8 
and 12 weeks revealed the peri-implant bone as 
newly formed vital bone with enhancement of 
applied fluorochromes (Fig.  15.3). In the newly 
formed bone, no evidence of foreign-body 
response to the biomaterials (e.g., presence of 
inflammatory cells or fibrous tissue) was observed.
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By means of histological staining in the pres-
ent study, we were able to find deep lacunae in 
the peri-implant bone of all three formulations as 
clear signs of cellular degradation. Additionally, 
the presence of multinucleated giant cells on or 
in the implant material confirms the presence of 
cellular degradation. Regarding the nature of CS 
degradation contradicting mechanisms have 
been described. Bell et  al. and Tay et al. argue 
that CS degrades through the process of dissolu-
tion [23, 25]. This supports other investigators, 
who explain accelerated bone formation by pro-
vision of calcium ions during the degradation 
process [20]. Walsh et al. [30] conclude that the 
pH reduction leads to a demineralization of the 
adjacent bone, which subsequently leads to a 
release of BMP, which in turn stimulates bone 
regeneration. Sidqui et al. [31] also noted in their 
study that the activity of osteoclasts was excited 
by an acidic pH.  Other authors however argue 
that CS is degraded by cellular phagocytosis [3]. 
Orsini et al. [32] report in their study a combina-
tion of both dissolution and cell-mediated degra-
dation of CS [32]. However, whether CS 
additionally is degraded by dissolution cannot be 
stated with the findings of the present study.

The osteoconductive potential of CS was clearly 
detected in this study. All three formulations 

showed invading osteoblasts with active produc-
tion of osteoid at the implant sites and walled 
osteocytes with surrounding newly formed bone at 
the level of the implants’ surfaces and in the resorp-
tion lacunae. Group 3 showed osteogenesis up to 
the 8th week, with only remnants of osteoid at the 
level of the former implant site up to the 12th week 
(Fig. 15.4). Similar events were found in group 2, 
with active osteogenesis from the 4th week starting 
and decreasing over time. Group 1 beads seemed to 
induce osteogenesis at a steady-state level from the 
4th up to the 12th weeks. Here, fine cortical bone 
trabeculae bridged the implant-bone interface at 
the day of sacrifice. Possibly, the osteoconductive 
effect of group 2 may be improved to the level of 
group 1 by using larger bead dimensions. In sum-
mary, osteogenesis was found to decrease over 
time in groups 2 and 3 almost parallel to degrada-
tion of the beads. On the other hand, high levels of 
osteogenesis in group 1 were detected over 
12 weeks. These mechanisms were also supported 
by polychrome sequence marking after 12 weeks. 
In all three formulations, clear osteogenic signs 
detecting bone formation in direct contact to the 
degrading implants were found.

One limitation of this study is the use of dif-
ferent sizes for implants employed. The weights 
of the beads in sum were comparable accordingly 

Ι

ΙΙ

Group A
(12 w)

Group B
(12 w)

Group C
(8 w)

Fig. 15.3 Histological slices and fluorochrome-labeled 
bone at the implants in tibia of each group. Histological 
slices (I) and fluorochrome-labeled bone (II) of tibia of 
each group 1–3 after 12  weeks (1: Herafill®-G and 2: 
CaSO4-V), as well as after 8  weeks (3: Osteoset®). 
Corresponding to histological pictures fluorochromes 
were deposited around and inside the beads (NB new 

bone, RB remnants of beads). (II) Fluorescence colors 
indicate newly formed bone at different postsurgical peri-
ods (yellow/green (3w): tetracycline; red (5w): alizarin 
complexone; green (7w): calcein green; orange (11w): 
xylenol orange). The white scale bars represent 100 μm 
length. Reproduced with permission
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using different numbers of beads per type. To 
allow for an ideally comparable situation, beads 
of exact same size and antibiotic content should 
be used. However, this study delivers valid results 
for resorption and bone formation over time, as 
the use of real market-ready material was com-
pared. Molecular biologic methods in future 
studies might help in further evaluation of the 
newly formed bone inside and around the 
implants during resorption.

In summary, this study supported the biocom-
patibility of novel antibiotic-impregnated CS 
beads and specified the mechanisms in a rabbit 
model. The addition of calcium carbonate/tripal-
mitate delayed the degradation of the implants 
and resulted in synchronization of the ingrowing 
bone with biomaterial resorption but did not have 
negative effects on biocompatibility. Further 
in vivo studies are needed, in order to estimate 
time for complete resorption of these new formu-
lations of CS beads and to determine responses of 
bone cells to this biomaterial.

15.6  Outlook

In a rabbit model novel formulations of absorb-
able bone substitute materials based on cal-
cium sulfate exhibit delayed time of resorption, 
while osteoconduction is facilitated. Moreover, 

a sustaining osteogenic effect is determined 
over 12 weeks after implantation for Herafill®-G 
beads. The use of novel calcium sulfate-based 
bone substitute materials, incorporated with 
calcium carbonate/tripalmitin and antibiotics, 
can stimulate the bone regeneration process in 
an antimicrobial environment. Herewith, 
trauma and orthopedic surgeons may receive a 
future bone substitute material for complex 
bone regeneration as well as infection 
prophylaxis.
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Perivascular Progenitor Cells 
for Bone Regeneration

Carolyn Meyers, Paul Hindle, Winters R. Hardy, 
Jia Jia Xu, Noah Yan, Kristen Broderick, 
Greg Asatrian, Kang Ting, Chia Soo, Bruno Peault, 
and Aaron W. James

16.1  Introduction

The perivascular niche has long been hypothe-
sized to house a mesenchymal progenitor cell 
population. Over the last 9 years, the MSC-like 
identity of perivascular progenitor cells has 
become well defined [1]. First described in peri-
cytes of the tunica intima [1], it is clear that at 
least two and likely several multipotent perivas-
cular cell populations exist. The tunica adventi-
tia (outermost layer of the blood vessel wall) 
also houses progenitor cells in man [2] and 
mouse [3]. Specific combined cell surface mark-
ers on each perivascular progenitor cell popula-

tion allow for prospective isolation using 
antibodies, rather than retrospective culture-
based isolation techniques which are more com-
monly employed in the MSC field. Since their 
initial identification, multiple research groups 
have confirmed the MSC characteristics of peri-
vascular progenitor cells, and sought to leverage 
these cell types for tissue regeneration—both 
within and outside of the orthopedic field. In this 
review, we summarize what is known regarding 
the identity of perivascular progenitor cells, 
studies to date in bone tissue engineering, and 
evolving concepts of diversity within the peri-
vascular niche.
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16.2  Introduction to Pericytes 
and Perivascular Stem Cells

16.2.1  Identification of Perivascular 
Progenitors

The definitive in situ identification of pericytes as a 
tissue-resident MSC population was first reported 
by Crisan et al. in 2008 [1]. Prior to this, scattered 
reports had described the possible multipotentiality 
of CD146+ pericytes, including an ability to 
undergo osteogenic, chondrogenic, fibrogenic, and 
adipogenic differentiation [4–6] and high expres-
sion of cytokines and differentiation factors [7, 8]. 
Crisan et al. [1] used a combination of immuno-
fluorescent tissue section staining and flow cytom-
etry to reveal the MSC characteristics of pericytes, 
including expression of canonical MSC markers 
such as CD44, CD73, CD90, and CD105. Pericytes 
can be identified using a set of characteristic mark-
ers (such as NG2, CD146, PDGFRB, and αSMA), 
along with co-staining for endothelial markers 
(such as CD31, CD34, or VWF von Willebrand 

factor) for exclusion of intimal cells and to confirm 
a perivascular residence. Additional pericyte mark-
ers are listed in Table 16.1. Across human organs, 
pericytes were ubiquitously identified around arte-
rioles, capillaries, and venules. Next, Crisan et al. 
used fluorescent-activated cell sorting (FACS) to 
purify a CD146  +  CD34-CD45-CD56- pericyte 
population. Subsequent studies have refined this to 
identify a CD146  +  CD34-CD31- CD45-CD56- 
cell population [9]. Crisan et al. [1] identified the 
multilineage differentiation potential of FACS-
purified pericytes, including an ability to differenti-
ate down bone, fat, skeletal muscle, and cartilage 
lineages. Since this time, multiple investigators 
have confirmed the pericytic/perivascular location 
of presumptive MSC [10].

A second perivascular location of MSC-like 
cells was soon identified in the tunica adventitia of 
larger vessels. Hu et al. [11] identified a CD117+, 
Sca-1+ (stem cell antigen-1) cell population within 
the mouse aorta with MSC characteristics. 
Likewise, investigators have isolated CD34+ mes-
enchymal progenitors from human arteries and 
veins [12, 13]. These findings were formalized by 

Table 16.1 Summary of perivascular progenitor cell markers

Surface marker Expression in pericytes Expression in adventitial cells Pericyte reference Adventitial cell reference
CD10 + + [1] [29]
CD13 + + [1] [30]
CD14 − − [31–33] [31]

CD29 + Unknown [32] Unknown
CD31 − − [1, 31–36]) [2, 34–37]

CD33 − − [31] [31, 38]

CD34 − + [1, 31, 34–36] [2, 12, 13, 39]

CD44 + + [1, 31–34] [2, 31, 37]
CD45 − − [1, 31, 32, 34] [2, 31, 36, 37]

CD56 − Unknown [1, 34] Unknown

CD73 + + [1, 31, 32, 34] [2, 31]
CD90 + + [1, 31–36] [2, 24, 31, 37]
CD105 + + [1, 32–34] [2]
CD106 − − [1, 33] Unknown

CD117 − − [36] [36, 37]

CD133 − [1] Unknown

CD140b + + [1, 31, 32, 34, 
35]

[30]

CD146 + − [1, 31–36] [2, 31, 36, 37]

ΑSMA + − [1, 34, 35] [2, 35, 37]

NG2 + − [1, 32, 34, 35] [2, 37]

STRO-1 + Unknown [33, 34] Unknown
Nestin + Unknown [37] Unknown
Vimentin + + [37] [37]
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Corselli et al. [2], in which the tunica adventitia of 
human larger arteries and veins was observed to 
have MSC characteristics, including typical MSC 
marker expression (in situ and after purification) as 
well as multilineage differentiation potential. Under 
permissive culture conditions, these so-called 
adventitial cells can adopt pericyte markers, sug-
gesting that this represents a less differentiated pro-
genitor cell subset. In combination, pericytes and 
adventitial cells (collectively termed perivascular 
stem/stromal cells or PSC) comprise approximately 
40% of lipoaspirate stromal tissues [14]. Analyzing 
the frequency of viable PSC purified by FACS from 
60 consecutive donors of lipoaspirate, James and 
colleagues reported a mean yield of over 15 million 
purified PSC per 100 mL of lipoaspirate [15]. These 
results were the first study to demonstrate that PSC 
could be derived in clinically meaningful numbers 
for orthopedic applications. To date, it is the combi-
nation of human CD146+ pericytes and CD34+ 
adventitial cells that has been most often studied for 
use in bone tissue engineering (Fig. 16.1).

16.2.2  Relationship of Pericytes 
and Adventitial Cells

Although features of multipotency and perivascu-
lar locale are shared between pericytes and adven-
titial cells, the exact relationship between these 
two perivascular cell populations is unclear. As 
mentioned, under certain culture conditions, 
adventitial cells may adopt the expression of peri-
cyte markers. These data led to the hypothesis of 

adventitial cells being a “less differentiated” stro-
mal cell population. In order to more thoroughly 
understand these distinct cell populations, single-
cell gene expression was performed on individual 
adventitial cells (n = 67) or pericytes (n = 73) from 
a single patient’s adipose tissue sample [16]. Cells 
were transcriptionally profiled using Fluidigm 
single-cell quantitative PCR. To these single-cell 
data, we applied differential expression and princi-
pal component and clustering analysis, as well as 
an original gene co-expression network recon-
struction algorithm. Despite the stochasticity at the 
single-cell level, an analysis of covariance patterns 
in gene expression yielded multiple network con-
nectivity parameters suggesting that adventitial 
cells are the “least differentiated” while pericytes 
are the “more differentiated” cell populations. 
ALDH staining, a functional marker of primitivity 
was able to further subclassify perivascular pro-
genitor cells into discreet subclasses. These find-
ings are important from a tissue engineering 
standpoint, as most studies to date have used a 
combined pericyte  +  adventitial cell preparation 
for bone regeneration. The functional differences, 
if any, in bone forming potential remain unknown.

16.2.3  Perivascular Progenitor Cells 
in Ectopic Bone Formation

Proof-of-concept studies in PSC applications in 
bone tissue engineering were first conducted in 
an ectopic (intramuscular) model. This model 
examined the bone-forming potential of isolated 

Lipoaspirate

+ Collagenase

Stromal Vascular
Fraction (SVF)

CD45-
CD31

C
D

14
6

CD34

Perivascular Stem
Cells (PSC)

Fluorescence-Activated
Cell Sorter (FACS)

Adv

Adv
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Fig. 16.1 Overview of perivascular stem/stromal cell 
isolation (PSC). From left to right: Perivascular stem/stro-
mal cells are most commonly derived from liposuction of 
human subcutaneous adipose tissue, yielding lipoaspirate. 
After an enzymatic digestion using collagenase, the cell 
pellet is obtained, consisting of an unpurified stromal cell 
population, most commonly referred to as “stromal vascu-

lar fraction” or SVF. Fluorescence-activated cell sorting is 
performed to obtain CD146+CD34-CD45-CD31- peri-
cyte (peri) and CD146-CD34+CD45-CD31- adventitial 
cell (adv) population. Collectively, these perivascular pro-
genitor cell populations are termed “perivascular stem/
stromal cell” or PSC
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PSC as compared to the unpurified stromal vas-
cular fraction (SVF) from the same patient’s adi-
pose sample [14]. Here, a demineralized bone 
matrix putty was used as an additional osteoin-
ductive stimulus. Results showed that PSC intra-
muscular implantation resulted in larger bone 
particles and increased quantitative metrics of 
bone formation by micro-CT, and increased bone 
matrix accumulation by histologic analysis. In 
addition to increased bone formation among 
PSC-treated groups, an increase in vascularity of 
the implant site, associated with increased pro-
duction of vascular endothelial growth factor 
(VEGF), was observed [17]. Implanted PSC were 
also observed to return to their perivascular 
 location once engrafted [17], a finding that has 
also been observed in cardiac implantation mod-
els [18]. These “proof-of-concept” studies estab-
lished for the first time that a purified perivascular 
cell therapy was superior to an unpurified stromal 
cell population across all outcomes of bone 
formation.

16.2.4  Perivascular Progenitor Cells 
in Orthotopic Models of Bone 
Formation

The bone-forming advantage of purified PSC 
has been examined across three clinically rele-
vant models of bone regeneration/repair, includ-
ing a (1) mouse calvarial defect model, (2) rat 
spinal fusion model, and (3) rat fibrous non-
union model. Importantly, all studies have used 
different application techniques and different 
scaffold carriers—highlighting the versatility of 
the cell therapy.

The first application of PSC for bone defect 
healing was studied in a murine calvarial defect 
model. Here, equal numbers of unpurified SVF or 
purified PSC from the same patient’s adipose sam-
ple were implanted in a nonhealing calvarial defect 
in the mid-aspect of the parietal bone. Radiographic 
and histologic analysis showed that PSC induced a 
significant increase in bony regenerate within the 
defect site, with significant bone defect healing 
over the 8-week study period. In comparison, 
unpurified SVF from the same patient had no sta-

tistically significant benefit in comparison to an 
acellular scaffold control. Thus, across both ecto-
pic and orthotopic bone models, PSC showed sig-
nificantly greater potential for bone formation in 
comparison to unpurified stroma.

Spinal fusion models must withstand biome-
chanical strain and represent a more functionally 
demanding environment for a bone graft substi-
tute. Chung and colleagues examined the effects 
of PSC application in a rat posterolateral lumbar 
spinal fusion model [19]. Briefly, human PSC 
implantation was performed across three cellular 
densities in the rat spinal fusion model, using a 
demineralized bone matrix putty as a cell carrier. 
Results showed that PSC showed a dose- 
dependent increase in endochondral ossification, 
increase in bone deposition, increase in measure-
ments of bone strength, and complete fusion 
(100%) between spinal segments. PSC-induced 
bone formation was observed to be a result of 
both direct ossification of PSC and indirect para-
crine effects exerted by PSC. By species-specific 
MHC class I immunohistochemical staining, the 
indirect effects on host osteoprogenitor cells 
seemed to be the principal mechanism of action.

To test the use of pericyte cell therapies for 
fibrous nonunion, investigators examined a well- 
established model of rat tibial atrophic nonunion 
[20, 21]. Pericytes were percutaneously injected 
3 weeks after the establishment of fibrous non-
union [22]. Results showed that pericyte injec-
tion increased fracture callus size, increased 
mineralization, and resulted in increased bone 
union. Three differences should be noted between 
this and past studies. First, pericytes were injected 
as a cell suspension—as opposed to being mixed 
with a scaffold material. Second, pericyte injec-
tion in nonunion did not show significant persis-
tence of implanted cells when defect sites were 
interrogated by species-specific immunohisto-
chemistry. These data are at odds with prior stud-
ies in which human cell persistence was seen. 
Third and finally, pericytes did not outcompete 
BMSC cells in terms of primary outcomes when 
transplanted in equal numbers. These data sug-
gest that differences across model systems and 
cell applications methods are critical when 
assessing interstudy comparability.

C. Meyers et al.
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16.3  Emerging Topics: Regional 
Specification of Pericytes

Despite the ubiquitous distribution of pericytes 
and perivascular progenitor cells in all vascular-
ized organs, their tissue-specific functions remain 
shrouded in mystery. Data to date supports the 
notion that pericytes have organ-specific func-
tions in tissue repair while maintaining MSC-like 
properties. For example, pericytes derived from 
the fat pad adjacent to the cartilage of the knee 
show MSC-like multilineage differentiation 
potential, but with an unusual predilection for 
forming cartilage [23]. Likewise, dental pulp- 
derived CD146+ pericytes form a mixture of 
fibrous pulp and dentin once transplanted, in 
effect recapitulating their native environment 
with marked fidelity [24]. Similarly, brain- 
derived pericytes are primed to participate in 
neural repair [25, 26]. In order to directly com-
pare the bone-forming potential of pericytes by 
anatomic location, Sacchetti et  al. [27] purified 
and cultured four preparations of human CD146+ 
pericytes from either bone marrow, periosteum, 
skeletal muscle, or cord blood. Fascinatingly, in 
an ectopic bone formation model, vastly different 
quantities of bone and cartilage were produced 
depending on the anatomic site of origin [27]. 
Major differences in the transcriptome of each 
pericyte reservoir were associated with these dif-
ferences in bone-forming potential. In a striking 
example of tissue specification, we recently dem-
onstrated that pericytes within the kidney pro-
duce renin with functional enzyme activity, 
thereby participating in blood volume control 
[28]. Importantly, these tissue-specific pericytes 
retained a canonical feature of all pericytes—
capability for multilineage differentiation [28]. In 
sum, the concept is emerging of pericytes as a 
reservoir of tissue-specific progenitor MSCs.

16.4  Discussion

In summary, the application of perivascular pro-
genitor cells for orthopedic indications is a signifi-
cant and growing field of study. There exists 
significant overlap in the use of PSC as compared 

to other adipose-derived cell therapies. However, 
there are significant risks and benefits of using a 
purified perivascular cell population. A cell sorting 
approach bypasses the time, costs, and risks asso-
ciated with cell culture, and increases the homoge-
neity of the cell therapy. Precise cell identity may 
also speed regulatory approval of a cellular ther-
apy. Conversely, there are several drawbacks for 
the use of a purified cellular constituent. First, the 
isolation of PSC is a complex procedure which 
currently uses FACS. GMP facilities with FACS 
capability are uncommon, and the associated costs 
will be high. Nevertheless, a purified cell product 
that bypasses any culture requirement represents a 
significant advance in the field. Additional, direct 
head-to-head comparisons of PSC to other MSC 
sources are needed to clarify the most optimum 
cell source for orthopedic indications.
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17.1  Introduction

Bone tissue is capable of spontaneous scarless self-
repair, generating new tissue that is indistinguish-
able from surrounding uninjured bone [1]. The 
process of fracture healing in the adult skeleton 
recapitulates embryogenic bone development and 

can be considered a form of tissue regeneration [2]. 
Fracture healing is a complicated metabolic pro-
cess that follows specific regenerative patterns and 
involves changes in the expression of several thou-
sand genes [3]. If these factors are inadequate or 
interrupted, healing is delayed or impaired, result-
ing in nonunions [4]. The exact etiology of non-
unions and delayed fracture healing are unknown 
[4], but numerous pre-, intra-, and postoperative 
factors have been found to be associated with 
impaired bone healing. Excessive periosteal strip-
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ping, damage to surrounding soft tissue, inadequate 
postoperative immobilization, repeated manipula-
tions, and excessive early motion of a fracture all 
worsen the outcomes of fracture healing [4].

Fracture repair is regulated by a variety of 
growth factors [5]. The canonical Wnt signaling 
pathway plays a central role in bone develop-
ment, homeostasis, as well as bone repair and 
regeneration following injury [6]. In most cases, 
Wnt ligands promote bone growth, which has led 
to speculation that Wnt factors could be used to 
stimulate bone healing [7]. As a result of the 
increasing appreciation for Wnts in bone biology, 
several small molecules and biologics that 
enhance canonical Wnt signaling have been 

tested in preclinical models, and some are enter-
ing clinical trials [8].

Here, we present a summation of data, which 
provide strong evidence on components of 
canonical Wnt signaling likely to be targeted by 
future treatment regimens to augment fracture 
healing. An overview of the Wnt pathway will be 
provided, followed by discussion of specific 
canonical Wnt signaling molecules that are favor-
able targets for facilitating fracture repair.

Table 17.1 Key molecules and cells involved in bone repair

Key factors Function In vivo and in vitro effects
Extracellular messengers

IL-1, IL6, TNFα Elicit inflammation and 
migration

In vitro inhibit osteoblastic differentiation, but in vivo TNFα is 
crucial for bone repair; role of IL-6 is controversial (anti- or 
pro-osteogenic probably, depending on soluble IL-6 receptor)

TGFβ Mitogenic factor, osteogenic 
factor

Can induce osteoblast differentiation at the early stage of 
immature cells but can also inhibit osteogenesis in committed 
cells

BMP2 Osteogenic factor Osteochondrogenic factor; might initiate bone formation and 
bone healing and can induce expression of other BMPs

BMP4 Osteogenic factor Osteochondrogenic factor in vivo and in vitro
BMP7 Osteogenic factor Osteogenic factor in vivo and in vitro; active on more mature 

osteoblasts
SDF1 Chemotactic factor Allows MSC homing both in vitro and in vivo
Noggin BMP2, 4, and 7 specific 

inhibitor
Suppresses osteoblastic differentiation

FGFb Angiogenic and mitogenic 
factor, osteogenic factor 
(controversial)

Mutations induce chondrodysplasia and craniosynostosis; can 
stimulate Sox9; might be a negative regulator of postnatal

IGF-I, II Mitogenic factors, osteogenic 
factors

Stimulates growth plate formation, endochondrate ossification, 
and bone formation by osteoblasts

PlGF Angiogenic and vasculogenic 
factor

Induces proliferation and osteogenic differentiation of MSCs; 
crucial for vascularization

VEGF Angiogenic and vasculogenic 
factor

Most potent angiogenic and vasculogenic factor; crucial at the 
onset of bone formation

PDGF Mitogenic and chemotactic 
factor

Highly mitogenic factor for MSCs and chemotactic for MSCs, 
osteoblasts, and perivascular cells

Wnts Mitogenic and osteogenic 
factors

Depending on Wnt type, crucial for osteoprogenitor 
proliferation; can also inhibit final osteoblast maturation

DKK1 Inhibitor of Wnt signaling Strongly inhibits osteogenesis of MSC and osteoprogenitor 
cells; can stimulate terminal maturation

Ihh Osteochondrogenic factor Pivotal role for growth plate and endochondral formation; can 
inhibit osteoblast differentiation; might induce PTHrP 
expression

PTHrP Osteochondrogenic factor Pivotal role for growth plate and endochondral formation; can 
induce or inhibit osteogenesis

OPG Decoy receptor of RANKL, 
inhibition of RANKL

Strongly inhibits bone resorption and has a pivotal role in bone 
remodeling

K. S. Houschyar et al.
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Table 17.1 (continued)

Key factors Function In vivo and in vitro effects
RANKL Induces osteoclastogenesis Strongly stimulates bone resorption and has a pivotal role in 

bone remodeling
M-CSF Induces osteoclastogenesis Crucial for osteoclastogenesis
Gastrointestinal 
serotonin

Neurotransmitter inhibiting 
osteogenesis

Expressed by enterochromatin cells, inhibits bone formation 
and repressed by Lrp5

Intracellular messengers
PKA/CREB Transduce osteogenic 

signaling
Can transduce osteogenic signaling (still controversial); 
possible indirect effect

MAPKs Transduce osteogenic 
signaling by phosphorylation

Crucial for regulation of intracellular signaling induced by 
osteogenic factors (still controversial)

β-Catenin Osteogenic transducer factor Pivotal role in transducing osteogenic signal from Wnt and is 
negatively regulated by GSK3β

Runx2 Early osteogenic 
transcription factor

Master regulator of early osteogenesis; runx2 mice died, with 
no bone formation

Osterix Late osteogenic transcription 
factor

Master regulator of late osteogenesis, inhibiting 
chondrogenesis

Dlx5 Osteogenic homeobox 
protein

Induces osteoblast maturation but inhibits osteocyte formation

Msx2 Osteogenic homeobox 
protein

Induces proliferation of immature cells; responses depend on 
Dlx5 quantity

NF-kB Inflammation transducer 
factor, inhibits osteogenesis

Inhibits the differentiation of MSCs and committed 
osteoblastic cells

Cells
MSCs Origin of osteoblasts Can form bone in vivo and osteoblasts in vitro
Osteoblasts Osteogenic professional cells Generate bone formation
Adipose 
tissue- derived 
stromal cells

Multipotential cells Can give rise to bone in vivo and in vitro but are less effective 
than bone marrow MSCs

Table 17.2 Clinical relevance of key factors in bone repair

Key factors tested Observations
BMP2 Used for spine fusion, bone nonunion, and bone defects; clinically efficient for bone 

repair and regeneration; some adverse effects observed (osteolysis and ectopic bone 
formation)

BMP7 Used for spine fusion and bone nonunion; clinically efficient for bone repair
PTHrP/PTH Used for osteoporosis; efficient for increasing bone mass when intermittently 

administered

Wnt/β-catenin LiCl used as a specific inhibitor of GSK3β to increase bone mass postfracture and to 
diminish fracture risk bortezomib, proteasome inhibitor used in treatment of multiple 
myeloma (MM); also increases bone mass anti-DKK1 monoclonal antibody 
(BHQ880) used to inhibit osteolysis in MM or to increase BMD anti-sclerostin 
antibody used to increase bone mass

RANKL/OPG Targeting RANKL to treat osteoporosis; e.g., denosumab (anti-RANKL antibody), 
which can be used with biphosphonates

Biphosphonates Widely used for osteoporosis, bone necrosis, osteogenesis imperfecta, and some 
osteolytic tumors (MM) (zoledronate, alendronate, risedronate); some adverse effects 
noted (osteonecrosis, inhibition of osteogenesis)

TGFβ Used as a bone nonunion marker

Platelet-rich plasma Used in maxillofacial surgery and for bone defects with or without biomaterials with 
or without osteoregenerative cells

MSCs or osteoblasts In vitro-expanded MSCs (or osteoblasts) used for bone defects, osteonecrosis, 
immune rejection; randomized controlled clinical trials are required

17 Bone Repair and Regeneration Are Regulated by the Wnt Signaling Pathway
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17.2  Formation of Bone During 
Embryological Development

Bone biology basically depends on molecular piv-
ots (Table 17.1) that represent disease targets as 
well as tools for new treatments (Table  17.2). 
Skeletal formation involves synchronized integra-
tion of genetic programs governing the specifica-

tion, proliferation, differentiation, programmed 
cell death, remodeling of the extracellular matrix, 
and vasculogenesis [9]. These same cellular and 
extracellular events occur during adult bone repair 
and regeneration, leading us and others to propose 
that the molecular machinery responsible for fetal 
skeletogenesis also plays a role in the process of 
skeletal repair [10].

a

b

Fig. 17.1 Mechanisms of skeleton formation. (a) Bones 
can form by either intramembranous or endochondral ossi-
fication. Both processes are initiated by the condensation 
of mesenchymal cells. During intramembranous ossifica-
tion, mesenchymal cells differentiate directly into osteo-
blasts and deposit bone. During endochondral ossification, 
mesenchymal cells differentiate into chondrocytes and first 
make a cartilage intermediate. Chondrocytes initiate a 
growth plate in the center of the bone, stop proliferating, 
and undergo hypertrophy. Hypertrophic chondrocytes 
mineralize their matrix and undergo apoptosis, attracting 

blood vessels and osteoblasts that remodel the intermedi-
ate into bone. (b) The first histologic sign of synovial joint 
formation is the gathering and flattening of cells, forming 
the interzone. Cavitation occurs within the presumptive 
joint separating the two cartilaginous structures. 
Remodeling and maturation proceed to give rise to the 
mature synovial joint. Wnt signaling plays a significant 
role in controlling almost all aspects of skeleton formation. 
Osteoblasts (purple); chondrocytes (blue); osteochondro-
progenitor cells (brown)
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Cartilage and bone define the skeleton and are 
produced by chondrocytes and osteoblasts, 
respectively. During embryological development, 
bone is formed by two distinct processes: intra-
membranous and endochondral ossification 
(Fig. 17.1). The developing skeletal elements are 
often segmented to form joints, which are required 
to support mobility. Synovial joints, which allow 
movement via smooth articulation between bony 
fronts, form when chondrogenic cells in newly 
formed cartilage undergo a program of dediffer-
entiation and flattening to form an interzone.

17.3  Mechanism of Bone Repair 
and Regeneration

Fracture healing is a complex and well- 
orchestrated regenerative process, initiated in 
response to injury, and culminating in optimal 
skeletal repair and restoration of skeletal func-
tion [11]. Unlike other adult tissues, which gen-
erate scar tissue at the site of an injury, the 
skeleton heals by forming new bone that is indis-
tinguishable from adjacent, uninjured tissue 
[12]. Fracture healing occurs by two general 
mechanisms, direct and indirect repair, which 
mimic early developmental processes [13]. 
Direct or primary repair takes place when there 
is contact between adjacent bone cortices [8]. 
Osteoprogenitor cells, osteoclasts, and undiffer-
entiated mesenchymal stem/stromal cells 
(MSCs) are recruited to the fracture site and con-
tribute to formation of new bone in a mechanism 
similar to formation of bone during intramem-
branous ossification in the skull and clavicles 
[14]. Direct repair usually occurs when the 
injury is treated surgically by means of stable 
fixation. During indirect or secondary healing, 
bone formation is akin to endochondral ossifica-
tion, the developmental process that produces 
long bones [15]. Following injury, a soft callus 
forms in indirect healing, which develops into a 
cartilaginous template that undergoes calcifica-
tion into a hard callus and eventually is replaced 
by new woven bone [16]. Woven bone is slowly 
remodeled into lamellar bone, the final stage of a 
process requiring several months before the 

afflicted bone is able to support normal load 
bearing [17]. Most fractures heal with temporary 
immobilization, surgical fixation, or both, but 
3–10% of fractures fail to heal and result in the 
formation of a fibrous or nonunion. Therapies 
aimed at inducing bone formation at the break 
point may increase the chances of a successful 
bone union but also decrease the time required 
for normal fracture healing.

17.4  Three Wnt Signaling 
Pathways

The Wnt signaling pathway is an evolutionarily 
conserved pathway that regulates crucial aspects 
of cell polarity, cell migration, cell fate determina-
tion, primary axis formation, organogenesis, and 
stem cell renewal during embryonic development 
[18]. A dysregulation of Wnt signaling has been 
implicated in the pathogenesis of many disease 
types, including autoimmune diseases and cancer 
[19]. The name Wnt originates from the fusion of 
wingless, the Drosophila segment polarity gene, 
and integrated or int-1, the name of the vertebrate 
homolog [20]. In mammals, complexity and speci-
ficity in Wnt signaling are in part achieved through 
19 Wnt ligands, which are cysteine- rich proteins 
of approximately 350–400 amino acids that con-
tain an N-terminal signal peptide for secretion [6]. 
As the signaling pathways that play crucial role 
during embryogenesis are tightly regulated, the 
expressions of Wnt proteins and antagonists are 
exquisitely controlled during development, both 
temporally and spatially [18].

Intracellular Wnt signaling diversifies into at 
least three main branches: (1) the β-catenin path-
way (canonical Wnt pathway), which activates 
target genes in the nucleus; (2) the planar cell 
polarity (PCP) pathway, which involves jun 
N-terminal kinase (JNK), and cytoskeletal rear-
rangements; and (3) the Wnt/Ca2+ pathway [21]. 
In the canonical Wnt signaling pathway, glycogen 
synthase kinase 3 (GSK-3)-mediated β-catenin 
ubiquitination and degradation are inhibited by 
binding of Wnt to the receptor- coreceptor com-
plex, frizzled/LRP [22]. In the planar cell polarity 
pathway, Wnt signaling activates JNK and directs 
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asymmetric cytoskeletal organization and coordi-
nated polarization of cell morphology within the 
plane of epithelial sheets [23]. This pathway 
branches from the canonical Wnt pathway down-
stream of frizzled, at the level of dishevelled, and 
involves downstream components like the small 
GTPase Rho and a kinase cascade including 
Misshapen, JNK kinase, and JNK [24]. Several 
members of the canonical Wnt signaling pathway, 
including GSK-3 and APC, have also been impli-
cated in spindle orientation and asymmetric cell 
division of C. elegans and Drosophila [25]. In pre-
vious studies, Wnt has been shown to play a role 

in the release of intracellular calcium, possibly 
mediated via G proteins [26, 27]. This pathway 
involves activation of PLC, PKC, and calmodulin-
dependent kinase II and is implicated in Xenopus 
ventralization and in regulation of convergent 
extension movements [28]. Here, we focus on 
canonical/ß-catenin-dependent Wnt signaling, 
which is the most extensively studied Wnt signal-
ing pathway and is strongly implicated in skeletal 
tissue regeneration and repair (Fig. 17.2).

a b

Fig. 17.2 Wnt signaling cascades. (a) The canonical Wnt 
signaling cascade is dependent on the intracellular signal-
ing molecule β-catenin. In the absence of Wnt binding to 
Fz receptors, β-catenin is sequestered into a destruction 
complex composed of Axin, CK1α, APC, and GSK3β, 
phosphorylated, ubiquitinylated, and subsequently 
degraded by the proteasome. Upon binding of Wnt to Fz 
receptors and LRP5/6 coreceptors, DSH interacts with the 
receptor complex and recruits the destruction complex to 
the cell membrane allowing newly synthesized β-catenin 
to accumulate within the cytoplasm and to translocate to 
the nucleus. Nuclear β-catenin can displace the transcrip-
tional co-repressor Groucho from TCF transcription fac-
tors and promote activation of a gene transcription 
program. Both Wnt-binding antagonists (sFRPs/WIF) and 
Wnt receptor antagonists (Dkk/SOST) inhibit the canoni-
cal cascade. (b) In the noncanonical Wnt signaling cas-
cade, different phosphorylation cascades are activated by 
specific ligand–receptor interactions, seemingly without 

engagement of the LRP coreceptors. Many of these cas-
cades are triggered by an increase in intracellular Ca2+ 
concentrations secondary to PLC and DAG production. 
Subsequently, PKC and CaMKII can activate transcrip-
tion factors like NFκB and CREB; mediated IP3 and 
calmodulin are involved in the activation of NFAT. Only 
the Wnt-binding antagonists inhibit the noncanonical cas-
cade. Abbreviations: APC, adenomatous polyposis coli; 
CaMKII, calcium/calmodulin-dependent protein kinase 
type II; CK1α, casein kinase 1-α; CREB, cyclic AMP- 
responsive element-binding protein; DAG, diacylglyc-
erol; Dkk, Dickkopf; DSH, dishevelled; GSK3β, glycogen 
synthase kinase-3 β; IP3, inositol 1,4,5-triphosphate; LRP, 
low-density lipoprotein receptor-related protein; NFAT, 
nuclear factor of activated T cells; NFκB, nuclear factor 
κB; PIP2, phosphatidylinositol 4,5-bisphosphate; PKC, 
protein kinase C; PLC, phospholipase C; sFRPs, secreted 
frizzled-related proteins; SOST, sclerostin; WIF, Wnt 
inhibitory factor
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17.4.1  Canonical Wnt Signaling 
Pathway

In recent years, novel insights into the various 
levels of canonical Wnt signaling have refined 
the model of how this pathway is regulated [29]. 
At least 7 of 19 Wnt proteins, including Wnt-1, 
Wnt-2, Wnt-3, Wnt-3b, Wnt-4, Wnt-8, and Wnt- 
10b, have been reported to activate this pathway 
[30]. The hallmark of canonical Wnt signaling is 
the accumulation and translocation of adherens 
junction-associated protein, β-catenin, into the 
nucleus [31]. β-Catenin has been shown to per-
form two apparently unrelated functions: cell- cell 
adhesion and signaling in the Wnt/wg pathway 
[32]. Accumulation of intranuclear β-catenin 
results in transcriptional activation of specific tar-
get genes during development [33]. Dysregulation 
of β-catenin signaling plays a role in the genesis 
of a number of malignancies, suggesting an 
important role in the control of cellular prolifera-
tion or cell death [34]. In the absence of appropri-
ate Wnt ligands, cytoplasmic β-catenin is 
degraded by a β-catenin destruction complex, 
comprised of Axin, adenomatous polyposis coli 
(APC), GSK3, and casein kinase 1 (CK1) [35]. 
CK1 and GSK3 phosphorylate β-catenin in the 
NH2-terminal degradation box, targeting it for 
ubiquitination. The phosphorylated β-catenin is 
polyubiquitinated by bTRCP1 (a component of 
ubiquitin E3 ligase) or bTRCP2 complex for the 
following proteasome-mediated degradation by 
the multi-protein complex [36].

The canonical Wnt pathway is initiated by 
binding of appropriate Wnt ligands to the Fzs and 
LRP-5/6 coreceptor [37, 38]. When an appropri-
ate Wnt ligand binds the Wnt receptor complex, 
the intracellular protein, dishevelled (Dvl), is acti-
vated and transduces this signal from the receptor 
complex [39]. Activated Dvl inhibits GSK-3b, 
resulting in the collapse of the multi- protein com-
plex [40]. β-Catenin cannot be targeted for degra-
dation and it accumulates and translocates to the 
nucleus, where, in concert with members of the 
T-cell factor/lymphoid enhancer factor (TCF/
LEF) family, it activates the transcription of a 

wide range of genes, including c-myc and cyclin 
D1 [41]. The complexity of Wnt intracellular sig-
naling pathways parallels the complexity observed 
in the diversity of Wnt receptors [32]. To date, 
there are ten human Fz receptors. It should be 
emphasized that, although the role of Fz in acting 
as a receptor for Wnts is long established, LRP-5 
and its closely related homolog, LRP-6, are two 
important molecules which mediate Wnt/β-
catenin signaling. Both LRP-5 and LRP-6 act as 
coreceptors for Wnt proteins, and this canonical 
Wnt pathway can be antagonized by secreted pro-
teins from the Dickkopf (Dkk) family that bind 
with high affinity to LRP-5 or LRP-6 and thereby 
directly prevent Wnt binding [42].

17.4.2  Noncanonical Wnt Signaling 
Pathway

The noncanonical pathway, often referred to as 
the β-catenin-independent pathway, is divided 
into two distinct branches: the planar cell polarity 
pathway (PCP pathway) and the Wnt/Ca2+ path-
way [29]. The defining feature of the PCP path-
way is its role in the regulation of actin 
cytoskeleton for polarized organization of struc-
tures and directed migration [18]. Moreover, this 
pathway appears to function independently of 
transcription. The PCP pathway emerged from 
genetic studies in Drosophila in which mutations 
in Wnt signaling components, including those in 
frizzled and Dvl, were found to randomize the 
orientation of epithelial structures such as cuticle 
hairs and sensory bristles [18].

The Wnt/Ca2+ noncanonical Wnt signaling 
pathway shares a number of components of the 
PCP pathway, but is sufficiently distinct to be 
considered separate. Its unique roles center 
around the modulation of both the canonical sig-
naling for dorsal axis formation and the PCP sig-
naling for gastrulation cell movements [43]. The 
Wnt/Ca2+ pathway is dependent on G-proteins, 
and its discovery was founded on the observation 
that some Wnts and Fz receptors can stimulate 
intracellular Ca2+ release from endoplasmic retic-
ulum (ER) [44]. Wnt5a, Wnt11, and rat Fz2 
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(RFz-2) are capable of intracellular Ca2+ release, 
without affecting β-catenin stabilization [18]. 
The role of the Wnt/Ca2+ pathway during embryo-
genesis is diverse and includes negative regula-
tion of dorsal axis formation, promotion of 
ventral cell fate, regulation of tissue separation, 
and convergent extension movements during gas-
trulation, and later in heart formation [45].

17.5  Mesenchymal Stem/Stromal 
Cells (MSCs) and Wnt 
Signaling in Bone 
Development 
and Homeostasis

MSCs are multipotent progenitors that retain the 
capacity to differentiate into multiple types of tis-
sues, including bone, cartilage, fat, tendon, and 
muscle [46]. MSCs carry vast therapeutic poten-
tial in regenerative medicine due to their relative 
abundance in various locations in the patient’s 
body, especially bone marrow, and their 
 impressive differentiation capacity [47]. 
Induction of MSCs along the osteogenic lineage 

may serve as an effective therapy to promote 
bone formation in osteogenic disorders [48].

Commitment of MSCs into a single-cell lin-
eage is regulated by a variety of growth factors, 
but current understanding of the process influenc-
ing cell fates is still limited [49]. Nonetheless, it is 
relatively well established that the Wnt signaling 
pathway plays an important role in promoting 
osteogenic differentiation of MSCs [49]. In addi-
tion to its role in pushing skeletal stem cells into 
the osteogenic lineage, Wnt ligands also stimulate 
osteoblast proliferation and support osteoblast 
maturation (Fig.  17.3) [50]. The Wnt signaling 
pathway is involved in both intramembranous and 
endochondral ossification [51]. Minear et al. [52] 
demonstrated for the first time that Wnt signaling, 
and perhaps the application of Wnt protein, could 
be used to stimulate bone healing. They used a 
mouse strain with increased cellular response to 
Wnt Axin2LacZ/LacZ, and demonstrated that 
these mice had accelerated fracture healing as a 
result of a more robust proliferation and earlier 
differentiation of skeletal stem cells/progenitor 
cells. In the same article, the investigators pack-
aged purified Wnt3a protein into liposomal vesi-
cles, and delivered these liposomal vehicles into 

a b c

Fig. 17.3 Wnt signaling in osteoblasts. (a) When Wnt 
binds its receptor, frizzled, and coreceptors LRP5 and 
LRP6, its signaling pathway is activated, leading to gene 
expression (and ultimately protein synthesis and forma-
tion of bone). (b) Wnt antagonists sclerostin and Dkk-1 
bind LRP5 and LRP6, preventing their interaction with 

frizzled and resulting in inhibition of gene expression. (c) 
Inhibition of Wnt antagonism promotes gene expression. 
This may occur as a result of a loss-of-function mutation 
in a gene that encodes for a Wnt antagonist, or by pharma-
cological engagement of the antagonist with an inhibitory 
molecule such as an antibody
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the skeletal defect, and reported that Wnt3a stim-
ulated proliferation of skeletal progenitor cells 
and accelerated their differentiation into osteo-
blasts. This biochemical strategy highlights the 
therapeutic potential of a protein being able to 
increase the duration and strength of Wnt signaling 
at the site of injury and thus enhance skeletal 
healing. This exciting finding opens new direc-
tions for research within a system known to sub-
stantially alter human phenotypes. Previous 
studies have shown that β-catenin both promotes 
the progression of MSCs from osteoblastic pre-
cursor cells into more mature osteoblasts and 
suppresses the differentiation of MSCs into adip-
ogenic and chondrogenic lineages [53, 54]. 
Specifically, the canonical Wnt pathway inhibits 
the expression of the major adipogenic inducers 
PPARγ and CCAAT/enhancer-binding protein α 
to suppress adipogenic differentiation while 
upregulating the osteogenic regulators Runx2, 
Dlx5, and Osterix [55]. In addition, noncanonical 
Wnt signaling can induce osteogenic differentia-
tion, albeit through a different mechanism. The 
noncanonical ligand Wnt 5a suppresses PPARγ 
through the inactivation of chromatins rather than 
through β-catenin action [56]. Although the inter-
play between the two independent mechanisms 
induced by Wnt ligands is still unclear, it is evi-
dent that Wnt signaling regulates the osteogenic 
differentiation of MSCs.

It is important to understand that cross talk 
exists between the different Wnt pathways and 
signaling pathways regulating osteogenic differ-
entiation of MSCs. For example, bone morpho-
genic proteins (BMPs) have been shown to either 
enhance or antagonize osteogenic differentiation 
induced by Wnt signaling [49]. BMPs, particu-
larly BMP2, 6, and 9, are major osteogenic 
growth factors that induce osteogenic differentia-
tion in MSCs [49]. Studies have demonstrated 
that Wnt signaling and BMP signaling pathways 
have common targets which induce the osteo-
genic differentiation of MSCs; one such target is 
connective growth tissue factor [57, 58]. 
Furthermore, functional Wnt signaling was dem-
onstrated to be required for BMP-induced osteo-
genic differentiation of MSCs [57, 58]. Wnt 3a 
enhanced the osteogenic effects of BMP9 while 

β-catenin knockdown or overexpression of anFzd 
antagonist, FrzB, inhibited the osteogenic effects 
of BMP9 [59]. Similarly, conditional β-catenin 
knockout or Dkk-1 overexpression inhibit BMP2- 
induced ectopic bone formation [60]. It was sug-
gested that BMP2 stimulates LRP5 expression 
and downregulates β-Trcp, leading to stabiliza-
tion of β-catenin and its signaling to promote 
osteogenic differentiation [61].

Mutations in the Wnt signaling cascade can 
lead to excessive bone growth or resorption. The 
first indication of a link between bone biology 
and canonical Wnt signaling was discovered over 
a decade ago [62]. Loss-of-function mutation of 
the coreceptor LRP5 causes syndrome character-
ized by low bone mass, accompanied with fre-
quent bone fractures. Gain-of-function mutations 
of LRP5 receptor, on the other hand, lead to high 
bone mass [63]. The essential role of LRP5 in the 
regulation of bone mass in humans is further 
underscored by the association of SNPs of the 
LRP5 gene with decreased bone mineral density 
and an increased risk of osteoporotic fractures 
[51]. The mechanism by which LRP5 regulates 
bone mass is not fully understood, but LRP5 and 
LRP6 are known to transduce Wnt signaling 
in vitro and indicated overlapping roles during in 
vivo skeletal patterning [64].

Gene variation in Wnt16 has recently been 
associated with bone mineral density and osteo-
porotic fractures. Wnt16 knockout mice demon-
strate a substantial decrease in bone thickness 
and strength, highlighting its crucial role in bone 
biology [65]. The initial phase of skeletal tissue 
repair or active bone remodeling is similar to that 
occurring during skeletal embryogenesis as skel-
etal stem cells are shuttled to either the osteo-
genic or the chondrogenic route [14]. One report 
of Wnt involvement in fracture repair identified 
upregulation of Wnt5A, β-catenin, FZD, and 
numerous target genes during the process [8]. A 
later follow-up study demonstrated upregulation 
of additional Wnt related markers such as Wnt4, 
Wnt5B, LRP5, dishevelled (Dvl), TCF1, and per-
oxisome proliferator-activated receptor delta 
(PPARD) [37]. In contrast, the transcription fac-
tor LEF1 was repressed during the initial phases 
of bone repair and subsequent maximal bone for-
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mation [66]. However, since it is recognized that 
LEF1 inhibits RUNX2-dependent activation of 
OCN in osteoblasts, and the fact that RUNX2 is 
the transcription factor required for osteoblast 
development, it seems likely that decreased LEF1 
expression is necessary for bone repair to occur 
[67]. β-Catenin appears to have various roles at 
different stages of bone repair; early in the pro-
cess β-catenin regulates the ratio of osteoblast 
versus chondrocytes that arises from pluripotent 
MSCs [68, 69]. Later in the bone-healing pro-
cess, β-catenin induces differentiation of osteo-
blasts and boosts their matrix production. 
Upregulation of LRP5 gene expression is shown 
in fracture callus, and β-catenin expression has 
been observed in callus and in proliferating chon-
drocytes, osteoblasts, and periosteal osteopro-
genitor cells [70]. This indicates that canonical 
Wnt signaling pathway is active both in endo-
chondral and in intramembranous ossification. 
The involvement of the Wnt signaling pathway 
during intramembranous ossification has also 
been shown in recent studies [71, 72]. Fractured 
femurs of LRP5 knockout mice have been 
reported to be smaller, less mineralized, and bio-
mechanically inferior to those from wild-type lit-
termates [70]. The study further showed that 
DKK1 antibody administration increased the 
size, mineralization, and biomechanical proper-
ties of fractured tissue, demonstrating that dele-
tion of LRP5 delays the reestablishment of 
biomechanical integrity during fracture repair. 
The LRP5-mediated canonical Wnt signaling 
seems to be less important to mineral accumula-
tion at the fracture site than for the restoration of 
proper tissue structural arrangement. This identi-
fies LRP5 and canonical Wnt pathway as key 
components of fracture repair, although the non-
canonical Wnt pathways have recently been 
implicated in bone formation during both intra-
membranous and endochondral fracture healing.

Wnt5a, a classical noncanonical Wnt, was 
recently reported as a critical component of 
BMP2-mediated osteogenic differentiation [49]. 
Further studies have also shown that BMPs can 
downregulate Wnt signaling in osteogenic differ-
entiation via sclerostin and Dkk-1 [6, 73]. 
Knocking out BMP receptor type 1 in osteoblasts 

led to downregulation of sclerostin and Dkk-1 and 
an increased bone mass phenotype in mice [74]. 
As an explanation for the Wnt-antagonizing effects 
of BMP, it was suggested that Smad1 may form a 
complex with Dvl, thereby sequestering Dvl from 
the canonical Wnt pathway [75]. However, these 
seemingly conflicting findings on the cross talk 
between BMPs and Wnts remain unresolved.

Activation of the Notch pathway has been 
shown to inhibit the osteogenic differentiation 
induced by the Wnt/β-catenin signaling [60]. 
Overexpression of Notch intracellular domain, 
both in vivo and in vitro, led to the downregulation 
of Wnt signaling and impaired osteoblastogenesis 
[72]. The Hedgehog (Hh) pathway has been 
reported to work upstream of Wnt signaling in a 
sequential manner to induce osteogenic 
differentiation of MSCs [76]. Inhibition of Wnt 
signaling was shown to reduce Hh-induced 
osteogenic activity both in  vitro and in  vivo. It 
has been suggested that Hh signaling regulates 
the early stages of osteogenic differentiation of 
MSC followed by the Wnt signaling further 
downstream [77].

Wnt signaling also cross talks with inflamma-
tory signaling processes during bone formation 
[78]. Tumor necrosis factor (TNF)-α has been 
shown to induce Dkk-1, an endogenous regulator 
of Wnt signaling, thus blocking osteoblast differ-
entiation [79]. Overexpression of TNFα in mice 
leads to joint destruction without proper bone 
repair, mimicking rheumatoid arthritis [80]. 
However, neutralizing Dkk-1 with anti-Dkk-1 
antibodies in TNFα transgenic mice inhibited the 
joint destruction and resulted in osteophyte for-
mation, indicative of active bone repair [81]. In 
other words, the intricate balance between bone 
formation and bone resorption is maintained by 
the cross talk between the Wnt signaling and the 
TNFα-induced inflammatory process.

Knowledge of the cross talk between Wnt and 
other signaling pathways continues to expand. 
Recently, it was shown that the Wnt signaling 
pathway reciprocally regulates progranulin 
growth factor in frontotemporal dementia [82]. 
Meanwhile, progranulin, also known as proepi-
thelin, is one of the newly identified growth fac-
tors that promotes chondrogenic differentiation 
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of MSCs and endochondral ossification [83]. 
More details of the cross talk between Wnts and 
progranulin in bone formation will need to be 
elucidated by further investigation.

MicroRNA (miRNA) represents another cate-
gory of elements that interact with Wnt signaling 
to regulate osteogenic differentiation [84]. 
Numerous miRNAs have been reported to either 
promote or inhibit osteogenic differentiation of 
MSCs [85]. Different miRNAs intervene at dif-
ferent locations and stages of osteogenic differ-
entiation, interacting with extracellular growth 
factors and intracellular transcriptional factors 
such as Runx2 and osterix [86]. Several miRNAs 
have been reported to specifically interact with 
Wnt signaling molecules to affect osteogenesis 
[87]. miR-27 inhibits APC, thus activating canon-
ical Wnt signaling to promote bone formation 
[88]. miR-335-5p was shown to downregulate 
Dkk-1, thus enhancing osteogenic differentiation 
[89].

Overall, a complex regulatory network exists 
between the Wnt signaling pathway and other 
signaling pathways during osteogenic 
differentiation. A complete characterization of all 
the interactions between Wnts and these other 
pathways is far from complete. Nevertheless, a 
better understanding of the intricate cross talks 
between Wnt and other signaling pathways in 
osteogenesis will prove to be essential in 
discovering therapeutic interventions to 
effectively manipulate these signaling pathways 
and treat osteogenic disorders.

17.6  Opportunities 
for Therapeutics

The ability to control the fate of skeletal stem 
cell, between self-renewal, proliferation, and 
differentiation, could lead to the possibility of 
expanding a limited population of adult 
progenitor cells and inducing their timely 
differentiation to restore the function of skeletal 
and cartilaginous tissue. Bone regeneration for 
fracture repair and defect healing may be the first 
major attempted procedure in orthopedic surgery. 
Although internal fixation devices that can 

successfully achieve short-term stabilization at 
virtually all orthotopic sites have already been 
developed, long-term stability still requires bone 
fusion or bone augmentation [90]. Autogenous 
bone graft is a commonly used approach for 
promoting bone repair, especially for large-sized 
defects [91]. However, it can only be performed 
on a limited scale, and its harvesting can involve 
substantial donor-site morbidity. Allograft bone 
has the potential for antigenicity and disease 
transmission [92]. Biomaterials have increased 
infection rate and poor biomechanical properties 
[93]. Currently, BMP-2 and BMP-7, also known 
as osteogenic protein 1 (OP-1), are being 
increasingly employed in multiple clinical trials, 
in which they have been shown to be extremely 
effective in enhancing bone formation [94]. 
However, the requirement of large doses, short 
half-life and thus short-term bioavailability of 
BMPs, and lack of a practical and suitable method 
for sustained delivery of these exogenous proteins 
have greatly limited the application of BMPs in 
humans [95]. The most ideal treatment for bone 
regeneration would be a pharmacologic agent 
that is cost effective and does not require the 
addition of invasive procedures. Fortunately, 
BMP signaling is not the only pathway that can 
lead to an anabolic effect on the skeleton; over 
the past decade, the Wnt/β-catenin signaling 
pathway has emerged as central to the formation 
of bone.

In terms of skeletal homeostasis and bone 
repair, the Wnt pathway is among the most 
attractive targets for such therapeutic intervention. 
There is now a substantial literature supporting a 
role of Wnt signaling in skeletogenesis and a 
growing appreciation for the functions of Wnt in 
regulating stem cell and skeletal cell behavior 
[6]. The ability to target the Wnt signaling 
pathway as a means to enhance skeletal healing 
has not been lost on the pharmaceutical industry. 
At least two major drug companies have begun 
programs to develop products that inhibit Wnt 
antagonists; one of these may soon be engaged in 
early-phase clinical trials involving patients with 
long bone fractures. The challenge is to take 
advantage of these opportunities, not only by 
developing effective new therapies, but also by 
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doing so within an economic framework that 
would lead to affordable products. A move from 
the use of recombinant gene technology to 
produce a therapeutic peptide to the development 
of a high-specificity antibody to inhibit a ligand 
or receptor may assist in achieving this goal. The 
interactions between Wnt receptors and 
coreceptors are reasonable targets for such 
strategies. Although exciting, manipulation of the 
Wnt signaling cascade should be performed with 
caution as it regulates numerous diverse 
pathological processes, including the 
development of cancer. An additional challenge 
is the hydrophobic, and therefore insoluble, 
nature of Wnt proteins. Wnt, however, has been 
successfully purified and packaged into 
liposomes, circumventing this delivery challenge. 
Additionally, other molecules that act on different 
components of the canonical Wnt signaling 
pathway may offer therapeutic potential. Lithium, 
for example, inhibits GSK3 and can thereby 
increase β-catenin, with  promising effects on 
bone healing. Further investigation may elucidate 
additional molecules able to potentiate the bone-
healing effects of the Wnt signaling pathway.

17.7  Conclusions and Future 
Perspectives

The ability of adult bone to scarlessly self-repair 
and regenerate following injury is a fact that 
most individuals learn and appreciate at an early 
age. However, in a small percentage of severe 
and disabling fractures, repair never occurs and 
a fibrous or nonunion is the result. The signaling 
molecules that have been developed as thera-
peutics for promoting bone regeneration have 
focused on factors that either enhance MSCs in 
the fracture or are osteoinductive. A wide spec-
trum of signaling factors influence the fracture-
healing process and continuing to study these 
factors and their mechanisms will lead to prom-
ising new clinical treatments to repair bone. The 
Wnt signaling pathway has effects on cell pro-
liferation, differentiation, stem cell mainte-
nance, and tissue homeostasis and plays a 
fundamental role during the embryological 
development of a number of tissues and organs 

including bone and cartilage. In the adult skele-
ton, Wnt signaling is critical for bone homeosta-
sis, repair, and regeneration. Mutations in Wnt 
genes, receptors, and inhibitors of the Wnt sig-
naling pathway can have deleterious effects on 
normal bone formation and turnover, resulting 
in skeletal abnormalities and contributing to the 
pathophysiology of some bone-related disorders 
or cancers. Recent advances in our understand-
ing of the crucial roles that Wnt/β-catenin sig-
naling plays in the development and maturation 
of osteoblast lineage cells have generated new 
opportunities to treat nonunions and perhaps to 
accelerate repair. Despite these rapid and mea-
surable accomplishments, much remains to be 
learned about the effects of Wnts and Wnt 
antagonists on skeletal physiology and regener-
ation. Meanwhile, clinical trials will test the 
effectiveness of current Wnt pathway drugs on a 
variety of endocrine and orthopedic conditions 
and advanced genome sequencing technologies 
will point us in new directions.
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18.1  Introduction

The articular cartilage, a connective tissue with 
characteristic structural, biochemical, and meta-
bolic features, furnishes an exceptional resiliency 
and almost frictionless movement to the diarthro-
dial joints [1]. The average articular cartilage 
thickness is at the most a few millimeters with 
knee thickness being 0.3  mm in rabbits, 0.4–
0.5 mm in sheep, 0.6–1.3 mm in dog, 0.7–1.5 mm 
in goats, and 1.5–2.0  mm and 2.2–2.5  mm in 
humans. Among the commonly used animals for 
preclinical studies, horse knee cartilage thickness 
has closest approximation to human knee carti-
lage followed by goats [2]. Its composition as 
well as thickness even vary from joint to joint and 
with age among species [3]. In general, articular 
cartilage constitutes three layers/zones with the 
deep zone separated from subchondral bone by a 
wavy calcified zone known as tidemark 
(Fig. 18.1). The three zones bear unique arrange-

ment of matrix and cells. In the superficial zone, 
the cells are flattened disc-like, while in deeper 
zones the cells appear more rounded. Collagen 
arrangement appears parallel to the surface in 
superficial zone, while it becomes random in 
middle zone and perpendicular in deep zone. The 
main proteoglycan, aggrecan, content in superfi-
cial zone is limited, while in deeper zone it con-
stitutes a major portion. The tissue ingredients in 
decreasing order of their concentration include 
water (approximately 75%), collagen especially 
type II (15%), proteoglycans (10%), and chon-
drocytes (<2%) [4]. The collagen provides the 
tissue strength while the proteoglycans provide 
functional resistance against compression [5]. 
The resident cells, chondrocytes that reside in 
lacunae singly or in groups (cell nests), occupy 
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less than 10% of the tissue. The cells maintain 
tissue homeostasis through mechanical links gen-
erated from extracellular matrix (ECM) via cell 
surface receptors known as integrins [6]. In addi-
tion, the growth factors/cytokines act upon chon-
drocytes and/synovial cells to secrete proteinases 
such as aspartic/cysteine/serine and metallopro-
teinases for tissue homeostasis (Fig.  18.2). 
Among various proteinases, currently, matrix 
metalloproteinases that degrade all elements of 
ECM are considered to carry arthritic degenera-
tion potential [7].

Cartilage is a highly differentiated tissue 
devoid of any direct blood, lymph, or nerve sup-
ply and with a scarce number of less proliferative 
chondrocytes [8, 9]. Articular cartilage upon 
damage carries limited regeneration potential. 
The injury in the form of defects is generally 
divided into partial- and full-thickness defects 
with the former confined to the tissue itself and 
the latter penetrating subchondral bone [10]. 
Partial-thickness defects do not heal spontane-
ously as the lesion remains devoid of fibrin clot 
and thus reparative stem cells. The defects are 
analogous to fissures or clefts seen in early stages 

of osteoarthritis [11]. Full-thickness defects 
though heal spontaneously but with a fibrous tis-
sue that is weaker in structural and mechanical 
competence [11–15]. Osteoarthritis is a progres-
sive erosion of articular cartilage with about 
21.4% of the humans [16] and 20% of dogs [17] 
affected. The exact pathophysiological basis of 
osteoarthritis is still disputed but the cardinal 
signs include inflammation and pain, and the 
pathognomonic radiological features include 
articular cartilage thinning characterized by 
decreased joint space, sclerosis, and osteophyte 
formation [18, 19]. The pain and subsequent loss 
of functional activity that arise from an insult to 
the cartilage and its advancement into osteoar-
thritis demand advanced techniques for better 
cartilage rehabilitation [11, 12, 14, 20, 21].

To date no repair procedure has been able to 
heal the cartilage defects to a satisfactory level. 
Immediately post-injury the local death of cells 
hampers matrix production that may integrate 
with the native tissue. The main aim remains to 
repair the defects by true hyaline cartilage that has 
seamless local integration. Numerous invasive 
procedures such as microfracture [22], subchon-
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dral bone drilling [23], lavage, debridement and 
perichondral arthroplasty [24], periosteal arthro-
plasty [25], autologous osteochondral transplan-
tation [26], autologous chondrocyte implantation 
[12, 27, 28], and application of autogenic cancel-
lous bone graft [29, 30] have been attempted for 
cartilage rehabilitation. The techniques, however, 
lack true hyaline cartilage repair potential besides 
being limited to small/medium focal sized osteo-
chondral defects [31]. Autologous chondrocyte 
implantation (ACI), currently better among the 
lot, has drawbacks in the form of limited chondro-
cyte source availability, proneness of the cells to 
dedifferentiate to fibroblasts, and degeneration in 
pre-damaged cartilage [32, 33]. In addition, the 
ageing chondrocytes show declining mitotic and 
synthetic activity, and synthesize smaller and less 
uniform aggrecan molecules bearing less func-
tional link proteins [34].

Currently, tissue engineering is being 
employed to achieve better cartilage rehabilita-
tion. For successful cartilage tissue engineering, 
various components are required such as cells, 
growth factors, and three-dimensional matrices. 
Appropriate cells like autologous chondrocytes 
or autologous or allogenic stem cells may be 
implanted. Most of the cell-based therapies cur-
rently utilize chondrocytes (approx. 80%), while 
stem cells constitute only 15% [35]. The limita-
tions associated with ACI mentioned above 
demand other cell types like stem cells, which are 
considered to be immunosuppressive. Growth 
factors incorporated by either viral/nonviral vec-
tors, nucleofection, or direct delivery may regu-
late directed differentiation. However, the growth 
factors such as bone morphogenetic proteins 
(BMPs) direct both bone and cartilage formation 
and thus need to be regulated at particular step 
towards chondrogenic lineage [36]. The cells 
should be implanted on three-dimensional matri-
ces that support the growth and prevent hazard-
ous effect of local environment [10]. Scaffolds, 
either natural or synthetic, however, bear limita-
tions like early degradation, lack of sufficient 
porosity, and non-supportive cell growth, and 
thus the scaffolds that mimic the desired proper-
ties of both and exclude the limitations are in 
demand.

18.2  Mesenchymal Stem Cells

Stem cells (SCs), characterized by the properties 
of self-renewal, multiplication, immunomodula-
tion, and multi-lineage differentiation potential, 
are present in almost all the adult tissues of an 
individual to maintain normal cells, and thus tis-
sue matrix turnover [10, 37]. The stem cells are 
of various types such as pluripotent (embryonic 
SCs, and induced pluripotent SCs) or multipotent 
(mesenchymal stem cells) based upon their 
potential to differentiate (Fig. 18.3). Pluripotent 
stem cells carry extended potential to act multi-
purpose research and clinical tools to understand 
and model diseases, develop and screen candi-
date drugs, and deliver cell replacement in regen-
erative medicine including cartilage [38]. 
However, limitations in the form of uncontrolled 
forced expression (iPSCs), and teratogenic 
effects and ethical issues (iPSCS/ESCs), have 
restricted their clinical applications [39, 40]. 
Currently, mesenchymal stem cells (MSCs) carry 
maximum share among all stem cells both in pre-
clinical and clinical settings in human and veteri-
nary medicine. The cells are easily available, are 
capable to differentiate, and secrete certain fac-
tors that modulate inflammation and promote 
healing, and in comparison to pluripotent stem 
cells they have minimal teratogenic and ethical 
issues associated [39, 41]. The cells are differen-
tiated as per the available local niche/microenvi-
ronment and thus contribute to tissue repair or 
regeneration. Mesenchymal stem cells implanted 
into osteochondral defects differentiate into 
chondrocytes [42–44], while MSC-derived carti-
lage pellets if implanted subcutaneously either 
disappear [45] or calcify upon vascular invasion 
[32]. This indicates the role of microenvironment 
plausibly through cell-surface receptor stimula-
tion by growth factors, extracellular matrix, or 
direct interaction with surface receptors of other 
resident cells (chondrocytes) [46–48]. Currently, 
MSCs are believed to largely act therapeutically 
by releasing a diverse array of cytokines, growth 
factors, chemokines, and immunomodulatory 
proteins, though they may also achieve terminal 
differentiation [49]. Despite the studies that show 
immunomodulatory potential of MSCs, two 
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recent studies in equines demonstrated develop-
ment of allo-MSC antibody [50, 51]. One of the 
studies even showed that the MHC-mismatched 
MSCs underwent targeted death due to the acti-
vation of complement-dependent cytotoxicity. 
Thus, cautioning about some potential adverse 
effects that may ensue in addition to the reduced 
therapeutic efficacy on application of allogenic 
MSCs [50]. Lack of in-depth understanding in 
the area demands further steps that need to be 
deliberated to understand the mechanism(s) 
behind such differentiation and thereby con-
trolled cell applications.

MSCs that carry maximum share in therapeu-
tics may be derived from almost all the adult tis-
sues (Fig. 18.3) including bone marrow, adipose 
tissue, embryonic tissue, synovial fluid and mem-
brane, umbilical and peripheral blood, umbilical 
cord vein, Wharton’s jelly, periosteum, muscle, 
heart, dental pulp, gingiva, periodontal ligament, 
and mammary tissue [52], each of which carries 
the potential to differentiate into chondrogenic 
lineage [36]. Among all the above mentioned 
sources the most commonly utilized stem cell 
sources for therapeutics so far have been bone 
marrow and adipose tissue [53].

Chondrogenic potential of MSCs was first 
evaluated under in  vitro conditions in 1998 
employing transforming growth factor-β (TGF-
β) and dexamethasone [54]. Further investiga-
tions employing various other growth factors 
such as bone morphogenetic proteins (BMPs), 
insulin- like growth factor-1 (IGF-1), and para-
thyroid hormone-related peptide (pTHRP) 
showed enhanced MSC chondrogenesis [54–57]. 
However, the in vitro micromass culture method 
used in such studies may not produce tissue 
comparable to the native one as the process does 
not mimic the developmental sequences that 
actually occur during fetal development. A thor-
ough understanding of embryonic development 
of the concerned tissue and biological features of 
the implanted cells is a must-learn criterion for 
successful cartilage tissue engineering [10]. 
Recently, under in vitro conditions cartilage tis-
sue was generated approaching hyaline cartilage 
in physiologic stratification and biomechanical 
features. This could only be done after recapitu-
lating various developmental processes of mes-
enchymal condensation via TGF-β1 [58, 59]. 
The various processes involved include MSC 
condensation into cellular bodies and condensed 

Fig. 18.3 Stem cell sources in animals and humans
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mesenchymal cell bodies (CMBs) followed by 
chondrogenic differentiation that leads to carti-
laginous tissue formation. The CMBs under 
in vitro conditions have been able to generate tis-
sue comparable to native cartilage on osseous 
tissue surface and also developed mechanically 
strong cartilage-to-cartilage tissue interface with 
complete integration [60].

Variations in MSCs’ chondrogenic potential 
have been observed with respect to their source, 
culture periods, and age of the donors [53]. Among 
MSCs from various sources, synovial derived 
MSCs had better chondrogenic potential and led to 
formation of a large and heavy cartilage pellet 
compared to BM-MSCs, AD-MSC, Periosteal-
MSC and M-MSCs [61]. In another study that 
compared BM-MSCs and AD-MSCs, the fre-
quency of colony-forming units reportedly had 
been three times in the latter compared to the for-
mer [62]. In elderly patients, the differentiation 
potential and proliferation capacity of MSCs are 
reduced and may affect the healing outcome. The 
immunomodulation property of MSCs may allow 
allogenic cells to be used [63, 64]. MSCs are able 
to maintain their differentiation potential for lim-
ited periods with long ex vivo-cultured MSCs man-
ifesting reduced chondrogenic matrix formation, 
undesired mineralization, and rapid cell death after 
implantation [32, 65]. The reduced cell population 
may be compensated by implantation of higher cell 
density for better cartilage healing as reported in 
some studies [66, 67]. But it may be noted that 
higher cell density has chances of more cell apop-
tosis and thus more inflammation at the site.

18.3  Growth Factors

In healthy cartilage environment various growth 
factors work either individually or in combination 
to complement each other for maintenance of car-
tilage homeostasis [68]. The main roles played by 
the growth factors are to promote MSC differenti-
ation towards chondrogenic lineage, stimulate 
chondrocytic matrix synthesis, and decrease cata-
bolic effect of MMPs and cytokines such as inter-
leukin-1 [10, 69–71]. The factors act either at 
earliest phases to promote chondrocyte prolifera-

tion and differentiation like TGF-β [72] or at later 
stages to promote chondrocyte differentiation 
rather than initiation of maturation like BMP-2, 
BMP-4, BMP-6, and TGFβ-3 [73, 74]. To promote 
MSC differentiation towards chondrogenic lin-
eage, BMP-2 appears superior but has the ten-
dency to promote differentiation towards 
hypertrophy and osteogenesis characterized by 
type X collagen and Runx2 expression [72]. 
Similarly, high intraarticular doses of TGF- β1 
have been reported to induce chemotaxis and acti-
vation of inflammatory cells tending towards 
fibrosis and osteophyte formation [72]. To address 
this issue, combinations of the growth factors have 
been used either to reduce the activity of each 
other at certain stage or to complement each oth-
er’s physiological function. One of the proposals is 
to co-treat cells with BMP-2 and TGF-β as the lat-
ter may potentially prevent differentiation of 
MSCs into osteogenic lineage [75]. BMP-7 has 
been reported to inhibit MSC proliferation but 
does allow proliferation in the presence of TGF-β 
[76, 77]. Further, growth factors may complement 
each other and work in synergism. BMP-7 and 
IGF-1 lead to an enhanced cartilage matrix synthe-
sis [78]. Similarly, IGF-1, IGF-2, and TGF-β regu-
late each other’s gene expression and thus protein 
production [79]. Further, combination of IGF-1 
and TGF- β has better healing potential compared 
to individual effect as the former is involved in 
protection of synovium and reduces the synovial 
thickening depicting lack of chronic inflammation 
[80]. Limitations in the form of osteogenic synthe-
sis [72], synovial thickening [81, 82], and osteo-
phyte formation [71, 83] as mentioned above may 
be managed by using growth factors in right com-
binations and dosages [72, 80, 84].

18.4  Scaffolds

Another criterion for successful cartilage tissue 
engineering is availability of three-dimensional 
matrices, as evidences have shown that two- 
dimensional culture system hardly supports 
MSCs’ chondrogenic differentiation. The micro-
mass culture system as mentioned earlier has 
failed to recapitulate the cartilage developmental 
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stages, besides express hypertrophic marker, col-
lagen type X [85]. For cartilage rehabilitation 
most of the investigators prefer MSC application 
along with scaffold. This allows cellular growth 
and prevents them against deleterious effects of 
local environment. In addition, the cells are 
retained in situ at the desired locations avoiding 
the common problem of cell leakage [10]. 
Selected scaffold is supposed to bear features of 
biocompatibility, support cellular growth and 
expansion, and facilitate diffusion and move-
ment, yet maintain adequate mechanical strength 
and properties till tissue is regenerated and inte-
grated [10, 86–88]. In osteochondral lesions, sur-
vival time of scaffold is critical as the neocartilage 
that replaces it should have preformed subchon-
dral bone to survive in addition to its integration 
with surrounding native cartilage [89]. Usually 
the cartilage islands that form during healing fail 
to survive unless not integrated with the adjacent 
native cartilage [11].

The scaffold design in cartilage tissue engi-
neering is aimed at maintaining the physical 
(scaffold architecture, mechanical function, and 
degradation) and biochemical (relevant to cellu-
lar behavior and activity) properties [89]. The 
matrices evaluated include natural fibrin [43, 
90–93], agarose and alginate [86], collagen [94–
97], hyaluronan [47, 98–100] as well as synthetic 
polylactic acid [101–103], polyglycolic acid 
[104], and polylactic and polyglycolic acid [105, 
106]. Natural scaffolds that bear desired biocom-
patibility, better cell attachment, and differentia-
tion have limitations in the form of availability, 
ease of fabrication, mesh properties, and control-
lable biodegradability, in addition to immuno-
logical reactions and disease transmission [10]. 
Synthetic scaffolds in comparison though are 
modified chemically for desired fabrication, and 
have better versatility, suitable mesh properties, 
and controllable degradability, but again fall 
short with respect to cyto-compatibility and may 
elicit host response upon release of toxic by- 
products [86, 87]. To overcome such impedi-
ments, hybrid scaffolds have been developed 
incorporating solid polymer scaffold and hydro-
gel [10]. The former provides mechanical 
strength and the latter supports cell delivery 

resembling the biphasic (solid and liquid phases) 
nature of cartilage. The cells in hydrogel are 
maintained in three-dimensional stages and are 
homogenously distributed in solid polymer scaf-
fold pores [107].

In order to utilize such scaffolds in clinical 
practice, both in vitro and in vivo studies need to 
be conducted especially in relation to their bio-
compatibility and mechanical strength. Apart 
from the above mentioned scaffold designs, two 
other types including biomimetic zonal and non-
fibrous/nanoporous scaffolds have been devel-
oped based on the concept to provide 
microenvironment comparable to that of native 
cartilage for the cells [10]. Biomimetic zonal 
scaffold comprises different zones like that of 
cartilage in order to mimic the physical proper-
ties. The implanted cells thus secrete matrix 
based on the available environment [108]. 
Nonfibrous/nanoporous scaffolds constitute 
nano-size matrix that mimics physicochemical 
and biological properties of cartilage matrix, and 
thus tends to develop relevant signals for cellular 
differentiation (MSCs) and matrix synthesis 
(from MSCs and chondrocytes) [109]. For creat-
ing such scaffolds, numerous fabrication tech-
niques (electro-spinning, chemical etching, 
particulate clumping, 3D printing, and phase 
separation) may be employed [10]. Preclinical 
studies that encapsulated cells in nanofibrous 
scaffolds by electro-spinning have failed to main-
tain cell homogeneity and have resulted in cell 
clumping [110]. 3D printing is currently seen to 
carry the potential to replicate the cartilage struc-
ture. The cells are delivered in a suspension or 
with a gel as an ink in layer-by-layer process cre-
ating an appropriate pericellular environment for 
the cells located in each cartilage zone [111, 
112]. One of the impediments in utilizing the 
technology in tissue engineering is the need to 
integrate vascular network for proper nutrient 
and gas supply. Cartilage, however, being devoid 
of direct blood, lymph, and nerve supply may act 
as a good candidate for 3D bioprinting [113]. 
Direct bioprinting into an ex vivo cartilage defect 
has resulted in some level of integration into 
native cartilage and mechanical competence 
[114]. This demands a detailed analysis of the 
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fabrication process and its evaluation in preclini-
cal as well as clinical studies.

18.5  Clinical Trials

The successful outcome in clinical settings is the 
ultimate aim of cartilage tissue engineering. So 
far the aim is unmet both in veterinary practice 
and in human medicine though the reports appear 
promising. The application in animals may pro-
vide the basis for human stem cell therapy. In vet-
erinary practice, canines and equines comprise 
majority of the clinical application studies.

Stem cell therapy in canines has been insti-
tuted both in preclinical [115–117] and in clinical 
settings [118–123]. A single-time, local implan-
tation of the cells in all the studies has been made 
barring a single study wherein cells were 
implanted at acupoints [122]. The cells were 
either applied directly without employing the 
vehicle [122, 123] or implanted with platelet-rich 
plasma [120] or hyaluronic acid [124]. All these 
studies have reported improved healing (pain, 
visual analog scale, and range of motion) on 
MSC application with follow-up varying from 
1 month [122, 124] and 6 months [120, 121] to 
5 years [119–122, 124]. Two comparative studies 
were conducted involving AD-MSCs versus 
platelet-rich growth factors (PRGF) [121] and 
AD-MSC versus stromal vascular fraction (SVF) 
[122]. In both the studies improved results have 
been reported with MSCs; however, in the former 
study MSCs showed better results at 6  months 
compared to PRGF, while in the latter SVF had 
better results than MSCs. In another comparative 
study, vascular endothelial growth factor trans-
genic BM-MSCs were shown to improve early 
healing in comparison to simple MSCs [117].

In equines, most of the studies so far have 
been unable to fetch positive results for better 
cartilage repair in osteoarthritis patients [71, 125, 
126]. Some of the studies, clinical as well as 
experimental, though have shown beneficial 
effects in cartilage repair but are mainly on the 
basis of reduction in pain perception [127–129]. 
In a clinical study of 40 horses having joint affec-
tions treated with BM-MSCs, 77% of the patients 

returned to work; among them 38% were able to 
work to the previous condition or exceeded [125]. 
Currently, the stem cell being implanted is at 
2  ×  107 concentration in hyaluronan scaffold 
(22  mg of Hyvisc) (hyaluronate sodium, 
3  ×  106  Da, Anika Therapeutics, Woburn, MA) 
[130], prior to which NSAIDs were recom-
mended to reduce joint flare [131].

In human medicine numerous cartilage- 
related clinical trials implanting stem cells have 
been registered at http://www.clinicaltrial.gov/. 
Among them some are completed, while some 
are in progress. The cells have been injected 
either locally (intra-articularly) or implanted sur-
gically. All the registered studies located were 
uncontrolled. The stem cell reported studies are 
either case series [66, 132–137], case reports 
[138–144], or comparative [66, 141–148] type. 
The cell types employed in such studies have 
been AD-MSCs, bone marrow concentrate, and 
BM-MSCs with or without the scaffolds. The 
patient number in case series studies ranged from 
4 to 48. The follow-up period of at least 3 months 
and a maximum of 5 years has been made. An 
overall improvement in the clinical parameters 
(Visual Analog Score, Improved Knee and 
Osteoarthritis Outcome Score, and International 
Knee Documentation Score), MRI, and histologi-
cal score in the patients has been reported with no 
major adverse effect observed on cell application. 
With respect to the formation of the healing tis-
sue, the variability in outcome was reported. 
Some of the patients had hyaline-like tissue [135, 
140, 145, 149], while others had combination of 
the hyaline/fibrocartilage [135] or mainly 
 fibrocartilaginous tissue [141]. In a study that 
compared MSCs versus ACI with equal patient 
number of 36 in each group, the clinical results 
were comparable except for improvement in 
physical functioning of patients in BM-MSC 
groups [146]. In a study that evaluated dose- 
dependent healing potential of MSCs, the group 
of patients that received higher dose (1.0 × 108) 
had better clinical scores and reduced pain com-
pared to those patients that received lower dose 
of AD-MSCs (1.0 × 107 and 5.0 × 107) [67].

In clinical settings, variability in lesion type, 
site, duration of existence, age of the patient, cell 
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culture techniques, and cell application methods 
and their number, besides addition of growth fac-
tors and scaffolds, have bearing on the outcome, 
and thus demand controlled studies [10].

18.6  Conclusions and Future 
Perspectives

Articular cartilage upon damage carries limited 
regeneration potential. Currently, tissue engi-
neering, employing cells, growth factors, and 
scaffolds are considered to have the potential to 
support regeneration and integration of neo- 
cartilage with the surrounding native tissue. 
MSCs especially BM-MSCs and AD-MSCs 
carry maximum share among all stem cells in 
cartilage tissue engineering. There is a need to 
investigate cell source to find out whether only 
autogenous cells or both autogenic and allogenic/
xenogenic cells can be utilized. The cell survival 
posttransplantation and integration of regener-
ated tissue matrix with the host native tissue 
remain the major causes of concern. One of the 
promising technologies to develop mechanically 
strong cartilage-to-cartilage interface includes 
the mesenchymal condensation into cellular bod-
ies under the influence of growth factors. 
However, more research especially under in vivo 
conditions is desired in the area to evaluate its 
actual clinical application. Growth factors form 
an indispensable part of the tissue engineering 
and demand further evaluation on the basis of 
their individual properties as well as combina-
tions including dosages. Scaffold that affects the 
desired chondrogenesis remains to be elucidated. 
Newer fabrication technologies that appear 
promising need to be evaluated and compared 
against the conventional technologies especially 
in relation to the maintenance of scaffold 
mechanical and biological properties. Tissue 
engineering that appears promising needs to be 
evaluated with respect to the cell sources; culture 
methods; concentration; implantation methods; 
growth factors, their combinations, doses, and 
frequency; and scaffolds, their sources, design, 
and type, before it becomes a clinical reality.
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Sox9 Potentiates BMP2-Induced 
Chondrogenic Differentiation 
and Inhibits BMP2-Induced 
Osteogenic Differentiation
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19.1  Introduction

From degenerative disorders to traumatic injuries, 
cartilaginous pathologies present a very signifi-
cant clinical challenge to the medical fraternity 
especially due to its lack of regenerative capabili-
ties [1]. To overcome this drawback, many surgi-
cal interventions were applied. Of these methods, 
the two important surgical methods designed to 
promote cartilage repair were the bone marrow 
stimulation techniques and restoration techniques 
[2–4]. But the bone marrow stimulation tech-
niques such as microfracture and drilling produce 
fibrocartilage with insufficient long-term effects 
[5, 6]. Restoration techniques such as autologous 
chondrocyte implantation and osteochondral 
allograft were limited by insufficient cell supply, 
damage to the donor site, and immunological 
reactions [7, 8]. As a consequence, stem cell-
based and gene-enhanced tissue engineering car-
tilage is considered to be more promising in the 
treatment of cartilaginous pathologies [7, 9].

Mesenchymal stem cells (MSCs) can undergo 
self-replenishment and have the potential to differ-
entiate into multiple lineages, including osteogenic, 
chondrogenic, and adipogenic lineages [9–12]. Due 
to the abundant source, easy isolation, and stable 
expression of the exogenous genes, MSCs have 
been regarded as ideal seed cells for scientific 
research on cartilage tissue engineering [12]. Many 
studies have reported that different growth factors 
such as BMPs [13], FGFs [14, 15], IGF1 [16], and 
TGF-β [17, 18] have been identified for their ability 
to direct MSCs towards the chondrocyte pheno-
types [19]. However, the use of these growth factors 
is still disputable, because of their limited ability 
towards the synthesis of specific cartilage matrix 
components. Hence, optimizing a chondrogenic 
growth factor and amplifying its specific chondro-
genic ability are among the most crucial and key 
steps in the process of cartilage tissue engineering.

Bone morphogenetic protein 2 (BMP2), belong-
ing to the transforming growth factor beta (TGF-β) 
superfamily, is known to induce human bone mes-
enchymal stem cells (hBMSCs) [14], adipose-
derived stem cells (ADSCs) [16], mouse embryonic 
fibroblasts (MEFs) [20], and chondrogenic differ-
entiation, and it promotes MSC condensation, 
chondrogenic differentiation, chondrocyte prolif-
eration, and hypertrophic differentiation [13]. 
BMP2 has a greater potential to induce chondro-
genic differentiation of MSCs compared with other 
growth factors such as TGF-β and IGF1 [21, 22]. 
However, BMP2 is also known to induce MSC 
osteogenic  differentiation and stimulates endo-
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chondral ossification [23, 24]. Thus, potentiating 
BMP2-induced MSC chondrogenic differentiation 
and inhibiting BMP2-induced MSC osteogenic 
differentiation may play a vital role in chondrogen-
esis and cartilage formation.

In this study, we made an attempt to investigate 
whether overexpression of Sry-related transcription 
factor Sox9 could potentiate BMP2-induced chon-
drogenic differentiation of MSCs, and inhibit osteo-
genic differentiation of MSCs. Sox9 is a transcription 
factor belonging to the Sry-related high-mobility 
group box (Sox) protein family [25]. It is essential for 
chondrogenesis of MSCs [26–28], since it is consid-
ered as the key transcription factor for BMP2-induced 
chondrogenesis [20]. It is also reported that Sox9 
inhibits the transactivation of Runt-related transcrip-
tion factor 2 (Runx2) [29], which is a key transcrip-
tion factor for osteogenesis and endochondral 
ossification [30, 31]. However, it is not clear whether 
Sox9-mediated inhibition of osteogenic differentia-
tion signaling plays any role in the BMP2-induced 
differentiation of MSCs. Nevertheless, we found that 
BMP2-induced Sox9 expression was transient and 
relatively at a lower level during the early stages of 
MSC differentiation. Exogenous overexpression of 
Sox9 enhanced the BMP2-induced chondrogenic 
differentiation and marker expression, and inhibited 
BMP2-induced osteogenic differentiation and 
marker expression. In stem cell implantation studies, 
Sox9 was shown to potentiate BMP2- induced carti-
lage formation, and inhibit endochondral ossification 
during ectopic bone/cartilage formation. Through 
perinatal limb explant culture, we demonstrated that 
Sox9 and BMP2 synergistically promoted chondro-
cyte condensation and proliferation. However, Sox9 
inhibited BMP2-induced chondrocyte hypertrophy, 
and ossification. Our findings strongly suggest that 
overexpression of Sox9 in BMP2-induced MSC dif-
ferentiation may become a new strategy for cartilage 
tissue engineering.

19.2  Materials and Methods

19.2.1  Ethics Statement

The experimental protocols were approved by the 
Ethical Committee of the First Affiliated Hospital 

of Chongqing Medical University. All animal 
protocols were approved by Ethical Committee 
of the First Affiliated Hospital of Chongqing 
Medical University. All surgery was performed 
under sodium pentobarbital anesthesia, and all 
efforts were made to minimize suffering.

19.2.2  Cell Culture and Chemicals

The HEK 293 and C3H10T1/2 cell lines were 
obtained from ATCC (Manassas, VA). Cell lines 
were preserved in complete Dulbecco’s modified 
Eagle’s medium (DMEM, Hyclone, China), sup-
plemented with 10% fetal bovine serum (FBS, 
Gibco, Australia), 100  U/mL penicillin, and 
100 mg/mL streptomycin, maintained at 37 °C in 
a humidified 5% carbon dioxide (CO2) atmo-
sphere. Unless indicated otherwise, all chemicals 
were purchased from Sigma-Aldrich or Corning.

19.2.3  Recombinant Adenoviruses 
Expressing GFP, BMP2, 
and Sox9

Recombinant adenoviruses were generated using 
AdEasy technology as described previously [32, 
33]. The coding regions of GFP, BMP2, and Sox9 
were amplified with PCR, and cloned into adeno-
viral shuttle vectors. Then the vectors were used 
to generate recombinant adenoviruses in HEK 
293 cells. The resulting adenoviruses were desig-
nated as AdGFP, AdBMP2, and AdSox9. AdGFP 
was used as a vector control.

19.2.4  Chondrogenic Differentiation 
of MSCs in Micromass Culture

The C3H10T1/2 cells transduced with AdGFP, 
AdBMP2, and/or AdSox9 were cultured in 
100 mm dishes. At 80% confluence, cells were 
harvested and resuspended in the high-density 
(105 cells in a 10  μL drop of media) culture 
medium. Then the medium (50 μL in each well) 
was added at the center of each well in the 12-well 
plates. The plates were then carefully transferred 
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to CO2 incubators and incubated for 2 h. About 
2–3 mL of the medium was added to each well. 
Fresh medium was added to the wells every 
4–5 days. Chondrogenic assays were carried out 
at desired time points.

19.2.5  Osteogenic Differentiation 
of MSCs in Monolayer Culture

The C3H10T1/2 cells were seeded in 6-well or 
24-well plates, at 40–50% confluence. Cells were 
infected with AdBMP2 and/or AdSox9, and 
AdGFP was used as control. Fresh medium was 
added to the wells every 4–5  days. Cells were 
harvested at desired time points for subsequent 
analysis.

19.2.6  Alcian Blue Staining 
for Micromass Pellet

Micromass cell pellet was washed with phosphate- 
buffered saline (PBS), treated with 4% parafor-
maldehyde for 30  min, and again washed with 
PBS.  The pellet was stained with 0.5% Alcian 
blue in 0.1 M HCl (pH 1.0) for 12 h, and washed 
with distilled water. The pellet was then photo-
graphed with Nikon microscope. The Alcian blue-
stained cultures were extracted at room 
temperature using the 6 M guanidine hydrochlo-
ride. Optical density (OD) of the extracted dye 
was measured at 630 nm in a microplate reader 
(Bio-Rad, America). All the experiments were 
performed in triplicate. All the results are repre-
sented as mean ± standard deviation (SD).

19.2.7  RNA Isolation 
and Semiquantitative RT-PCR

The total RNA of the cells was isolated using 
TRIZOL reagent (Invitrogen, USA) according to 
the manufacturer’s instructions. Reverse transcrip-
tion reactions were performed using PrimeScript 
RT reagent kit (Takara, Dalian, China) according 
to the manufacturer’s instructions. The first-strand 
cDNA products were further diluted ten times and 

used as PCR templates. Semiquantitative PCR was 
performed using TaKaRa Ex Taq (Takara, Dalian, 
China), a touchdown cycling program, which is as 
follows: 95  °C for 3 min for 1  cycle; 95  °C for 
30 s, 58 °C for 30 s, and 72 °C for 13 cycles and 
decreasing 0.5 °C per cycle; and then at 95 °C for 
30  s, 58  °C for 30  s, and 72  °C for 30  s for 
20–25 cycles; 72 °C for 7 min; and finally hold at 
4 °C. PCR products were resolved on 1.5% aga-
rose gels. All sample values were normalized to 
GAPDH expression. The primer sequences used 
for this analysis are listed in Table 19.1.

19.2.8  Real-Time PCR

The total RNA of the cells was isolated using 
TRIZOL reagent (Invitrogen, USA) according to 
the manufacturer’s instructions. Reverse tran-
scription reactions were performed using iScript 
cDNA synthesis kit (Bio-Rad, USA) according to 
the manufacturer’s instructions. Real-time PCR 
was performed using SsoAdvanced SYBR Green 
Supermix (Bio-Rad, USA). The conditions main-
tained for real-time PCR are as follows: 95 °C for 
3 min for 1 cycle; 95 °C for 10 s and 58 °C for 5 s 
for 40 cycles. Dissociation stage was applied at 
the end of the amplification procedure. The dis-
solve curve did not determine any nonspecific 
amplification. All sample values were normal-
ized to GAPDH expression by using the 2−△△Ct 
method. The primer sequences used for this anal-
ysis are listed in Table 19.1.

19.2.9  Immunocytochemical 
Staining

The C3H10T1/2 cells were infected with AdGFP, 
AdBMP2, and/or AdSox9. At desired time points, 
the cells were treated with 4% paraformaldehyde 
for 30 min at room temperature. After washing 
with PBS, the fixed cells were treated with 1% 
NP-40 and 10% goat serum, to render the cells 
more permeable. Following this step, the cells 
were incubated with primary antibodies against 
osteopontin (OPN) (Santa Cruz Biotechnology, 
USA) at 4 °C overnight. These cells were again 
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washed with PBS, and were incubated with 
biotin- containing secondary antibodies for 
30 min, followed by incubation with streptavidin- 
labeled horseradish peroxidase for 15  min at 
room temperature. The presence of the expected 
protein was visualized by DAB staining. Stains 
with IgG were used as negative controls. The 
results were repeated in at least three indepen-
dent experiments.

19.3  Western Blot Analysis

The cell lysates were prepared using cell lysis 
buffer containing a protease inhibitor PMSF 
(Beyotime, Shanghai, China). About 60  μg of 
total protein for each sample was loaded onto 
10% SDS-PAGE and transferred to PVDF mem-
brane. The membrane was incubated overnight 
with antibodies against Sox9 (Santa Cruz 
Biotechnology, USA), collagen type II alpha 1 
(Col2a1) (Santa Cruz Biotechnology, USA), OPN 
(Santa Cruz Biotechnology, USA), osteocalcin 
(OC) (Santa Cruz Biotechnology, USA), and 
β-actin (Bioworld Technology, USA) at a dilution 
of 1:500 or 1:1000, respectively. Following this, 
the membrane was again incubated with a second-
ary antibody conjugated with horseradish peroxi-
dase (Earthox, USA). Immune- reactive signals 
were detected using ECL kit (Millipore, USA).

19.4  Alkaline Phosphatase (ALP) 
Assay

The ALP activities were assessed using the modi-
fied Great Escape SEAP chemiluminescence 
assay (BD Clontech) and/or histochemical stain-

ing, as described previously [34, 35]. For ALP 
histochemical staining, the cells were induced for 
osteogenic differentiation using AdGFP, 
AdBMP2 and/or Sox9, and DMSO (solvent con-
trol) as control. Infected cells were fixed with 
fixative solution (two volumes of citrate working 
solution to three volumes of acetone) at room 
temperature for 30 s. After washing with distilled 
water, cells were stained subjected to histochemi-
cal staining with a mixture of 0.1  mg/mL of 
naphthol AS-MX phosphate and 0.6  mg/mL of 
Fast Blue BB salt. Histochemical staining was 
recorded using bright-light microscopy.

For the chemiluminescence assays, each assay 
condition was performed in triplicate, and the 
results were repeated in at least three indepen-
dent experiments. The ALP activity was normal-
ized by total cellular protein concentrations 
among the samples.

19.5  Matrix Mineralization Assay 
(Alizarin Red S Staining)

The C3H10T1/2 cells were seeded in 24-well 
plates and infected with AdGFP, AdBMP2, and/or 
AdSox9. Infected cells were cultured in the pres-
ence of ascorbic acid (50  mg/mL) and 
β-glycerophosphate (10  mM). On day 14 after 
infection, mineralized matrix nodules were stained 
for calcium precipitation by means of alizarin red 
S staining, as described previously [34–36]. 
Briefly, cells were treated with 4% paraformalde-
hyde for 30 min. After washing with PBS, cells 
were incubated with 2% alizarin red S for 30 min, 
followed by extensive washing with distilled 
water. The staining of calcium mineral deposits 
was recorded using bright-light microscopy.

Table 19.1 Primer oligonucleotide sequences used for PCR

Gene Forward primer (5′-3′) Reverse primer (5′-3′) Product size
Aggrecan TGGCTTCTGGAGACAGGACT TTCTGCTGTCTGGGTCTCCT 188 bp
BMP2 ACCAGACTATTGGACACCAG AATCCTCACATGTCTCTTGG 174 bp
Col2a1 CAACACAATCCATTGCGAAC TCTGCCCAGTTCAGGTCTCT 159 bp
GAPDH CTACACTGAGGACCAGGTTGTCT TTGTCATACCAGGAAATGAGCTT 123 bp
Osteocalcin CCTTCATGTCCAAGCAGGA GGCGGTCTTCAAGCCATAC 161 bp
Osteopontin CCTCCCGGTGAAAGTGAC CTGTGGCGCAAGGAGATT 124 bp
Runx2 CCGGTCTCCTTCCAGGAT GGGAACTGCTGTGGCTTC 122 bp
Sox9 AGCTCACCAGACCCTGAGAA TCCCAGCAATCGTTACCTTC 200 bp
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19.6  Subcutaneous Stem Cell 
Implantation (Ectopic 
Cartilage/Bone Formation 
Assay)

The C3H10T1/2 cells were infected with AdGFP, 
AdBMP2, and/or AdSox9. Twenty-four hours 
after infection, cells were harvested and resus-
pended in PBS containing 300 U/mL penicillin, 
and 300  mg/mL streptomycin for subcutaneous 
injection (5 × 106 per injection) into the flanks of 
athymic nude (nu/nu) mice (three animals per 
group, 4- to 6-week-old males, Experimental 
Animal Center, Chongqing Medical University, 
Chongqing, China). Animals were euthanized, 
and the implantation sites were retrieved for his-
tological and other staining evaluations at 5 and 
8 weeks, respectively.

19.7  Mouse Fetal Limb Explant 
Culture

The forelimbs of mouse embryos (E18.5) were 
dissected under sterile conditions and incubated in 
DMEM (Hyclone, China) containing 0.5% FBS 
(Gibco, Australia), 50 mg/mL ascorbic acid, 1 mM 
β-glycerophosphate, 100  U/mL penicillin, and 
100 μg/mL streptomycin at 37 °C in humidified air 
with 5% CO2 for up to 14 days, as described previ-
ously [37, 38]. The limbs were infected by AdGFP, 
AdBMP2, and/or AdSox9 directly, 12 h after dis-
section. About 50% of the medium was replaced 
every 2–3 days. Cultured tissues were observed at 
different time points under the microscope to con-
firm the survival of tissue cells and the expression 
of fluorescence markers.

19.8  Histologic Evaluation: 
Hematoxylin and Eosin, 
Masson’s Trichrome, Alcian 
Blue, and Safranin O-Fast 
Green Staining

Retrieved and cultured tissues were treated 
with 10% formalin, decalcified, and embedded 
in paraffin. Paraffin-embedded sections were 

deparaffinized and then rehydrated in a gradu-
ated fashion. The deparaffinized samples were 
subjected to antigen retrieval and fixation. The 
sections were stained with hematoxylin and 
eosin (H&E), Masson’s trichrome, Alcian blue, 
and Safranin O-fast green. Histological evalua-
tion was performed using a light microscope 
(Nikon).

19.9  Statistical Analysis

All quantitative experiments were performed in 
triplicate and/or repeated three times. Data were 
expressed as mean  ±  standard deviation (SD). 
The one-way analysis of variance was used to 
analyze statistical significance. A value of 
P < 0.05 was considered statistically significant.

19.10  Results

19.10.1  Gene Transduction of MSCs 
and Expression of Sox9 
in Each Treatment Groups

The C3H10T1/2 cells were infected by recom-
binant adenovirus expression of GFP, BMP2, 
and/or Sox9 successfully both in monolayer 
and micromass culture (Fig. 19.1). The BMP2 
and Sox9 mRNA were upregulated at 36 h after 
BMP2 and Sox9 transduction using semiquan-
titative RT-PCR analysis. Expression of Sox9 
after infection was evaluated by western blot 
technique on days 2, 5, and 7 after incubation in 
a normal medium without any supplemented 
growth factors in micromass culture. Some 
studies have reported that Sox9 could be upreg-
ulated by BMP2 [13, 20]. We found that Sox9 
expression induced by BMP2 was time depen-
dent and showed a highest level on day 5. When 
combined with Sox9, it showed a significant 
earlier onset of overexpression of Sox9 (day 2) 
and maintained significant values at high level 
from days 2 to 7. These results suggest an effi-
cient and relatively sustained overexpression of 
Sox9 in BMP2 and Sox9 coinfected C3H10T1/2 
cells.
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Fig. 19.1 Gene transduction and Sox9 expression in 
each treatment group. (A, B) Bright-light and fluores-
cence microscope examination showed the transduction 
efficiency of recombinant adenoviruses in monolayer 
culture (24 h after transduction, ×100) and micromass 
culture (3  days after transduction, ×40), respectively. 
(C) Recombinant adenovirus-mediated overexpression 
of BMP2 and Sox9 mRNA was evaluated by semiquan-

titative RT-PCR analysis using GAPDH as a housekeep-
ing gene. (D) Sox9 expression was evaluated by western 
blot analysis in each treatment group at days 2, 5, and 7 
after transduction (a to c) and relative Sox9 expression 
was analyzed by Quantity One software using β-actin as 
controls (d); the results are expressed as mean ± SD of 
triplicate experiments, ∗P < 0.05, #P < 0.01
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19.10.2  Sox9 Potentiates BMP2-
Induced Chondrogenic 
Differentiation of MSCs 
in Micromass Cultures In Vitro

Since cell density is necessary for chondrogenic 
differentiation of MSCs, micromass culture could 
provide cell-to-cell contact in 3-dimensions (3D), 
which is similar to MSC condensation to induce 
chondrogenesis in vivo [39]. So, micromass cul-
tures were used to evaluate the influence of exog-
enous overexpression of Sox9 in BMP2-induced 
chondrogenic differentiation of MSCs in  vitro. 

Glycosaminoglycans and collagen type II alpha 1 
(Col2a1) are the two main markers of chondro-
cyte and formed cartilage matrix. Therefore, we 
evaluated the two markers in micromass culture 
in vitro. As shown in Fig. 19.2, aggrecan (ACAN) 
mRNA was upregulated by BMP2 (P  <  0.05), 
and Sox9 enhanced this effect (P < 0.01) on days 
7 and 14, respectively. Alcian blue staining was 
used to detect the sulfated glycosaminoglycans 
on days 7 and 14. Gross observation and micro-
scopic examination are shown in Fig. 19.2. Alcian 
blue staining quantification was also used to eval-
uate the chondrogenic differentiation of MSCs. 

a c

d

b

Fig. 19.2 Sox9 potentiates BMP2-induced glycosamino-
glycan synthesis in MSCs in micromass cultures. (a) Real-
time PCR for the expression of chondrogenic differentiation 
marker gene ACAN was conducted on days 7 and 14 after 
infection of AdGFP, AdBMP2, and/or AdSox9, using 
GAPDH as a housekeeping gene. (b) Alcian blue staining 
for sulfated glycosaminoglycans in micromass cultures of 

C3H10T1/2 cells on days 7 and 14 after transduction of 
indicated recombinant adenoviruses, gross observation. (c) 
Microscope examination (×40). (d) Alcian blue staining 
quantifying: cells were extracted with 6 M guanidine 
hydrochloride; optical density of the extracted dye was 
measured at 630 nm. The results were expressed as mean ± 
SD of triplicate experiments, ∗P < 0.05, #P < 0.01
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The synergistic effect of Sox9 on BMP2-induced 
chondrogenic differentiation was observed on 
days 7 and 14, respectively (P < 0.01).

Col2a1 is one of the most important molecular 
markers for chondrogenesis. We evaluated the 
expression of Col2a1 on both mRNA and protein 
levels at continuous time points (Fig.  19.2). 
While exogenous overexpression of Sox9 alone 
did not exert any significant effect on Col2a1 
mRNA and protein expression, Sox9 was shown 
to exhibit a synergistic effect on BMP2-induced 
Col2a1 expression on both mRNA and protein 
levels (Fig. 19.3). Interestingly, BMP2 failed to 
upregulate Col2a1 mRNA and protein expression 
at early stage (days 3 and 5) of MSC differentia-
tion (P > 0.05). However, when combined with 
Sox9, they showed significant earlier onset of 
expression of Col2a1 (day 3), and they main-
tained their significant values at high level at all 
time points (from days 3 to 14) on both mRNA 
and protein levels (P < 0.01).

These results show that exogenous overex-
pression of Sox9 potentiates BMP2-induced 
chondrogenic differentiation of MSCs in  vitro 
persistently.

19.10.3  Sox9 Inhibits BMP2- Induced 
Osteogenic Differentiation 
of MSCs In Vitro

BMP2 also induces MSC osteogenic differentia-
tion and upregulates osteogenic markers at the 
late stage of chondrogenesis. We studied the effect 
of exogenous overexpression of Sox9 on BMP2-
induced MSC osteogenic differentiation. ALP 
activity is an early marker of osteogenic differen-
tiation. ALP activity was measured on days 7 and 
9 after transduction. As expected, BMP2 induced 
a significant increase in ALP activity (P < 0.01), 
especially on day 9 (Fig. 19.4). However, when 
coinfected with Sox9, ALP activity decreased 
dramatically both on days 7 and 9 (P < 0.01). This 
indicates that Sox9 inhibits BMP2-induced early 
osteogenic differentiation.

Moreover, we analyzed the effect of Sox9 on 
late osteogenic markers OPN using immunocyto-
chemical staining, and found that Sox9 inhibited 

BMP2-induced OPN expression on day 11 after 
transduction (Fig.  19.4). We also demonstrated 
that Sox9 inhibited BMP2-induced matrix miner-
alization using alizarin red staining on day 14 
after transduction. These indicate that Sox9 
inhibits BMP2-induced late osteogenic differen-
tiation of MSCs.

We further determined the effect of Sox9 on 
BMP2-induced osteogenic gene and protein 
expression. Runx2 is the key transcription factor 
of osteogenesis, and functions at the early stage 
of osteogenic differentiation. We found that Sox9 
inhibited Runx2 mRNA expression at early stage 
(days 2 and 3) of MSC differentiation (Fig. 19.5), 
and similar results were detected on protein level 
(P < 0.01). We also detected that Sox9 inhibited 
BMP2-induced late osteogenic differentiation 
markers OPN and OC at both mRNA and protein 
levels on days 7 and 14 (P < 0.01).

These results show that Sox9 inhibits BMP2- 
induced early and late osteogenic differentiation 
of MSCs in vitro.

19.10.4  Sox9 Potentiates BMP2-
Induced Cartilage Formation 
and Inhibits BMP2- Induced 
Endochondral Ossification 
in MSC Implantation In Vivo

While the in vitro studies established that exoge-
nous overexpression of Sox9 potentiates BMP2-
induced chondrogenesis and inhibits BMP2- 
induced osteogenesis, it was imperative to 
demonstrate if overexpression of Sox9 plays 
such a role in vivo. Using our previously estab-
lished stem cell implantation assay [35, 37, 40], 
we injected C3H10T1/2 cells infected with 
AdGFP, AdBMP2, and/or AdSox9 at the same 
infection ratio subcutaneously into the flanks of 
athymic nude (nu/nu) mice for 5  weeks and 
8 weeks, respectively. The cells transduced with 
AdGFP or AdSox9 alone failed to form any 
detectable masses (data not shown). The BMP2 
and Sox9 coinfected cells formed cartilaginous/
bony masses, which were noticeably smaller than 
those formed by cells infected by BMP2 alone 
(Fig. 19.6). On histological examination, masses 
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Fig. 19.3 Sox9 potentiates BMP2-induced Col2a1 synthe-
sis in MSCs in micromass cultures. (A) Real-time PCR for 
the expression of chondrogenic differentiation marker gene 
Col2a1 was conducted at continuous time points (from days 
3 to 14) after infection of AdGFP, AdBMP2, and/or AdSox9, 
using GAPDH as a housekeeping gene. (B) Western blot for 

the expression of Col2a1 was conducted at continuous time 
points (from days 3 to 14) after transduction of indicated 
recombinant adenoviruses (a); quantitatively, relative Sox9 
expression was analyzed by Quantity One software using 
β-actin as controls (b). The results are expressed as 
mean ± SD of triplicate experiments, ∗P < 0.05, #P < 0.01
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formed in BMP2 transduced groups showed both 
bony and cartilaginous component. Masses in 
BMP2 transduced cell groups showed some 
mature bone matrices and trabeculae with the 
presence of a significant number of chondrocytes 
at week 5. The trabeculae turned thicker and 
more bone matrices formed with the presence of 
a significant number of hypertrophy chondro-
cytes at week 8. This indicates that BMP2 not 
only induces MSC chondrogenic and osteogenic 
differentiation, but also stimulates endochondral 
ossification. On the other hand, masses formed 
by BMP2 and Sox9 coinfected cells showed a 
large number of chondrocytes with no obvious 
trabecula formation both at weeks 5 and 8. This 
indicates that Sox9 inhibits BMP2-induced 
osteogenesis and endochondral ossification. 
Masson’s trichrome, Alcian blue, and safranin 

O-fast green staining were also used to analyze 
the components of the masses, which confirmed 
that Sox9 potentiates BMP2-induced cartilage 
formation and inhibits BMP2-induced osteogen-
esis and endochondral ossification.

19.10.5  Sox9 Promotes Expansion 
of the Proliferating 
Chondrocyte Zone 
and Inhibits BMP2- Induced 
Chondrocyte Hypertrophy 
and Ossification in Fetal 
Limb Explant Cultures

After the in vitro and in vivo tests, we also explored 
the effect of Sox9 on skeletal development using 
the fetal limb culture assay. The skinned fetal limbs 
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Fig. 19.4 Sox9 inhibits BMP2-induced early and late 
osteogenic differentiation of MSCs in  vitro. (A) 
C3H10T1/2 cells were infected with AdGFP, AdBMP2, 
and/or AdSox9. The ALP activities were measured on 
days 7 and 9 using ALP histochemical staining (a), and 
chemiluminescent assays (b). (B) C3H10T1/2 cells were 
infected with indicated recombinant adenoviruses. On 
day 11 after infection, the expression of osteopontin 

(OPN) was assayed by immunocytochemical staining 
using anti- OPN antibody (a). For matrix mineralization, 
C3H10T1/2 cells were infected with indicated recombi-
nant adenoviruses and cultured in mineralization 
medium. Alizarin red staining was conducted on day 14 
after infection (b)
Each assay was done in triplicate. ALP assay results are 
expressed as mean ± SD, ∗P < 0.05, #P < 0.01
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Fig. 19.5 Sox9 inhibits BMP2-induced osteogenic marker 
expression in MSCs in vitro. (A) Real-time PCR for the 
expression of early osteogenic differentiation gene Runx2 
(Aa), late osteogenic gene osteocalcin (OC), and osteo-
pontin (OPN) (b, c) was conducted at indicated time points 
after infection with AdGFP, AdBMP2, and/or AdSox9, 
using GAPDH as a housekeeping gene. (B) Western blot 

for the expression of Runx2 (a), OPN (b), and OC (c) was 
conducted at indicated time points after transduction of 
indicated recombinant adenoviruses, respectively. (C) 
Relative protein expression was analyzed by Quantity One 
software using β-actin as controls, respectively. The results 
are expressed as mean ± SD of triplicate experiments, 
∗P < 0.05, #P < 0.01
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Fig. 19.6 Sox9 potentiates BMP2-induced cartilage for-
mation and inhibits BMP2-induced endochondral ossifi-
cation in MSC implantation in  vivo. (A) Macrographic 
images of ectopic masses. BMP2 or BMP2 and Sox9 
coinfected C3H10T1/2 cells were implanted subcutane-
ously to the flanks of nude mice. Ectopic masses were 
retrieved at 5 and 8 weeks (a). The volume of the masses 

was determined using vernier calipers (b). (B) Histological 
analysis of the retrieved samples. The retrieved samples 
were fixed, decalcified, paraffin embedded, and subjected 
to H&E, Masson’s trichrome, Alcian blue, and safranin 
O-fast green staining. Representative images are shown, 
magnification ×100, scale bar = 1 mm
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were isolated from mouse E18.5 perinatal embryos 
and cultured in the organ culture medium in the 
presence of AdGFP, AdBMP2, and/or AdSox9 for 
14  days. The limbs were infected with indicated 
recombinant adenoviruses effectively at day 5 
(Fig.  19.7). On histological examination, both 
BMP2 and Sox9 induced chondrocyte proliferation 
and condensation. However, only BMP2 induced 
chondrocyte hypertrophy and ossification. When 
the limbs were coinfected with AdBMP2 and 
AdSox9, the proliferating chondrocyte zone was 
expanded with no obvious expansion of hypertro-
phic chondrocyte zone. Quantitative analysis of the 
histologic data also indicated combined treatment 
of BMP2 and Sox9 had the largest length of prolif-
erating chondrocyte zone (P < 0.01), while BMP2 
alone exhibited the largest length of hypertrophic 
chondrocyte zone (P < 0.01). These results suggest 
that BMP2 and Sox9 act synergistically to induce 
chondrocyte/chondroblast proliferation and con-

densation, and Sox9 inhibits BMP2- induced chon-
drocyte hypertrophy and ossification in fetal limb 
explant culture.

19.11  Discussion

Gene-enhanced tissue engineering cartilage is a 
promising strategy for cartilaginous patholo-
gies. However, it is very difficult to acquire 
seed cells with sufficient biological activity 
[41, 42]. We demonstrated here that exogenous 
overexpression of Sox9 significantly enhanced 
BMP2- induced chondrogenic differentiation 
and cartilage formation, while it also inhibited 
BMP2-induced osteogenic differentiation and 
endochondral ossification. Thus, overexpres-
sion of Sox9  in BMP2-induced chondrogenic 
differentiation may result in stable chondro-
genic phenotype of MSCs.
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Fig. 19.7 Sox9 promotes expansion of the proliferating 
chondrocyte zone and inhibits BMP2-induced chondro-
cyte hypertrophy and ossification in organ cultures.  
(A) Mouse E18.5 forelimbs (n = 4 each group) were har-
vested and transduced with AdGFP, AdBMP2, and/or 
AdSox9. The forelimbs were cultured in organ culture 
medium and the transduction efficiency was visualized 
under bright- light and fluorescence microscope (×40). (B) 
Histological analysis of the cultured forelimbs. The fore-

limbs were fixed, decalcified, paraffin embedded, and 
subjected to H&E staining. Representative images are 
shown (a), magnification ×100. The average lengths of 
the hypertrophic zones, prehypertrophic zones, and 
proliferating zones were also determined by using 
ImageJ software (b). Hyp hypertrophic chondrocyte 
zone, Pre prehypertrophic chondrocyte zone, Pro pro-
liferating chondrocyte zone. ∗P < 0.05, #P < 0.01, scale 
bar = 1 mm
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Recombinant human bone morphogenetic 
protein 2 (rhBMP-2) has been approved for treat-
ing acute, open tibial shaft fractures by FDA [43]. 
BMP2 also exhibits high chondrogenic activity at 
early stage of endochondral ossification of MSCs. 
However, BMP2-induced osteogenic activity and 
endochondral ossification affect the maintenance 
of hyaline cartilage phenotype [44, 45]. Such 
limitations can be overcome by inhibiting BMP2- 
induced osteogenic differentiation and 
 endochondral ossification of MSCs through 
directing BMP2-stimulated MSCs towards chon-
drogenic lineage with chondrogenic factors, such 
as Sox9. We found that BMP2 showed both high 
chondrogenic and osteogenic differentiation 
activity in vitro. Interestingly, overexpression of 
Sox9 enhanced BMP2-induced chondrogenesis 
and inhibited BMP2-induced osteogenesis 
(Figs.  19.2, 19.3, 19.4, and 19.5). We further 
evaluate the effect of overexpression of Sox9 on 
BMP2-induced MSC differentiation in vivo; the 
MSC subcutaneous implantation assays showed 
that BMP2 induced MSC chondrogenic differen-
tiation, and mediated endochondral ossification 
in a time-dependent manner, which is in agree-
ment with the previous studies [45–47]. When 
transduction with Sox9 occurred, endochondral 
ossification was inhibited, and hyaline cartilage 
was maintained (Fig. 19.6). Finally, we explored 
the effect of Sox9 on skeletal development in 
fetal limb culture assay. Fetal limb culture could 
mimic the progress of chondrogenesis and endo-
chondral ossification in vitro [37, 38, 48]. Similar 
with the effect of Sox9 in  vivo, which showed 
that Sox9 directs hypertrophic maturation and 
blocks osteoblast differentiation of growth plate 
chondrocyte, using a doxycycline-inducible Cre 
transgene and Sox9 conditional null alleles in the 
mouse [49], our data showed that Sox9 acted syn-
ergetically with BMP2 to expend proliferating 
chondrocyte zone and inhibited BMP2-induced 
chondrocyte hypertrophy, and ossification. Based 
on these results, it was concluded that Sox9 can 
effectively potentiate BMP2-induced chondro-
genic differentiation of MSCs, as well as inhibit 
BMP2-induced osteogenic differentiation, and 
endochondral ossification of MSCs both in vitro 
and in  vivo. Therefore, exogenous overexpres-

sion of Sox9 in BMP2-induced differentiation of 
MSCs may be an efficient way for cartilage tissue 
engineering.

Sox family was originally identified in Sry 
proteins, the male sex-determination transcrip-
tion factor, a gene localized on the Y chromo-
some. It has 12 groups, and along with Sox8 and 
Sox10 Sox9 belongs to group E. The Sox5, Sox6, 
and Sox13 belong to group D [25]. Sox transcrip-
tion factors act as architecture organizers. Sox5, 
Sox6, and Sox9, which are known as Sox trio, 
worked in coordination during the chondrogene-
sis [25, 50, 51]. Venkatesan et  al. [52] reported 
that Sox9 gene transfer through replication- 
defective recombinant adeno-associated virus 
(rAAV) vectors can induce human MSC chon-
drogenic differentiation and decrease the expres-
sion of osteogenic differentiation markers for 
21  days. Cucchiarini et  al. [53] also showed a 
process of cartilage defect repair in rabbits’ knee 
joints using rAAV as a gene transfer tool. Cao 
et al. [54] showed that implantation of Sox9 mod-
ifying MSCs in a polyglycolic acid (PGA) scaf-
fold resulted in better repair of knee osteochondral 
defect in rabbit using recombinant adenovirus- 
mediated gene transfer. However, it is also 
reported that Sox9 alone was insufficient to 
induce MSC chondrogenic differentiation, but 
required other growth factors, such as Sox5, 
Sox6, IGF1, FGF, or TGF-β [20, 50, 55, 56]. Our 
study indicated that transient overexpression of 
Sox9 using adenovirus vector was insufficient to 
induce chondrogenic differentiation of MSCs. 
However, overexpression of Sox9 could potenti-
ate BMP2-induced chondrogenesis and cartilage 
formation.

Runx2 is a transcription factor essential for 
BMP2-induced bone formation, endochondral 
ossification, and vascular invasion [10, 23, 24, 
31, 57]. However, Sox9 represses Runx2 expres-
sion by promoting transcriptional repressor 
Bapx1 expression [30]. In agreement with the 
other previous reports regarding the effect of 
Sox9 on Runx2 expression, we found that exog-
enous overexpression of Sox9 in BMP2-induced 
osteogenic differentiation of MSCs showed a sig-
nificant decrease in the levels of Runx2 expres-
sion, sequentially with delayed osteogenic 
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differentiation, and endochondral ossification. 
Apart from overexpression of Sox9, silencing or 
removing Runx2 might achieve a similar out-
come in BMP2-induced MSC differentiation. 
Kawato et  al. [58] found that Nkx3.2-induced 
suppression of Runx2 is crucial for the mainte-
nance of chondrocyte phenotypes. Lin et al. [59] 
showed that endochondral bone formation would 
be inhibited by silencing Runx2  in trauma- 
induced heterotopic ossification. Yoshida et  al. 
[60] showed that chondrocyte differentiation was 
inhibited depending on the dosages of Runx2, 
and Runx2 (−/−) mice showed a complete 
absence of chondrocyte maturation. Also note-
worthy, it is reported that Runx2 is essential for 
chondrogenesis. Kim et al. [61] found that Runx2 
plays an important role in Ihh signaling, which 
induces early chondrogenesis that consists of 
mesenchymal cell condensation, proliferation, 
and differentiation into chondrocytes at the early 
stage of embryogenesis. Therefore, it may be a 
more efficient way to suppress the expression of 
Runx2 rather than completely removing it for 
cartilage tissue engineering.

Articular cartilage is an avascular, aneural tis-
sue and lacks lymphatic drainage, which is com-
posed of chondrocytes and cartilage matrix. It is 
essential for cartilage tissue engineering to retain 
the hyaline cartilage phenotype. However, chon-
drogenesis and endochondral ossification are 
tightly coupled and well coordinated during bone 
and cartilage formation [62]. The activation of 
endochondral ossification results in failure of 
maintaining the hyaline cartilage phenotype. The 
TGF-β, BMPs, and FGFs have been reported for 
their ability to direct MSCs towards the chondro-
cyte lineage. Yet these growth factors led to unde-
sirable endochondral ossification or ectopic 
ossification [13, 14, 16, 43, 63, 64]. Sox9 as a 
master transcription factor for chondrogenesis 
also delayed BMP2-induced bone formation of 
MSCs, and endochondral ossification through 
repressed Runx2 expression, and thus plays a 
crucial role in cartilage formation and cartilagi-
nous pathology healing [49, 53]. We confirmed 
that Sox9-mediated inhibition of osteogenic dif-
ferentiation plays an important role in BMP2- 

induced cartilage formation and keeping hyaline 
cartilage phenotype.

Although it is well known that chondrogenesis 
and endochondral ossification are tightly coupled 
in cartilage and bone formation, it is unclear how 
these processes are linked in BMP2-induced 
MSC differentiation. Our study demonstrated 
that exogenous overexpression of Sox9 potenti-
ates BMP2-induced MSC chondrogenesis and 
cartilage formation, as well as inhibits BMP2- 
induced MSC osteogenesis and endochondral 
ossification. Thus, exogenous overexpression of 
Sox9 in BMP2-induced MSC differentiation can 
be considered as a new strategy for cartilage tis-
sue engineering.
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20.1  History and Introduction

Reconstruction of ears after trauma or due to con-
genital malformation (microtia-anotia) is a heavy 
and time-consuming procedure and it needs sev-
eral sessions of surgery. In spite of obvious prog-
ress in reconstruction techniques during the last 
six decades, still some problems have not been 
solved in this issue (Fig. 20.1).

20.2  Etiology of Missed Ears

Besides the microtia or anotia, there are other 
categories of patients who have lost their 
 external ear due to trauma, accident, frost bite, 
cancer removal, animal or human bites, or burns 
[1–5].

Congenital malformation of ear or microtia is 
a deformity that there is underdeveloped ear. A 
completely missed pinna is called anotia. 
Because microtia and anotia have the same ori-
gin, it is usually referred to as microtia-anotia. 
Microtia can be unilateral or bilateral. Incidence 
of microtia is 1 out of about 8000–10,000 births. 

In unilateral microtia, the right ear is most com-
monly affected.

20.2.1  Classification

There are four grades of microtia [1]:

 1. Grade I: A less than complete development of 
the external ear with minimal structures and a 
small external ear canal.

 2. Grade II: A partially developed ear (usually 
the top portion is underdeveloped) with a 
closed (stenotic) external ear canal with con-
ductive hearing loss.

 3. Grade III: Absence of the external ear with a 
small peanut-like vestige cartilage and an 
absence of the external ear canal and eardrum. 
The most common form of microtia.

 4. Grade IV: Absence of the total ear or anotia.

The pathophysiology of microtia is still 
unknown, but most probably is multifactorial, 
and it happens during weeks 8–12 of gestation 
period, when the external ear is forming [1].
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20.3  Traditional Methods for Ear 
Reconstruction

For reconstruction of ear several methods have 
been advised (Table 20.1):

 1. Reconstruction with rib costal cartilage
 2. Reconstruction with Medpor (porous polyeth-

ylene) and placing a skin flap (or multiple 
flaps) over it

 3. Using an external ear prosthesis

One of the most popular one is reconstruction 
with costal cartilage; some authors recommend 
this technique at the age of 7 (before entering the 
primary school) and some others recommend 
ages 8–10 as the ear in this age is completely 

developed and reached to its maximum size. The 
major advantage of this surgery is that the 
patient’s own tissue is used for the reconstruc-
tion. But the technique involves from two to four 
stages depending on the surgeon’s preferred 
method. The main disadvantages of this method 
are that it is a heavy and time-consuming proce-
dure and it needs several sessions of surgery (at 
least three sessions of operations), removal of 
costal cartilage (donor-site morbidity) 
(Table 20.2), lack of enough cartilage elasticity in 
adults (calcification of cartilage in adults), and 
shortage of and small- size costal cartilage in 
some patients, remaining of scar in the chest, 
hypertrophic scar in the chest, some respiratory 
problems after the surgery specially during exer-
cise, lack of enough cartilage for both sides 

a

d e

b c

Fig. 20.1 Reconstruction of microtia ear using rib cartilage
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Table 20.1 Summary of total autologous auricular reconstructive techniques

Surgeon Technique Pros Cons
Tanzer Four stages:

1. Rotation of the lobule into a transverse position
2.  Fabrication and placement of a costal cartilage 

framework
3. Elevation of the ear from the side of the head
4. Construction of a tragus and conchal cavity

–  First stepwise 
total auricular 
reconstruction

–  Good results

– Multiple operations
–  Transposing lobule 

first poses risk of 
vascular compromise 
of skin flap

Brent Four stages:
1.  Rib cartilage framework fabrication and 

placement
2. Lobule transposition
3.  Elevation of framework and creation of a 

retroauricular sulcus
4. Conchal excavation and tragus construction

– Good contour
–  Postoperative 

drain limits 
complications of 
bolster dressings

– Multiple operations
–  Lack definition of 

conchal bowl
–  Composite skin/

cartilage tragal grafts 
can contract

Nagata Two stages:
1.  Fabrication of costal cartilage framework 

including the tragus, conchal excavation and 
rotation of the lobule

2.  Elevation of framework, placement of cartilage 
graft in auriculocephalic sulcus, covered with 
temporoparietal fascial flap and skin graft

– Less operations
–  High-definition 

framework to 
create a good 
tragus

– More cartilage needed
–  Detailed framework 

so long learning curve
–  Minimum age 

10 years
–  Partial necrosis of 

posterior flap
–  Wire sutures increase 

extrusion

From: Z. M. Jessop, M. Javed, I. A. Otto, E. J. Combellack, S. Morgan, C.C. Breugem, et al.; Combining regenerative 
medicine strategies to provide durable reconstructive options: auricular cartilage tissue engineering; Stem Cell Research 
& Therapy 2016 7:19, DOI: 10.1186/s13287-015-0273-0 Published: 28 January 2016. [The article is distributed under 
the terms of the Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/), 
which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to 
the original author(s) and the source, provide a link to the Creative Commons license]

Table 20.2 Donor site morbidity associated with total autologous auricular reconstruction

Donor site morbidity Incidence Total number of patients per study
Early Pneumothorax 3 (1%) 270

19 (22%) 88
Atelectasis 4 (22%) 18

7 (8%) 88
Pleural effusion – –

Delayed Persistent pain 6 (14%) 42
Thoracic scoliosis 4 (25%) 16
Seroma 9 (8%) 108, rhinoplasty group
Clicking 3 (7%) 42
Abnormal scarring 0 (0%) 42

3 (2.7%) 110
12 (14%) 88
14 (5.3%) 264
21 (6.5%) 322

Contour deformity 3 (7%) 42
16 (50%) 32
22 (25%) 88

From: Z. M. Jessop, M. Javed, I. A. Otto, E. J. Combellack, S. Morgan, C.C. Breugem, et al.; Combining regenerative 
medicine strategies to provide durable reconstructive options: auricular cartilage tissue engineering; Stem Cell Research 
& Therapy 2016 7:19, DOI: 10.1186/s13287-015-0273-0 Published: 28 January 2016. [The article is distributed under 
the terms of the Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/), 
which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to 
the original author(s) and the source, provide a link to the Creative Commons license]
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(bilateral missed ears), lack of reserve cartilage 
for a third surgery (re- sculpturing of a new costal 
cartilage for secondary reconstruction), shape 
and configuration of the reconstructed ear some-
times not completely perfect, and low rate of 
resemblance to normal ear [6–11]. Some of the 
normal configurations of normal ears cannot be 
reproduced and some of them have not long dura-
bility (Table 20.3).

Reconstruction with Medpor has some 
advantages, like one-stage procedure, no donor-
site morbidity, and good shape and size 
(Figs.  20.2 and 20.3). But disadvantages are 
using of a synthetic material, infection, extru-
sion of framework, inflammatory reactions, 
inability to grow with patient, and so on [12].

For external prosthesis only one stage of fixa-
tion is enough, but some inflammatory response 
to the screws or fixation site, easy dropping of 
loose prosthesis, incompatibility of other chil-
dren in school (they may make a joke by remov-
ing the ear and playing with it in the class), 
changing of the color during the time, changing 
of quality during the time, need for buying a new 
one after some years, and inability to grow with 
patient’s age (Fig.  20.4). Therefore these prob-
lems promote some surgeons to find other 
options.

20.4  New Concepts for Ear 
Reconstruction

For reconstruction of ear two different tissues 
have to be restored, skin envelope and cartilagi-
nous ear framework: skin and ear framework.

20.4.1  Skin Reconstruction

The skin can be repaired as follows:

 1. Using the postauricular skin + skin graft.
 2. It can be reproduced with a flap from superfi-

cial temporal fascia which covers the frame-
work as a sandwich and total skin graft of it.

 3. Free fascial flaps (such as radial forearm flap) 
and total skin graft of it.

 4. Placing tissue expander in postauricular skin 
and expansion of skin [12].

 5. Using multiple flaps.

20.4.2  Reconstruction of Ear 
Framework

For reconstruction of framework using new 
methods, surgeons from 15 years ago started to 
use cell expansion techniques and cell cultures.

One of the first steps in this regard was using 
the chondrocytes of the patient from normal side. 
The scientists extracted the chondrocytes and 
cultured it in vitro and after expansion they used 
it over a scaffold, placed it in vitro or in vivo, and 
tried to build a cartilaginous framework. The 
more the scaffold resembles to the patient’s ear, 
the more the reconstructed ear resembles to the 
normal ear. Although it is a one-stage procedure 
and has no morbidity in chest, it needs another 
operation for harvesting the chondrocytes.

20.4.2.1  Animal Chondrocytes
In one of the reports from Japan in 2004, the 
authors used bovine articular chondrocytes and 
expended it and seeded over PLLAEC (poly(l- 
lactic acid-epsilon-caprolactone) copolymer scaf-
fold (which resembles to human ear). Then they 
inserted it in the back of mouse for 40 weeks. The 
resulted ear was very similar to human ears [13].

In 2007 from the USA, the authors used 
chondrocytes of joint, septum, or ear of the rab-
bit and reconstructed a new cartilage over a 
scaffold. They found high proteoglycan, colla-
gen type II, and glycosaminoglycan in the carti-
lage and used them for reconstruction of trachea 
cartilage. They concluded that only ear cartilage 
chondrocytes maintained their biomechanical 
characteristics [14].

In a report from Germany in 2003, the authors 
used septal chondrocytes and expended them 
and seeded over hyaluronic acid scaffold (Hyaff 
11) and in 4 weeks they reconstructed a new car-
tilage [15].

In 2003 there is a report that authors used 
bovine chondrocytes with scaffold and acrylic 
internal support. And in 12  weeks in rats they 
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Table 20.3 Long-term limitations of autologous auricular reconstruction

Long-term limitations Reasons
Stiffness 1.  Different biomechanical properties of fibrocartilage 

donor
2. Heterotopic calcification

Extrusion 1. Skin flap necrosis
2. Wire sutures to assemble cartilage framework
3. Wound infection or pressure dressings

Projection loss 1.  Effacement of postauricular sulcus due to contraction of 
skin grafts

Distortion 1.  Constriction of skin and soft tissue overlying the 
construct due to scarring or ischemia

2.  Cartilage degradation and resorption leading to loss of 
definition

From: Z. M. Jessop, M. Javed, I. A. Otto, E. J. Combellack, S. Morgan, C.C. Breugem, et al.; Combining regenerative 
medicine strategies to provide durable reconstructive options: auricular cartilage tissue engineering; Stem Cell Research 
& Therapy 2016 7:19, DOI: 10.1186/s13287-015-0273-0 Published: 28 January 2016. [The article is distributed under 
the terms of the Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/), 
which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to 
the original author(s) and the source, provide a link to the Creative Commons license]
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reconstructed new human shape ear and human 
nasal tip cartilages which have good rigidity [16] 
(Fig. 20.5). In 2002 there was a report that stated 
that rabbit chondrocytes (autograft or allograft) 

and a rabbit decellularized cartilage can be cul-
tured together (they used decellularized cartilage 
as a framework or scaffold). They found that 
new ear has viable chondrocytes [17]. For evalu-
ation of scaffolds a study in 2014 was done. The 
authors used rabbit articular chondrocytes with 
swine articular scaffolds and used the new carti-
lage in a defect in rabbit trachea. They concluded 
that allogenic chondrocytes with xenogenic scaf-
folds would result in a cartilage that has good 
shape and function [18].

These reports have shown us that a new carti-
lage can be regenerated from xeno-scaffolds. But 
there are reports that the new cartilages are not 
durable [19] or stable [20] although still other 
reports emphasized on rigidity [16], biocompati-
bility [21], and proper biomechanical character-
istics of new cartilages [14].

Then researches focused on the origin of 
chondrocytes. It was found that ear chondrocytes 
will produce elastic cartilage and articular chon-
drocytes will produce articular cartilages [22]. 
Besides it is found that costal chondrocytes will 
become calcified during the long term and the 
best chondrocytes for tissue engineering are 
those extracted from ear, septum, and joints [23].

20.4.2.2  Human Chondrocytes
Gradually after successful results with animal 
chondrocytes, the studies went for the culturing 
of human chondrocytes. There are reports that 
used human chondrocytes and cultured them in 

Fig. 20.2 Medpor ear framework

Fig. 20.3 Medpor ear framework

Fig. 20.4 Artificial ear prosthesis

H. Karimi et al.
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Fig. 20.5 Reconstruction of human ear cartilages in the back of the rats, in vivo

the lower abdomen. The result is a block of carti-
lage that can be used for sculpturing and recon-
struction of ear framework [24, 25]. The authors 
stated that the cartilage has a neo-perichondrium 
and it can also be used as chondro-fat composite 
graft too. They reported that the cartilages were 
stable for 1–5 years [4]. These works are suitable 
as there is no donor site in the chest and rib carti-
lages. And in some other studies normal human 
chondrocytes were cultured in special media and 
used for reproduction of ear cartilage in lab [5] 
(Fig. 20.6).

Also there is another report from the USA that 
children ear chondrocytes can be cultured for 
framework reconstruction. The cells have a better 
speed for doubling and it has longer biocompati-
bility [26]. There is also another report from the 
USA that human chondrocytes were seeded over 
PGA/PLA (polyglycolic acid/poly lactic acid) 
scaffolds and the regenerated cartilages had no 
differences with normal ones regarding the 
mechanical and histological properties, unless 

the cells were smaller and there was a fibrous 
capsule around the cartilage [27]. In a report 
from Switzerland in 2014, the authors mentioned 
that they used human septal chondrocytes and 
after 4 weeks the results were proper hyaline and 
fibrous cartilages which remained stable and 
functional for 1 year [28].

Fig. 20.6 Reconstructed ears with chondrocytes

20 Stem Cells and Ear Regeneration
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20.4.2.3  Chondrocytes from Microtia 
Ear

But problem of taking chondrocytes from a nor-
mal ear has led the scientists to another option. 
They used chondrocytes from microtia ear, as 
they are expandable and with no donor morbidity 
and no morbidity for normal ears. These new car-
tilages had proper physical characteristics and 
abundant amount of proteoglycans and collagen 
type II [29]. It is reported that for human chon-
drocytes, FGF-2 promotes more proliferation and 
OP-1 has induced and maintained the phenotypic 
characteristics of ear chondrocytes [30]. So in 
this option, surgery is one stage with no donor 
morbidity in normal ear and finds a way of use 
for microtia cartilage.

20.4.2.4  Stem Cell Regeneration
After microtial chondrocytes, another step was 
to culture and expand the stem cells and dif-
ferentiate them into the chondroblasts. 
Obviously the researches began with animal 
stem cells. Stem cells have the ability to 
increase into number of millions and they can 
also be kept in liquid nitrogen for further cul-
ture and use. And after multiplication, they can 
differentiate into target cell, i.e., cartilage 
cells. These processes can be performed in the 
lab and have no stage in the patient’s body. 
Many stem cells and many ear cartilages can 
be regenerated from one stem cell, so if there is 
any need for re-sculpturing and redoing of ear 
reconstruction, there would always be another 
cartilage for this purpose.

Many sources for stem cells have been used  
in this regard: bone marrow stem cells (BMSC) 
[22, 31–55], adipose-derived stem cells (ADSC) 
[52, 56–59], mesenchymal stem cells (MSC) [32, 
60–63], dental pulp stem cells [5, 56], perichon-
drial stem cells [64–66], chondrocyte-derived 
progenitor cells (CDPC) [67], and fetal cartilage-
derived progenitor cells (FCPC) [68].

The stem cells from these origins are har-
vested, cultured, and expanded and then they will 
be set in a chondrogenic culture media in order to 
produce the chondroblasts [38]. Then the new 
chondroblasts are placed in  vitro and with the 

help of external molds or internal scaffolds they 
will gain the shape of a human ear.

The chondrogenic culture media (like DMEM/
F12 media) should have special characteristics 
and it should have the ability to induce stem cells 
into chondroblasts [38]. These inducing media 
are very specific for the type of cells; for example 
in a report in 2013, ADSC and ear chondrocytes 
of rat were cultured separately in the same media. 
ADSC produced proper cartilage while ear chon-
drocyte did not produce proper cartilage [59]. 
Some specific cell mediators and growth factors 
should be added to this media for promoting the 
stem cells. Some of them are for increasing the 
number of stem cells such as FGF-2 [30] and 
some of them are necessary for changing into 
chondroblasts such as TGF-B3 [33], OP-1 [30], 
PTH [36], b FGF [69], and PRP [44] and some 
are needed to maintain the phenotype of cartilage 
like chondromodulin-1 [45].

Problems with a pre-induced media have led 
the scientists to a new innovation. Some of the 
authors used mature chondrocytes as a co-culture 
for stem cells and chondrogenic microenviron-
ment that was produced and had an induction 
effect on the stem cells and after induction the 
chondroblasts and chondrocytes were produced 
and could be seeded to the scaffolds. It has been 
shown that co-culturing of ADSC with osteocytes 
can produce osteoblasts and co-culturing with 
chondrocytes can produce chondroblasts [56]. 
Some of the authors used xenograft chondrocytes 
[32, 61, 62] and some others used allograft 
human chondrocytes [37]; some others used 
autograft chondrocytes with good results [34, 41, 
42, 44, 46, 49, 54, 56, 57].

About the time of induction in the induction 
media or co-culture several studies have been 
done. Some scientists advise from 7 to 10 days 
and some others up to 3 weeks and others even 
8–12 weeks. It is obvious that there is no consen-
sus about this issue [37, 38].

What should be the ratio or the percentage of 
stem cells versus chondrocytes in co-culture 
media. There are many reports from 1:2 to 1:1 to 
7:3 to 75:25 to 80:20. But most of the authors 
advised 75:25 ratio [32, 40–42, 54, 57].
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20.4.2.5  Neonatal Chondrocytes 
Versus Adult Chondrocytes

There is a very good study from the UK in which 
the authors compared the quality of cartilage 
after co-culturing of BMSC with human neonatal 
chondrocytes versus adult chondrocytes. They 
found that there were no differences and even the 
quality of cartilage in adult cartilages in some 
issues was better than neonatal cartilages. So it 
seems that power of reproduction in chondro-
cytes themselves is not an important issue and 
only chondrogenic effect is important [37].

20.4.2.6  Choosing the Stem Cells
There was a very good study in 2010 and authors 
reported that among BMSC, ADSC, and chon-
drocytes, the best cartilages were obtained from 
BMSCs. Therefore it seems that the choice for 
regeneration of ear cartilage is BMSCs [52].

20.4.2.7  Scaffolds
There are some few reports that did not use the 
scaffolds and still reported the good results. 
Although the longevity of these cartilages and 
quality of them are in question, they stated the 
proper results while some of them reported that 
the cartilages were not stable [20, 29, 36]. Some 
of the authors who did not use scaffolds used 
fibrin sealant in order to put the regenerated 
cells together. This sealant may have some 
minor effects of scaffolds, but the regenerated 
cartilages would be with the shape of a block 
[29, 36, 39, 47].

For using a stable structure that puts every 
cells together, some authors used external molds 
and more authors advised internal scaffolds. 
There are reports about externals molds that will 
shape the cartilage into a human ear cartilage [70, 
71]. These authors reported good and proper 
results after 8–12 weeks of in vivo implantation.

But the difficulty of using an external mold for 
a long time in an animal model has led the scien-
tists to use an internal scaffold that would shape 
the regenerative cartilage. There are several kinds 
of scaffolds: absorbable, nonabsorbable, double 
scaffolds, and so on. These scaffolds can help sci-
entists to produce a 3D cartilage which resembles 

the ear framework. Several characteristics have 
been written for a good and proper scaffold; it 
should provide good surface for adhesion of the 
stem cells, it should provide good structure for 
cell support, it should have mechanical properties 
similar to the ideal cartilage, scaffolds and its 
degradation should not be toxic to the host, scaf-
fold has to have the ability for 3D reproduction, it 
should have high (90%) porosity for cell-to- 
polymer interaction, it should have enough space 
for matrix production, it should help to prevent 
loss of phenotype, it is better to be absorbable 
after regeneration of cartilage, degraded scaf-
folds should not be toxic to stem cells, and it 
should be easily replaced by the new cartilage tis-
sue. The scaffolds should have the ability for cell 
induction in early steps and ability to support cell 
differentiation in the next stages (Table 20.4).

Absorbable scaffolds are PLA (poly-lactic 
acid), PLLA (poly-l-lactic acid) [35], PLA/PGA 
[22, 27, 40, 62], PGA (polyglycolic acid) [34], 
collagen scaffolds [65], collagen type I hydrogel 
[34], PLCG (poly-lactic-co-glycolide) [37], 
PLLAEC poly(l-lactic acid-epsilon- 
caprolactone) copolymer [13], collagen type I 
glycosaminoglycan [38], Hyaff 11 (a hyaluronic 
acid derivative) [15], swine scaffold PCS [18], 
hexanol acetone/carbonate, decellularized ear 
cartilage (only collagen and elastin) [48], cadaver 
ear framework [55], acellular dermal matrix 
(ADM) [49], PLA/PLEC poly(l-lactic acid) and 
poly(l- lactide-epsilon-caprolactone) [23], silk 
fibroin [43], GT/PCL (gelatin/polycaprolactone) 
[42], PCL (poly-e-caprolactone) [61], and poly- 
coprolactone- based polyurethane [72].

Nonabsorbable scaffolds include chitosan 
nonwoven [31], polyethylene [73], silk polymer 
[60], acrylic internal support [16], and porous 
coral scaffold [46].

Double scaffolds are also numerous such as 
chitosan nonwoven/PLGA (poly (dl-lactide-co- 
glycolide)) [31], PLAEC/PLA (poly(l-lactic 
acid-epsilon-caprolactone)/poly-lactic acid) [23], 
alginate and silk polymer [60], porous collagen/
titanium wire [69], and silk fibroin/chitosan [43]. 
In some mixed scaffolds both scaffolds are 
absorbable; in others one is absorbable and nour-
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ishing for the cells and the other is nonabsorbable 
and provides heavy and stable structure for a long 
time and in other less frequent types both are 
nonabsorbable.

Yu Liu et al. [5] also used double-mesh frame-
work, one as structure and the other as nourishing 
mesh, and have done it in vitro. After 12 weeks 
they had good results for elasticity and shape. In 
a study by Nayyer-Leila et  al. [74], they used 
human stem cells and collagen–polyester mesh 
for reconstruction of ear. But they had done it in 
only one patient and this type of study needs fur-
ther cases and researches.

Selection of scaffolds depends on the experi-
ence of surgeon or scientists, type of stem cells that 
they want to use, and type of regenerative cartilages 
that are needed to be regenerated. For example for 
reconstruction of ear most frequent scaffolds that 
are used include PLA/PGA and PLA.

Scaffolds are widely used to reconstruct 
cartilage. Yet, the fabrication of a scaffold with 
a highly organized microenvironment that 
closely resembles native cartilage remains a 
major challenge. Some authors suggested that 
scaffolds derived from acellular extracellular 

matrices are able to provide such a microenvi-
ronment. There is a report specifically on 
decellularization of full-thickness ear carti-
lage. In this study, decellularized ear cartilage 
scaffolds were prepared. The authors removed 
cells and cell remnants from elastic cartilage 
and the obtained scaffolds retained their native 
collagen and elastin contents as well as their 
architecture and shape. High- magnification 
scanning electron microscopy showed no obvi-
ous difference in matrix density after decellu-
larization. However, glycosaminoglycan 
content was significantly reduced. Then the 
authors used BMSC over this scaffold and the 
new cartilages had good and proper character-
istics [48]. In another report from our center, 
we used ear framework of cadaver with 
BMSC. The resulted ears have very good elas-
tic and biomechanical properties (Figs.  20.7–
20.11). And the shape, weight, and size of the 
ears were retained. This was the first time in 
the published literature that the weight of ears 
was measured and with BMSC new cartilages 
were formed with proper shape, weight, and 
size. In that study we concluded that the using 

Table 20.4 Different type of scaffolds

Absorbable Poly-l-lactic acid
Polyglycolic acid
Poly galactin
Polyurethan

Dexon
Vicryl

Non-absorbable Poly vinyl alcohol
Polytetrafluoroethylene
Polyethylene
Nylon
Polyester
Carbon fiber meshwork

Porous sponge
Teflon
Dacron

Bio-materials non-synthetic Collagen type I sponge
Decalcified bone
Fibrin polymer
Hyaluronic acid
Meniscus
ADM
Decellularized cartilage
Cadaver cartilage

Our previous report (Karimi H, 
Emami SA, Olad-Gobad MK )

From: Z. M. Jessop, M. Javed, I. A. Otto, E. J. Combellack, S. Morgan, C.C. Breugem, et al.; Combining regenerative 
medicine strategies to provide durable reconstructive options: auricular cartilage tissue engineering; Stem Cell Research 
& Therapy 2016 7:19, DOI: 10.1186/s13287-015-0273-0 Published: 28 January 2016. [The article is distributed under 
the terms of the Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/), 
which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to 
the original author(s) and the source, provide a link to the Creative Commons license]
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of ear cadaver framework seeded with bone 
marrow stem cells for reconstruction of ear is a 
feasible, fast, one-stage technique and the elas-

ticity, shape, size, and weight of the framework 
would be preserved. Using the patient stem 
cells also would provide the most HLA com-
patibility for reconstructed ear [55]. There is 
another report in 2015 that used human cadaver 
ear framework for reconstruction of ear [48].

Fig. 20.7 Reconstruction of human ears with BMSC and 
cadaver framework

Fig. 20.8 Testing the elasticity of reconstructed ear that 
was regenerated from the patients’ own BMSC and 
cadaver framework

Fig. 20.9 Testing the flexibility of reconstructed ear that 
was regenerated from the patients’ own BMSC and 
cadaver framework

Fig. 20.10 Testing the flexibility of reconstructed ear 
that was regenerated from the patients’ own BMSC and 
cadaver framework

Fig. 20.11 Measuring the weight of frameworks in two 
groups after 12 weeks in the back of the rat, in vivo. Our 
results showed that BMSC and cadaver framework will 
maintain the weight and shape and elasticity of the ear 
framework and after 12 weeks, the reconstructed ear can 
be used for reconstruction of missed ear in the patients

20 Stem Cells and Ear Regeneration
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20.4.2.8  Growth Factors
For culturing and expanding of the stem cells, it 
is needed to have a chondrogenic media and pro-
vide some growth factors and cytokines [40, 56] 
to facilitate transformation of stem cells into 
chondroblasts. The stem cells can differentiate 
into chondrogenic cells by the help of chondro-
genic media with growth factors or co-culturing 
with chondrocytes or chondrogenic matrix. Some 
of these growth factors are:

 1. FGF-2: for promoting cell proliferation
 2. OP-1: for promoting cell phenotypes into 

chondroblasts
 3. TGF-β3: for transforming into chondrocytes
 4. βGF: for cell proliferation
 5. Chrondromodulin-1: for stabilization of phe-

notype and prevention of calcification of 
cartilage

 6. TGF-β: for cell differentiation and matrix 
formation and transformation to chondro-
blast; it works synergistically with IGF-1

 7. Dexamethasone: for transformation to 
chondroblast

 8. Ascorbic acid: as adjuvant
 9. TGF-β3: for transforming into chondrocytes
 10. IGF-1: for transforming into chondrocytes 

and matrix formation
 11. TGF-β1: for chondrogenicity
 12. BMP: bone morphologic protein
 13. Basic FGF: FGF-2 for cell proliferation
 14. PDGF: platelet-derived growth factor; for 

cell proliferation [75–88]

20.5  Maturation Process

It is proven that tissue-specific stem cells can 
produce a new auricular cartilage, but this new 
cartilage structure is immature phenotypically; 
advantage of this issue is that it is highly active 
metabolically and it can grow and develop into 
mature adult ear cartilage, but disadvantage is 
that it may be liable to resorption. In the first 

and highly innovative study of auricular tissue 
engineering by Vacanti et al. [6, 16], a new ear-
shaped cartilage was made from bovine chon-
drocytes and biocompatible scaffolds that were 
 xenografted into a nude mouse [89]. The shape 
of the cartilage was supported by an externally 
fixed mold, but after removal of the mold the 
cartilage deformed and started to shrink. So the 
new cartilage was not stable in long term 
(Fig. 20.12). Newer studies have shown that the 
process of resorption may be due to an intrinsic 
property of new cartilage, or due to extrinsic 
factors, e.g., cell mediators or inflammatory 
mediators or cell-to-cell interactions.

Advantage of an internal permanent support, 
like coiled wire or titanium wire or nylon scaf-
folds, is that it is shown in animal studies that it 
helps to prevent or to reduce shrinkage of the 
neo-cartilage [19, 75], but disadvantage is that 

Fig. 20.12 Deformity and shrinkage of the regenerated 
ear framework

H. Karimi et al.
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implanted synthetic materials may be extruded 
[75–80].

The extracellular matrix of cartilage has col-
lagen and elastin framework and can last forever, 
as it has extensive chemical cross-linking that 
stabilizes the structural of the cartilage. The mat-
uration process of cross-linking starts after the 
birth and in 15  years will be completed. It is 
called functional adaptation [81–83] (Figs. 20.13 
and 20.14).

Gradual increasing of the number of cross- 
linking would increase the biomechanical 
strength of cartilage [84]; in this way a durable 
cartilage will be produced [85, 86]. Until now 
there were no solutions for promoting maturation 
in a new cartilage. The lack of maturation is one 
of the major causes of the failure for production 
of a durable tissue-engineered ear cartilage. 
There is a marvelous study that fibroblast growth 
factor (FGF)-2 and transforming growth factor 
beta-1 (TGF-β1) may induce maturation in the 
cartilage in immature articular cartilage. No one 
knows to what extent does auricular cartilage 
undergo tissue maturation. But the goal of newer 

studies is to accelerate the maturation process 
and have a functional and durable cartilage  
[87, 88].

20.6  Achieved Results

Up to now several progressions have been 
made by scientists to produce ear cartilages by 
tissue engineering. These cartilages can be 
formed in vivo or in vitro. If you want to use 
in vivo option, there would be needs for a two-
stage operation for the patients. And if you 
want to use in vitro option, there would be one-
stage operation but the mechanical properties 
of the new cartilages are weaker than the 
in vivo one.

The 3D manufacturing of the scaffolds is a 
new concept that has many successful results and 
the regenerated ear would have a natural 3D con-
figuration very similar to a normal ear.

20.7  Horizons of Research

The new research can be focused over recon-
structing cartilage in fewer days, promoting 
faster maturation for new cartilages, having 
strong mechanical properties, and regenerating 
ear framework with bilayer skin over both sides 
of the framework (Table 20.5; Fig. 20.15).

Fig. 20.14 Microscopic examination of cartilage after 
shrinkage

Fig. 20.13 The shape and flexibility of the framework 
has been lost

20 Stem Cells and Ear Regeneration
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Fig. 20.15 Limitations of current tissue-engineered 
auricular cartilage constructs. (From: Z.  M.  Jessop, 
M.  Javed, I.  A.  Otto, E.  J.  Combellack, S.  Morgan, 
C.C. Breugem, et  al.; Combining regenerative medicine 
strategies to provide durable reconstructive options: auric-
ular cartilage tissue engineering; Stem Cell Research & 
Therapy 2016 7:19, DOI: 10.1186/s13287-015-0273-0 

Published: 28  January  2016. [The article is distributed 
under the terms of the Creative Commons Attribution 4.0 
International License (http://creativecommons.org/
licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give 
appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons license])

Calcification
(5, 79)

Mechanical instability
(80, 81, 82)

Inflammation
(75)

Antigenicity
(77)

Degradation
(6, 78)

Foreign body reaction
(76)

Fibrosis
(75)

Table 20.5 Potential future benefits and challenges of combining regenerative medicine with additive manufacturing

Feature Benefits Challenges
Bioprinting Control over macrostructure 

and microstructure of tissue 
produced

Replicate anatomical form
Reduce surgical technique 
learning curve

Biomechanical properties of 
bioinks
Effect of printing on cells
Printing resolution

Patient-specific 
macrostructure from image 
acquisition (CT/MRI)

Reduce variability in surgical 
outcomes

Macrostructure may alter during 
bioreactor maturation

Manufacture ex vivo Avoid donor site morbidity
Reduce operating time

Potential for contamination
Regulatory constraints

Regenerative 
medicine

Tissue-specific stem cells to 
improve quality and 
functionality of engineered 
tissue

True “like for like” replacement
Restoring native anisotropy 
allows improved matching of 
mechanical properties

Genetic stability and 
differentiation capacity of cells 
after prolonged expansion in 
culture

Tissue maturation utilizing 
growth factors

Reduce degradation and 
constriction

Optimal growth factor 
combinations and temporal 
effects

CT computed tomography, MRI magnetic resonance imaging
From: Z. M. Jessop, M. Javed, I. A. Otto, E. J. Combellack, S. Morgan, C.C. Breugem, et al.; Combining regenerative 
medicine strategies to provide durable reconstructive options: auricular cartilage tissue engineering; Stem Cell Research 
& Therapy 2016 7:19, DOI: 10.1186/s13287-015-0273-0 Published: 28 January 2016. [The article is distributed under 
the terms of the Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/), 
which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to 
the original author(s) and the source, provide a link to the Creative Commons license]
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21.1  Introduction

In recent years, basic research into the use of 
electrostimulation to provoke muscle plasticity 
after spinal cord injury (SCI) has prompted clini-
cal trials which have investigated the use of long 
impulse electrical stimulation as a treatment for 
long-term permanently denervated human mus-
cles [1, 2]. These studies were aimed at improv-
ing muscle trophism and increasing external 
muscle power to a level sufficient to restore an 
impulse-assisted ability to perform “stand-up” 
exercises [3–9]; that is, the muscle mass and 
strength would be increased to the point that indi-

viduals could actually stand up with assistance 
from direct electrical stimulation of the dener-
vated muscles. These treatments usually were 
initiated late after denervation because of clinical 
constraints and/or outdated beliefs that electrical 
stimulation is ineffective and may actually inter-
fere with ensuing myofiber reinnervation. These 
ideas are still maintained by many experts despite 
recent evidence that electrostimulation may 
indeed enhance nerve growth and appropriate 
muscle reinnervation [10–12]. Here we discuss 
works exploring the effects of combining sponta-
neous or induced aneural myogenesis with 
delayed long-term electrical stimulation.

Permanent denervation of skeletal muscle 
results in early loss of function and subsequent 
tissue wasting that is believed to lead to muscle 
fiber death and ultimately to substitution of con-
tractile tissue with adipocytes and collagenous 
sheets [8, 9]. More specifically, permanent mus-
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cle denervation in mammals produces a long- 
term period of denervation atrophy followed by 
many months later by severe atrophy accompa-
nied with lipodystrophy and fibrosis, and addi-
tionally by non-compensatory myogenic events 
(regeneration of muscle fibers). In the rodent life 
span (3–4 years), these events begin 24 months 
after permanent denervation and persist the entire 
lifetime; however differences between species 
can be significant and at this point are poorly out-
lined (see below). Nonetheless, all of these 
events, regardless of time frame, constitute the 
concept of muscle plasticity, that is, the wide 
range of adaptive responses of muscle tissue to 
increased or diminished use [13].

The mechanisms leading to cell death in rodent 
skeletal muscle undergoing post- denervation 
atrophy have been described in detail [14–16]. 
Briefly, as time elapses from the denervation 
event, ultrastructural characteristics very similar 
to those considered as markers of  apoptosis are 
noted along with clear morphological manifesta-
tions of muscle cell death, starting from progres-
sive destabilization of the differentiated phenotype 
of muscle cells, as evidenced by spatial disorgani-
zation of myofibrils and formation of myofibril-
free zones. Dead muscle fibers are observed, those 
being typically surrounded by a folded intact 
basal lamina and having an intact sarcolemma and 
highly condensed chromatin and sarcoplasm. The 
numbers of nuclei displaying abnormal morphol-
ogy exceed the numbers of nuclei positive for 
apoptosis by 30–40-fold.

Muscle degeneration (we will not use the 
word dystrophy to avoid confusion with genetic 
muscle diseases) is an even later effect of dener-
vation during which a significant portion of the 
muscle mass is substituted by different cells 
(mainly fibroblasts) and collagen sheets which 
surround myofibers (endomysial fibrosis) fol-
lowed by degeneration or lipodystrophy [17]. 
These later alterations appear to occur in the 
long-term denervated muscle of rat after a heavy 
reduction in the number of capillaries per myofi-
ber [18].

The fully differentiated pattern of fast and 
slow myosins becomes established in normal 
adult skeletal muscles and acute denervation has 

very little influence on the type of contractile pro-
teins synthesized in the early atrophying muscle 
fibers. Nonetheless, a small net change in fiber 
type appears to be a typical feature of the early 
phases of denervation. This relative imbalance in 
fiber type is attributed to the preferential atrophy 
of fast fibers followed by atrophy of slow fibers 
[19, 20]. However, after several months of per-
manent denervation in rats, there is an almost 
complete transformation of mixed muscles into 
nearly pure fast muscles [21–23], with only a 
small amount of residual slow myosin present 
with the fast myosin. Analyses of denervated and 
aneurally regenerated muscles suggest that in 
long-term denervated rat soleus the slow-to-fast 
transformation is mainly the result of repeated 
cycles of cell death and regeneration [24–26]. 
Such a slow myosin disappearance is less pro-
nounced in other species [27], but it is not known 
if this means that post-denervation myofiber 
regeneration is less pronounced.

21.2  Spontaneous Myogenesis 
in Denervated Skeletal 
Muscles

There is a general consensus that in mature mam-
malian skeletal muscles “satellite cells” are the 
source of new myonuclei, in particular in regen-
erative processes after trauma or myotoxic inju-
ries [28, 29]. Despite some doubt [30], in 
mammalian skeletal muscle there is also some 
evidence suggesting that satellite cell prolifera-
tion is necessary to support the process of com-
pensatory hypertrophy. Specifically, when 
elevated radiation doses are used in rodents to 
prevent satellite cell proliferation prior to initia-
tion of skeletal muscle functional overloading, 
the hypertrophy response is nearly absent [31].

Evidence of myogenic events is also observed 
in atrophying denervated skeletal muscles. In 
contrast with older reports, light and electron 
microscopy studies reveal that long-term dener-
vated muscle maintains a steady-state severe 
atrophy for the animal life span. Further, some 
morphological and molecular features indicate 
that events of aneural regeneration occur continu-
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ously [21, 32]. New muscle fibers are present as 
early as 1 month after nerve section and reach a 
maximum between 2 and 4  months in rat leg 
muscles following denervation. Myogenesis 
gradually decreases with progressive post- 
denervation degeneration, although myogenic 
events continue to occur and are not secondary to 
muscle reinnervation [33]. Muscle partial dener-
vation or reinnervation is a major technical prob-
lem in the study of long-term denervated muscle 
in rodents. The small size of rat legs and the high 
capacity for peripheral nerve regeneration neces-
sitate the development and execution of careful 
surgical approaches in establishing the experi-
mental model [18]. Furthermore, minimal resid-
ual innervation is the most common event in 
clinical cases. Research on this “disturbing” vari-
able in long-term denervated human muscle 
management is needed.

The myogenic response in long-term dener-
vated rat muscle is biphasic and includes two 
distinct processes. The first process, which 
dominates during the first 2  months post- 
denervation, resembles the formation of sec-
ondary and tertiary generations of myotubes 
which occurs during normal muscle develop-
ment. The activation of this type of myogenic 
response (myofiber generation, which truly 
increases the number of myofibers present in an 
anatomically defined muscle, i.e., hyperplasia) 
does not depend on cell death and degenerative 
processes [17].

A second type of myogenesis is a typical 
regenerative reaction that occurs mainly within 
the spaces surrounded by the basal lamina of 
dead muscle fibers [18]. Myofibers of varying 
sizes are vulnerable to degeneration and death, 
which indicates that cell death does not correlate 
with levels of muscle cell atrophy in denervated 
muscle [17]. These regenerative processes fre-
quently result in the development of abnormal 
muscle cells that branch or form small clusters 
surrounded by two layers of basal lamina (the old 
layer and the new one which was secreted by the 
new myofiber) [17, 21, 32, 33]. Spontaneous 
myofiber regeneration in long-term denervation 
has been quantified and shown to be non- 
compensatory and to result in the reduction of 

satellite cell pools [17, 24, 25, 34–39]. The turn-
over of myonuclei (but not necessarily of regen-
erating myofibers) in adult rats, studied by 
continuous infusion of 5-bromo-2-deoxyuridine 
(BRDU), occurs at a rate of 1–2% per week at 
most [38, 40]. Evidence of satellite cell depletion 
in denervated muscle raises some questions about 
the long-term potential effects of regenerative 
myogenesis [35, 36]; however, myotoxin-induced 
myogenesis suggests that a long-lasting effect 
could occur(see below).

Interspecies differences raise additional 
doubts, since there are significant differences in 
post-denervation effects, even in rate of atrophy 
[41]. In humans, denervation atrophy pro-
gresses at a relatively slower rate in comparison 
to rat, but we have observed that the myogenic 
reactions to denervation in human muscle are 
very similar to those well described in rodents; 
this is indeed encouraging as to the potential 
application of our work in clinical 
rehabilitation.

21.3  Induced Myogenesis in Long- 
Term Denervation

In addition to traumatic events, regeneration of 
muscle fibers has been studied after induction of 
muscle damage and regeneration by vitamin E 
deprivation [42], autografting [17, 18], and as 
induced by myotoxin treatment [43, 44]. Studies 
demonstrate that permanent denervation does not 
prevent induced muscle regeneration [32] and a 
long-term retention of this capability has been 
demonstrated. For example, 4  months after 
denervation, rats treated with bupivacaine 
develop massive and synchronous myofiber 
regeneration in both fast and slow muscles within 
a few days of treatment [26, 45]. Additionally, 
when rat muscles are denervated for 7  months 
and then the rats are treated with marcaine or 
notexin, autografting of the muscles is followed 
by substitution of old fibers by new fibers [32, 34, 
36, 46, 47]. Specifically, 2 weeks after autotrans-
plantation, the aneurally regenerated myofibers 
increased in size up to 25% of the normal size of 
innervated muscle fibers, and then they decreased 
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in size to almost one-tenth of their normal adult 
size [32]. Evidence that some of the proliferating 
satellite cells reenter an undifferentiated, stem 
cell-like state, being capable of myogenesis after 
further injuries, was provided by a study consist-
ing of a series of myotoxic exposures which pro-
vided time for regeneration to occur between 
each toxic injury. The results revealed that new 
muscle fibers form after insult for up to four 
treatments [48, 49]. Further, satellite cell prolif-
eration and myofiber regeneration are enhanced 
in long-term denervated muscles when they are 
treated with electrical stimulation [50]. This is 
not surprising because satellite cell proliferation 
is increased in normal muscle by increased physi-
cal activity, in particular strength training [51], 
but also by massage [52].

21.4  What Is Feasible and What 
Will Be Possible

21.4.1  h-bFES of Long-Term 
Denervated Human Muscles

Over the last few decades there has been an 
increased interest in the use of home-based func-
tional electrical stimulation (h-bFES) to restore 
movement to the limbs of immobilized spinal 
cord injury (SCI) patients (i.e., upper motor neu-
ron lesion, spastic paralysis) [1–9, 53–55]. 
However, there is another group of SCI patients 
whose issues are more difficult to treat. Patients 
living with complete conus and cauda equina 
syndrome present with paralysis and severe sec-
ondary medical problems because of the marked 
atrophy of denervated muscles and the associated 
loss of bone mass and skin dystrophy [1]. In these 
patients, injury also causes irreversible loss of the 
nerve supply to some or all the muscle fibers of 
the affected limbs, resulting in flaccid paralysis 
subsequent to lower motor neuron lesion. It is 
technically more difficult to treat these patients 
because the absence of functional nerve fibers 
makes it more difficult to recruit the population 
of myofibers necessary to regain functional 
movements at an acceptable force level using sur-
face electrodes. Thus, the electrical energy 

required to stimulate these muscles directly is 
greater than that which can be delivered by com-
mercially available stimulation devices used for 
innervated muscles.

Despite these difficulties, pilot studies of the 
functional clinical application of FES to dener-
vated muscles have been published. One study 
demonstrated that direct FES of the denervated 
tibialis anterior muscle could result in gait cor-
rection [56]. Other papers [3–9, 57], contrary to 
widely accepted opinion, have shown that electri-
cal stimulation of even long-term denervated 
muscles can produce muscle contractions strong 
enough (i.e., tetanic contractions) to restore mus-
cle mass and force production. Indeed, through 
the successful EU Program RISE [Use of electri-
cal stimulation to restore standing in paraplegics 
with long-term denervated degenerated muscles 
(QLG5-CT-2001-02191), we have demonstrated 
that h-bFES therapy improves the muscle condi-
tion of mobility-impaired persons, even in 
extreme cases in which post-denervation muscle 
degeneration has occurred [3–9, 57]. Complete 
conus and cauda equina syndrome, for example, 
is an SCI sequela in which the leg muscles are 
completely disconnected from the nervous sys-
tem. In this condition, affected muscles undergo 
sequential stages of loss of function and then, 
finally, complete loss of skeletal muscle tissue. 
We analyzed muscle biopsies from RISE patients 
at different time points after SCI and discovered 
that (a) within months of injury the loss of 
stimulation- induced contractility produced ultra-
structural disorganization; (b) progressive atro-
phy persisted for up to 2 years after injury; and 
(c) substantial loss of myofibers appeared more 
than 3  years after SCI.  Importantly, we have 
shown that h-bFES of denervated muscles can 
inhibit muscle loss and also recover muscle from 
degeneration. However, even though h-bFES 
substantially improves muscle mass and strength, 
excitability of the treated muscles never reaches 
the level of normal innervated muscles. Indeed, 
we reported that long-term discontinuation of 
h-bFES resulted in loss of the improvements that 
came with the previous period of treatment [58, 
59]. Furthermore, with results produced by a 
2-year longitudinal prospective study of 25 
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patients with complete conus/cauda equina 
lesions, we showed that the improvements pro-
duced by h-bFES can be maintained over time 
when treatment is continued [9]. Specifically, in 
this study, denervated leg muscles were stimu-
lated by h-bFES using the prototype of a custom- 
designed stimulator and large surface electrodes 
for long-term denervated muscle [3, 5–9, 45, 53, 
57] that are now commercially available (the 
Stimulette Den2x, Dr. Schuhfried Medizintechnik 
GmbH, Vienna, Austria). Samples were har-
vested both before and after 2 years of h-bFES 
and muscle mass, force, and structure were deter-
mined using (a) computed tomography; (b) mea-
surements of knee torque during stimulation; and 
(c) muscle biopsies analyzed by histology and 
electron microscopy. Twenty out of 25 patients 
completed the 2-year h-bFES program. The data 
demonstrated that treatment resulted in (a) a 35% 
increase in cross section in an area of the quadri-
ceps (P  <  0.001); (b) a 75% increase in mean 
diameter of muscle fibers (P  >  0.001); and (c) 
improvements of the ultrastructural organization 
of contractile material. Further, an exciting 
1187% increase in force output during electrical 
stimulation (P > 0.001) was achieved. The recov-
ery of quadriceps force was sufficient to allow 
25% of the subjects to perform FES-assisted 
stand-up exercises, demonstrating that h-bFES of 
denervated muscle is an effective home therapy 
capable of rescuing tetanic contractility and mus-
cle mass [9]. Important benefits for the patients 
included the improved cosmetic appearance of 
lower extremities and the enhanced cushioning 
effect for seating.

Functional data highly correlate to histomor-
phometric results [9]. Interestingly, immunohis-
tochemistry for anti-embryonic MHC revealed 
that regenerating myofibers were present in all of 
the muscle biopsies. Some myofibers had central 
nuclei, a feature suggesting that they had regener-
ated no more than 10 days before muscle biopsy 
harvesting. Frequency distribution of myofibers 
according to their minimum diameter in semi- 
thin sections showed that about 50% were 
severely atrophic (i.e., having a minimum diam-
eter smaller than 10 μm), but a large proportion 
of myofibers were eutrophic (i.e., with a mini-

mum diameter larger than 40  μm). The results 
were substantiated by structure-to-function cor-
relations and by an advanced clinical muscle 
imaging technique, i.e., quantitative muscle 
color-computed tomography (QMC-CT) [9].

Medical imaging, a vital field of research for 
diagnostic and investigative assessment, is of 
particular interest here as a tool to recapitulate 
and quantify internal and external tissue mor-
phologies in a noninvasive manner. The most cur-
rent research aspires to improve instrument 
design, image processing software, data acquisi-
tion methodology, and computational modeling. 
In particular, visually simplistic imaging meth-
ods with high resolution for assessing diseased or 
damaged tissues are a strategic priority in transla-
tional myology research. The follow-up of mus-
cle atrophy/degeneration in neuro-muscularly 
traumatized people is difficult because of the lack 
of adequate imaging analyses and also the practi-
cal and ethical constraints on harvesting the mus-
cle biopsies necessary to monitor the efficacy of 
the therapy/rehabilitation strategies. More sensi-
tive methods for quantitative clinical imaging of 
skeletal muscle are needed. False color computed 
tomography is popular in cardiology [60], but it 
is still a novelty for quantitative analyses of total 
volume and quality of anatomically defined skel-
etal muscles. QMC-CT is a highly sensitive 
quantitative imaging analysis recently developed 
to monitor skeletal muscle and perform follow-
 up examinations of muscle affected by wasting 
conditions [61–63]. QMC-CT uses CT numbers, 
i.e., Hounsfield units (HU), for tissue character-
ization. It allows for discrimination of soft tissues 
as follows: subcutaneous fat, intramuscular fat, 
low-density muscle, normal muscle, and fibrous- 
dense connective tissue. To evaluate this data, 
pixels within the defined interval of HU values 
(or, more generally, gray values when these data 
are not from CT scans) are selected and high-
lighted, while others with HU values outside the 
threshold remain black. Specific soft-tissue areas 
are colored as follows: subcutaneous fat (yellow: 
−200 to −10 HU), intramuscular fat (orange: 
−200 to −10 HU), low-density muscle (cyan: −9 
to 40 HU), normal muscle (red: 41–70 HU), and 
fibrous-dense connective tissue (gray: 71–150 
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HU). Thus, soft-tissue discrimination and its 
quantitation in a leg can be achieved. The 
Hounsfield values for the entirety of the lower 
limbs can be plotted on a histogram to display the 
tissue profiles [58, 59, 61–63].

21.5  Perspectives

After many years of basic research concerning 
electrostimulation-induced muscle plasticity, we 
conclude that functional electrical stimulation 
using long biphasic impulses is able to restore 
muscle mass, force production, and movement in 
humans even after years of complete denervation. 
Patients suffering from flaccid paraplegia (dener-
vation of lower extremity muscles, e.g., conus 
and cauda equina syndrome) are especially good 
candidates for these approaches [9].

In the long term, we may consider the devel-
opment and application of implantable devices as 
alternatives to the approaches based on surface 
electrodes; however, because electrical stimula-
tion can elicit pain in patients for whom residual 
innervation is functional, a better knowledge and 
control of stimulation-induced muscle trophism 
must be achieved. Once this control is obtained, 
artificial synapses (i.e., a pool of miniaturized 
electrodes which contact each of the surviving or 
regenerated myofibers in the denervated muscle) 
would have to be designed and developed. 
Considering the powerful angiogenesis of regen-
erating muscle [52], one might consider that the 
sacrifice of some of the new vascular branches 
could be worth the development of the ability to 
deliver sufficient current to new myofibers by 
means of nano-fabricated electrodes.

Whether procedures based on in  vivo proto-
cols such as the induction of muscle damage/
regeneration by injection of anesthetics in  local 
anoxic conditions [26, 32, 34, 45, 46, 52, 55] or 
ex  vivo techniques such as the proliferation of 
autologous myoblasts derived from patient’s 
muscle biopsies (i.e., from their own “satellite 
cells” or from conversion of autologous fibro-
blasts to myogenic cells) will develop into 
applied methods is still open to preclinical and 
clinical research. A promising aim would be to 

replenish the degenerated skeletal muscles of 
long-term SCI persons with these methods before 
or at the same time h-bFES for denervated mus-
cles is applied. This option could give SCI 
patients the opportunity to train muscles which 
have been denervated for more than 10 years.

For now, based upon pilot human studies and 
application of existing experimental knowledge, 
it can be anticipated that FES of long-term dener-
vated muscles [9] and atrophic muscles in aging 
people [64–68] using surface electrodes may 
improve mobility with substantial reductions in 
the risk and the severity of secondary medical 
problems, resulting in less frequent hospitaliza-
tions and a reduced burden on public health ser-
vices. Integration of h-bFES with good nutrition 
and exercise where possible (e.g., volitional in- 
bed gym [68, 69]) will allow SCI patients to look 
forward to improved health, independence, and 
quality of life, and the prospects of better profes-
sional and social integration.
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Rejuvenating Stem Cells to Restore 
Muscle Regeneration in Aging

Eyal Bengal and Maali Odeh

22.1  Introduction

Skeletal muscles that comprise 40% of the body 
weight are necessary to generate mechanical 
force and body movement. Muscle is composed 
of contractile multinucleated myofibers made of 
organized sarcomeres. Sarcopenia is the age- 
associated process of muscle mass loss which is 
particularly severe after the seventh decade of life 
[1, 2]. Weakening of the muscle at advanced age 
increases the likelihood of injury in old people; it 
reduces their mobility and lowers their quality of 
life. Therefore, it is important to find strategies 
that would slow down or even reverse sarcopenia. 
In parallel to the gradual loss of muscle mass and 
function, declining muscle fiber repair in elderly 
people prevents muscle recovery after injury. The 
capacity of muscle to regenerate relies on a popu-
lation of adult stem cells, known as satellite cells 
(SCs) which reside between the muscle sarco-
lemma and the basal lamina of each muscle fiber 
[3–5]. These cells are responsible for the robust 
regenerative capacity of skeletal muscle, as was 
demonstrated by the complete lack of regenera-
tion in adult skeletal muscle depleted of Pax7- 
expressing satellite cells [6–9]. The causes of the 

decline in satellite cell number and function in 
aged model animals, mostly in rodents, have 
been studied extensively in the recent years with 
the ultimate goal of rejuvenating satellite cell 
functionality in old people.

22.2  Satellite Cell Biology

The population of adult mononucleated stem 
cells, known as satellite cells, was first described 
by Mauro [10]. In resting muscles, satellite cells 
are quiescent and express the transcription factor 
Pax7. Following injury, some satellite cells 
become activated and express the muscle regula-
tory factors (MRFs), MyoD and Myf5, and pro-
liferate. A subset of the proliferating cells commit 
to differentiation following the expression of 
other MRFs, myogenin and MRF4, and fuse with 
damaged fibers, while another subset of the cells 
that downregulates the expression of MRFs self- 
renew and reinstate quiescence, thus preserving a 
pool of stem cells for future regeneration. The 
number of satellite cells that remains constant 
even after multiple injuries indicates that there 
must be a mechanism that balances quiescent, 
self-renewal, and commitment that preserves the 
number of functional stem cells throughout the 
lifetime of the organism. The present perception 
is that the population of satellite cells is heteroge-
neous, being composed of subpopulations of 
cells that are more committed to the myogenic 
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lineage and other cells that are more prone 
towards self-renewal and preserving stemness 
[11–14].

22.3  Origin and Heterogeneity 
of Satellite Cells

During embryo development, the progenitors of 
skeletal muscle arise from the dorsal part of the 
myotome, the dermomyotome [15]. These 
embryonic progenitors express two paired box 
proteins Pax3 and Pax7 [16, 17]. Most of these 
cells undergo muscle differentiation resulting in 
the formation of muscle compartments within the 
myotome, while a subset of myogenic progeni-
tors that do not express MRFs migrate to a niche 
positioned between the primitive basal lamina 
structure and the myotome at mouse embryonic 
days 16.5–18.5 [18]. It is believed that these cells 
give rise to the satellite cell population in the 
adult muscle which lies between the fiber sarco-
lemma and the basal lamina. Although these qui-
escent cells do not express MRFs in the adult, 
lineage-tracing reporter allele studies suggest 
that they did express those genes at earlier embry-
onic stages. One study indicated that all adult sat-
ellite cells transcribed MyoD prenatally [19]. 
However, other studies suggested that a small 
subpopulation consisting of 10% of adult SCs 
never expressed Myf5 [12]. In muscle transplan-
tation experiments, this cell subpopulation repop-
ulated the satellite cell niche more efficiently 
than cells that had been expressing Myf5 at ear-
lier stages. This result suggested the existence of 
two populations of adult satellite cells, a Myf5- 
negative population that possesses high self- 
renewal capability and a Myf5-positive 
population that tends to commit to the myogenic 
lineage. Another criterion to distinguish between 
different subpopulations of satellite cells was the 
level of Pax7 expression; two populations of SCs 
were separated, one expressing high levels of 
Pax7 protein and a second that expresses low lev-
els of Pax7 [13]. Cells expressing higher levels of 
Pax7 cycled more slowly, their metabolism was 
slower, and they engrafted better in transplanta-
tion experiments than cells that expressed lower 

levels of Pax7. Segregation of satellite cells based 
on their proliferative history revealed that cells 
that underwent less replication cycles better 
retained their self-renewal potential than those 
that underwent more replication cycles and that 
were more committed to differentiation [20]. 
This finding was in agreement with other studies 
that demonstrated that slow-dividing cells had 
better self-renewal capacity [21, 22]. The above 
studies demonstrate that satellite cells consist of 
heterogeneous populations of cells that are more 
or less committed to differentiation. Active 
research effort is aiming to explore how each 
population is maintained and whether these cel-
lular states are interchangeable.

22.4  Cell Cycle Regulation 
of Satellite Cells

Muscle regeneration involves exit of satellite 
cells from the quiescent state, followed by activa-
tion, proliferation, commitment to myogenic dif-
ferentiation or self-renewal, and return to the 
quiescent state.

22.4.1  Satellite Cell Quiescence

This state is characterized by expression of Pax7 
and absence of MRF expression [18, 23–25]. The 
quiescent state is also characterized by expression 
of genes involved in the inhibition of cell prolifera-
tion, adhesion to the niche, transport, and lipid 
processing necessary for quiescent cell metabo-
lism [26–28]. Epigenetic analysis indicates that 
many silent genes are marked by “active chroma-
tin” suggesting that they are in “poised” state that 
enables fast release from quiescence to the acti-
vated state [29, 30]. Notch signaling plays a key 
role in maintaining satellite cell quiescence [31, 
32]. Notch activity in satellite cells inhibits MyoD 
expression and induces Pax7 expression that fur-
ther reduces MyoD protein stability [33, 34]. 
Deletion of Notch target genes, Hey1 and HeyL, in 
the Pax7 lineage resulted in spontaneous activa-
tion of quiescent satellite cells and impairment of 
self-renewal that blunted muscle regeneration fol-
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lowing muscle injury [31, 32, 35]. Interestingly, 
the transcription factor Forkhead box protein O3 
(FoxO3), that was also found to be required for 
quiescence reentry, induces Notch signaling by 
increasing the expression of Notch receptors [36]. 
It is also highly likely that the quiescent state 
involves additional transcription regulators, non-
coding RNAs, epigenetic regulators, and signaling 
molecules yet to be explored.

22.4.2  Satellite Cell Activation

Satellite cells are activated upon muscle injury by 
growth factors and cytokines released by muscle- 
resident cells and infiltrating inflammatory cells 
[37–42]. The resident cells include fibroblasts 
and mesenchymal stem cells, which include the 
fibro-adipogenic progenitors (FAPs), resident 
macrophages, and myofiber while the infiltrating 
inflammatory cells include neutrophils, eosino-
phils, and macrophages. Together these cells 
induce a pro-inflammatory phase that promotes 
cell cycle activation and is followed by an anti- 
inflammatory phase that facilitates differentiation 
[43–45]. The first cell division of SCs is much 
slower than subsequent cell cycles, indicating 
that the exit from quiescence is a slow process 
and involves intermediate cell states [46]. The 
environmental signals induce the immediate 
expression of MRFs MyoD and Myf5 that con-
trol the transcriptional program of activated satel-
lite cells [47–49]. Transcriptome analysis of 
activated SCs reveals upregulation of genes 
implicated in cell cycle progression, metabolic 
processes, and immune system [28, 30]. Unlike 
the quiescent state, many of the silent genes are 
associated with repressive chromatin state that is 
possibly needed to restrict commitment of this 
stage to the myogenic fate [50–53]. Like other 
stem cells, SCs undergo both symmetric and 
asymmetric cell divisions. In asymmetric cell 
division, one daughter cell is destined to self- 
renewal and replenishment of the quiescent SC 
pool while the other is directed to differentiation. 
The mode of cell division is dependent on several 
parameters, including spindle orientation relative 
to the attached myofiber, environmental signaling 

events, distribution of cellular components of 
Notch signaling, and their patterns of expression 
[54, 55]. It is becoming evident that asymmetric 
cell cycle divisions are affected by the heteroge-
neity of satellite cells. For example, satellite cells 
that have never expressed Myf5, as determined 
by lineage tracing, represent a population of stem 
cells that divides asymmetrically, while those 
cells that had previously expressed Myf5 divide 
symmetrically and both daughter cells are des-
tined to myogenic differentiation [12].

22.4.3  Cell Cycle Exit and Return 
to Quiescence

Cell cycle exit and return to quiescence require 
the upregulation of specific cyclin-dependent 
inhibitors such as p27Kip1 [20]. One major signal-
ing pathway that is downregulated during return 
of SCs to quiescence is the ERK mitogen- 
activated protein kinase (MAPK) pathway [56]. 
The induced expression of the tyrosine kinase 
inhibitor, Sprouty1, is partially responsible for 
ERK MAPK reduced activity and exit of SCs 
from the cell cycle. Notch signaling is another 
crucial pathway for the return of SCs to quies-
cence. Activation of Notch in one of the daughter 
cells following asymmetric cell division pro-
motes its return to quiescence [12]. Notch signal-
ing inhibits MyoD while promoting Pax7 
expression that maintains the stem cell identity 
[34, 57]. Notch signaling is also necessary for the 
targeting of satellite cells into their proper niche 
under the basal lamina, by inducing the expres-
sion of specific adhesion molecules and extracel-
lular matrix (ECM) proteins [57]. Balanced fate 
decisions throughout most of the organism life-
time maintain the stem cell pool while repairing 
the damaged myofibers.

22.5  The Decline of Satellite Cells 
During Aging

Skeletal muscle mass and strength gradually 
decline with aging in a process known as sarco-
penia [58]. This decline occurs in parallel to 
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regression in the regenerative capacity as a con-
sequence of functional impairment of SCs [59–
61]. The regenerative impairment of SCs at the 
old age is attributed to their inability to maintain 
or return to quiescence. As a result, their self- 
renewal capacity is diminished, and they display 
higher commitment to differentiation, and enter 
into a pre-senescence state [60–62]. In addition, 
satellite cell number decreases at highly advanced 
“geriatric” age (≥26  months in mice) due to 
increased apoptotic cell death [63, 64]. 
Investigations in the recent years revealed that 
regression of SCs during aging is due to extrin-
sic/environmental changes as well as due to cell- 
intrinsic/autonomous changes (Fig. 22.1).

22.5.1  Intrinsic Changes

Results of recent studies support the notion that 
SCs from aged muscle accumulate intrinsic 
changes that lead to a reduction in self-renewal 
and regenerative capacity in cell transplantation 
experiments. SCs isolated from aged mice that 
were injected into young recipient muscles per-
formed poorly in regenerating the injured muscle 
relative to SCs isolated from young mice [61, 
65–67]. These experiments indicate that extrinsic 
regulators of the “young environment” cannot 
sufficiently reverse the intrinsic accumulated 
lesions of the “old satellite cell.”

Cell-intrinsic changes that are typical to aged 
SCs include genomic instability, DNA damage, 
oxidative damage, and deteriorated mitochon-
drial function. In spite of the fact that SCs are 
relatively resistant to DNA damage [68], they 
accumulate such damage due to their low turn-
over and long lifetime as quiescent cells that are 
unable to dilute the accumulated DNA damage 
[69]. The damage to DNA entails change in qui-
escent state metabolism that drives entry to cell 
cycle division and imbalance between commit-
ment to the differentiated state and to cell self- 
renewal, all of which leading to cell senescence 
or cell death.

The age-associated functional defects 
observed in SCs may reflect alterations in epigen-
etic and transcriptional programs. Transcriptional 

changes could explain reduced antioxidant activ-
ity, changes in protein folding, reduced myogenic 
differentiation, and tendency of these cells to 
adopt fibroblastic and adipogenic fates [70]. The 
altered transcriptional program is at least partly 
associated with the dramatic changes that occur 
in the epigenetic landscape, such as changes in 
DNA methylation and posttranslational histone 
modifications [30]. Recent studies demonstrated 
a progressive increase in DNA methylation in the 
aging muscle [71–73]. In general, de novo DNA 
methylation of CpG islands recruits polycomb 
repressive complex 2 (PRC2) to gene promoters, 
and SCs isolated from aged mice show elevated 
levels and altered distribution of the H3K27me3 
repression mark [30]. These changes affect gene 
expression that could be involved in dysregula-
tion of signaling pathways necessary for an effi-
cient regenerative response. One pathway that is 
chronically active in aged SCs is the p38 MAPK 
(reviewed in [74–76]). It remains unclear whether 
high p38 MAPK activity in SCs is induced by 
intracellular signal transduction/transcriptional 
changes (intrinsic), by environmental stress 
(extrinsic), or by both. High p38 MAPK activity 
was reported to reduce proliferative activity [66] 
and to decrease asymmetric cell divisions [65], 
ultimately decreasing the number of self-renewed 
satellite cells and increasing percentage of cells 
that exit the cell cycle. Self-renewal and regen-
erative capacity of “old satellite cells” can be 
restored by ex  vivo treatment with a small- 
molecule p38 MAPK inhibitor [44]. Another 
gene whose expression is affected by epigenetic 
changes is Cdkn2a, which encodes the cell-cycle 
inhibitor p16INK4A that is thought to drive cellular 
senescence [34]. In young SCs, p16INK4A is 
silenced by the PRC1-mediated repressive his-
tone H2AK119Ub modification which is signifi-
cantly reduced in SCs isolated from geriatric 
mice, resulting in p16INK4A expression and their 
entry to a senescent state [61]. Interestingly, p38 
MAPK may induce cellular senescence by acti-
vating p16INK4A [77]. Therefore, high intrinsic 
p38 activity may affect aged SCs by reducing 
asymmetric cell division and self-renewal and 
also by activating p16INK4A expression, driving 
these cells to a pre-senescent state.
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Fig. 22.1 Intrinsic and extrinsic factors that are dysregu-
lated during aging disrupt the stem cell functions of satellite 
cells. Muscle stem cells (satellite cells) reside between the 
muscle fiber and the basal lamina in a quiescent state. In this 
state, the satellite cell expresses Notch3 receptor, β1 integ-
rin, and Sprouty1, a FGF signaling inhibitor. The myofiber 
secretes the Notch ligand, Delta1, into the satellite cell 
niche, activating Notch signaling in the satellite cell. In addi-
tion, the quiescent state is characterized by autophagy flux 
and sufficient amounts of nicotinamide adenine dinucleo-
tide (NAD+); both sustain basal energy metabolism and 
mitochondrial integrity. With aging, the satellite cells, the 
niche, and the systemic environment undergo changes that 
weaken the satellite cell quiescent state. These changes 
include reduced expression of Delta1 by the myofiber and 
increased expression of FGF2 and TGFβ by niche resident 
cells. The niche extracellular matrix (ECM) composition is 
modified and becomes more rigid, affecting the satellite cell 
interactions with the ECM. The circulation is modified, with 
increased levels of TGFβ, Wnt ligands, and pro-inflamma-
tory cytokines (such as Il-6) and decreased levels of oxyto-
cin and reduction of the provision of fibronectin to the niche. 
The “aged quiescent cell” also presents elevated p38 
mitogen- activated kinase (MAPK) and JAK/STAT activi-
ties, all of which leads to weakening of the quiescent state 
and consequently its function in muscle repair. In a more 
advance geriatric stage, the p16INK4a locus becomes dere-
pressed and the expression of p16INK4a is induced provoking 
a switch of the satellite cell into a pre-senescent state. Upon 
injury, satellite cells of the “young muscle” exit quiescence 
and enter the cell cycle. Asymmetric cell cycle division with 
one daughter cell expressing p38 MAPK and committed to 
myogenesis, and the other daughter cell not expressing p38 

MAPK and that self-renews to expand the population of 
stem cells that reinstate the niche. A balance between satel-
lite cells that are competent for myogenic differentiation and 
cells that self-renew ensures an efficient muscle repair and 
preservation of sufficient number of stem cells for future 
muscle regeneration. In “old muscle,” FGF2 levels are 
increased in the niche and p38 MAPK signaling is elevated 
in satellite cells, and as a result they lose asymmetric cell 
division; self-renewal is impaired while increased number 
of progenies commit to differentiation and also undergo 
apoptotic cell death. Self- renewal is also affected by ele-
vated JAK/STAT3 levels and reduced deposition of fibro-
nectin in the niche that weakens satellite cell interaction with 
ECM via β1 integrin. High levels of TGFβ antagonize Notch 
signaling and lead to the induction of CDK inhibitors that 
reduce the self-renewal capabilities of satellite cells, and 
promote a switch towards a fibroblastic fate. In addition, 
prolonged exposure to systemic pro-inflammatory cytokines 
and Wnt ligands results in aberrant satellite cell activation 
and loss of quiescence. At geriatric age, muscle injury and 
regenerative pressure drive the entry of pre-senescent satel-
lite cells into full senescence. This process is accelerated by 
reduced autophagy flux that leads to accumulation of dam-
aged mitochondria and increased levels of reactive oxygen 
(ROS) that fix the stem cells into the terminal senescent 
state. In summary, a variety of intrinsic and extrinsic factors 
that are modified during aging diminish the regenerative 
capacity of satellite cells. Rejuvenation of satellite cells 
should consider the intrinsic and extrinsic factors and the 
gradual accumulation of lesions generating a very heteroge-
neous population of satellite cells. Approaches that will pre-
serve/restore satellite cell quiescence are expected to increase 
the functionality of muscle stem cells at the old age
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SCs of old mice also have chronically elevated 
activity of the JAK-STAT pathway [67, 78]. 
STAT3 drives the expression of MyoD and com-
mitment to myogenic differentiation, and thus its 
high activity reduces SC self-renewal. As with 
p38 MAPK, ex  vivo transient pharmacological 
inhibition of STAT3  in aged SCs increased the 
population of proliferating SCs and improved 
muscle regeneration in transplantation of treated 
SCs into injured muscles [78].

Another cell-intrinsic change observed in old 
and geriatric SCs is unbalanced proteostasis (pro-
tein homeostasis) [62]. SCs from geriatric mice 
are characterized by low baseline autophagy (a 
quality-control mechanism whereby intracellular 
proteins and organelles are degraded within the 
lysosome), resulting in accumulation of damaged 
proteins, dysfunctional mitochondria, and oxida-
tive stress that lead to the senescent state [62]. 
Consistent with this, SC senescence in old mice 
is driven by a decline in the level of oxidized cel-
lular nicotinamide adenine dinucleotide (NAD+) 
that impairs mitochondrial activity. Treatment 
with the NAD+ precursor nicotinamide riboside 
rejuvenates SC function [79].

22.5.2  Extrinsic Changes

SCs are affected by the local microenvironment 
(niche) as well as the circulation, both of which 
undergo aging-associated alterations. A. The 
niche: Satellite cells are located in a protected 
membrane-enclosed niche between the basal 
lamina and the plasma membrane of the mature 
myofiber. This niche is affected by secreted fac-
tors originating from the myofiber and other resi-
dent cells. Expression of several extracellular 
ligands increases during aging of the niche, com-
promising SC quiescence and reducing their 
regenerative potential. Niche FGF signaling is 
elevated with aging, due to release of FGF2 by 
myofibers and decreased expression of Sprouty1, 
an inhibitor of FGF signaling in the SCs. These 
events lead to chronic activity of ERK MAPK 
resulting in loss of quiescence and a subsequent 
reduction in SC number. Indeed, deletion of the 
Spry1 gene (encoding Sprouty1) in SCs of mice 

led to persistent ERK MAPK activation that 
impaired their self-renewal [56]. Yet, transient 
FGF signaling is needed for SC proliferation 
occurring following muscle injury [80, 81], sug-
gesting that timely ERK MAPK signaling is ben-
eficiary for the regeneration process while the 
same signal at the wrong timing impairs the same 
process. Increased activities of two other signal-
ing molecules, TGFβ and canonical Wnt, in the 
aging niche, were implicated in the suppression 
of SC stemness and in their trans-differentiation 
from a myogenic to a fibrogenic lineage [70, 82]. 
Yet, trans-differentiation of SCs into other cell 
types, such as fibroblastic or adipogenic cells, 
may constitute rather infrequent events during 
aging or in dystrophic muscle [70, 82–85]. In 
contrast, Notch signaling, required to maintain 
the quiescent state, is reduced in the aged niche. 
The important role of Notch in maintaining the 
regenerative potential of SCs was demonstrated 
by the finding that inhibition of Notch signaling 
in young SCs causes regenerative defects while 
its activation in aged SCs restored their regenera-
tion capacity [86–88]. Reduced Notch signaling 
in the “aged niche” was caused by insufficient 
expression of the Notch ligand, Delta1, by the 
adjacent myofibers [11]. Increased TGFβ signal-
ing in SCs directly antagonized the Notch signal-
ing pathway via the effector Smad3, indicating 
interconnection between the different signaling 
events that affect the niche [31, 82]. Recent stud-
ies provided evidence for the requirement of 
physical interactions between the SC and the 
niche matrix for the maintenance of regenerative 
capacity of these cells [89, 90]. The expression of 
the cell surface receptor β1-integrin and the 
extracellular matrix (ECM) protein fibronectin 
was altered in old SCs and their niche, respec-
tively [91, 92]. Moreover, changes in the interac-
tions between SCs and ECM during aging as a 
result of the modified tissue stiffness and topog-
raphy may also alter SC regenerative functions 
[90–95]. The elasticity of the matrix is sensed by 
stem cell integrin-focal adhesion complexes. 
These complexes are engaged with the actin- 
myosin network, causing alteration in 
RhoAGTPase activity that transmits signals into 
cell nuclei and changes gene expression and cell 
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phenotype [96]. Increased ECM rigidity in the 
aged niche may, therefore, contribute to disrup-
tion of SC homeostasis and reduced quiescence 
and failure to regenerate the injured muscle. 
B. Systemic regulation: The influence of the cir-
culation on SCs was demonstrated in heteroch-
ronic whole-muscle transplant experiments 
[97–101] and heterochronic parabiosis, wherein 
two mice are surgically joined such that they 
shared the same circulatory system [63, 87, 102–
104]. Interestingly, joining young and aged mice 
improved the regenerative response to muscle 
injury in the aged partner [86, 87], indicating that 
young blood contains “rejuvenating factors,” and 
a major effort has been directed at identifying 
these molecules. One candidate is oxytocin, a 
hypothalamic hormone that declines with age in 
the blood and whose receptor is downregulated in 
SCs of aged mice [105]. Administration of oxyto-
cin to aged mice enhanced SC proliferation and 
differentiation and improved overall regenerative 
potential after muscle injury [105]. The effect of 
another candidate rejuvenating factor, GDF11, is 
under debate. This protein is a member of the 
TGFβ family that shows structural and functional 
homology to myostatin (GDF8)whose expres-
sion was previously shown to decrease muscle 
mass and interfere with muscle repair [106]. 
While one report described a decline in the levels 
of GDF11  in the blood of aged animals and 
humans and also showed that administration of 
recombinant GDF11 to old mice improved SC 
regeneration [104], another study yielded oppo-
site results: levels of GDF11 were increased in 
the circulation of aged mice and the administra-
tion of recombinant GDF11 to old mice had no 
beneficial effects, and even worsened regenera-
tion after muscle injury in young mice [107]. 
More recent investigations supported the latter 
study in finding no evidence that GDF11 could 
rejuvenate old stem cells or extend life span in 
animal models of progeria [108–111]. Therefore, 
the role of GDF11 in muscle regeneration remains 
controversial and will certainly be a subject of 
future research.
Distinct cell types residing in the niche or infil-
trating the injured muscle have been shown to 
influence SC functions by releasing growth fac-

tors and cytokines which may act at different 
stages of the regeneration process. These cell 
types include FAPs and other resident progenitor 
cells; several immune cell types such as macro-
phages, eosinophils, and T lymphocytes; and 
neurons or endothelial cells [112–125]. Since 
these cells also experience age-related altera-
tions, it is likely that aging will affect their cross 
talk with the SCs, and thus provoke consequences 
on the repair process.

22.6  Conclusions and Future 
Perspective

The significant advances in the understanding of 
SC aging open up real possibilities for improving 
SC regenerative potential as a possible treatment 
for aging and diseased muscles. Emerging evi-
dence indicates that the functional and numerical 
loss of SCs is a progressive process occurring 
throughout the lifetime of the organism. The 
long-lived quiescent SC accumulates many 
lesions that affect its transcriptional program, 
alter its metabolism, and impair homeostasis. 
These changes are a consequence of the aging of 
the SCs itself, and of age-related changes in the 
immediate environment of the niche and the cir-
culation. Although this process is gradual, it is 
accelerated in advanced old age to the extent that 
SCs become practically nonfunctional due to 
senescence or apoptosis. In this context, disputes 
about which factors, intrinsic or extrinsic, are 
more dominant in dictating the fate of old SCs 
seem misplaced since both are likely to make 
important contributions to SC functional decline 
with aging. In fact, in many cases, it is difficult to 
discern between intrinsic and extrinsic effects. 
For example, the interaction of the SC with the 
ECM is affected by both the SC expressing adhe-
sion molecules and the secreted molecules that 
constitute the ECM and resident cells of the niche 
that also affect the nature of the ECM. Resolving 
whether intrinsic or extrinsic events are dominant 
in the loss of regenerative capacity will require 
the reconstruction of the niche with biomimetic 
tools in which the effect of the matrix and SCs 
could be monitored independently [126].
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A degree of success has been obtained in 
restoring the regenerative capacity of old mus-
cle both in parabiosis experiments (extrinsic 
effect) and with transplantation of ex vivo-reju-
venated SCs into old animals (intrinsic effect). 
The simplest explanation for these effects is the 
heterogeneous nature and the plasticity of SCs. 
SC heterogeneity increases at advanced age 
with the rise of different subpopulations that 
have variable degrees of accumulated damage to 
the cells. One can suggest that beyond a certain 
level of damage, cells lose their ability to be 
rejuvenated. Beyond a certain age, the majority 
of SCs have accumulated damage beyond a 
level that could be corrected, yet a small number 
of cells that had suffered less damage can poten-
tially be rejuvenated. Future therapy should tar-
get the small subpopulation of functional SCs 
with limited accumulated damage that can be 
still reversed. Proof of principle of this strategy 
was provided in experiments in which isolated 
populations of SCs were treated by ex  vivo 
pharmacological inhibition of stress pathways 
such as p38 MAPK or JAK/STAT3 and trans-
planted back to old mice with proven improve-
ment of injured muscles [66, 78]. This type of 
approach is based on two assumptions; one is 
that the “damaged” cells still maintain a certain 
level of plasticity that enables them to convert 
back into a more stemlike state. A second 
assumption is that at the “stem cell” state these 
cells have a tremendous proliferative capability 
that allows them to reinstate the “old niche.” 
The second assumption was elegantly proved 
when single bioluminescent-labeled SCs that 
were transplanted into injured muscles of mice 
were shown to give rise to thousands of proge-
nies that could differentiate and self-renew [14]. 
In an alternative strategy, health and fitness of 
old SCs could be increased by refueling “clean-
up” activities such as autophagy (which also 
declines with age) to eliminate damage, thus 
improving SC regenerative capacity after mus-
cle injury and in transplantation procedures. 
Reactivation of autophagy was expected to 
remove damaged proteins and mitochondria and 
restore the regenerative functions of old SCs 
[62]. Indeed, rapamycin (inhibitor of mTOR) 
treatment of aged mice that was sufficient to 

restore autophagy flux in SCs prevented their 
entry to senescence and increased their regen-
erative activity.

The evidence that was outlined in this chap-
ter indicates a number of directions for future 
research. The key finding that the SC pool enters 
a state of irreversible senescence at a geriatric 
age [61] implies that any treatment to rejuvenate 
endogenous stem cells should be implemented 
before this point of no return. It is also impor-
tant to consider the link between SC regenera-
tive potential and quiescence. It is generally 
agreed that the more quiescent a stem cell is, the 
higher its regenerative capacity is. It has also 
become clear that somatic stem cell populations 
are heterogeneous, with cells showing differing 
levels of quiescence, particularly at an old age 
[127]. Subpopulations of quiescent SCs with 
distinct regenerative capacities have been iden-
tified based on differential expression of mark-
ers such as Pax7, CD34, Myf5, and M-cadherin 
[12–14, 24, 128]. Highly quiescent subpopula-
tions probably change with aging to become 
less quiescent and therefore to have reduced 
regenerative capacity. SC heterogeneity should 
therefore be better demarcated with the aim of 
deciphering the molecular basis of quiescence. 
Understanding the quiescent state will allow 
early intervention aimed at preserving the highly 
regenerative quiescent subpopulations through-
out life. Likewise, reversion of age-associated 
muscle regenerative loss should also gain from 
expansion of relevant subpopulations of resi-
dent progenitor cells in the SC niche. Another 
unresolved issue is the interplay between the 
various events that contribute to the loss of SC 
regenerative potential with aging. Research 
needs to focus on determining which events are 
causative and which are consequential. For 
example, DNA damage may induce loss of 
baseline autophagy flux in old SCs, or alterna-
tively DNA damage may be the consequence of 
oxidative stress resulting from the loss of 
autophagy flux. Defining the hierarchy of events 
leading to SC deterioration should enable tar-
geting of upstream events in order to achieve 
more  efficient rejuvenation of SCs. Last but not 
least, in a low-turnover tissue such as muscle, 
much of the damage to the quiescent SC is the 
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result of the gradual decline (aging) of the niche 
composition and the systemic system. Future 
efforts to rejuvenate the regenerative potential 
of SCs should thus adopt holistic view of the SC 
and its supportive environment. Hence, treat-
ment should target both the SC and its niche. 
Improvement of SC-niche interactions could 
potentially be affected by delivery of bioengi-
neered molecules that will reconstitute the niche 
[129]. Additional approaches should aim at pre-
venting the progressive processes that disrupt 
tissue homeostasis in the course of the organ-
ism’s lifetime. For example, it is well under-
stood that increasing levels of circulating 
inflammatory cytokines in aged individuals 
have multiple deleterious effects on homeosta-
sis of different tissues. Prevention of systemic 
chronic inflammation is expected, therefore, to 
greatly reduce the deterioration of many tissues 
and prevent diseases that are typical to the 
advanced age.

Current efforts to rejuvenate SCs in aged mice 
include genetic and pharmacological inhibition 
of p16INK4a [61], STAT3 [67, 90], and p38 MAPK 
[66]; augmentation of autophagic flux [62]; 
NAD+ repletion [79]; and administration of reju-
venating hormones like oxytocin [105]. While 
these approaches hold great promise, their trans-
lation from the mouse to humans will require sig-
nificant technological advances that will eliminate 
or minimize the potentially broad side effects and 
overcome the huge size difference between these 
organisms. Interestingly, SC activity has been 
found to increase in response to simple lifestyle 
changes that modify cell metabolism, such as 
adopting a low-calorie diet [130]. Similarly, exer-
cise has been shown to enhance SC numbers and 
function and to promote better muscle regenera-
tion in rodents [131–134]. This serves as a 
reminder that we should consider not only sophis-
ticated methods but also simpler approaches.
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23.1  Introduction

Musculofascial defects of the anterior abdominal 
wall, such as ventral hernias, are a challenging sur-
gical problem, with hernia recurrence being one of 
the most morbid complications [1]. The use of syn-
thetic mesh (e.g., polypropylene [PP] mesh) for 
repair has reduced 10-year recurrence rates from 63 
to 32%8 but has increased the risk of complications 
such as bowel adhesions and mesh infection. A bio-
prosthetic mesh (e.g., human acellular dermal 
matrix, small intestinal submucosa, or porcine acel-
lular dermal matrix [PADM]) provides an effective 
alternative for abdominal wall reconstruction, with 
good tensile strength, fewer bowel adhesions, and a 
lower risk of infection. Unlike the scar tissue and 
fibrous capsule response associated with synthetic 
meshes, recellularization, revascularization, and 
cellular remodeling and reintegration occur in the 
surrounding host tissue after repair with a biopros-
thetic mesh, allowing tissue regeneration [2–4]. The 
limitations of bioprosthetic meshes include high 
cost, long remodeling times, limited fascial inter-
face strength compared to synthetic mesh, limited 

control over initial mechanical properties and archi-
tecture for patient-specific needs, and risk of mate-
rial laxity and bulging. The ideal implant materials 
for ventral hernia repair would bear the initial 
mechanical strength of the repaired mechanically 
loaded host site and provide patient-specific control 
of tissue regeneration at the same time.

With advancements in the multidisciplinary field 
of tissue engineering, engineered biomimetic scaf-
folds using biomaterials provide an alternative to 
overcome the shortcomings of current hernia repair 
materials. In addition to traditional biocompatibility 
and biodegradability, biomimetic materials mimic 
the spatial, physical, and biochemical cues that cells 
would sense in the native extracellular matrix 
(ECM). Natural polymers, such as collagen [5], chi-
tosan, and silk fibroin (SF) [24], have good biocom-
patibility and have been successfully used as 
scaffold materials for tissue engineering [6]. 
Bombyx mori SF has been investigated for in vivo 
repair [7–11] because of its permeability to oxygen 
and water, biocompatibility, relatively low throm-
bogenicity, low inflammatory response, midrange 
degradation kinetics, and high tensile strength and 
flexibility [12–15]. Since natural elements of the 
in vivo basement membrane include other biochem-
ical components, such as glycosaminoglycans [12, 
16, 17] (e.g., chitosan) and proteoglycans (e.g., 
decorin), molecules such as chitosan are combined 
with SF to mimic the in vivo scenario [12].

In this study, decorin was combined with SF 
to fabricate scaffolds and matrices that mimic the 
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properties of native ECM.  Decorin is a small 
leucine- rich proteoglycan with a core protein of 
~40  kDa. It is made up of three domains: an 
N-terminal region, which possesses a single 
chondroitin/dermatan sulfate side chain and a 
distinct pattern of Cys residues; a central region, 
which is composed of ten leucine-rich repeats 
that are believed to interact with other proteins, 
including collagen and transforming growth 
factor-β; and another Cys-rich C-terminal region 
[18, 19]. Small leucine-rich proteoglycan affects 
collagen fibrillogenesis, growth factor modula-
tion, and cellular growth regulation [18, 20–23].

Decorin binds to multiple collagen types, 
including types I, II, III, VI, and XIV. Weis et al. 
[23] reported that decorin has a role in collagen 
fibrillogenesis, and Danielson et  al. [20] found 
that collagen morphological characteristics were 
abnormal, with coarser and more irregular fiber 
outlines in the absence of decorin. Bulges formed 
along the collagen fibrils, increasing the fibril 
diameter. Non-covalent interactions between the 
surface of the collagen fibril and the decorin core 
bind the two molecules at 67 nm intervals along 
the collagen fibril. The maximum binding force 
between collagen I and the decorin core protein 
was found along the sequence [-Gly-Pro-Ala- 
Gly-Ala-Arg-Gly-Pro-Ala-Gly-Pro-Gln-]3 at an 
equilibrium distance of 0.642 nm [24]. The struc-
tural sequence of SF consists of amino acids simi-
lar to collagen that form its crystalline domain or 
a heavy chain that is mostly composed of glycine, 
alanine, serine, and tyrosine amino acid repeats 
(GAGAGSGAAG[SG(AG)2]8Y) and short amor-
phous or light-chain domains consist of bulkier 
side-chain amino acids, such as aspartic acid [25]. 
The amino acid sequence enables SF to form an 
antiparallel β-pleated sheet secondary structure 
that leads to fibril formation similar to collagen.

The aim of this study was to develop a new 
SF-based scaffold with improved initial mechani-
cal strength for ventral hernia repair. The 
SF-decorin (SFD) scaffolds were compared with 
PADM (degradable biologic control) and PP mesh 
(nondegradable control) in a guinea pig incisional 
ventral hernia repair model using an inlay repair 
technique [5, 7]. Composites of SFD- PADM were 
developed to determine whether they imparted or 
enhanced the initial strength of the repair site. 
This in vivo study evaluated adhesions to the bio-

material, cell infiltration, vascularization, inflam-
matory markers, muscle differentiation, and 
mechanical properties of the repair site.

23.2  Materials and Methods

23.2.1  Scaffold Preparation 
and Characterization

23.2.1.1  Scaffold Preparation
The preparation of pure SF (donated by Dr. 
Samuel M. Hudson, TECS, North Carolina State 
University, Raleigh, NC) was described in detail 
by Gobin et al. [12]. Decorin (Sigma-Aldrich, St. 
Louis, MO), at a concentration of 28.6 μg/mL, 
was added to SF to make SFD.  The solutions 
were frozen at −80  °C overnight in an ethanol 
bath. Frozen samples were then lyophilized for at 
least 2 days. The dry SFD samples were crystal-
lized with 50:50 (v/v) water to methanol for 
15  min, washed with phosphate-buffered saline 
(PBS) (15 min × 2), and immersed in PBS over-
night. The dry SFCS-decorin samples were crys-
tallized with 50:50 (v/v) methanol to sodium 
hydroxide (1 N) for 15 min and then washed with 
PBS; the solution was changed every 4 h until the 
pH had equilibrated to 7. Five scaffolds were pre-
pared for each condition to evaluate structural 
and mechanical properties.

23.2.1.2  3D Architecture 
Characterization by 
Scanning Electron 
Microscopy

Scaffold samples (0.5 cm diameter circular punch) 
were coated under a vacuum to a thickness of 
25  nm using a Balzer MED 010 evaporator 
(Technotrade International, Manchester, NH) 
with platinum alloy. The samples were placed in 
the chamber of the sputter coater at a distance of 
5  cm from the platinum alloy target and coated 
under a vacuum for 180  s. Platinum yields a 
smaller grain size than does gold. The samples 
were examined using a JSM-5910 scanning elec-
tron microscope (JEOL, USA, Inc., Peabody, 
MA) at an accelerating voltage of 5 kV.  Images 
were analyzed with ImageJ software. Three sam-
ples were imaged, and 5–10 images from each 
group were analyzed with ImageJ to determine 
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scaffold structure properties such as fiber size and 
pore size.

23.3  Application of SFD Scaffolds 
for Ventral Hernia Repair

23.3.1  PP Mesh, PADM, SFD, 
and SFD-PADM Composite 
Implant Preparation

Before implantation, PP mesh (Prolene, Ethicon, 
Inc., Somerville, NJ), PADM (Strattice; LifeCell 
Corp., Branchburg, NJ), and SFD samples 
(4.58 ± 0.11 mm heterogeneous thickness) were cut 
into 2 × 4 cm2 elliptical shapes (Fig. 23.1). The SFD 

scaffolds were sutured with 2  ×  4  cm2 elliptical 
PADM with 4-0 Vicryl sutures to create the SFD-
PADM composite. All implants were sterilized by 
being immersed in 70% ethanol for 3 h and then 
washed with PBS (15 min × 2). Samples were left 
in PBS with 1% (v/v) penicillin and streptomycin 
sulfate (Invitrogen, Carlsbad, CA) until implanta-
tion. Seven samples were prepared for each condi-
tion for the in vivo test.

23.3.2  In Vivo Ventral Hernia Repair 
Model

A well-established acute ventral hernia model in 
guinea pigs was used in this study [5, 7, 26]. 

Fig. 23.1 (a) Four implants for guinea pig ventral hernia 
repair that were cut into 2 × 4 cm2 elliptical shapes: silk 
fibroin-decorin blend (SFD), porcine acellular dermal 
matrix (PADM), polypropylene mesh (PP mesh), SFD- 

PADM composite-PADM side, and SFD-PADM 
composite- SFD side. (b) Ventral hernia repair with SFD, 
PADM, and PP mesh showing inlay repair of a 1 × 3 cm2 
defect with 0.5 cm elliptical sutured inlay

a
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Female Hartley guinea pigs weighing 500–
600 g were housed in a facility approved by the 
Association for Assessment and Accreditation 
of Laboratory Animal Care and cared for under 
an approved institutional protocol. In brief, 
guinea pigs were sedated with 0.05  mg/kg 
buprenorphine SC, followed by inhalation gen-
eral anesthesia with ketamine (25–50  mg/kg 
IM) and xylazine (2.5–5 mg/kg IM) and main-
tained with oxygen (2  L/min) and isoflurane 
(0.5–2%). This method of anesthesia was 
administered for all animal surgeries. Electric 
shears were used to remove the hair from the 
ventral abdominal wall skin; the area was then 
prepped with Betadine solution and sterilely 
draped. With the animal in the supine position, a 
3 cm vertical midline incision, centered between 
the xiphoid and pubis, was made through the 
skin, linea alba, and peritoneum to expose the 
peritoneal cavity. The abdominal wall wound 
edges were retracted laterally to create a ventral 
hernia. PP mesh, PADM, SFD scaffold, or SFD-
PADM composite (two conditions) (n  =  7 at 
each condition) was placed within the peritoneal 
cavity, dorsal to the abdominal wall and perito-
neum. An inlay repair technique was used to 
inset the implant; the edge of the musculofascial 
defect was sutured directly to the ventral surface 
of the implanted material using a running 5-0 

Prolene suture. This repair resulted in an ellipti-
cal musculofascial defect (1 × 3 cm2) that was 
bridged only by the implant materials and a 
0.5  cm peripheral zone of implant- 
musculofascial layer overlap (Fig.  23.1). The 
skin was closed with both 4-0 resorbable subcu-
ticular sutures (Vicryl) and stainless steel clips. 
Animals were monitored until they fully recov-
ered from anesthesia.

23.4  Gross Evaluation

Guinea pigs were euthanized by isoflurane inhal-
ant anesthetic and subsequent IV or IC overdose 
injection of thiopental at week 4. The entire 

abdominal wall, including the repair site, was cir-
cumferentially incised to widely expose the 
repair site for analysis without disrupting any 
abdominal adhesions. Photographs were taken 
and the evaluation was performed in a blinded 
fashion by three independent observers. Each 
repair site underwent gross observation of the 
adhesion structures and evaluation of adhesion 
grade and strength according to the established 
Butler Adhesion Scale [7]. Adhesion structures 
included the omentum, bowel, stomach, and liver. 
The adhesion coverage area was quantified by 
assigning a percentage to the area occupied by 
adhesions per total visible implant area. 
Adhesions were graded from 0 to 3 with integrals 
of 0.5, where 0  =  no adhesions, 1  =  adhesions 
easily freed with gentle force, 2 = adhesions freed 
with blunt dissection, and 3 = adhesions requir-
ing sharp dissection to be freed from the implant 
site. Evidence of seroma, hematoma, herniation, 
infection, perforation, bowel obstruction, or fistu-
lization was also noted. Implant degradation, 
remodeling, and integration with surrounding tis-
sues, as well as evidence of suture presence and 
vascularization, were all noted.

23.5  Mechanical Testing

The mechanical properties of all implants were 
measured before implantation and at week 4 after 
implantation by uniaxial tensile testing using an 
Enduratec ELF 3200 instrument (Bose, 
Minnetonka, MN). Samples were tested with a 
225 N load cell (Honeywell Sensotec, Columbus, 
OH) at a 500 μm/s strain rate. E, ultimate tensile 
strength (UTS), and εfailure were calculated from 
stress-versus-strain curves. In brief, after the 
entire abdominal wall was removed at the appro-
priate time point, 1 cm wide strips were cut, and 
both sections were placed in saline on ice. All 
sutures were removed before mechanical testing; 
all samples were measured within 4 h of being 
harvested and tested at ambient temperature 
while moist. To test the interfacial strength 
between the muscle and the remodeled biomate-
rial, strips were cut in the middle. One clamp was 
placed on one end of the abdominal wall, and the 

b

Fig. 23.1 (continued)
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other was placed over the implant material so that 
the interfacial area was between the two clamps. 
In the SFD group, the second strip was clamped 
at the junctional interface to determine the 
mechanical strength of the remodeled implant 
biomaterial. Clamps were placed at the muscle- 
implant interface on either side of the strip, and 
biaxial tension was applied. The normal abdomi-
nal wall was used as the control.

Cellular Infiltration, Cellular Differentiation, 
and Tissue Remodeling. One transverse section 
of full-thickness abdominal wall, including the 
repair site, adjacent abdominal wall, and 
attached viscera, was excised from each guinea 
pig [7]. Sections were fixed in 10% formalin, 
embedded in paraffin, and sectioned to 4  μm 
thick. Cellular infiltration was determined by 
hematoxylin staining. Infiltrated cells at the 
repair site in the SFD group were distinguished 
by immunohistological staining for macro-
phages at the pro- inflammatory stage (M1 pro-
file) and remodeling stage (M2 profile) using 
surface markers CD80 and CD163, respectively. 
The differentiation of infiltrated cells into skel-
etal muscle was evaluated using specific stain-
ing for the skeletal muscle cell marker MyoD1. 
Remodeling of implants was studied by Movat 
pentachrome staining. In Movat staining, colla-
gen appears yellow, ground substances blue, 
elastin black, and fibrin or fibronectin magenta 
red. Collagen deposition (both mature and 
immature) was studied by staining collagen type 
I and type III in the SFD group. Slides were 
imaged with an Olympus IX70 microscope 
(Olympus, Center Valley, PA).

23.6  Vascularization

Blood vessels were stained with anti-factor VIII 
immunolabeling (hematoxylin and von 
Willebrand factor). Vascularization was quanti-
fied by counting the stained vascular structures 
and expressed as vessels per cross-section area. 
The degree of vascularization of the SFD 
implants was determined for each of the three 
specific implant zones: interface, junction, and 
center.

23.7  Statistical Analysis

Data are presented as the mean  ±  the standard 
error of the mean. Data sets were analyzed using 
the ANOVA test in SigmaStat software. P values 
of less than 0.05 were considered statistically sig-
nificant. A post hoc power analysis was used to 
detect the difference in adhesion coverage area 
(clinical measure for ventral hernia repair) 
between PP mesh and PADM, PADM composite 
with SFD-facing skin, composite with SFD- 
facing peritoneum, and SFD alone (94%, 95%, 
86%, and 14%, respectively). The calculations 
were based on data from the study, using a two- 
sided t-test. The overall significance level was set 
as 0.05.The significance level for each test was 
set as 0.0125 when the Bonferroni approach was 
used to adjust for multiple comparisons. The post 
hoc power analysis was performed using nQuery 
6.0. The power to detect the difference in adhe-
sion coverage area between the use of PP mesh 
and that of SFD alone was only 14% when seven 
guinea pigs were used in each group. To obtain 
70% or more power to detect the difference in 
adhesion coverage area between the use of PP 
mesh and that of SFD alone, 28 or more guinea 
pigs in each group were required (too many ani-
mals for an in vivo study). A post hoc analysis 
showed that the 14% power was due to a similar 
adhesion coverage area between PP mesh and 
SFD alone, although the type of adhesion was 
different for the two groups. The in vivo response 
of degradation and remodeling is driven by the 
type of adhesion, such as omentum and bowel for 
PP mesh and pure omentum for SFD.

23.8  Results

23.8.1  3D Architecture 
Characterization of SFD 
Scaffolds

SF scaffolds had a smooth surface texture, with a 
few fibril-like structures (fibril 
size  =  3.07  ±  0.50  μm, n  =  5) at the edge 
(Fig. 23.2). SFD scaffolds with a decorin concen-
tration of 28.6 μg/mL had an entangled fibrillar 
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structure (fibril size = 5.92 ± 2.07 μm, n = 6) with 
porous structures (pore size = 21.65 ± 9.20 μm, 
n = 7) (Fig. 23.2).

23.9  Application of SFD Scaffolds 
for Ventral Hernia Repair

23.9.1  Gross Analysis

PP mesh, PADM, SFD, and SFD-PADM compos-
ites were tested in a well-established ventral hernia 
model in guinea pigs. One case of superficial 
wound dehiscence was found in each of the PP 
mesh and PADM groups due to skin closure versus 
three in both of the composite groups. The wound 
sites were repaired immediately after being discov-
ered, and no infection was observed. If the wounds 
did not heal and the skin closures were not com-
plete, the animals were euthanized according to 
approved protocols. One guinea pig in the SFD 
group died 10 days after surgery because of a bowel 
injury that occurred during suture placement.

The gross appearance of hernia defects at 
4 weeks after repair with PP mesh, PADM, SFD, 
or composites was compared with the appearance 
of the uninjured abdominal wall (Fig.  23.3 and 
Table  23.1). The use of PP mesh resulted in 
omentum and bowel adhesions, whereas the use 
of other materials resulted in only omentum 
adhesions. The use of PP mesh resulted in a 
greater adhesion coverage area (65.0  ±  10.7%) 
than that of PADM (4.5 ± 1.5%), composite with 
SFD-facing skin (2.3 ± 0.9%), or composite with 
SFD-facing peritoneum (12.6 ± 6.3%) (p < 0.05); 
the use of SFD alone decreased the adhesion area 
(35.8  ±  13.3%) compared with the use of PP 
mesh. There was no significant difference among 
the SFD, PADM, and composite groups with 
respect to adhesion coverage area. The forces 
required to remove adhesions were significantly 
greater for PP mesh (2.1  ±  0.6) than for other 
groups, but the difference was significant only for 
PADM (0.3 ± 0.2) (p < 0.05). There was no sig-
nificant difference in adhesion grade among the 
PADM, SFD, and SFD-PADM composite groups.
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Fig. 23.2 Scanning electron microscope SEM images of 
SF and SFD scaffolds and ImageJ surface profile plots for 
each image. The yellow line in SEM images indicates 
where the surface profile plot was generated. The grey 

level changes reflect the variation in surface morphologi-
cal characteristics. (a) SF. (b) SFD with a decorin concen-
tration of 28.6 μg/mL. Scale bar = 20 μm
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Fig. 23.3 (a) Normal uninjured abdominal wall com-
pared with the following repair sites at 4  weeks after 
implantation. (b) PADM, (c) PP mesh, (d) SFD, (e) SFD- 
PADM composite with SFD facing the peritoneal side, 

and (f) SFD-PADM composite with SFD facing the skin 
side. PADM, SFD, and composite groups show omental 
adhesions, whereas the PP mesh group shows omental and 
bowel adhesions

a b

c d
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e f

Fig. 23.3 (continued)

Table 23.1 Summary of gross evaluation of implant remodeling and integration at ventral hernia repair sites

Variable SFD (n = 6) PADM (n = 6)

SFD-PADM composite: 
SFD facing skin side 
(n = 4)

SFD-PADM 
composite: SFD 
facing peritoneal side 
(n = 4J PP (n = 6)

Adhesion 
type

Omentum Omentum Omentum Omentum Omentum 
and bowel

Adhesion 
area (%)

35.8 ± 13.3 4.5 ± 1.5a 2.3 ± 0.9a 12.6 ± 6.3a 65.0 ± 10.7

Adhesions 
(grade)

1.2 ± 0.3 0.3 ± 0.2b 0.5 ± 0.0 0.5 ± 0.0 2.1 ± 0.6

Gross 
observation

Remodeled with 
observable blood 
vessels from the 
surface of 
implants, 
integrated with 
muscles, no 
suture observable

Clear 
separation 
between 
PADM and 
muscles, 
observable 
blood vessels 
on the PADM 
surface, 
observable 
sutures

Clear separation 
between SFD and 
PADM
PADM: not degraded, 
not integrated with 
muscles with clear 
separation, observable 
blood vessels on the 
PADM surface at the 
peritoneal side, 
observable sutures
SFD: not degraded, 
underwent remodeling

Clear separation 
between SFD and 
PADM
SFD: not degraded, 
remodeled with 
observable blood 
vessels from the 
surface of implants 
at the peritoneal 
side, integrated 
with muscles, no 
suture observable
PADM: not 
degraded

Embedded 
in scar 
tissues, 
covered by 
adhered 
tissues and 
organs

SFD silk fibroin decorin, PADM porcine acellular dermal matrix, PP polypropylene mesh
ap < 0.05 compared with PP mesh group for surface area
bp < 0.05 compared with PP mesh group for adhesion grade
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PADM was present at the repair sites, with no 
obvious degradation in the PADM and composite 
groups at the end of 4 weeks (Fig. 23.3). Sutures 
could still be observed, and separation between 
the PADM and the surrounding muscle tissues 
could still be seen. In the composite and SFD 
groups, SFD scaffolds appeared to have been 
remodeled three dimensionally; the remodeled 
SFD site appeared to have been integrated into 
the adjacent abdominal wall at the SFD-fascial 
defect interface.

23.10  Mechanical Properties 
of Implants

The mechanical properties of the implants used 
in this study are summarized in Table 23.2. SFD 
implants had UTS and elastic modulus (E) values 
(UTS = 151.7 ± 7.7 kPa, E = 125.4 ± 19.3 kPa) 
similar to those of native abdominal wall tissue 
(UTS = 172.5 ± 42.0 kPa, E = 177.8 ± 2.5 kPa). 
The εfailure for SFD (εfailure  =  0.75  ±  0.10) was 
lower (εfailure  =  1.30  ±  0.04) (p  <  0.05). Both 
PADM and PP mesh had εfailure values similar to 
those of the native abdominal wall; however, they 
had much higher UTS and E values (p < 0.05).

Figure 23.4 shows representative 1 cm wide 
strips of (a) SFD and (b) SFD-PADM composite- 
SFD facing the peritoneal side that were har-
vested and cut for mechanical testing. Figure 23.4 
shows a schematic of the implant, interface, 
junction, and center zones with respect to the 

skin and peritoneal interfaces, where the 
mechanical properties of the center and the mus-
cle interface were tested. Figure 23.5 shows rep-
resentative stress- versus- strain curves for the 
native abdominal wall and remodeled SFD at the 
repaired defect site at week 4. The mechanical 
properties of the center and muscle interface, as 
measured using a uniaxial tensile test, are sum-
marized in Table 23.3. The mechanical proper-
ties of the SFD-abdominal wall musculofascial 
interface (UTS  =  157.7  ±  17.0  kPa, 
E = 118.0 ± 11.8 kPa, εfailure = 1.16 ± 0.15) were 
not significantly different from those of the 
native abdominal wall (UTS = 172.5 ± 42.0 kPa, 
E = 177.8 ± 2.5 kPa, εfailure = 1.30 ± 0.04). The 
use of composites did not affect mechanical 
properties such as E and εfailure at the implant-
abdominal wall musculofascial interface, but it 
did compromise UTS at the interface compared 
with that for the SFD group and native abdomi-
nal wall tissues. UTS and E values for the 
PP-abdominal wall musculofascial interface 
were higher than those for the SFD- abdominal 
wall musculofascial interface and native abdom-
inal wall (p < 0.05); however, the εfailure for the 
PP-abdominal wall musculofascial interface was 
significantly lower (p < 0.05). The UTS and E 
values for the PADM-abdominal wall musculo-
fascial interface were similar to those for the 
SFD-abdominal wall musculofascial interface 
and native abdominal wall, but the εfailure values 
for the former interface were significantly lower 
(p < 0.05).

Table 23.2 Mechanical properties measured from stress-versus-strain curves obtained from implants via uniaxial ten-
sile test

Property PADM (n = 6) PP (n = 6) SFD (n = 3)
Native abdominal wall 
(n = 2)

UTS (kPa) 1.39 × 104 ± 0.10 × 104 l.41 × l04 ± 0.13 × 104 1.52 × 102 ± 0.07 × 102a,b 1.72 × 102 ± 0.42 × 102a,b

E (kPa) 1.23 × 104 ± 0.17 × 104 1.12 × 104 ± 0.19 × 104 1.25 × 102 ± 0.19 ×102c,d 1.18×102±0.03×102c,d

εfailure 1.11 ± 0.08e 1.26 ± 0.08e 0.75 ± 0.10 1.30 ± 0.04e

PADM porcine acellular dermal matrix, PP polypropylene mesh, SFD silk fibroin decorin scaffolds, UTS ultimate ten-
sile strength, E elastic modulus, εfailure strain at failure
ap < 0.05 compared with PP mesh group for UTS
bp < 0.05 compared with PADM group for UTS
cp < 0.05 compared with PP mesh group for E
dp < 0.05 compared with PADM group for E
ep < 0.05 compared with SFD group for εfailure
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Fig. 23.4 (a) Cross section for the repair site. The implant 
is divided into three interfaces and two other zones. The 
three interfaces are where the implant contacts muscle, 
skin, and peritoneal cavity. Remodeling in the muscle 
interface, as well as in the junction and center zones, was 
noted. Representative cross-sectional views of (b) SFD 
and (c) SFD-PADM composite implant with SFD facing 
the peritoneal side 4 weeks after the repair. The SFD scaf-

fold shows remodeling and integration at the muscle inter-
face and across the junction and center, as indicated by the 
yellow arrows. SFD in the SFD-PADM composite shows a 
smooth surface facing the peritoneal cavity, as indicated by 
the yellow arrow (scale bar  =  1  cm). Harvested tissues 
were also used to assess mechanical properties at the mus-
cle interface and center zone of the implant and histologi-
cally to assess cellular and matrix deposition
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Fig. 23.5 Stress-versus- 
strain curves for the 
native abdominal wall 
and the regenerated 
tissue from the SFD 
scaffold 4 weeks after 
repair. The three curves 
(normal abdominal wall, 
SFD center, and SFD 
interface) indicate 
similar stress-versus- 
strain deformation 
profiles
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The mechanical properties of remodeled SFD at 
the center of implant and at the  implant- abdominal 
wall musculofascial interface were also measured 
and compared with those of the native abdominal 
wall. There was no significant difference in mechan-
ical properties among SFD before implantation 
(UTS  =  151.7  ±  7.7  kPa, E  =  125.4  ±  19.3  kPa, 
εfailure = 0.75 ± 0.10), SFD after implantation at the 
interface (UTS  =  157.7  ±  17.0  kPa, 
E = 118.0 ± 11.8 kPa, εfailure = 1.16 ± 0.15), SFD after 
implantation at the center (UTS = 168.4 ± 16.3 kPa, 
E = 198.4 ± 54.3 kPa, εfailure = 0.82 ± 0.07), or native 
abdominal wall (UTS  =  172.5  ±  42.0  kPa, 
E = 117.8 ± 2.5 kPa, εfailure = 1.30 ± 0.04).

23.11  Histological Analysis

Implant remodeling was examined by Movat 
pentachrome staining of implant samples at the 
repair site at week 4 (Fig. 23.6 and Table 23.4). In 
Movat staining, collagen appears yellow, ground 
substance blue, elastin black, and fibrin and fibro-
nectin magenta red. Since PP mesh is not degrad-
able, the pores observed along the repair site in 
the PP mesh groups were due to the presence of 
PP fibers. Scar tissue formed around PP fibers all 
over the repair site: Fig. 23.6 shows “ghost” areas 
that were previously occupied by these fibers. 
The use of PP mesh resulted in fibrosis, and cells 

were observed in the area surrounding the fibers. 
The cross sections of sites repaired with PADM 
still showed substantial quantities of PADM 
material after 4 weeks, indicating that PADM had 
undergone little remodeling (Fig. 23.6); partially 
remodeled PADM was observed close to the skin 
or peritoneal sides. In the PADM group, the 
implant was encapsulated and cells had infiltrated 
in a limited region close to the PADM-capsule 
layer interface (e.g., musculofascial interface, 
skin interface, or peritoneal interface). Away 
from these interfaces, few cells were observed 
within the PADM.

SFD was remodeled to different extents at dif-
ferent positions. SFD repair sites that interfaced 
with muscle, skin, or peritoneum were fully 
remodeled by densely packed connective tissue 
(such as collagen and ground substance) that was 
seamlessly integrated with the interfaces. The 
muscle interface was seamlessly integrated with 
the remodeled region at the interface and junction 
(Fig.  23.6) of the scaffold, as characterized by 
infiltrated cells and ECM intermingled with 
abdominal wall muscle. Positions away from 
these interfaces (center of the scaffold) were par-
tially remodeled, as evidenced by the residual 
SFD scaffold fibrils, infiltrated cells, and depos-
ited ECM.

Figure 23.6 shows cellular infiltration in 
SFD at the abdominal wall repair site at week 4. 

Table 23.3 Mechanical properties measured from stress-versus-strain curves obtained at the abdominal wall interface 
of the implanted scaffolds after 4 weeks via uniaxial tensile test

Property SFD (n = 6) PADM (n = 6)

SFD-PADM 
composite: SFD 
facing skin side 
(n = 4)

SFD-PADM 
composite: SFD 
facing peritoneal 
side (n = 4) PP (n = 6)

Native 
abdominal wall 
(n = 2)

UTS 
(kPa)

157.7 ± 17.0a 129.5 ± 8.1a 75.8 ± 12.4a,c 63.7 ± 7.6a–c 276.7 ± 25.33 172.5 ± 42.0a

E 
(kPa)

118.0 ± 11.8d 236.0 ± 36.5d 92.7 ± 28.8d 86.0 ± 10.6d 552.2 ± 55.3 117.8 ± 2.5d

εfailure 1.16 ± 0.15e,f 0.52 ± 0.03 0.78 ± 0.10 0.87 ± 0.06 0.54 ± 0.01 1.30 ± 0.04e,f

SFD silk fibroin decorin, PADM porcine acellular dermal matrix, PP polypropylene mesh, UTS ultimate tensile strength, 
E elastic modulus, εfailure strain at failure
ap < 0.05 compared with PP mesh group for UTS
bp < 0.05 compared with native abdominal wall group for UTS
cp < 0.05 compared with SFD group for UTS
dp < 0.05 compared with PP mesh group for E
ep < 0.05 compared with PA DM group for εfailure
fp < 0.05 compared with PP mesh group for εfailure
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Fig. 23.6 Histological (MOVAT pentachrome stained) 
cross section at week 4 showing different ventral hernia 
repair sites for (a) PP mesh, (b) PADM, (c) SFD, and 
(d) SFD-PADM composites with SFD facing the skin side 

and (e) SFD-PADM composite with SFD facing the peri-
toneal side. MOVAT pentachrome staining shows colla-
gen as yellow, ground substance as blue, elastin as black, 
and fibrin or fibronectin as magenta. Scale bar = 200 μm

a

b

c

There was homogeneous distribution of cells 
throughout the repair site (cell densityinter-

face  =  1271  ±  49  cells/mm2, cell densityjunc-

tion  =  1351  ±  57  cells/mm2, cell 
densitycenter = 1402 ± 39 cells/mm2). In the com-
posite groups, cells infiltrated the PADM or 
SFD but in a limited region that was close to an 
interface (e.g., musculofascial interface, skin 
interface, and peritoneal interface); away from 
these interfaces, few cells were observed within 
the PADM or SFD.  Clear separation of the 
PADM and SFD implants at the PADM-SFD 
interface was also observed in the composite 
groups.

Immunohistochemical staining for von 
Willebrand factor identified blood vessels at the 
repair site for all materials. In the PP group, 
blood vessels were observed around the scar tis-
sues that formed around the fibrous mesh and the 
interface sites (e.g., musculofascial interface, 
skin interface, and peritoneal interface). 
Representative images of von Willebrand stain-
ing (Fig.  23.7) highlight vasculature in the 
remodeled SFD and SFD-PADM-SFD facing 
the peritoneal side. In the PADM group, blood 
vessels were observed in the capsular layer and 
within the PADM in limited local areas at inter-
face sites (e.g., musculofascial interface, skin 
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d

Fig. 23.6 (continued)
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interface, and peritoneal interface) (Table 23.4). 
In sites repaired with SFD, blood vessels were 
uniformly distributed throughout the repair site. 
According to a histological analysis of neovas-
cularization based on von Willebrand factor 
 staining, vascular density was higher at the SFD-
abdominal wall musculofascial interface site 
(9.7 ± 1.1 vascular structures/mm2) and the junc-
tion site (7.7 ± 1.2 vascular structures/mm2) than 
at the center site (4.3 ± 1.4 vascular structures/

mm2) (p  <  0.05). In composite groups, blood 
vessels were observed in the capsular layer and 
within the SFD or PADM in limited local areas 
at these interface sites (e.g., musculofascial 
interface, skin interface, and peritoneal inter-
face); few vessels were observed within either 
the PADM or the SFD that were not at these 
interfaces.

Collagen deposition in remodeled SFD and 
PADM (Fig. 23.8) was evaluated for each of the 

e

Fig. 23.6 (continued)
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Table 23.4 Summary of histological analysis of implants at week 4

Characteristic SFD PADM
SFD-PADM composite: SFD 
facing skin side

SFD-PADM composite: SFD 
facing peritoneal side

Cell infiltration a bClose to the 
muscle, skin, and 
peritoneal 
interfaces
cFurther away 
from these 
interfaces

bIn SFD, close to the muscle 
and skin interfaces
cIn SFD and PADM, close 
to the SFD-PADM interface
bIn PADM, close to the 
peritoneal interfaces

bIn PADM, close to the 
muscle and skin interfaces
cIn SFD and PADM, close 
to the SFD-PADM interface
bIn SFD, close to the 
peritoneal interfaces

Vascularization a bClose to the 
muscle, skin, and 
peritoneal 
interfaces
cFurther away 
from these 
interfaces

bIn SFD, close to the muscle 
and skin interfaces
cIn SFD and PADM, close to 
the SFD-PADM interface
bIn PADM, close to the 
peritoneal interfaces

bIn PADM, close to the 
muscle and skin interfaces
cIn SFD and PADM, close 
to the SFD-PADM interface
bIn SFD, close to the 
peritoneal interfaces

Implant 
remodeling

dClose to the 
muscle, skin, 
and 
peritoneal 
interfaces
eAway from 
these 
interfaces

eClose to the 
muscle, skin, and 
peritoneal 
interfaces
fFurther away 
from these 
interfaces

eIn SFD, close to the muscle 
and skin interfaces
fIn SFD and PADM, close 
to the SFD-PADM interface, 
clear separation between 
SFD and PADM
eIn PADM, close to the 
peritoneal interface

eIn PADM, close to the 
muscle and skin interfaces
fIn SFD and PADM, close 
to the SFD-PADM interface, 
clear separation between 
SFD and PADM
eIn SFD, close to the 
peritoneal interface

SFD silk fibroin decorin, PADM porcine acellular dermal matrix
aHomogeneous distribution—cells or blood vessels were uniformly distributed throughout the implant
bLocal distribution—cells or blood vessels were distributed in a limited fashion within part of the implant
cNo distribution—no cell infiltration or blood vessels were found
dFully remodeled—no signs of the implant, deposition of new extracellular matrix, or cell infiltration occurred
ePartially remodeled—some degradation of the implant and deposition of new extracellular matrix occurred
fUnremodeled—no degradation of the implant or cell infiltration occurred

three specific implant zones: interface, center, 
and junction. The muscle–SFD interface stained 
positive for collagen I. Collagen I was distrib-
uted all over SFD implants, whereas collagen 
III was observed mainly in areas close to the 
implant- peritoneum interface. In the composite 
groups, PADM underwent little remodeling, 
and the SFD part showed remodeling only in a 
limited area that was close to the interface. 
Away from the interface, SFD scaffolds in com-
posite groups were barely remodeled.

The regeneration and remodeling of SFD 
were assessed at 4 weeks by marking the infil-
trated cells in the SFD with macrophage M1 
profile marker CD80, M2 profile marker 
CD163, and skeletal muscle marker MyoD1 

(Fig.  23.9). Cells that stained positively for 
CD80 (marker for pro- inflammatory stage-M1 
profile) were distributed around the remaining 
SFD fibril structures. A few cells stained posi-
tively for CD163 (marker for remodeling 
stage-M2 profile); these cells were observed 
only in the infiltrated cells that were distrib-
uted close to the peritoneal interface. The dif-
ferentiation of infiltrated cells into skeletal 
muscle was evaluated using specific staining 
for skeletal muscle cell marker MyoD1. 
MyoD1 is a type of myogenic protein that is 
expressed early in skeletal muscle differentia-
tion. MyoD1+ cells were observed in the infil-
trated cells that were distributed close to the 
peritoneal interface.
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a

b

Fig. 23.7 Hematoxylin- 
and von Willebrand 
factor-stained (a) SFD 
and (b) SFD-PADM 
composite with SFD 
facing the peritoneal 
side; blood vessels 
stained brown on a light 
blue background. SFD 
appears to be 
vascularized by week 4 
compared to the 
SFD-PADM composite, 
which shows 
un-degraded scaffold 
fragments. The blood 
vessels are shown in 
dark brown and are 
marked by red arrows. 
Scale bar = 200 μm
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a

b

Fig. 23.8 Histological cross-sectional examination of SFD 
stained for (a) collagen I and (b) collagen III at week 4. 
Collagen deposition (brown staining, as indicated by green 

arrows) in remodeled SFD (silk fibril, as indicated by red 
arrows) was evaluated for each of the three specific implant 
zones: interface, center, and junction. Scale bar = 200 μm

a

c

b

Fig. 23.9 Representative histological cross-sectional 
examination of SFD stained for (a) CD 80, (b) CD 163, 
and (c) MyoD1 at week 4. Positive staining appears brown 

and is indicated by a red arrow in the images. SFD resid-
ual fibrils are indicated by blue arrows. Scale bar = 200 μm
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23.12  Discussion

In this study, we investigated the use of SF and 
decorin blends for ventral hernia repair in a 
guinea pig model. The presence of decorin 
induced fibril structures and affected the mechan-
ical properties of the scaffold. SFD with a deco-
rin concentration of 28.6  μg/mL resulted in a 
scaffold with mechanical properties similar to 
those of the native abdominal wall. By week 4, 
the remodeled scaffold had a gross appearance 
similar to that of the native abdominal wall mus-
culofascial and integrated at the interface with 
adjacent native tissue. The SFD repair sites 
remained intact, and their mechanical properties 
were similar to those of the native abdominal 
wall. A histological analysis showed uniform cel-
lular infiltration, vascularization, and deposition 
of new ECM at SFD repair sites, which may con-
tribute to enhancement of mechanical strength at 
the implant-defect interface to prevent hernia 
recurrence. In all, this study revealed that a new 
biomaterial, SFD, supports tissue growth and 
promotes musculofascial regeneration in ventral 
hernia repair.

Blending decorin with SF provides a matrix 
with unique mechanical and structural properties. 
SFD scaffolds have 3D fibril-based structures, 
which differ from the sheet-based structures of 
SFCS scaffolds [12]. A fibrillar structure is an 
important native ECM property [27, 28], so it is 
encouraging that this new SFD scaffold system 
incorporated these fibrillar features to mimic the 
in  vivo microenvironment. This fibrillar forma-
tion may be due to the collagen fibrillogenesis 
properties of decorin [24]. Differences in scaf-
folds’ structural properties may lead to changes 
in their observed mechanical properties [29]. Our 
results showed that SFD with a decorin 
 concentration of 28.6 μg/mL had a UTS and εfailure 
that were appropriate for ventral hernia repair.

It was previously shown in an in vivo guinea 
pig model that SFCS 70:30 scaffolds success-
fully repair abdominal wall musculofascial [7]. 
SFCS 70:30, a blend with a pre-implant UTS of 
50  kPa, was used to repair a guinea pig native 
abdominal wall with a UTS of 172  kPa. After 
4 weeks, the SFCS at the regenerated tissue sites 

had a UTS of 628 kPa [7]. This study showed that 
degradation of SFCS and deposition of new tis-
sue resulted in a strengthened repair site. SFD 
scaffolds at a decorin concentration of 28.6 μg/
mL have mechanical properties (UTS and E) 
higher than those of SFCS [12] and similar to 
those of native guinea pig abdominal wall mus-
culofascial. These properties may be a function 
of the significant fibrillar structure of SFD scaf-
folds. These SFD scaffolds could provide enough 
mechanical support for ventral hernia repair. In 
addition, SFD scaffolds have similar initial 
mechanical properties to those of native tissue 
and facilitate and support tissue regeneration [30, 
31]. Although decorin has previously been used 
in tissue engineering, such as bone engineering 
[32–34], this is the first study, to our knowledge, 
in which decorin-based scaffolds were investi-
gated for use in ventral hernia repair.

Repair of the incisional ventral hernia with 
SFD resulted in only weak omentum adhesions 
(e.g., weak adhesion strength). The omentum 
consists of two mesothelial layers and central 
connective tissue, with abundant adipose tissue 
and macrophage and lymphocyte aggregates. The 
omentum detects, adheres to, and repairs injury 
and inflammation in the peritoneal cavity. It also 
reacts to foreign objects and materials by encap-
sulating them and provides an accessible and ver-
satile source of growth factors and angiogenic 
factors [35–38]. The results of a recent study 
showed that the omentum contains stem cells for 
tissue regeneration and wound healing that are 
indistinguishable from mesenchymal stem cells 
[39]. Because of these regenerative properties, 
the omentum has been used by surgeons in recon-
structive surgery [40–42]. In our study, omentum 
adhesions were observed in SFD implants, result-
ing in cell infiltration from the omentum to SFD 
and neovascularization within SFD implants that 
caused remodeling of the implant. Omentum 
adhesions may also explain the distribution of 
remodeling-stage marker CD163 (M2 profile) 
and skeletal muscle differentiation marker 
MyoD1 close to the peritoneal interface.

The mechanical properties of SFD were 
adjusted to mimic those of the native abdominal 
wall of guinea pigs in this study. The initial 
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mechanical properties of SFD (28.6 μg/mL) were 
sufficient for surgical handling and sustained 
in  vivo pressure during the following 4-week 
study. At week 4 after repair, the musculofascial- 
SFD interface and the remodeled center of the 
implant showed mechanical properties (UTS, E, 
and εfailure) similar to those of native abdominal 
musculofascial tissues. Even though the mechan-
ical properties of SFD implants are not as strong 
as those of other materials for clinical applica-
tions, SFD implants and remodeled SFD had 
similar mechanical properties to those of native 
guinea pig abdominal wall musculofascial. This 
result suggests that it is important to match the 
mechanical properties of implanted materials to 
host tissues at repair sites.

The PP mesh repair site had higher mechani-
cal properties (UTS and E) at the musculofascial-
 PP mesh interface than did the PADM, SFD, or 
SFD-PADM composites at 4  weeks. However, 
the use of PP mesh causes strong bowel adhe-
sions (e.g., a large adhesion area and strong adhe-
sion strength), which can result in complications 
such as bowel obstruction, enterocutaneous fistu-
lae, and pain [35–40]. PADM is gaining popular-
ity as a replacement for PP mesh in clinical 
applications since it has similar mechanical prop-
erties but fewer and weaker adhesions. However, 
the PADM-musculofascial interface is weaker 
than the PP mesh [3, 7], PADM is not patient spe-
cific, and PADM scaffolds have a long remodel-
ing time. SFD, an engineered biomaterial with a 
low cost that can be fabricated to meet specific 
mechanical and structural needs, provides 
another alternative for ventral hernia repair.

Remodeling is a process that consists of cel-
lular infiltration, biomaterial degradation, and 
deposition of new ECM (e.g., collagen and 
ground substance). The SFD scaffold degraded 
and fully remodeled, with deposition of densely 
packed connective tissue where the scaffold 
interfaced with the muscle, skin, and peritoneal 
cavity. The muscle interface was seamlessly inte-
grated with the remodeled region where the scaf-
fold had originated, as characterized by infiltrated 
cells and ECM intermingled with abdominal wall 
muscle. Positions far away from these interfaces 
were partially remodeled with the combination of 

SFD scaffold, infiltrated cells, and deposited 
ECM. Mature collagen (i.e., collagen I) was dis-
tributed throughout the SFD implants. Scaffold 
remodeling and ECM deposition may contribute 
to the strong mechanical properties at the 
musculofascial- SFD interface as well as in the 
center of remodeled SFD implants. However, 
SFD scaffolds were not completely degraded. In 
our previous report on hernia repair with SFCS 
scaffolds, SFCS degraded with the deposition of 
new tissues and appeared to be fully remodeled 
by 4  weeks, both grossly and histologically, 
although a few scaffold fibrils were visible in the 
center of the implant where the center was still 
going through remodeling. The difference in 
wound healing may be due to a different chemi-
cal composition, degradation rate, microstruc-
ture, or thickness of the implanted materials [7].

PP mesh is a synthetic polymer and is nonde-
gradable via in  vivo enzymes and other lytic 
agents. At week 4, implanted PP mesh fibers 
were surrounded by cells and encapsulated by 
collagen and other ground substances that com-
prised the fibrotic scar tissue. Although it is bio-
logically derived from an animal source and has 
biodegradable chemistry, PADM was associated 
with overall slow degradation, cellular infiltra-
tion in a limited region, remodeling at the outer 
layer of implants that interacted with host tissues, 
and insulated central regions of the implant [3, 
4]. PADM has a condensed collagen fibril struc-
ture that may slow degradation and limit cell 
infiltration and new ECM deposition, leading to 
long-term remodeling.

Vascularization plays an important role in tis-
sue remodeling and regeneration [43, 44]. 
Insufficient blood supply due to a lack of vascu-
larization leads to nutrient deficiencies or 
hypoxia in the tissue, which affects its function 
[44]. In the sites repaired with SFD, blood ves-
sels were uniformly distributed throughout the 
repair site, similar to the ubiquitous cellular 
infiltration, indicating the potential for remodel-
ing and regeneration. Macrophages also play a 
dominant role in biological scaffold remodeling 
in vivo [45]. The macrophage phenotype can be 
characterized as pro-inflammatory or immuno-
modulatory (M1) or tissue remodeling (M2). 
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Infiltrated cells in SFD scaffolds were mainly 
M1 macrophages. However, a small population 
of M2 macrophages was observed on the perito-
neal side. These results indicate that an active 
cellular response occurred within 4  weeks of 
repair and that SFD implants continued to 
undergo inflammation and remodeling phases 
within the wound- healing cycle during the 
4 weeks after repair.

MyoD1 belongs to a family of proteins known 
as myogenic regulatory factors, which suggests 
that myogenic commitment occurs at an early 
stage of cellular differentiation. The function of 
MyoD1  in development is to commit mesoder-
mal cells to a skeletal lineage and then regulate 
that process; it also plays a role in regulating 
muscle repair [46–48]. Myogenic proteins that 
are expressed early in skeletal muscle differentia-
tion were also observed in infiltrated cells that 
were distributed at the peritoneal side, close to 
the peritoneal interface. The observation of skel-
etal muscle differentiation in the SFD group 
demonstrates that muscle regeneration had 
occurred by 4 weeks after the initial foreign-body 
response of SFD [49].

SFD was combined with PADM to develop a 
composite for hernia repair in this study. The 
SFD-PADM composite caused weaker omen-
tum adhesion, with a reduced adhesion area 
compared to that observed in the SFD group, 
regardless of whether PADM or SFD was on the 
peritoneal side. However, UTS at the 
musculofascial- composite interface decreased 
significantly compared with that in the SFD 
group, which may be due to incomplete remod-
eling and weaker integration of composites with 
native surrounding tissues at the SFD side than 
in the SFD group alone at week 4. This study 
provides a proof of concept, using SFD-PADM 
composites to meet a clinical need. To translate 
this platform into a clinical application, more 
work is still needed to optimize the composite 
constructs (e.g., SFD thickness, spatial organi-
zation of SFD and PADM, and SFD-to-PADM 
ratio) and maximize the advantages of both SFD 
and PADM, such as minimum or omentum-
based adhesions and a strong interface 
connection.

23.13  Conclusions

In this study, we evaluated a new SF-based plat-
form by combining SF with decorin. The presence 
of decorin induced fibril structures, which affect 
the mechanical properties of the SFD scaffolds. 
SFD with a decorin concentration of 28.6 μg/mL 
had mechanical properties similar to those of the 
native musculofascial in guinea pigs. This new 
platform was used to repair the abdominal wall in 
an established rodent ventral hernia model. At 
week 4, the scaffolds had remodeled, with seam-
less integration at the interface with adjacent 
native tissue. The SFD repair sites remained intact, 
and their mechanical properties were similar to 
those of the native abdominal wall. A histological 
analysis showed uniform cellular infiltration, vas-
cularization, and deposition of new ECM at SFD 
repair sites, which may contribute to enhancement 
of mechanical strength at the implant-defect inter-
face to prevent hernia recurrence. In all, SFD 
shows promise in promoting musculofascial 
regeneration for ventral hernia repair. To be clini-
cally relevant, novel techniques, such as process-
ing SF-based scaffolds with dielectrophoresis to 
align molecular chains within SF and enhance 
mechanical properties [50], are being studied in 
our laboratory. The ideal implanted materials for 
ventral hernia repair are required to not only bridge 
musculofascial defect materials but also to func-
tion as active “engineered biologics” to induce and 
enhance tissue repair and regeneration.

Acknowledgements This study was supported by 
National Institutes of Health (NIH) and National Institute 
on Aging (NIA) via NIH/NIA grant R01AG034658. We 
thank Dr. Samuel M.  Hudson (North Carolina State 
University) for the donation of raw silk and Carmen 
N.  Rios and Victor L.  Lam for technical assistance. In 
addition, we thank the High-Resolution Electron 
Microscopy Facility (HREMF; Cancer Center Core Grant 
CA16672) for scanning electron microscopy imaging.

References

 1. Butler CE, Campbell KT.  Minimally invasive com-
ponent separation with inlay bioprosthetic mesh 
(MICSIB) for complex abdominal wall reconstruc-
tion. Plast Reconstr Surg. 2011;128:698–709.

L. W. Dunne et al.



345

 2. Altman AM, Abdul Khalek FJ, Alt EU, Butler 
CE.  Adipose tissue-derived stem cells enhance 
bioprosthetic mesh repair of ventral hernias. Plast 
Reconstr Surg. 2010;126:845–54.

 3. Burns NK, Jaffari MV, Rios CN, Mathur AB, Butler 
CE. Non-cross-linked porcine acellular dermal matri-
ces for abdominal wall reconstruction. Plast Reconstr 
Surg. 2010;125:167–76.

 4. Butler CE, Burns NK, Campbell KT, Mathur AB, 
Jaffari MV, Rios CN.  Comparison of cross-linked 
and non-cross-linked porcine acellular dermal 
matrices for ventral hernia repair. J Am Coll Surg. 
2010;211:368–76.

 5. Butler CE, Navarro FA, Orgill DP.  Reduction of 
abdominal adhesions using composite collagen-GAG 
implants for ventral hernia repair. J Biomed Mater 
Res. 2001;58:75–80.

 6. Mano JF, Silva GA, Azevedo HS, Malafaya PB, 
Sousa RA, Silva SS, Boesel LF, Oliveira JM, Santos 
TC, Marques AP, Neves NM, Reis RL. Natural ori-
gin biodegradable systems in tissue engineering and 
regenerative medicine: present status and some mov-
ing trends. J R Soc Interface. 2007;4:999–1030.

 7. Gobin AS, Butler CE, Mathur AB.  Repair and 
regeneration of the abdominal wall musculofascial 
defect using silk fibroin-chitosan blend. Tissue Eng. 
2006;12:3383–94.

 8. Gupta V, Mun GH, Choi B, Aseh A, Mildred L, 
Patel A, Zhang Q, Price JE, Chang D, Robb G, 
Mathur AB. Repair and reconstruction of a resected 
tumor defect using a composite of tissue flap- 
nanotherapeutic- silk fibroin and chitosan scaffold. 
Ann Biomed Eng. 2011;39:2374–87.

 9. Rios CN, Skoracki RJ, Mathur AB.  GNAS1 and 
PHD2 short-interfering RNA support bone regenera-
tion in vitro and an in vivo sheep model. Clin Orthop 
Relat Res. 2012;470:2541–53.

 10. Rios CN, Skoracki RJ, Miller MJ, Satterfield WC, 
Mathur AB. In vivo bone formation in silk fibroin and 
chitosan blend scaffolds via ectopically grafted peri-
osteum as a cell source: a pilot study. Tissue Eng Part 
A. 2009;15:2717–25.

 11. Zang M, Zhang Q, Davis G, Huang G, Jaffari M, 
Rios CN, Gupta V, Yu P, Mathur AB. Perichondrium 
directed cartilage formation in silk fibroin and chito-
san blend scaffolds for tracheal transplantation. Acta 
Biomater. 2011;7(9):3422–31.

 12. Gobin AS, Froude VE, Mathur AB.  Structural and 
mechanical characteristics of silk fibroin and chito-
san blend scaffolds for tissue regeneration. J Biomed 
Mater Res A. 2005;74:465–73.

 13. Karageorgiou V, Tomkins M, Fajardo R, Meinel L, 
Snyder B, Wade K, Chen J, Vunjak-Novakovic G, 
Kaplan DL.  Porous silk fibroin 3-D scaffolds for 
delivery of bone morphogenetic protein-2 in vitro and 
in vivo. J Biomed Mater Res A. 2006;78:324–34.

 14. Lovett M, Cannizzaro C, Daheron L, Messmer B, 
Vunjak-Novakovic G, Kaplan DL. Silk fibroin micro-
tubes for blood vessel engineering. Biomaterials. 
2007;28:5271–9.

 15. Mauney JR, Nguyen T, Gillen K, Kirker-Head C, 
Gimble JM, Kaplan DL. Engineering adipose-like tis-
sue in vitro and in vivo utilizing human bone marrow 
and adipose-derived mesenchymal stem cells with silk 
fibroin 3D scaffolds. Biomaterials. 2007;28:5280–90.

 16. She Z, Liu W, Feng Q. Self-assembly model, hepa-
tocytes attachment and inflammatory response 
for silk fibroin/chitosan scaffolds. Biomed Mater. 
2009;4:045014.

 17. Silva SS, Motta A, Rodrigues MT, Pinheiro AF, 
Gomes ME, Mano JF, Reis RL, Migliaresi C. Novel 
genipin-cross-linked chitosan/silk fibroin sponges for 
cartilage engineering strategies. Biomacromolecules. 
2008;9:2764–74.

 18. Iozzo RV.  Matrix proteoglycans: from molecular 
design to cellular function. Annu Rev Biochem. 
1998;67:609–52.

 19. Reed CC, Iozzo RV. The role of decorin in collagen 
fibrillogenesis and skin homeostasis. Glycoconj J. 
2002;19:249–55.

 20. Danielson KG, Baribault H, Holmes DF, Graham H, 
Kadler KE, Iozzo RV. Targeted disruption of decorin 
leads to abnormal collagen fibril morphology and skin 
fragility. J Cell Biol. 1997;136:729–43.

 21. Ferdous Z, Grande-Allen KJ.  Utility and control of 
proteoglycans in tissue engineering. Tissue Eng. 
2007;13:1893–904.

 22. Iwasaki S, Hosaka Y, Iwasaki T, Yamamoto K, 
Nagayasu A, Ueda H, Kokai Y, Takehana K. The mod-
ulation of collagen fibril assembly and its structure by 
decorin: an electron microscopic study. Arch Histol 
Cytol. 2008;71:37–44.

 23. Weis SM, Zimmerman SD, Shah M, Covell JW, 
Omens JH, Ross J Jr, Dalton N, Jones Y, Reed CC, 
Iozzo RV, McCulloch AD. A role for decorin in the 
remodeling of myocardial infarction. Matrix Biol. 
2005;24:313–24.

 24. Vesentini S, Redaelli A, Montevecchi FM. Estimation 
of the binding force of the collagen molecule-decorin 
core protein complex in collagen fibril. J Biomech. 
2005;38:433–43.

 25. Asakura T, Ashida J, Yamane T, Kameda T, Nakazawa 
Y, Ohgo K, Komatsu K. A repeated beta-turn struc-
ture in poly(ala-Gly) as a model for silk I of Bombyx 
mori silk fibroin studied with two-dimensional spin- 
diffusion NMR under off magic angle spinning 
and rotational echo double resonance. J Mol Biol. 
2001;306:291–305.

 26. Butler CE, Prieto VG.  Reduction of adhesions with 
composite AlloDerm/polypropylene mesh implants 
for abdominal wall reconstruction. Plast Reconstr 
Surg. 2004;114:464–73.

 27. Frantz C, Stewart KM, Weaver VM. The extracellular 
matrix at a glance. J Cell Sci. 2010;123:4195–200.

 28. Hubbell JA.  Materials as morphogenetic guides 
in tissue engineering. Curr Opin Biotechnol. 
2003;14:551–8.

 29. Kim UJ, Park J, Li C, Jin HJ, Valluzzi R, Kaplan 
DL.  Structure and properties of silk hydrogels. 
Biomacromolecules. 2004;5:786–92.

23 Silk Fibroin-Decorin Engineered Biologics to Repair Musculofascial Defects



346

 30. Discher DE, Janmey P, Wang YL.  Tissue cells feel 
and respond to the stiffness of their substrate. Science. 
2005;310:1139–43.

 31. Engler AJ, Sen S, Sweeney HL, Discher DE. Matrix 
elasticity directs stem cell lineage specification. Cell. 
2006;126:677–89.

 32. Ameye L, Young MF.  Mice deficient in small 
leucine- rich proteoglycans: novel in  vivo models 
for osteoporosis, osteoarthritis, Ehlers-Danlos syn-
drome, muscular dystrophy, and corneal diseases. 
Glycobiology. 2002;12:107R–16R.

 33. Douglas T, Hempel U, Mietrach C, Heinemann S, 
Scharnweber D, Worch H.  Fibrils of different col-
lagen types containing immobilised proteoglycans 
(PGs) as coatings: characterisation and influence on 
osteoblast behaviour. Biomol Eng. 2007;24:455–8.

 34. Douglas T, Hempel U, Mietrach C, Viola M, Vigetti 
D, Heinemann S, Bierbaum S, Scharnweber D, Worch 
H.  Influence of collagen-fibril-based coatings con-
taining decorin and biglycan on osteoblast behavior. 
J Biomed Mater Res A. 2008;84:805–16.

 35. Beelen RH, Fluitsma DM, Hoefsmit EC. The cellular 
composition of omentum milky spots and the ultra-
structure of milky spot macrophages and reticulum 
cells. J Reticuloendothel Soc. 1980;28:585–99.

 36. Collins D, Hogan AM, O’Shea D, Winter DC.  The 
omentum: anatomical, metabolic, and surgical 
aspects. J Gastrointest Surg. 2009;13:1138–46.

 37. Mandache E, Moldoveanu E, Savi G.  The involve-
ment of omentum and its milky spots in the dynam-
ics of peritoneal macrophages. Morphol Embryol 
(Bucur). 1985;31:137–42.

 38. Saqib NU, McGuire PG, Howdieshell TR.  The 
omentum is a site of stromal cell-derived factor 1 
alpha production and reservoir for CXC chemokine 
receptor 4-positive cell recruitment. Am J Surg. 
2010;200:276–82.

 39. Shah S, Lowery E, Braun RK, Martin A, Huang N, 
Medina M, Sethupathi P, Seki Y, Takami M, Byrne 
K, Wigfield C, Love RB, Iwashima M.  Cellular 
basis of tissue regeneration by omentum. PLoS One. 
2012;7:e38368.

 40. Asai S, Kamei Y, Torii S.  One-stage reconstruction 
of infected cranial defects using a titanium mesh 
plate enclosed in an omental flap. Ann Plast Surg. 
2004;52:144–7.

 41. Maloney CT Jr, Wages D, Upton J, Lee WP.  Free 
omental tissue transfer for extremity cover-
age and revascularization. Plast Reconstr Surg. 
2003;111:1899–904.

 42. Shao ZQ, Kawasuji M, Takaji K, Katayama Y, 
Matsukawa M. Therapeutic angiogenesis with autolo-
gous hepatic tissue implantation and omental wrap-
ping. Circ J. 2008;72:1894–9.

 43. Nomi M, Atala A, Coppi PD, Soker S. Principals of 
neovascularization for tissue engineering. Mol Asp 
Med. 2002;23:463–83.

 44. Rouwkema J, Rivron NC, van Blitterswijk 
CA.  Vascularization in tissue engineering. Trends 
Biotechnol. 2008;26:434–41.

 45. Badylak SF, Valentin JE, Ravindra AK, McCabe 
JP, Stewart-Akers AM.  Macrophage phenotype as a 
determinant of biologic scaffold remodeling. Tissue 
Eng Part A. 2008;14:1835–42.

 46. Charge SB, Rudnicki MA.  Cellular and molecu-
lar regulation of muscle regeneration. Physiol Rev. 
2004;84:209–38.

 47. Grounds MD, Garrett KL, Lai MC, Wright WE, 
Beilharz MW.  Identification of skeletal muscle pre-
cursor cells in vivo by use of MyoD1 and myogenin 
probes. Cell Tissue Res. 1992;267:99–104.

 48. Megeney LA, Kablar B, Garrett K, Anderson JE, 
Rudnicki MA. MyoD is required for myogenic stem 
cell function in adult skeletal muscle. Genes Dev. 
1996;10:1173–83.

 49. Anderson JM, Rodriguez A, Chang DT.  Foreign 
body reaction to biomaterials. Semin Immunol. 
2008;20:86–100.

 50. Gupta V, Davis G, Gordon A, Altman AM, Reece GP, 
Gascoyne PR, Mathur AB. Endothelial and stem cell 
interactions on dielectrophoretically aligned fibrous 
silk fibroin-chitosan scaffolds. J Biomed Mater Res 
A. 2010;94:515–23.

L. W. Dunne et al.



347© Springer Nature Switzerland AG 2019
D. Duscher, M. A. Shiffman (eds.), Regenerative Medicine and Plastic Surgery, 
https://doi.org/10.1007/978-3-030-19962-3_24

Skeletal Muscle Restoration 
Following Volumetric Muscle Loss: 
The Therapeutic Effects 
of a Biologic Surgical Mesh

Jenna L. Dziki, Jonas Eriksson, 
and Stephen F. Badylak

24.1  Introduction

Volumetric muscle loss (VML) as a result of 
tumor resection, disease, or trauma is a challeng-
ing problem with limited therapeutic options. 
Although skeletal muscle retains a limited capac-
ity for regeneration following acute injury, the 
loss of 20% muscle mass or more at a single ana-
tomic site overwhelms this inherent regenerative 
potential and results in scar tissue formation, sig-
nificant loss of function, and in many cases limb 
amputation [1]. As described below, current 
reconstructive surgical approaches are fraught 
with limitations, and effective alternative strate-
gies are needed to improve aesthetic and func-
tional clinical outcomes.

Regenerative medicine approaches to skel-
etal muscle restoration following injury have 
largely been cell centric and, to date, less than 
satisfactory. The use of scaffold materials and/
or bioactive signaling molecules, either alone 
or in combination with stem or progenitor 
cells, has been investigated. Recent reports 
show promising results with the use of a bio-
logic scaffold material that facilitates forma-
tion of new functional skeletal muscle [2, 3]. 
Although advancements are being made, there 
is significant upside potential with these new 
strategies for skeletal muscle restoration. This 
chapter provides an overview of current inva-
sive and noninvasive approaches to volumetric 
muscle loss, use of biologic surgical mesh 
materials as a therapeutic option, associated 
mechanisms by which these materials promote 
myogenesis, and factors that affect remodeling 
outcomes.

24.2  Therapeutic Strategies

Treatment options for volumetric muscle loss are 
limited and consist mainly of surgical attempts to 
translocate autologous skeletal muscle combined 
with extensive physical therapy. However, such 
approaches almost uniformly fail to restore ade-
quate strength and function, and result in a life-
time of disability. Sixty-five percent of workplace 
disability in armed services personnel is associ-
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ated with volumetric muscle loss and unsatisfac-
tory available treatments [4]. Unfortunately, 
function of the affected limb continues to worsen 
over the lifetime of the patient [5].

Surgical procedures considered to be the stan-
dard for VML treatment include free and/or rotat-
ing flaps and autologous grafts or muscle 
transposition [6]. The rationale behind these 
approaches is that coverage of the wound site with 
fasciocutaneous and/or muscle tissue should 
reduce complications such as infection at the 
injury site [7]. Neither the flap procedures nor the 
muscle grafting replace lost functional muscle tis-
sue with viable, innervated, and contractile mus-
cle. The use of flaps and grafts is consistently 
associated with donor-site morbidity and often 
fails completely due to infection and necrosis, 
which, in some cases, leads to amputation of the 
affected limb [8]. Recent preclinical animal stud-
ies have attempted to utilize minced muscle grafts 
as a therapeutic strategy; however this approach 
has not yet resulted in appreciable restoration of 
functional tissue [9, 10]. Similarly, use of orthotics 
does not allow for full restoration of function, and 
orthotics are often not applicable for upper extrem-
ity injuries [1].

Physical therapy is a cornerstone of the care 
for VML patients. The objective of physical 
therapy is to strengthen the remaining injured 
muscle and improve the ability to perform tasks 
of daily living; however, physical therapy alone 
does not promote appreciable muscle regenera-
tion. A growing body of literature suggests that 
mechanotransduction through both dynamic and 
static mechanical stimuli can alter the pheno-
type of cells within a skeletal muscle injury site 
and create a microenvironment conducive for 
repair and regeneration [11, 12]. Though com-
plete tissue restoration is not attainable through 
physical therapy alone, the benefits of active 
load bearing across the defect site include 
immune cell modulation [13], increased vascu-
larization [14], reduction of fibrosis, and pro-
motion of myotube alignment and fusion [15, 
16]. The diligent and informed use of physical 
therapy, in particular the timing of initiation of 
therapy and type of therapy (e.g., active vs. pas-
sive), can be a critical determinant of down-
stream outcomes [3].

24.3  Stem Cell-Centric 
Approaches

The limitations of current approaches to VML 
have been the impetus for investigating alternative 
strategies, including the use of stem/progenitor 
cells. The well-studied process of skeletal muscle 
regeneration involves the sequential steps of myo-
genic progenitor cell proliferation, mobilization, 
and differentiation, and the regulation of these 
processes by the immune system to form multi-
nucleated myotubes. Satellite cells are the puta-
tive skeletal muscle progenitor cells that are 
activated following injury. Satellite cells and other 
stem/progenitor cells including perivascular stem 
cells, adult muscle-derived stem cells, embryonic 
stem cells, and induced pluripotent stem cells 
(iPSCs), among others, have been investigated as 
cell-based therapeutic approaches for reconstruct-
ing skeletal muscle tissue [20]. Results of preclin-
ical studies involving stem cell administration for 
enhanced myogenesis have been widely variable, 
and such approaches have failed to gain traction 
in the clinical setting. VML injuries typically 
involve extensive tissue damage and an associated 
chronic inflammatory microenvironment. Direct 
injection of stem cells into such a microenviron-
ment results in poor cell engraftment, low viabil-
ity, and diminished differentiation potential. 
Recall that the extracellular matrix represents the 
native microenvironmental niche for tissue during 
development and beyond. Recent work by 
Webster et al. has shown that ultrastructural ECM 
units are required for guiding myogenic progeni-
tor cells toward a regenerative phenotype [21]. 
Quarta et  al. [22] utilized ECM hydrogels to 
maintain a favorable 3D environment for muscle-
derived stem cells prior to implantation and dem-
onstrated the ability of combination therapies, 
including physical therapy, to promote functional 
muscle restoration. The expense and regulatory 
hurdles associated with stem cell-based 
approaches have been a barrier to timely clinical 
translation of these and similar technologies [23, 
24]. Attempts to combine myogenic stem/progen-
itor cells within synthetic or biologic scaffolds 
have yet to yield significant restoration of func-
tional skeletal muscle and vasculature that trans-
lates to clinical improvement [17–19].
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24.4  ECM Bioscaffold-Based 
Approaches

In addition to the technical challenges facing the 
clinical translation of cell-based therapies 
(described above), clinical use has also been lim-
ited by costly cell isolation techniques and steep 
regulatory hurdles. In contrast to some of the 
technical and nontechnical challenges with stem 
cell therapy as described above, cell-free 
approaches in the form of acellular biologic scaf-
folds have shown promising early results as a 
viable “off-the-shelf” option for patients suffer-
ing from VML and other severe musculotendi-
nous injuries (Table 24.1).

Acellular biologic surgical meshes composed 
of allogenic or xenogeneic (typically porcine) 
extracellular matrix provide a template, or 
“microenvironmental niche,” to initiate func-
tional tissue reconstruction by mechanisms that 
include immunomodulation and stem cell differ-

entiation. This acellular strategy is focused upon 
providing the complex and cytocompatible 
microenvironment required for skeletal muscle 
regeneration after a critical-size VML injury, 
rather than relying upon exogenous cells for 
repopulating the entirety of the stem/progenitor 
cell pool and ultimately promoting functional 
myogenesis. ECM meshes can obviate the need 
for exogenous stem cell delivery by stimulating 
recruitment of endogenous stem/progenitor cells. 
When source tissues from which the ECM surgi-
cal meshes are created are thoroughly decellular-
ized and when care is taken to preserve the ECM 
ultrastructure and composition, the resulting 
ECM “microenvironmental niche” can facilitate 
the resolution of inflammation by release of spe-
cific signaling molecules during the process of 
mesh degradation. Pharmacologic approaches 
such as administration of osteoactivin or losartan, 
which purportedly prevent muscle atrophy and 
reduce fibrosis, have been associated with mixed 

Table 24.1 Overview of novel treatment options for volumetric muscle loss

Desired result ECM bioscaffolds
Exogenous stem cell 
delivery

Autologous minced 
muscle grafts

Pharmacologic 
approaches

Clinical translatability
Stage of 
development

Clinical cohort study 
[1, 2]

Preclinical animal 
studies [15]

Preclinical animal 
studies

Preclinical animal 
studies

Hurdles n/a Significant technical, 
regulatory, and 
economic hurdles [12, 
16, 17]

No advantage over 
current standard of 
care [21]

Side effects

Quality-of-life improvement
Strength 
improvement

Yes [1–4, 6] Partial [18] Yes [21, 22] No [24]

Functional 
improvement

Yes [1, 2] Partial [18–20] Partial [21] No [24]

Histologic improvement
Myofiber formation Yes [1–5] Yes Yes [23] No [25]
Fibrosis reduction Yes [1, 2, 5] Yes Yes [21] Yes [14]
Reinnervation NT NT
Histologic evidence Yes [5, 7] Yes [13, 21]
Nerve conduction 
studies

Yes [2, 8] NT

Immune friendly
Immunosuppression Immunosuppression 

not required [5, 9, 
10]

Immunosuppression 
required dependent upon 
cell source [17]

Immunosuppression 
not required

Immunosuppression not 
required

Resolution of 
inflammation

Yes [5, 6, 9, 10] Partial [11] No NT

NT not tested

24 Skeletal Muscle Restoration Following Volumetric Muscle Loss: The Therapeutic Effects of a Biologic…
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results in a severe inflammatory microenviron-
ment such as VML, and may occasionally have a 
deleterious effect upon muscle function [25].

The efficient clinical translation of pharmaco-
logic strategies, cell-based approaches, physical 
therapy, and combination therapies remains a 
challenge but is worthy of further pursuit. At the 
present time, the lower regulatory hurdles, lack 
of requirement for immunosuppression, rela-
tively inexpensive production costs, and ability to 
stimulate endogenous functional muscle regen-
eration place the acellular surgical mesh approach 
at the forefront of novel therapies for VML.

24.5  Mechanisms by Which ECM 
Promotes Myogenesis

More than a superficial understanding of the 
mechanisms by which biologic surgical mesh 
materials can facilitate muscle regeneration is 
required to optimize the chances for a functional 
outcome. The rationale for use of an ECM-based 
surgical mesh can be best explained by first 
reviewing current knowledge of the default 
response to skeletal muscle injury in mammals. 
Immediately following muscle injury, damaged 
myocytes release cytokines that induce a pro- 
inflammatory phenotype in neutrophils and mac-
rophages, which in turn secrete a profile of 
signaling molecules (interleukin-1β, interleukin-
 6, tumor necrosis factor alpha) that induce mobi-
lization and proliferation of resident stem and 
progenitor cells (e.g., satellite cells). The subse-
quent transition of macrophages to a regulatory, 
pro-remodeling phenotype occurs as a result of 
as yet poorly defined signals. However, this phe-
notype transition is required for resolution of the 
inflammatory process and subsequent regenera-
tion of lost or injured myocytes [26–29]. The pro- 
remodeling macrophage phenotype (M2-like) is 
associated with the expression of TGF-β, a pro- 
fibrotic cytokine, increased connective collagen 
deposition, and arginase 1 expression which can 
promote fibroblast proliferation and increased 
connective tissue production [30, 31]. Inhibition 
of either the pro-inflammatory or the pro- 

remodeling macrophage phenotype severely lim-
its skeletal muscle regeneration [32].

ECM surgical meshes have repeatedly been 
shown to facilitate constructive remodeling of the 
target tissue by activating macrophages toward 
the anti-inflammatory, and pro-remodeling mac-
rophage phenotype. Likewise, adaptive immune 
B and T cells are recruited to the ECM scaffold 
remodeling site, and T cells activate to a Th2-like 
(pro-remodeling) phenotype [33]. The in  vivo 
degradation of ECM mesh materials is associated 
with the release of low-molecular-weight 
matricryptic oligopeptides and other bioactive 
products [34, 35] that influence macrophage phe-
notype and recruit and influence the fate of 
endogenous progenitor cells. For example, dur-
ing the course of mesh degradation, perivascular 
stem cells mobilize from their perivascular niche 
and differentiate in response to microenviron-
mental factors such as oxygen concentration, 
mechanical forces, and cytokines such as vascu-
lar endothelial growth factor (VEGF), bone mor-
phogenetic protein (BMP), fibroblast growth 
factor (FGF), epidermal growth factor (EGF), 
platelet-derived growth factor (PDGF), and as 
previously mentioned TGF-β, among others [36]. 
Any chemical cross-linking agents such as glu-
taraldehyde or carbodiimide used during the pro-
duction of ECM-based surgical mesh will inhibit 
this necessary functional degradation of the scaf-
fold and will mitigate the pro-remodeling 
response [37].

Functional skeletal muscle regeneration is 
dependent upon a number of physiologic 
events including vascularization and innerva-
tion of the injury site [2, 38]. Preclinical stud-
ies that involve the implantation of ECM 
surgical mesh in rat abdominal wall and canine 
esophagus show neovascularization and evi-
dence of nerve cells and Schwann cells in the 
acute and subacute postsurgical period [39]. 
The same study also showed the in vitro migra-
tion of Schwann cells when exposed to 
matricryptic peptides in a concentration- 
dependent fashion. A separate study that inves-
tigated the restoration of canine gastrocnemius 
musculotendinous junction by ECM surgical 
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mesh implantation showed a 48% increase in 
contractile force and the presence of vascular-
ized, innervated skeletal muscle [40].

A cohort clinical report of patients with volu-
metric muscle loss who were treated with ECM 
surgical meshes and given early-onset mechani-
cal loading (i.e., physical therapy) was recently 
published [2]. Reinnervation of the wound area 
was evaluated by nerve conduction and electro-
myography [41]. The nerve conduction studies 
showed an increase in compound muscle action 
potential in four out of eight participants while 
electromyography showed that two participants 
had improvement in target muscle innervation. In 
vitro studies have repeatedly described the che-
moattractant effect of ECM degradation products 
upon endothelial cells [34, 42, 43] and the prolif-
eration and differentiation effects upon neuronal 
cells [44, 45]. Although the specific molecular 
mechanisms of neovascularization and innerva-
tion during skeletal muscle regeneration as a 
result of ECM mesh implantation are not known, 
the previous studies provide a useful database for 
futures studies.

24.6  Additional Factors That 
Affect Clinical Outcome

The use of acellular bioscaffolds (i.e., surgical 
meshes) to promote functional skeletal muscle 
replacement, as opposed to the use of skeletal 
muscle stem/progenitor cells, is not necessarily 
intuitive. When considering the mechanisms 
(described above) by which these materials 
induce a constructive host (patient) response, the 
positive results observed in many preclinical and 
early clinical studies become more plausible. 
However, there are many patient-, surgical-, and 
material-related factors that also influence the 
clinical outcome.

The ability of the host to interact with an 
implanted biologic scaffold composed of ECM is 
dependent upon variables such as the age of the 
patient, comorbidities such as diabetes and obe-
sity, nutritional status, and anatomic site of 
implantation.

Surgical technique is an obvious and impor-
tant factor in any reconstructive surgical proce-
dure. When biologic meshes are used, surgical 
technique is even more important and includes an 
understanding of the mechanisms of remodeling 
(described above). Removal of scar tissue to cre-
ate a fresh wound, assurance of close contact 
between mesh and adjacent healthy tissue, avoid-
ance of seroma formation, and placement of the 
surgical mesh under tension, among others, can 
all be critical determinants of a successful 
outcome.

The composition of the biologic surgical mesh 
varies depending upon the source tissue (e.g., 
small intestine, urinary bladder, dermis) because 
the extracellular matrix for each tissue and organ 
is distinctive. Mechanical properties, rate of deg-
radation, and composition vary among the surgi-
cal meshes derived from different tissues and can 
be an important factor in functional remodeling, 
especially in skeletal muscle where mechanical 
loading and weight bearing are critical.

The age of the animal from which the source 
tissue is harvested, nutritional status of the ani-
mal, and genetic variability of the herd from 
which the tissue is collected, among other fac-
tors, can introduce a degree of variability that 
must be taken into account when selecting an 
ECM-based surgical mesh for the treatment of 
volumetric muscle loss. In addition, the process-
ing of the material including methods of decel-
lularization, presence or absence of the use of 
chemical cross-linking agents, and method of 
terminal sterilization are important determinants 
of clinical success.

Although these ECM materials are regulated 
at surgical mesh devices, an understanding of the 
biology during the remodeling process and fac-
tors which affect outcomes is essential for opti-
mizing the chances of a satisfactory clinical 
result. While biologic surgical mesh development 
has provided significant advancement in the 
treatment for VML, room for improvement 
remains, specifically to promote vascularized, 
innervated, and functional muscle tissue that 
fully restores strength and function. It is likely 
that a combination of cell-based therapies and 
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physical therapy with acellular biologic mesh 
materials will provide a superior treatment option 
for VML patients.
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Principles of Tendon Regeneration

Jacinta Leyden, Yukitoshi Kaizawa, 
and James Chang

25.1  Introduction

Tendons are connective tissues that connect mus-
cle to bone. They have a unique protein arrange-
ment, are hypocellular, and have a limited blood 
supply. Tendons can withstand significant tensile 
loads and confer the ability to move by transfer-
ring forces that muscle contractions create.

The United States spends nearly $30 billion 
on musculoskeletal injuries each year, 45% of 
which are tendon and ligament injuries [1]. 
Tendon injuries account for nearly 300,000 repair 
surgeries and a significant amount of morbidity 
and loss of productivity, in both the United States 
and across the globe [2].

Surgical interventions involve basic suture 
repair, tendon transfers, and tendon grafts. Due to 
its hypocellularity and hypovascularity, the ten-
don has low healing potential, and scar tissue for-
mation easily occurs. Complications of these 
techniques involve high failure rates with a sig-
nificant risk of recurrence of rupture, fibrous 

adhesions, and poor long-term functional out-
comes [3, 4]. Even when surgically repaired, ten-
don injuries remain notoriously difficult to treat 
and manage, and both function and structure 
often remain compromised even 1 year following 
injury [5].

Tissue engineering plays a promising role in 
optimizing tendon healing and regeneration. 
Current methods have explored the use of various 
techniques to augment the native healing and 
regenerative capacity of tendons, and there have 
been great advancements in the development of 
allogenic and xenogeneic tendon grafts and other 
artificial materials to repair tendon defects.

This chapter describes an overview of tendon 
anatomy and structure, native tendon-healing 
cascade, and tissue engineering principles and 
advances for tendon regeneration.

25.2  Tendon Anatomy

Tendons are primarily white in color and possess a 
fibroelastic texture. They have different connective 
tissue layers that enable tendon collagen fibers to 
glide along each other with minimal friction when 
they experience tensile forces along the tendon axis. 
These layers carry blood vessels, lymphatics, and 
nerve channels throughout the tendon [6]. The epi-
tenon, the outermost connective tissue layer, is the 
loose connective tissue that covers the entire tendon 
and extends deep between the tertiary bundles all 
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the way to the fascicles. The endotenon is a thin, 
reticular structure and a continuation of the more 
superficial epitenon that extends between the pri-
mary  bundles [7]. The paratenon (or tendon sheath) 
surrounds the epitenon superficially and consists of 
type I and type III collagen fibrils and elastic fibrils 
[8]. Tendons are either sheathed or unsheathed, with 
the former having a more delicate blood supply sys-
tem and an inner layer of synovial cells derived 
from the parietal and visceral membranes [9, 10]. 
This extra layer in between the sheath and paratenon 
provides additional lubrication to these tendons and 
allows the tendon to handle greater mechanical 
stress [11]. Examples of unsheathed tendons include 
the patellar and calcaneal tendons, which have 
larger vessels that pass through their respective vin-
cula [12]. Sheathed tendons, like hand flexor ten-
dons, are less vascularized with more delicate 
vincula and have avascular areas that receive nutri-
tion by diffusion [13].

The smallest building block of the tendon is the 
collagen fibril. Collagen fibrils consist of tropocol-
lagen, a triple-helix formation of proteins that cross-
link together [14]. Fibrils collect into fibers (primary 
bundles). Fibers then collect into fascicles (second-
ary bundles), which connect into tertiary bundles 
that make up the mature tendon (Fig. 25.1) [15, 16].

25.3  Tendon Composition

Tendons have low cellularity and consist pri-
marily of water (70%), with a variety of com-
pounds comprising their dry weight, including 

collagen (86%). Type I collagen constitutes 
97–98% of the overall collagen profile and gives 
tendons the ability to resist tension. Type II col-
lagen is present in cartilaginous zones, while 
type III collagen is present in the reticulum 
fibers of vascular walls [15]. Elastin, a protein 
that contributes to tissue flexibility, extensibil-
ity, and recoil, is 2% of a tendon’s dry weight 
[17]. 1–5% of a tendon’s dry weight consists of 
proteoglycans. The remaining dry weight con-
sists of inorganic components like copper and 
magnesium [18].

The primary cell of the tendon is the teno-
cyte. Tenocytes are specialized fibroblastic cells 
with an elongated form that provide the tendon 
with its unique biomechanical properties. 
Tenocytes synthesize the proteins of the extra-
cellular matrix, namely collagen, proteoglycans, 
and glycoproteins [15]. They also release sig-
nals that regulate collagen formation and devel-
opment [19].

The substance of the extracellular matrix 
(ECM) network around the collagen core con-
sists of proteoglycans, glycosaminoglycans 
(GAGs), glycoproteins, and other small mole-
cules. All these components play specific roles in 
tendon development, nutrition, and healing [20]. 
Proteoglycans, with their hydrophilic structure, 
allow for rapid diffusion of water-soluble 
 molecules and migration of cells into the tendon 
structure [21]. Glycoproteins help with the repair 
process, and the various glycoproteins within the 
ECM structure serve varying roles that are still 
unclear [22, 23].

Paratenon

Epitenon

Endotenon Collagen
Fibril

Collagen Fiber

Primary Bundle
Secondary

Bundle

Tertiary
Fiber Bundle

Fig. 25.1 Tendon 
structure (adapted from 
Sharma and Maffulli 
2006 [16])
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25.4  Blood Supply

Tendons and ligaments consume 7.5 times less 
oxygen per cellular unit compared to skeletal mus-
cle [24]. This low metabolic rate and anaerobic 
energy generation reduce the risk of ischemia and 
necrosis while maintaining tension and carrying 
heavy loads over prolonged periods [25]. 
Nonetheless, this low metabolic rate and limited 
blood supply contribute to slow healing after injury. 
Three separate regions supply blood to tendons: the 
myotendinous junction, the osteotendinous junc-
tion, and arteries within surrounding connective 
tissues. The vascular contribution of each of these 
areas varies between tendon types [7].

25.5  Tendon Biomechanics

Tendons withstand tension and absorb excessive 
forces along the axis to limit damage to the ten-
don and its surrounding structures [26]. A ten-
don’s mechanical behavior depends significantly 

on the number and types of intramolecular and 
intermolecular bonds within the tendon, which 
indicates its overall health. The stress–strain 
curve in Fig. 25.2 demonstrates this process [27]. 
Stress–strain curves facilitate comparison of ten-
dons to determine whether a repair technique is 
effective, and the ultimate load of failure is one of 
the most indicative parameters for tendon biome-
chanical evaluation (Fig. 25.2) [28, 29].

25.6  Tendon-Healing Cascade

Tendon healing divides into three overlapping 
phases: inflammation, proliferation, and 
remodeling.

Inflammation is the first reaction following 
tendon injury. During this period, cells such as 
neutrophils and erythrocytes migrate to the injury 
site, and monocytes and macrophages begin 
phagocytosis of necrotic material [30]. During 
this time, vasoactive and chemotactic factors ini-
tiate angiogenesis and tenocyte proliferation. 
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Fig. 25.2 Tendon 
stress–strain curve 
(adapted from Morales- 
Orcajo E [29])

25 Principles of Tendon Regeneration



358

Tenocytes start to synthesize type III collagen 
and other matrix components to rebuild the 
injured tendon. Several enzymes, like matrix 
metalloproteinases (MMPs), play a role in 
degrading the ECM at the injury site to increase 
cell turnover and further facilitate the healing 
process [31, 32].

Angiogenesis is a crucial component in the 
healing process during the inflammation phase. 
The new vascular network nourishes new tissues 
and removes cell debris. Some studies show that 
even the slightest decrease in blood flow during 
this period can have detrimental effects on heal-
ing [33]. Growth factors like vascular endothelial 
growth factor (VEGF), transforming growth 
factor- beta (TGF-β), and insulin-like growth fac-
tor 1 (IGF-1) mediate the inflammatory and 
angiogenic response [5, 34, 35].

Next, in the proliferative phase, there is a dra-
matic increase in cellularity and matrix produc-
tion. There is a large spike in type III collagen 
production, which contributes to elasticity [36]. 
IGF-1, basic fibroblast growth factor (bFGF), 
platelet-derived growth factor (PDGF), TGF-β, 
and bone morphogenetic protein (BMP) are 
growth factors that play a critical role during this 
phase and promote tenogenic factors that contrib-
ute to recovery [32].

The final stage, remodeling, is further divided 
into the consolidation and maturation periods. 
Consolidation occurs within 6–10 weeks follow-
ing the initial injury, during which the synthesis 
of collagen and GAGs decreases, and tenocytes 
and collagen fibers orient themselves in the direc-
tion of stress [36]. Cellularity also decreases dur-
ing this stage as the tissue becomes even more 
fibrous. Type I collagen production increases, 
replacing type III collagen and GAGs built up 
during the previous phase [37]. Maturation 
occurs after 10  weeks. Collagen fibrils start to 
cross-link in greater numbers, increasing tissue 
stiffness [37]. Over the next year after injury, the 
tissue turns fibrous and displays more scar-like 
vascularity [38].

Many enzymes play critical roles in the 
tendon- healing process at the final healing stage, 
namely matrix metalloproteinases (MMPs). 
These enzymes play an important role in tendon 

degradation and remodeling following injury by 
shaping and influencing the tendon ECM [39]. 
MMPs with collagenase activity, however, 
increase the risk of tendon rupture recurrence, as 
the presence of denatured collagen and the degra-
dation of collagen fibrils from these enzymes 
weaken the tendon ECM [40]. This contributes to 
risk of tendon reinjury and degradation over time 
as MMP and cytokine release continues long 
after the initial tendon insult.

25.7  Surgical Tendon Repair 
and Regeneration

The main objective of surgical repair is to re- 
establish tendon alignment to maximize native 
tendon-healing abilities. Tendons were initially 
thought to have little to no regenerative ability 
given their low cellularity and limited blood 
supply, but as we continue to understand and 
recognize their intrinsic healing cascades, new 
technologies emerge that optimize and aug-
ment the native cues that contribute to tendon 
regeneration.

25.8  Principles of Tendon Tissue 
Engineering

Tissue engineering plays a promising role in pro-
moting tendon regeneration and healing. Tissue 
engineering for tendon regeneration aims to cre-
ate new, healthy tissue in place of injured or dam-
aged space. The foundations of tissue engineering 
revolve around (1) establishing an appropriate 
scaffold to the physical space that a defect cre-
ates, (2) using cells to replace tenocytes and cre-
ate tendon cellular and mechanical composition 
within the scaffold, and (3) creating an environ-
ment conducive to cell maturation and tenocyte 
survival within the scaffold.

25.8.1  Cells

Tissue engineering efforts involve investigating 
the ideal cell type to fill tendon defects. As 
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tenocytes are the primary cells that make up the 
tendon and contribute to its mechanical and 
chemical properties, tenocytes are a common 
cell source.

Direct injection of autologous tenocytes into 
injury areas or within scaffolds can augment ten-
don healing [41, 42]. However, there are several 
limitations to tenocyte-based tendon healing, 
including difficulties with cell harvesting and 
expansion. Additionally, protocols for autolo-
gous tenocyte harvesting result in significant 
donor-site defects. In the context of these limita-
tions, dermal fibroblasts present another option 
for cell harvesting [43].

The use of adult stem cells in tendon tissue 
engineering is associated with lower donor-site 
morbidity [44]. Adult stem cells are further sub-
divided into multipotent versus pluripotent lin-
eage potential. Mesenchymal stem cells (MSCs) 
are multipotent cells with bone marrow and adi-
pose cells as common sites for harvest. Their pro-
liferative capacity is superior to tenocytes [45], 
and they are more easily expanded ex  vivo for 
storage and banking [46]. Moreover, MSCs have 
homing abilities to areas of injury and exhibit 

anti-inflammatory and angiogenic effects within 
injury sites [45]. More recently, tissue engineer-
ing efforts have used tendon-derived stem cells 
(TDSCs) for tendon healing and regeneration. 
Differentiation properties of TDSCs are more 
favorable towards tenocyte differentiate than 
MSCs from other sources [47].

Tissue engineering efforts have also used plu-
ripotent stems cells, like embryonic stem (ES) 
cells and induced pluripotent stem (iPS) cells 
[48]. Embryonic stem cells have a pluripotent 
differentiation capacity and a tenogenic differen-
tiation profile that is more favorable than that of 
MSCs [49]. However, numerous ethical concerns 
surround the use and harvest of embryonic stem 
cells. Induced pluripotent stem cells do not pres-
ent the same ethical concerns, and their differen-
tiation capacity is similar to that of embryonic 
stem cells [50]. The quality of the iPS cells for 
tenogenic differentiation, however, remains vari-
able and under-investigated.

There is no current consensus about the opti-
mal cell source. Table 25.1 contains an overview 
of different cell types in tissue engineering [41, 
51–57].

Table 25.1 Cells used in tendon tissue engineering

Cell type Experimental design Results
Tendon fibroblasts •  Lateral epicondylitis, direct injection 

[51]
•  PGAa scaffold, hen flexor digitorum 

profundus model [41]

•  Improved clinical function and MRI 
tendinopathy scores

•  Increased tensile strength

Dermal fibroblasts •  Patellar tendinopathy, direct 
injection [52]

•  PGA scaffold, porcine flexor digital 
superficial tendon model [53]

•  Improved clinical outcome scores
•  Similar tensile strength to tenocyte-

seeded scaffolds

Bone marrow mesenchymal 
stem cells (BMSCs)

•  Rabbit ACLb, coating with BMSCsc 
[54]

•  PLGAd scaffold in vitro [55]

•  Improved biomechanical testing
•  Tenogenic differentiation

Adipose- derived stem cells 
(ASCs)

•  Rabbit Achilles tendon, injection 
with PRP [56]

•  Enhanced primary tendon healing

Tendon- derived stem cells 
(TDSCs)

•  Rat patellar tendon window defect, 
no scaffold [57]

•  Increased collagen production and 
alignment

Induced pluripotent stem 
(iPS) cells

•  No injury— 
in vitro differentiation to tenocytes 
[50]

•  Ability to differentiate into 
tenocytes, but at lower rates than 
embryonic stem cells

aPGA poly-glycolic acid
bACL anterior cruciate ligament
cBMSCs bone marrow-derived stem cells
dPLGA poly-l-lactic acid
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25.8.2  Scaffolds

Scaffolds within tissue engineering provide bio-
mechanical support for tissue healing until native 
healing channels have established enough matrix 
and cell production to maintain a regenerated 
structure on their own. The ideal scaffold for tis-
sue regenerations should (1) be biocompatible, 
(2) support cell attachment and growth, (3) have 
high surface area, (4) promote cell differentiation 
to tenocytes or appropriate cell form, (5) mini-
mize host immune inflammatory response, and 
(6) mimic native tendon architectures and 
mechanical properties if they are not biodegrad-
able [36].

Scaffolds can consist of either biologically or 
synthetically derived materials. Biologic scaf-
folds include decellularized native tendon matri-
ces or derivatives of naturally occurring proteins, 
like collagen. Synthetic scaffolds usually consist 
of polyester derivatives or other fabrics like silk.

25.8.2.1  Biologic Scaffolds
Biologic scaffolds are often created from decel-
lularized allograft and xenografts, and this is one 
of the treatment options currently available for 
significant tendon defects. In theory, since tendon 
matrices are directly obtained from the same tis-
sue type, they should retain native biomechanical 
and biochemical tendon properties. Nonetheless, 
in order to minimize disease transmission and an 
immune response against foreign tissue and cells, 
tissue allografts and xenografts must first be 
decellularized before implantation. 
Decellularization techniques allow for overall 
preservation of mechanical and chemical proper-
ties while preserving various proteins and growth 
factors within the tendon extracellular matrix 
[58, 59]. However, tendon implants still do not 
fully match the properties of native tendon when 
implanted from a source with exposure to differ-
ent stress and strain parameters over time [60].

Biologic scaffolds also include biomaterials 
created from collagen or other tendon-related 
proteins. This presents a middle ground between 
mitigating the immune-related risks of a pure 
allograft or xenograft implantation and providing 
a cell signaling environment conducive to teno-

cyte differentiation, proliferation, and survival. 
Collagen-based scaffolds are also highly biocom-
patible, as tendon ECMs consist mainly of type I 
collagen [7]. Biologic scaffolds in isolation can 
bridge large tendon defects or augment healing 
when seeded with various cell types.

25.8.2.2  Synthetic Scaffolds
Synthetic scaffolds are an alternative to biologi-
cally derived scaffolds. Most synthetic scaffolds 
are made of α-hydroxyl-polyesters, given their 
biocompatibility, biodegradability, and ability to 
support cell seeding [61, 62]. There are several 
limitations, however, with the use of synthetic 
scaffolds. Synthetically derived scaffolds do not 
retain the critical ECM properties and cell signal-
ing abilities of native tissue. As a result, they do 
not properly regulate cell activity or tenocyte dif-
ferentiation and have limited survival compared 
to biologic scaffolds, and are weaker than native 
tendon material [63]. The most common syn-
thetic scaffolds are made of poly(glycolic acid) 
(PGA), poly(lactic-co-glycolic acid) (PGLA), 
and poly-l-lactic acid (PLLA). Table 25.2 sum-
marizes an overview of their applications [41, 61, 
62, 64–70].

25.9  Growth Factors

Growth factors play an important role in overall 
tendon healing. Therefore, the external applica-
tion of these factors to tendon injuries can aug-
ment the native healing process. However, the 
timing and delivery of these growth factors in the 
setting of a healing tendon remain challenging. 
Table  25.3 summarizes the various growth fac-
tors investigated for tendon repair augmentation 
and the clinical implications of their delivery dur-
ing the healing process [34, 55, 71–79].

25.10  Discussion

As our understanding of tendon development and 
healing continues to improve, we continue to 
 tailor tissue engineering efforts towards aug-
menting the native healing process. While the 
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Table 25.2 Scaffolds used in tendon tissue engineering

Scaffold  
type Experimental design Results
Poly- glycolic acid (PGA) •  Hen flexor digitorum profundus 

model and autologous tenocytes 
[41]

•  Mouse skeletal muscle-derived 
cells in vitro [61]

•  Increased tensile strength
•  Tendon structure formation with mature 

collagen fibrils

Poly-l- lactic acid (PLLA) •  Human tendon stem/progenitor 
cells in vitro [62]

•  Tenocyte differentiation and cell survival

Poly lactic-co- glycolic 
acid (PLGA)

•  Rat Achilles tendon model with 
BMSCsa [64]

•  Increased tensile strength, increased 
collagen deposition compared to cell-free 
scaffold

Silk •  In vitro electrospun silk scaffold, 
seeded with BMSCa [65]

•  Increased expression of tendon-related 
proteins

Collagen- silk •  In vitro scaffold seeded with 
tendon- derived stem cells [66]

•  Increased collagen deposition and 
increased tensile strength

Collagen gels •  Rabbit patellar tendon model, 
BMSCs [67]

•  Collagen gel/sponge blend, 
rabbit patellar tendon, BMSCs 
[68]

•  Increased tensile strength and neotissue 
formation compared to collagen gel alone 
or simple suture

•  Increased tensile strength

Tendon hydrogel (tHG) •  Rat Achilles tendon model, no 
cells [69]

•  Rat Achilles tendon model, 
ASCsb, and PRPc [70]

•  Increased ultimate failure load with gel 
alone compared to control

•  Increased ultimate failure load, increased 
ECM formation

aBMSC bone marrow-derived stem cell
bASCs adipose-derived stem cells
cPRP platelet-rich plasma

Table 25.3 Growth factors in tendon healing

Growth factor Experimental design Results
Insulin-like growth factor 1 (IGF-1) •  Rat Achilles tendon model [71]

•  Rabbit flexor tendon model 
[34]

•  Decreased inflammation- induced 
functional deficits

•  Increased proliferation and migration 
of fibroblasts to injury site, increased 
collagen, and ECM production

Transforming growth factor beta 
(TGF-β)

•  Rabbit tenocytes in vitro [72]
•  Equine embryo- derived stem 

cells in vitro [73]

•  Increased matrix synthesis in tendon 
healing

•  Induced tenocyte differentiation, 
increased tendon-specific gene 
markers

Bone morphogenetic protein (BMP) •  BMP-14, transected rat 
Achilles tendon [74]

•  Increased tensile strength

Basic fibroblast growth factor 
(bFGF)

•  Rat patellar tendon [75]
•  bFGF- releasing nanofibrous 

scaffold [55]

•  Increased proliferation and 
expression of type III collagen.

•  Increased BMSCa proliferation, 
tenogenic differentiation, and 
collagen deposition within scaffold

Platelet-derived growth factor 
(PDGF)

•  Rabbit tendon in vitro [76]
•  Rabbit medial collateral 

ligament [77]

•  Stimulated collagen production and 
matrix production

•  Increased load to failure and 
elongation values

Platelet-rich plasma (PRP) 
(concentrated pool of growth factor: 
VEGFa, PDGF, TGF, IGF-1, FGF)

•  Rat patellar tendon model [78]
•  Human Achilles tendon model 

[79]

•  Increased level of circulation- derived 
cells into injury site

•  Decreased time to previous range of 
motion and movement

aVEGF vascular endothelial growth factor
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established pillars of tissue engineering have 
been well elucidated, the challenge remains on 
how to optimize the individual areas of tissue 
engineering in combination.

25.10.1  Current Problems of Cell 
Therapy

Tissue engineering efforts have utilized several 
different cell sources, as detailed in Table 25.1. 
However, there are limitations and risks associ-
ated with each of these cells, and many areas 
require further investigation.

First, the therapeutic effects of cell implanta-
tion require a large number of cells. Currently, 
harvested cells typically undergo ex vivo expan-
sion within specific nutrient-rich mediums before 
achieving a sufficient quantity for implantation. 
Common feeder mediums, like fetal bovine 
serum (FBS), carry a risk of disease transmission 
and immune rejection [80]. A possible solution to 
this issue is to optimize the efficacy of harvesting 
cells and develop a method of culturing cells 
without FBS. Several trials have implanted MSCs 
in situ without ex vivo expansion with promising 
results, and these efforts should continue to be 
pursued [81]. Alternatively, other efforts have 
expanded iPS cells within feeder-free mediums 
before implantation, which reduces the infection 
risks of current feeder mediums [82].

Second, it is important to note that both multi-
potent and pluripotent stem cells carry a risk of 
tumorigenicity when applied clinically [83, 84, 
99]. Undifferentiated cells, especially iPS cells, 
risk teratoma development after transplantation, 
although the rate of transformation potential is 
still unknown [85]. Ethical questions surrounding 
their use persist, as tendon injuries are not typi-
cally life threatening and do not confer an 
increased risk of mortality, though these treat-
ment modalities may have lethal impacts on 
extreme outcomes.

Finally, optimal methods to keep viable cells 
around injury sites require further investigation. 
A significant percentage of implanted cells leave 
the injected site if injected in mediums like fetal 
bovine serum or other nutrient-rich mediums [86, 

87]. Our laboratory developed a thermo- 
responsive, decellularized, human tendon- 
derived hydrogel (tHG) as a cell vehicle. Our 
tHG contains abundant natural cues for cellular 
attraction [88]. When tHG-containing, luciferase- 
transfected, adipose-derived stem cells were 
injected into a rat Achilles tendon defects, in vivo 
imaging system (IVIS) assays demonstrated that 
the implanted cells stayed around the repair site 
for up to 7 days following injection. Furthermore, 
the tHG-containing adipose-derived stem cells 
showed improvements in ultimate failure load 
4 weeks after repair compared to a control surgi-
cal repair [70].

25.10.2  New Promising Techniques 
for Scaffold Development

A novel scaffold-creating technology, called elec-
trospinning, creates scaffolds that mimic proper-
ties of native tendon matrices. Electrospun silk 
scaffolds, when seeded with bone marrow- derived 
stem cells (BMSCs), demonstrate enhanced dif-
ferentiation of stem cells into tenocytes and 
increased expression of tendon- and ligament-
specific proteins [65]. Other scaffold materials, 
like electrospun collagen-silk blends seeded with 
stem cells, also have increased collagen deposi-
tion and mechanical improvements [89].

Overall, the tensile strength, porosity, and elas-
ticity of electrospun scaffolds are comparable to 
most biologic grafts [90]. However, micro- and 
nanoscale topographical differences between bio-
materials influence an electrospun scaffold’s abil-
ity to promote cell differentiation and survival 
[62]. Additional efforts to improve biomaterials 
for electrospinning will optimize the environment 
for cell seeding, differentiation, and survival.

25.10.3  Challenges for Clinical 
Application of Growth 
Factors

Various growth factors have been used to aug-
ment the tendon-healing process. However, the 
investigation of each of the factors in isolation is 
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a notable limitation, given that the native tendon- 
healing process involves a coordinated mix of 
growth factors at specific time intervals. The tim-
ing and delivery of these growth factors during 
the healing process remain a significant clinical 
challenge.

Tissue engineering efforts can introduce 
growth factors to an injury at the time of repair, or 
as follow-up injections to the injury site at a later 
date [91]. The timing of this growth factor deliv-
ery is still unclear and requires further optimiza-
tion as our understanding of the healing cascade 
improves. Future areas of research include inves-
tigating the effect of single application versus 
multiple applications of growth factors and the 
effect of immediate bolus versus continuous 
release of growth factor. Preliminary data describ-
ing the efficacy of cell and growth factor-eluting 
scaffolds suggests that this may be a promising 
vessel for growth factor delivery within tendon 
defects in the future. This scaffold was made from 
an electrospun nanofiber made of PLGA, and a 
unique heparin/fibrin-based delivery system 
(HBDS) allowed for a slow, controlled release of 
PDGF growth factor and ASCs. In vitro results 
demonstrated cell viability and sustained levels of 
growth factor across time [55, 92].

25.10.4  Biophysical Stimulation

Biophysical techniques can also augment tendon 
healing. These include mechanical, electrical, 
and sonographic stimulation. An in  vitro study 
demonstrated that MSCs within a silk-collagen 
sponge scaffold that were stretched and subjected 
to mechanical stimulation throughout their seed-
ing process demonstrated histologic findings 
comparable to morphological features of native 
tenocytes. Furthermore, these samples demon-
strated greater levels of tendon-related gene 
markers compared to samples not subjected to 
mechanical stimulation [93].

Low-intensity pulsed ultrasound and pulsed 
electromagnetic fields or shockwaves can also 
improve tendon healing [94–96]. These methods 
have yielded similar results to mechanical stimu-

lation, including increased failure load and 
elasticity.

Clinical practice has incorporated biophysical 
stimulation for musculocutaneous injuries for 
many years, but our understanding of their effects 
at the cellular level is still in its infancy [97]. With 
increased understanding of the effects these bio-
physical stimuli have at a microscopic level, we 
can optimize the timing and interfacing of this 
treatment modality clinically.

25.10.5  Drug Repositioning

Drug repositioning is another valuable area of 
exploration for tendon regeneration. Drug reposi-
tioning involves using an existing pharmacologic 
treatment and administering that treatment for an 
alternative purpose. In one study, erythropoietin, 
a drug typically used for anemia, showed 
increased ultimate failure loads and histological 
evidence of increased tenocyte proliferation 
within an injury site compared to a control repair 
[98]. Evidence surrounding its use, however, 
remains controversial, as other studies have failed 
to demonstrate any significant improvements to 
tendon healing with its use. Pharmacologic treat-
ments for skeletal muscle, spinal cord, and other 
injuries may have secondary application for ten-
don injuries and merit further study.

25.11  Conclusions

Tissue engineering efforts have had significant 
advances in tendon regeneration and healing over 
the last decade. As our understanding of tendon 
regeneration improves, tissue engineering meth-
ods will yield more efficacious options to treat 
patients with tendon injuries.
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26.1  Introduction

Tendon injury and rotator cuff injury are very com-
mon in human population [1–8] and each year more 
than 30 million injuries have been reported from all 
over the world [2, 9, 10]. Some of the most famous 
injuries are rotator cuff injury, tendon-to-bone junc-
tion [11], and Achilles tendon injury. These injuries if 
not treated properly would lead to early osteoarthritis, 
pain, restriction of movements, excess pressure and 
force over other tendons and ligaments, adhesions, 
elongation of repair site (and impairment in tendon 
and muscle function), ectopic bone formation, sig-
nificant impairment of joint and limb, joint weak-
ness, wrong and erroneous position in the joint, joint 
stiffness, and eventually joint prosthesis (replace-
ment) and a lower quality of life [2, 3, 12–15].

The tendons have very minimum amount of 
cells and vascularity, so when it is injured it has a 
minimum capacity to repair. It cannot self-repair 
and when it is injured the process of healing is 
very slow and usually results in fibrous tissue for-

mation [1–5, 7, 9, 15–22]. Therefore the tendon 
is hardly repaired and usually its function and 
strength would not be regained completely. 
Tendons normally repaired with fibrous scar or 
fibrovascular scar and sometimes with ectopic 
bone formation [1, 3–5, 7, 9, 15–22]. In the ten-
don bone junction, the specific fibrocartilage tis-
sue will not be reproduced, so there is failure of 
attachment of tendon to the bone [4, 5, 19, 21, 
23–26]. It is well known that tendons will not be 
healed completely, will not gain the previous 
force of normal tissue, and cannot stand the max-
imum loading and the function will not be recov-
ered completely; therefore there is a chance for 
re-rupture and re-tear [7, 15, 21, 23, 24, 27, 28].

Nowadays usual methods for treatment of ten-
don and ligament injuries are not completely 
effective and have some rates of reinjury or re- tear, 
treatment failure, or re-rupture. Many of the physi-
cians and authors tried to find newer techniques 
and methods to have a better outcome. Recently 
cell therapy, whether differentiated cells or stem 
cells, has provided new concepts and new hopes 
for complete and efficacious treatments.

In this chapter we discuss the normal anatomy 
and weak points of the tendons, methods of cell 
therapy, normal tenocyte therapy with advantages 
and disadvantages, stem cell therapy with advan-
tages and disadvantages, and also different types of 
stem cells that have been used, growth hormones, 
scaffolds, specific media, limitations, results of 
treatments, and horizons of cell treatments.
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26.2  Normal Anatomy 
of the Tendons

The tendons are composed of cells and extracel-
lular matrix. The cells are including tenocytes, 
tenoblasts, and cells with capacity for growth and 
repairing the tendons. Tenocytes are the main 
cells in the tendons; they are very low in number, 
are of spindle shape, are situated parallel to the 
collagen fibers, and have a limited turnover. 
These cells are responsible for maintaining the 
extracellular matrix and microenvironment of the 
tendon. They are also responsible for collagen 
production. Since the cells are very sparse, the 
capacity of the tendons for repair is very low and 
they cannot heal the tendon completely [1–5, 7, 
9, 20, 29] (Fig. 26.1).

The extracellular matrix is composed of 
glycose- amino-glycans (GAG) [proteo-glycan 
matrix]; collagen fibers types I, III, and V and 
elastin fibers; methyl metalloproteases (MMPs), 
tissue inhibitors of MMPs, and some blood ves-
sels and nerve fibers [2, 10, 30].

The main structural fiber of tendon is collagen 
type I which is more than 65–80% weight of dry 
tendon weight and has mechanical function. Four 
collagen strands will form microfibrils and some 
microfibrils will form fibrils and then some fibrils 
together will form “fiber.” Fibers are surrounded 
by endotenon and these fibers together will form 
primary sub-fascicles, then secondary fascicles, 
and tertiary fascicles; all of them are covered by 
endotenon which is a connective tissue and will 

provide blood vessels for them. A number of the 
collagen fibers will form tendon and in turn ten-
don is covered by epitenon. Some of the tendons 
have synovial sheaths over epitenons and some of 
them have paratenon over it. Both of them used to 
reduce the friction of tendons over other tissues 
specially bones [2, 3, 13, 17, 18, 29–31].

Collagen type III is in the ECM and has a reg-
ulatory function. Increasing of the collagen type 
III will result in decrease in diameter of collagen 
fibers type I. The same (increase in collagen type 
III) will be seen in healing of the tendon after 
injury. This may explain the reduction in maxi-
mum load of the tendons after injury and healing 
[2, 29].

Collagen type V has structural function in 
ECM and has no mechanical function [2, 29, 30]. 
Elastin fibers have a role in elasticity of the ten-
don but as they are few in number the tendons 
have a minimal elasticity and they strongly trans-
fer the force of the muscles to the bones for 
movement. The elastin fibers composed of around 
1–2% of dry weight of tendon. The tendon has a 
minimum elasticity and plasticity which are 
important for its function that are transferring the 
force of muscles to the bones. In this way the ten-
don is able to retract with high tensile strength 
[32]. MMPs have an important role in enzymatic 
decrease of the fibers and on the contrary teno-
cytes will produce an increase in the fibers, spe-
cially collagen fibers [30]. Tenoblasts are very 
sparse but can proliferate and can differentiate 
into mature tenocytes and are important in tendon 
repair, but hypocellularity and hypovascularity in 
the tendon will lead to incomplete repair and 
regeneration in the tendons [14, 17, 31]. Therefore 
the tendons have limited ability and limited 
capacity for self-regeneration [3, 14, 17, 31]. The 
change in microenvironment of tendon after 
injury will result in proliferation and differentia-
tion of these cells into tenocytes and process of 
healing. Sometimes erroneous differentiation of 
tenoblasts will lead to tendon ossification [2, 30].

Tenocytes and in general all cells in the tendon 
will react to increase in the pressure, force, and/
or tension in the tendon dynamically. Their phe-
notype will change according to mechano- 
biological changes in the tendon [31]. In this Fig. 26.1 Histology of tendons
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regard it is believed that tenocytes in every ten-
don are different from tenocytes of other tendons. 
And each tendon has a specific tenocyte that dif-
fers with others. The metabolic activity of teno-
cytes is also different in the different tendons [2, 
31, 33]. So it seems that tenocytes will respond to 
biophysical, biochemical, and biological signals 
to differentiate and to maintain their phenotypes 
[10]. It is said that the tendons are mechano- 
sensitive tissues, so imposing stress and tension 
on the tendon would have a positive effect on 
tenocytes and regenerated tendon would have 
stronger characteristics [34].

Tendons have a few blood vessels which are 
mostly found in the endotenon and peritenon and in 
some mesos of tendons. In some special areas ten-
don has no vessels and these are the weak point of 
the tendons. The nervous system mostly is located 
on the periphery of the tendons and will regulate 
the blood flow of the vessels. There are also sen-
sory nerves in the tendons. The insertion of the ten-
dons has no vessels and nerves [2, 30, 31].

26.3  Classical (Traditional) 
Method for Tendon Repair

The most frequent methods for tendon repair are:

 1. Conservative treatment
 2. Surgical treatment

Both methods are not completely effective and 
the tendons healed with scar/fibrous scar, ectopic 
bones, and adhesions or lack of regeneration of 
fibrocartilage tissue in the junction of the tendon 
to the bones. The resulted tissue cannot stand the 
mechanical forces properly. The resulted compli-
cations will be re-injury and re-tear in the ten-
dons, joint stiffness, limitation in the range of 
motion, pain, excess stress to the other tendons, 
wrong position of the joint, osteoarthritis, and 
eventually joint replacement. The rate of re-tear 
has been reported up to 28–32% of the cases 
especially in massive tears. Therefore the sur-
geons tried to find another way in treatment of 
the tendon injury.

26.4  Cell Therapy

Using the cells from other parts of body or from 
allogeneic sources and injecting them in the site of 
tendon injury have started from 15 to 20 years ago. 
Two types of cells can be used for this purpose: 
differentiated cells and stem cells. Differentiated 
cells include tenocyte (autologous or allogeneic) 
and fibroblast (mostly from the skin).

Tenocytes are very specialized and differen-
tiated cells for producing and maintaining the 
microenvironment of the tendons. They can pro-
duce growth hormones and ECM for the tendon 
repair. So these cells have promising capabili-
ties. They can be harvested from other parts of 
body and in  vitro proliferate and increase in 
number. Then they will be injected in the site of 
injury (with surgical repair or even without 
repair with only percutaneous injection). But 
there are some problems in this regard. The 
tenocytes are very few and obtaining enough 
cells from normal tendons is very difficult and 
time consuming. It has also risk of injury to the 
normal tissues and tendons. Culturing of the 
tenocytes is very difficult too. Most of the cells 
after two or three passages will lose the charac-
teristic features of the tenocytes; they become 
round (instead of spindle) shape and most of the 
capabilities of secretion of the ECM and colla-
gen will be vanished. Therefore culturing of 
these cells will not result in tenocytes. It is 
needed to differentiate them again into the target 
cells. Sometimes this process is impossible and 
with very few resulted cells. Using allograft 
tenocytes has advantages that there is not any 
injury to the normal tissue of the patients (no 
donor-site morbidity), but still culturing is a big 
problem.

Tenocytes actually are very similar to fibro-
blasts, so we can use skin fibroblasts for cultur-
ing. Skin fibroblasts are numerous in number and 
a small piece of skin can produce enough fibro-
blasts for culture. And there is minimal injury 
into the normal skin of the patients. But again 
culturing has the same difficulties. Tenocytes will 
not produce teratoma and in this regard are better 
than stem cells [31, 35–40].
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26.4.1  Stem Cells

Using stem cells are nowadays very popular in 
many fields of medicine and their capability for 
regeneration has many promising results in differ-
ent tissues (Fig.  26.2). Stem cells have special 
characteristics including high ability for self-pro-
duction, plasticity and proliferation, easily harvest-
able, ability to produce and differentiate into many 
 lineages of the cells, ability to migrate into the site 
of injury (systemic migration, local migration), 
easy grafting into the site, secretion of bioactive 
molecules and cytokines, immunosuppression, 
compatibility of allogeneic stem cells for the 
patient’s body, tissue healing and normal tissue 
regeneration, high synthetic activity, ability to dif-
ferentiate into target cells, self-renewal, self- 
regeneration, autocrine secretion, paracrine 
secretion, angiogenesis, continuous production of 
the bioactive factors, production of specific pro-
teins, and ability to differentiate according to 
microenvironment [2, 3, 5, 41–45].

26.4.2  Stem Cell Types That Are Used 
for Tendon Regeneration

 1. Embryonic Stem Cells (ESC)
These cells can highly proliferate but 

there is a risk of wrong differentiation and 
production of teratoma. So first they should 
be differentiated into mesenchymal stem 
cells (MSC) in vitro and then used for tendon 

repair. There is also an ethical issue for using 
embryonic tissues [2, 16, 29, 46, 47]. There 
is a report that embryonic stem cells in vitro 
can better differentiate into tenocytes than 
pluripotent stem cells [47]. And ESC have a 
longer half-life than pluripotent stem cells 
and bone marrow stem cells [2]. Also ESC 
better migrate (and to a longer distance) 
along the length of the tendon than bone 
marrow stem cells [2, 10].

 2. (Human) Induced Pluripotent Stem Cells 
(hiPSC)

These cells can be harvested from normal 
tissue of the patients and there is no ethical 
issue, but risk of teratoma still is present. 
They should be treated with numerous viral 
vectors and factors; these factors may be 
harmful for the tendon repair or harmful for 
differentiation of the cells. Again these cells 
should differentiate into MSC in  vitro and 
then used for regeneration. Pretreatment of 
ESC and hiPSC is very important as this 
would reduce the risk of ectopic bone forma-
tion, reduce the risk of tumor formation, and 
improve the healing of the tendon. It is 
important for these two recent cells that only 
MSC be used for cell therapy and all of the 
under-differentiated stem cells should be 
removed from the treatment media; this pro-
cess needs extra efforts for purification of the 
MSCs. Both cells are very low immuno-
genic, so they can be used as allogeneic 
without rejection [2, 29, 47, 48].

Fig. 26.2 Differentiation from stem cells to tenocytes
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 3. Mesenchymal Stem Cells (MSC)
These cells are more differentiated. They 

are safer in teratoma production. They have 
no ethical issue. They can be easily harvested 
from the many tissues. They have no harmful 
immunologic induction, so can be used as 
allogeneic. Also they have some immunosup-
pressive effects. It is confirmed that they 
downregulate the inflammatory macrophages 
in order to produce less inflammation and 
adhesions and have better repair of the tissue 
[5, 6, 8, 12, 17, 27, 29, 32, 43–45, 49–60, 
62–64]. The MSCs from the tear site in the 
rotator cuff injury have been harvested and 
shown to be multipotent. They can differenti-
ate into bone, cartilage, and fat cells [58]. In 
symptomatic rotator cuff tears in human, it 
has been found that there is paucity of MSCs 
in the junction of tendon to bone [6] 
(Fig. 26.3).

 4. Bone Marrow Stem Cell (BMSC)
One of the most famous MSCs is bone 

marrow stem cell (BMSC) that has been 
used in many studies for tendon regenera-

tion. They have been used for induction of 
healing in patella tendon, supraspinatus ten-
don, and Achilles. But sometimes they will 
produce bone, so ratio of these cells to col-
lagen is very important for using them for 
tendon healing. So far BMSCs are the most 
frequent stem cells that have been used for 
tendon regeneration [10, 18, 19, 33, 61, 65–
75]. The BMSCs have been used for patellar 
tendinopathy too [28].

 5. Adipose-Derived Stem Cells (ADSC)
These cells are easily harvested and pro-

liferate into a large amount and have been 
used for tendon and ligament regeneration. 
Even allogeneic ADSC has been used for the 
treatment of epicondylosis. Therefore it 
seems that they have low immunologic reac-
tion [11, 14, 22, 23, 25, 27, 28, 76–80]. There 
are some reports about using the adipose- 
derived stromal cells, probably with interstitial 
fluids that contain growth hormones and 
cytokines; one of the reports from the USA 
in 2016 mentioned that with some cytokines 
it produced more collagen and had better 

Fig. 26.3 Different lines of differentiation and cytokines
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healing in tendon [81]. But in another report 
from the USA in 2015 adipose-derived stro-
mal cells with scaffold had no effective 
results [21].

ADSC has been used successfully for the 
treatment of lateral epicondylar tendinopa-
thy [28].

 6. Tendon-Derived Stem Cells (TDSCs)
They are the most suitable stem cells 

for production of tenocytes. They are 
highly specialized for production of ten-
don. They have high capacity for prolifera-
tion, high ability for differentiation to the 
tenocytes, and low immunogenicity; in this 
way, they are ideal for tendon regenera-
tion. Nowadays TDSCs are most popular 
stem cells that have been used as a choice 
[34] in repair of human tendons and BMSC 
are selective for repair of tendon in horses 
[4, 9, 10, 20, 24, 34, 66, 69, 74, 82–101]. It 
has been reported that TDSC had better 
results than BMSC for regeneration of ten-
dons in rat, as they are endogenously 
designed to differentiate into tenocytes 
[20, 69]. The local TDSCs of the tendons 
are OCT ¾ (+) SC that has specific charac-
teristics for regeneration [96].

 7. Human Placenta-Derived Mesenchymal 
Progenitor (Stromal) Cells (HPMSC)

They are very effective in tendon regen-
eration and even human placental extract has 
been used for this purpose. Probably growth 
factors and cytokines have a very important 
role in this process [2, 51, 102, 103].

 8. Bone Marrow Extract (Aspiration)
Bone marrow extract/aspiration has also 

been used for tendon regeneration. It would 
provide its effects most probably through 
stem cells that are located in the bone mar-
row or located in the blood. It has been used 
for regeneration of fibrocartilage tissue in the 
tendon to bone junction. It has been shown 
that it has positive effects on production of 
fibrocartilage tissue in the rotator cuff tear 
site [104].

 9. Oral Stem Cells
These are of numerous types of stem cells 

and they have been used for repair of many 

tissue and for treatment of inflammatory dis-
eases. Among them, periodontal ligament 
stem cells (PDLSC) and mesenchymal stem 
cells from gingiva (GMSC) are ideal for 
regeneration of tendons [29, 105, 106].

 10. Peripheral Blood-MSC (PB-MSC)
Peripheral blood MSCs have been used 

with cytokines for induction of tenocytes and 
differentiation into tenocytes [107].

 11. Umbilical Cord Blood-MSC (UC-MSC)
MSCs from umbilical cord have been 

used for several reasons and one of them is 
for repair of tendons and ligaments. These 
MSCs can repair the tendon and it is con-
firmed histologically [62, 108, 109].

Besides, there is a report that authors used 
human umbilical cord-MSC for conservative 
treatment of rotator cuff tear with only injec-
tion of MSCs [108]. MSC of umbilical cord 
had good results in race horse tendon also 
[62].

 12. Perivascular-Derived Stem Cells (PDSC)
These cells have the capacity to heal and 

regenerate an injured tendon. They may also 
include neural crest stem cells (NCSC) that 
are present in the blood vessels in the peri-
tenon and migrate to the interstitial area and 
produce ECM [26, 110].

 13. Ligament Stem Cell (LSC)
Ligament stem cells have synergistic 

effects with umbilical cord-MSCs and 
together have been used for neovasculariza-
tion and remodeling of the tear ligaments 
with good results [111].

 14. Skeletal Muscle Progenitor Cells (SMPC)
In chronic tendon injuries, there would be 

muscle atrophy in the muscles around the 
joint. SMPCs can proliferate and help in the 
repair of the muscles, prevention of atrophy, 
and repair of tendon [15].

 15. Trans-osseous Drilling of the Bone
In some papers it is shown that drilling or 

performing micro-fractures in the tendon-
to-bone junction may bring stem cells and 
growth factors from the bone marrow and 
would help in regeneration of the tendon and 
its repair. In some other reports it is called 
bone marrow stimulation (BMS). BMS 
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reduced significantly the ratio of re-tear 
from 23.9 to 9.1% [2, 112, 113].

26.4.3  Stem Cell Secretions 
(Paracrine)

The stem cells not only function as a cell pro-
genitor but also play a role in secreting special 
growth factors and cytokines to prepare the 
microenvironment for induction, proliferation, 
and differentiation of the stem cells into teno-
cytes, to prevent immunogenicity, to have 
immune-modulatory effects, to reduce the inflam-
mation, and in turn to reduce scar formation and 
adhesions, lessen lymphocyte infiltration, pass 
messages to the other cells, induce tenocytes for 
production of specialized ECM, facilitate migra-
tion of the cells, prevent overexpression of key 
transcriptors, and maintain the concentration of 
the cytokines in the media. As you know the half- 
life of the growth hormones is very short, around 
few minutes to few hours, so stem cells are 
needed to maintain the continuous production 
and secretion of the bioactive factors in order to 
have a complete healing in the tendon. During the 
process of healing, the body sometimes uses stem 
cells for delivery of gene to the site of injury. The 
stem cells sometimes directly secret the cyto-
kines and sometimes produce micro-vesicles 
(secretomes) that contain the growth factors, 
cytokines, and miRNA and in this way transfer 
messages to the tissue and other cells. The main 
growth factors for proliferation and differentia-
tion of the stem cells into tenocytes are hepato-
cyte growth factor, human platelet-derived 
growth factor-BB, intelukein-6, tumor growth 
factor beta (TGF-B), bone morphogenetic pro-
teins (BMP), chemokine ligand-13 (CXCL-13), 
early growth response-1 (EGR-1), Mohawk 
(MKX) (specific transcription factor of the ten-
don), parathyroid hormone (PTH 1-34), inhibi-
tors of TGF1, ascorbic acid, myostatin, human 
growth differentiation factor 5 (hGDF-5), TGF- 
B3, VEGF, nestin, TGF-B2, IL-4, MMPs, inhibi-
tors of MMPs, PRP, connective tissue growth 
factor (CTGF), scleraxis, IL-10, basic fibroblast 
growth factor 2 (bFGF-2), growth and differenti-

ation factor-6 (GDF-6), tenogenic growth factor, 
leukocyte-rich PRP (L-PRP), and dexametha-
sone [1, 7, 9, 16, 18, 24, 30, 32, 49, 51, 54, 56, 57, 
61, 65, 75, 77, 81–83, 86, 87, 93, 99, 107, 
114–116].

Other than cytokines, ECM, fibrin glue, fibrin 
hydrogel, spongilization of the end of the tendon 
(tear tendon), tendon hydrogel, extracorporeal 
shock wave therapy, low-level laser therapy, 
extracellular matrix patch, and special scaffolds 
and tensile (mechanical) stress can act in the 
same way as bioactive factors and facilitate the 
differentiation of the stem cells into target cells 
(tenocytes) for tendon regeneration and produce 
better and stronger tendon. Proper tensile loading 
(mechanical loading) is a very important factor to 
maintain the composition and characteristics of 
the tendon and promote a strong tendon repair. It 
is shown that mechanical loading can help and 
promote BMSC and TDSC, which were seeded 
on a proper scaffold, to improve the healing of 
the tendon. The effect of stretching on BMSCs 
has been seen before. Cyclic stretching can 
upregulate the tendon proteins, can help in dif-
ferentiation of stem cells into tenocytes, and can 
promote the tenocytes to maintain the mechani-
cal characteristics of the tendon [23, 27, 31–33, 
78, 89, 107, 116–118].

It has been shown that hypoxia promotes dif-
ferentiation of ADSC into tenocytes [119].

There was a report from China in 2016 that in 
rats that had had previous practice and muscle 
tensile stress before injury, proliferation of TDSC 
would be better and would lead to better healing 
in the tendon [89].

26.4.4  Scaffolds

Specialized scaffolds usually are needed for stem 
cells to be seeded on it and induce stem cells to 
produce ECM and collagen molecules for regen-
eration of the tendon. These scaffolds should 
have special configuration and pores for stem 
cells (of every kind) to be seeded precisely and 
have enough space for secretion of cytokines and 
collagen and gradually to change it with the nor-
mal structure of a tendon. And in this way they 
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produce a normal tendon with its biochemical 
and biomechanical characteristics that can stand 
against the tensile forces, transfer the force of 
muscles to the bone, and make movement 
possible.

The scaffolds may be absorbable or nonab-
sorbable or slow absorbable. These scaffolds 
should have good mechanical power in the early 
stages to support the tissue; should have few or 
no toxic materials for the stem cells and other tis-
sues; should slowly degenerate; should have few 
toxic materials after degeneration; should pro-
mote and induce growth, proliferation, and dif-
ferentiation of the stem cells; should promote 
significant induction of tenogenesis; should help 
in proper orientation of the collagen fibers and 
cells; should induce more tensile strength; should 
improve stiffness of the tendon; should promote 
regeneration of the tendon; and should improve 

production of the tendon proteins [1, 68, 121, 
122] (Fig. 26.4).

Some of the most famous and frequently used 
scaffolds are polyhydroxyalkanoates (PHA), por-
cine small intestine submucosa (SIS), decellular-
ized tendon tissue, decellularized slice of tendon, 
anisotropically aligned collagen biotextile (with 
80% porosity), human tendon hydrogel, silk 
fibroin, poly-lactide-co-glycolic acid (PLGA), 
nanosized aligned fibers, biomimetic tendon 
extracellular matrix composite gradient scaffold, 
biphasic silk fibroin scaffold, vicryl mesh, ECM, 
electrospin silk fibroin mat (CSF), chitosan 
fibers, engineered tendon matrix (ETM), poly-e- 
caprolactone and methacrylated gelatin 
(PCL  +  mGLT), lyophilized tendon hydrogel 
(which is injectable), PLCGA, multilayer xeno-
graft tendon, collagen I scaffold, and aligned 
electrospun multilayer collagen polymer scaffold 

Fig. 26.4 Scafolds and stem cells
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[2, 4, 7, 11, 21, 23, 52, 55, 56, 59, 60, 63, 67, 72, 
74, 78–80, 116, 120, 121, 123] (Fig. 26.5).

26.4.5  Co-cultures

The other methods for promoting the differentia-
tion of various stem cells into target cells are 
using the co-cultures in  vitro. Co-culturing of 
stem cells with tendinous cells or tenoblast or 
other stem cells has resulted in more differentia-
tion and more production of the tenoblasts and 
tenocytes and would help in regeneration of the 
new tendon. In this method one of the cells acts 
as inductor and with production of the bioactive 
factors and cytokines would induce other linages 
of cells to proliferate and differentiate into teno-
cytes. There was a report in 2016 that co- 
culturing of BMSC and TDSC would produce a 
good and normal tendon [66]. Other reports from 
the USA mentioned that co-culturing of MSC 
and TDSC is helpful for repair of tendon tear 
[85]. In another report from the USA, ADSC 
acted with tendon fibroblast to have a faster ten-
don healing [77]. In a study from the USA in 
2016, co-culturing of adult stem cells with 
embryonic tendon cells with special growth fac-
tors resulted in differentiation and better healing 
[46]. In a study from China, co-culturing of 
TDSC and BMSC produced neo- tendon in 
8 weeks [69]. In a study from Italy in 2015, the 
authors mentioned that co-culturing of tenocytes 

and ADSC resulted in differentiation into teno-
genic lineage and more growth factor production 
[22]. Co-culturing of ligament stem cells with 
the umbilical cord stem cells has also been 
reported in 2015. The umbilical cord stem cells 
promoted neoangiogenesis and ligament stem 
cells differentiated into target cells [111].

26.4.6  Autologous or Allogeneic 
Stem Cells

Stem cells generally are multipotent cells and can 
produce cytokines to suppress the immune sys-
tem or act as an immunomodulator. These cells 
are not strongly immunogenic, so they will not 
produce a strong immunity reaction. Therefore 
allogenic and autologous stem cells can be used 
safely. The only potential problem is the ESC and 
iHPSC. These cells may have immunologic reac-
tion and should be used with caution and after 
HLA typing. BMSC, MSC, and ADSC have been 
used and compared as allogeneic and autologous 
with no differences in the results [2, 28, 30, 71].

26.4.7  Secretomes (Vesicular 
System) and PRPs

The stem cells particularly MSCs during the 
process of culture and healing will produce 
micro- vesicles or secretomes that contain 

Fig. 26.5 Stem cells in scaffold
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growth factors, bio-factors, cytokines, pigment 
epithelium- derived factor, follistatin, and 
miRNA.  Stem cells use secretomes to deliver 
the factors to the other stem cells and neighbor 
cells. In this way they control the production of 
matrix and cytokines, migration, proliferation, 
and differentiation of the cells (and neighbor 
cells). So it has mechanochemical induction 
effects. It has been reported that secretomes can 
prevent fatty degeneration and muscle atrophy 
after tendon tears [2, 51, 54, 87].

Platelet-rich plasmas (PRPs) contain growth 
hormones and cytokines that in some studies have 
been reported to have good results for tendon 
repair. There was a study from China in 2016 in 
which authors used PRP with BMSC.  They 
reported faster and better result in healing of ten-
don-to-bone junction [65]. In a study from the 
USA, they stated that TDSC with PRP can facili-
tate healing of tendon with numerous growth fac-
tors from PRP [86]. In a study from the USA, 
authors mentioned that PRP with IL-1 B, IL-6, 
TNFa, and PGE2 can induce proliferation of 
TDSCs and differentiate TDSCs into tenocytes 
[93]. In another report from the USA in 2015, 
PRP can induce differentiation of ADSCs [79]. In 
a study from the USA in 2015, authors used 
ADSCs and PRP with human cadaver tendon 
hydrogel in rat. They concluded that PRP would 
increase ECM and ADSCs proliferate and pro-
duce tenocytes [80]. There was a study from 
China in 2014  in which authors concluded that 
TDSC with PRP resulted in healing of tendon his-
tologically and mechanically [9]. We have also 
conducted a study about PRP and healing of 
Achilles tendon. After 12  weeks we found two 
cases of ectopic cartilage metaplasia and PRP had 
no effect on strengthening of tendon repair [124].

26.4.8  Delivery Methods for Stem 
Cells

The stem cells can be delivered to the injury site 
by four methods: during the open surgery and 
after suturing, during arthroscopic surgery and 
after suturing, by percutaneous injection (directly 
or by the help of ultrasound), and by migration of 

endogenous stem cells into the injury site [2, 20, 
28, 73, 96, 97, 108, 125–127].

There was a report from the USA in 2017 
which stated that percutaneous injection of BMSC 
can prevent re-rupture and better healing [125]. In 
a study in 2015, the authors in vivo induced prolif-
eration and differentiation of TDSC with connec-
tive tissue growth factors (CD146) (endogenous 
TDSC) and promoted healing of the tendon [97]. 
In another report from the USA in 2015, the 
authors stated that using granulocyte colony-stim-
ulating factor (G-CSF) can increase cellularity of 
the injury site and promote migration of endoge-
nous stem cells into the site [126]. In a study from 
South Korea in 2015, human umbilical cord MSC 
was injected in rabbit tendon percutaneously and 
resulted in better healing [108].

26.4.9  Cellular Markers for TDSC 
and Tenocytes

Whatever types of stem cells are used for the 
regeneration of the tendons, the end lineage of 
cells is the same. All of the stem cells have to 
go through TDSC and tenoblasts and teno-
cytes. It means that the target cells should be 
tenocytes.

For identifying the tenoblasts and tenocytes 
some of the markers have been found and devel-
oped for measuring the safety of the cell therapy 
and the cultures [49, 98, 100, 116]. Cell markers 
for tenoblasts are matrix protein, MMPs, and 
integrin [100]. The cell markers for tenocytes are 
collagen I, collagen III, decorin, sclerosis, tenas-
cin- c, and tenomodulin [49, 116].

26.4.10  Number of Stem Cells

The number of stem cells that are needed for a 
good and proper induction of regeneration in the 
tendon is controversial. Some authors believe 
that between 106 and 107 cells are the needed 
cells. Some authors stated that there are no differ-
ences among 106 to 4 × 106 and yet some others 
believed that 4 × 106 is the optimum number [2, 
10, 71, 128, 129].
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26.4.11  Media

There are specific culture media for culturing or 
co-culturing of the stem cells. These media 
should have special composition for better prolif-
eration of the stem cells and tenoblast. Proper 
osmolarity, pH, and oxygen have important 
effects on culturing. The media should not have 
toxic ingredient for growth of these lines of cells. 
And it should not have ingredients that oppose 
the action of cytokines and biomolecules [2, 10].

26.4.12  Eventual Fate of the Stem 
Cells During Cell Therapy

There is no unique consensus about the fate of 
the stem cells. Some authors believe that these 
cells will differentiate into tenocytes, will build 
the tendon, and will remain in the site. Some oth-
ers believe that only 20% of stem cells will 
remain and the rest will leave the site. They think 
that the stem cells only have induction, angiogen-
esis, anti-inflammatory, and immune-modulatory 
role and promote other cells for healing [2, 10, 
130, 131].

26.5  Horizons

Many aspects of stem cell therapy for tendon 
healing have not been clarified.

Some of them are as follows:

 1. Most of the studies are on small animals and 
with short follow-up. Longer time studies are 
necessary in this regard.

 2. Studies with bigger number of animals are 
needed.

 3. Clinical studies are very few.
 4. Several types of scaffolds are present. And 

many more studies are needed for testing 
these scaffolds.

 5. Venous injection of the stem cells has not 
been studied. This is an open area for complex 
studies.

 6. Percutaneous injection of stem cells in the site 
of tendon tear still needs more studies.

 7. Cell density of cell solutions is another field 
for work.

 8. It has been reported that more than 28% of 
tendon repairs will develop ectopic bone for-
mation especially in BMSC therapy. 
Preventive measures for this issue should be 
studied more.
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27.1  Introduction

Tendon is the tissue that is found between a mus-
cle and a bone and it is thus implicated in the 
movements of our body. This role is very impor-
tant in everyday life and many problems arise 
when it is compromised. Thus, the aim is to 
restore its function as rapidly as possible when 
degradation occurs.

Tendon afflictions can occur in multiple loca-
tions and in various forms. We can usually divide 
them into two categories depending on their 
chronic or acute nature. Chronic injuries are gener-
ally degenerative and mostly due to overuse and are 
referred under the general term “tendinopathy.” On 
the other side, acute injuries are generally due to 
one specific traumatic event leading to a tear which 
can be partial or total. The two categories are not 
always so easy to separate as many spontaneous 
ruptures take place on a degenerative field [1, 2].

In many countries, the number of overuse 
injuries has augmented during the last decades, 
parallel with the democratization of sport prac-
tice [3, 4]. Tendinopathies are a very common 
condition and an epidemiologic study found that 
the incidence was 166.6/100,000 for males and 
52.1/100,000 for females [5]. Therefore, 
recently, there is high concern to ever-increasing 
injuries related to the ageing population and ris-
ing sports practice [6]. While not directly life 
threatening, tendon afflictions have been found 
to have a great global disease burden with amaz-
ing high costs associated [7]. This phenomenon 
is in part related to the anatomic regions and dis-
ability caused. Acute hand tendon injuries are 
particularly highly prevalent in manual and 
office workers with the most commonly involved 
tendons being the extensor and flexor of the 
index and middle fingers [8]. Tendinopathies on 
the other hand also lead to disabilities and 
impairments, notably in the leg or arm move-
ments, with the Achilles, the rotator cuff, or the 
common wrist extensors and flexors frequently 
concerned among others [3, 4].

The treatment of tendon pathologies conven-
tionally extends from conservative care to surgi-
cal intervention depending on the gravity of the 
injury. Unfortunately the results are not always 
optimal and this leads researchers to look for new 
therapies. Therefore, cell therapies and tissue 
engineering have become more and more popular 
during the last decades.
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27.2  Tendon Structure and Role

Tendons are a dense-connective tissue consisting 
of specialized fibroblastic cells called tenocytes 
which are scattered within an extracellular 
matrix. Since they have a relatively poor vascu-
larization, tendons are portrayed as a white and 
shiny structure. They play an important role in 
our body by binding muscles to bones (Fig. 27.1) 
with only one exception where a muscle is 
attached to another muscle (rectus abdominis). 
Tendons permit to store the force created in the 
muscle and to transmit it to the bone. Collagen is 
highly organized in tendons and since they have 
low and mainly anaerobic metabolism, they are 
able to carry loads and maintain tension for long 
periods without risk of ischemia or necrosis [9]. 
Their elaborated structure not only allows the 
tendon to transmit forces but also to act as a buf-
fer against tension and compression by absorbing 
external forces from various directions. Tendons 
are thus the major “protector” of muscles against 
tears [9–11]. Varying from flat-shaped to ribbon-
like or even cylindrical, tendons differ consider-
ably in shape and length depending on their 
location [9, 10, 12, 13]. For instance, muscles 
dedicated to create powerful forces are usually 
elongated by short and wide tendons (e.g., quad-
riceps) while muscles responsible for fine move-
ments are usually associated to a long and thin 
tendon (e.g., hand flexor tendons) [9].

The transition zone from tendon to muscle is 
called the myotendinous junction and the loca-
tion where the tendon inserts into bone is known 
as the enthesis (Fig.  27.1). The tissue structure 
can be either fibrous, with the same dense con-
nective tissue structure as in tendon mid- 
substance, or fibrocartilaginous, with a transition 
composed of four zones from a noncalcified ten-
dinous structure to a calcified cartilaginous bony 
tissue as in the enthesis [14–16].

In summary, tendons can best be described as 
a white poorly vascularized tissue connecting a 
muscle to a bone with the myotendinous junction 
being the transition from muscle to tendon and 
the enthesis being the region where tendon usu-
ally becomes fibrocartilaginous to insert into 
bone (Fig. 27.1).

Tendons, composed for 65–80% of dry mass 
of collagen, rely on a very hierarchical organiza-
tion of this protein within the tissue [9, 10, 12, 
17]. Tenocytes are tendon-specific fibroblastic 
cells interspersed throughout the dense tissue 
(Fig. 27.1), and are responsible for regulation of 
fibrillogenesis [13]. The manner to describe the 
aggregation and organization of collagen within 
tendon can vary (Fig.  27.1) [17, 18]. Collagen 
α-chains are rich in glycine (1/3 of amino acids) 
as well as proline and hydroxyproline and adopt 
a left-handed helical configuration. Three 
α-chains supercoil to form a right-handed super-
helical collagen molecule (stabilized by inter-
chain h-bonds) and provide the collagen footprint 
type [17]. Proteoglycans and glycosaminogly-
cans appear between the α-chains [9]. Collagen 
molecules assemble together to form collagen 
fibrils highly recognizable to their striated struc-
ture with a periodicity of 67 nm. Fibrils are bun-
dled together to form a collagen fiber. Bundles of 
fibers, with elongated tenocytes in between, are 
organized as fascicles and are surrounded by a 
loose connective tissue known as the endotenon 
[17]. The collagen fibers are mainly oriented 
longitudinally, but fibers can also present trans-
versal variations and this can give a wavy pattern 
to the tendon at rest [9, 17, 19]. To form the ten-
don, the different fascicles are then bundled 
together by the epitenon, another connective tis-
sue contiguous to the endotenon [17]. These two 
sheaths permit gliding power between fascicles 
and can allow vascularization, lymphatics, and 
innervation deep into the tendon structure 
(Fig. 27.1) [9, 13, 20].

The tendon can further be surrounded by five 
different structural types which allow ideal glid-
ing abilities [9]. Long tendons often go through 
canals covering grooves and notches which are 
called fibrous sheaths or retinacula such as in the 
flexor and extensor tendons of the hand and foot. 
These fibrous sheaths can be reinforced by a 
reflexion pulley which helps to maintain the ten-
don in its canal when it faces a change in direc-
tion. In some parts of the hand or of the foot 
where high lubrication is needed, synovial 
sheaths can be found around the tendon. Synovial 
fluid is located between the parietal and visceral 
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Fig. 27.1 Tendon location, structure, and composition. 
(Top) Tendon is part of the musculoskeletal system and it 
is found between muscle and bone. It allows transmitting 
the forces created in the muscles to the bone and thus 
permits movement. (Center) Tendon ultrastructure with 
hierarchical organization of collagen within the tissue, 
from collagen molecules to tendon. (Bottom left) The 
extracellular matrix of tendon is in great majority com-

posed of collagen (represented in clear grey), but other 
proteins such as elastin, proteoglycans, and glycoproteins 
are also present in smaller quantities. (Bottom right) The 
histological structure shows elongated cells called teno-
cytes (in blue) interspersed within the dense matrix (in 
pink) with a hematoxylin-eosin (HE) stain. The cell/
matrix ratio is low compared to other connective tissues
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sheets to complete the composition of this struc-
ture. Paratenon is a loose connective tissue which 
is found in many tendons such as the Achilles 
tendon. Although it is not a real synovial sheath, 
it allows smooth gliding processes since it is an 
elastic sleeve. Finally, tendon bursae are found 
near bony prominences to reduce friction and 
protect the tendon [9].

27.3  Tendon Composition

27.3.1  Collagens, Elastin, 
Proteoglycans, 
Glycosaminoglycans, 
and Glycoproteins

Tendons are composed of approximately 70% 
water [10, 12] and have a cellular component 
composed of fibroblastic-type cells called teno-
cytes dispersed in the well-organized extracellu-
lar matrix (ECM) with the cell/matrix ratio being 
low. While collagens are the most frequent pro-
teins and account for 60–80% of the dry mass, 
the organization of the tissue relies on efficient 
interaction of collagen I with other collagens as 
well as with many other matrix and cell proteins 
[9, 10, 12, 13, 17].

Different types of collagen coexist in tendon 
and arrange themselves in a different manner to 
give rise to various organizations. Collagens I, II, 
III, V, and XI are part of the fibril-forming class 
of collagens and are all found in tendons and in 
ligaments to different extents [17]. Collagen I, 
approximately 60% of dry mass of tendon and up 
to 90–95% of total collagen, represents by far the 
most abundant collagen [20] ahead of collagen 
III, representing 5–10% of total collagen content. 
Collagen III is nonetheless very important as it is 
necessary during tendon development to have 
regular collagen I fibrillogenesis [21] and as it is 
increased during the first phases of healing pro-
cesses after tendon injuries [22]. Collagen II, 
which is more present in cartilage, is principally 
found at the enthesis zone [17, 23] but also 
around some gliding structures such as pulleys 
[12]. Collagens V and XI are present in very low 
amounts even though they can be very important 

because their absence leads to altered collagen 
fibril development [17]. Collagens XII and XIV 
can be found both in tendons and ligaments and 
they are fibril-associated collagens [17] with col-
lagen XIV shown to be highly expressed during 
fetal development (in a chick model), but with a 
net decrease after birth [24]. Collagen type IX 
interacts with collagen II and can be found in car-
tilaginous regions of tendon [12, 17]. Other col-
lagens of low content include collagen IV (a 
basement membrane collagen implicated in the 
interface between tissues), collagen XIII (a trans-
membrane collagen found particularly in the 
myotendinous junction), and collagen VI (a 
beaded filament-forming collagen implicated in 
different aspects such as cell proliferation, migra-
tion, differentiation, and apoptosis). Even though 
in small quantities, collagen VI absence can lead 
to dysregulation in fibrillogenesis as it is also 
implicated in development, homeostasis, and 
repair of tendons [17, 25].

Elastin is another fibrous protein of the tendon 
representing 1–2% of the ECM dry weight, rich 
in glycine and proline like collagen, but not in 
hydroxyproline. Elastin gives flexibility to the 
tendon by being able to elongate to 70–150% of 
its length and by helping collagen fibers to 
recover their crimp after elongation [9, 12, 26].

Proteoglycans are composed of a core protein 
with chains of glycosaminoglycans (GAGs) and 
are encompassed within and between fibrils and 
fibers of collagen [9, 27]. Even though they rep-
resent less than 1% of dry weight of tendon, they 
are of great importance [12, 27] as small proteo-
glycans are particularly important in tendon 
development and organization regulating fibril-
logenesis of collagen and growth factor signaling 
(TGF, EGF) and can influence cell proliferation. 
Mice having a deficiency in either decorin (most 
present proteoglycan in tendon) [28], biglycan 
[29], fibromodulin [30], or lumican [31] have 
shown abnormal collagen organization in ten-
dons. Large proteoglycans are negatively charged 
and can trap a high content of water permitting a 
viscous environment and thus providing protec-
tion against compression, adapted environment 
for collagen fiber stretching, good diffusion of 
hydrosoluble molecules, and cell migration [27]. 
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Among them, aggrecan and versican are particu-
larly present in zones of compression.

GAGs are less present in tendons than in other 
connective tissues such as cartilage and their con-
centration varies from 0.2% dry mass in high- 
tension zones (i.e., dermatan sulfate) to 3.5–5% 
in pressure zones or enthesis (i.e., chondroitin 
sulfate, keratin sulfate). Heparan sulfate and hep-
arin are found mostly in the myotendinous junc-
tion and hyaluronan constitutes around 6% of the 
total GAG amount in tendon and it differs from 
the other GAGs as it is larger and it is not bound 
to a core protein nor is it sulfated [27].

Glycoproteins represent less than 1% of the 
dry weight of tendon [9] and seem to be impli-
cated in mechanical stability. Different adhesive 
glycoproteins are found within tendons, such as 
fibronectin, thrombospondin, tenascin-C, undu-
lin, and laminin [9]. Fibronectin is found on col-
lagen surfaces [20] but is not specific to tendon. 
It is important in adhesion and binds cells and 
many proteins of the ECM [12], increases in 
case of tendon injury, and helps to give strength 
to a wound by cross-linking with collagen [12]. 
Thrombospondin and tenomodulin are relatively 
specific to tendon and their genes have been 
identified as the best tendon-selective genes in 
both rat and human mature tendon [32]. The 
role of tenomodulin in tendon was probably the 
most studied among glycoproteins and was 
shown to be regulated by scleraxis, a vital tran-
scription factor in tendon development [33]. 
The presence of tenomodulin is necessary for 
tendon maturation and tenocyte proliferation 
and its absence can lead to defects in tendon 
structure [34, 35]. Tenascin C, found frequently 
in tendon, is regulated by mechanical loading 
and could play a role in collagen alignment [1]. 
It has sometimes been proposed as a specific 
tendon marker but its expression is also elevated 
in other tissues such as cartilage [32]. Laminin 
is found in vascular regions and within the myo-
tendinous junction [9].

In addition to all of the above, some inorganic 
molecules are implicated in tendon metabolism 
and can be found in small amounts within the 
extracellular matrix (less than 0.2% dry mass) 
[9]. Among them, calcium is the most present and 

it is found in higher amounts at the enthesis than 
in the mid-substance [9]. Its presence can be 
found intensified in the mid-substance in case of 
calcifying tendinopathy [36]. Other molecules 
also present include copper which is important in 
the formation of collagen cross-links and manga-
nese which participates in enzymatic reactions 
during synthesis of ECM [9].

27.4  Tendon Injuries, Healing, 
and Treatments

Now that the basic structure and biology of ten-
dons have been described, it is important to posi-
tion what type of person is most affected by 
tendon pathologies and what are the alternatives 
for repairing or regenerating a tendon that mal-
functions. The epidemiology of tendon injury is 
vast within a heterogeneous population affected. 
Tendon injuries occur within multiple anatomical 
sites and are frequently associated with debilitat-
ing pain and dysfunction. This creates functional 
and productivity problems in the workplace but 
also for recreational activities and sports. The 
healing process can be long and loss of mobility 
occurs frequently. Scar and adhesion formation 
due to non-organized repair processes are com-
mon, notably in the hand [37]. Injuries very often 
lead to re-ruptures [18, 38] and this is why mul-
tiple treatment plans have been proposed and 
have been evolving rapidly over the years.

Tendon injuries are principally divided into 
two categories whether they are acute or 
chronic. Acute injuries are those from traumatic 
partial or total tears while tendinopathies of 
chronic nature are typically associated with 
overuse degenerative processes. The separation 
between acute and chronic states is not always 
so easy as spontaneous ruptures of a tendon 
often occur following a degenerative status [1, 
2]. As more and more people are practicing 
sports for leisure, the number of overuse inju-
ries has dramatically increased parallel over the 
years. The most frequently affected tendons of 
lower extremities include the Achilles, patellar, 
biceps femoris (hamstrings), and tractus ilio-
tibialis. For upper extremities, these are the 
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rotator cuff, wrist extensors  responsible for 
“tennis elbow,” and wrist flexors responsible 
for “golfer’s elbow” [3, 4].

Accidents with acute tendon laceration of the 
hand are particularly common as a total of 1775 
new cases each year are reported in Switzerland 
alone with a mean insurance cost of 23,843 CHF 
(www.unfallstatistik.ch). Historically, the Swiss 
hand surgeon Claude Verdan was the first to 
introduce a system of classification for flexor ten-
don injuries and he separated these hand injuries 
into five anatomical zones [39].

As all of these conditions promote joint insta-
bility and arthritis, surgical intervention was the 
first-line therapy associated in management. As 
time and experience for tendon injury manage-
ment progressed, other key elements on the 
pathophysiological level had to be considered in 
order to achieve optimal functional result includ-
ing intrinsic tenocyte regenerative response, ade-
quate nutrition, and prevention of adhesions. 
Conventional treatments depend therefore on the 
severity of the tendon injury and can range from 
conservative treatments including physical ther-
apy or infiltration and extend to new cell therapy 
approaches. When these are not sufficient, surgi-
cal intervention is necessary such as tenotomy, 
suture, tendon transfer, graft, or in the extreme 
cases prosthetic implants.

Adhesions can be frequent despite early surgi-
cal treatment. Controlled mobilization is usually 
recommended in parallel to surgery, because 
mechanical stimulation leads to fewer adhesions 
and increased strength. However, caution is 
advised with injuries at the enthesis where mobi-
lization inhibits tendon repair, and thus cast 
immobilization should be preferred when this 
location is injured [18, 22, 40, 41].

During the inflammatory phase directly after 
an injury, macrophages have a predominant role 
and release chemo-attractive substances notably 
to recruit and stimulate tenocytes. After a few 
days, the second step of healing (proliferative 
phase) is controlled by tenocytes and macro-
phages and there is a high deposition of matrix, 
mostly composed of type 3 collagen. After 1 or 
2 months, a third phase (remodeling phase) takes 
place with the extracellular matrix (ECM) con-

tinuing to be produced, but with a higher amount 
of type 1 collagen. The tissue is reorganized and 
becomes more and more aligned. This process 
takes as long as 1 year or more, with the cell den-
sity and activity diminishing with time [10, 13].

Tendon regeneration is a time-consuming pro-
cedure and this can be associated, in part, because 
the adult tenocytes are characterized by a slow 
metabolism. Therefore, many recent cellular 
therapies have been proposed to stimulate tendon 
healing and have been integrated into the clinic 
already including minimally processed cells and 
tissues such as platelet-rich plasma (PRP), sepa-
rated adipose stem cells (ASCs), and separated 
bone marrow stem cells (BM-MSCs) (Fig. 27.2). 
These cell therapies have been integrated rapidly 
into the clinic since the patient’s own tissue and 
cells are only centrifuged or separated by gravita-
tional means before injecting them back into the 
patient as soon as possible after isolation. 
However, variable patient relief from these pro-
posed cell therapies depends highly on the bio-
logical product produced and the procedure 
chosen for isolation. The procedure should take 
into account that the “biological” could be sensi-
tive to extreme mechanical conditions such as 
high centrifugation, passing the tissue through 
small needles and solutions that may come into 
contact with the biological material of interest. 
Overall, the sterility should be of high concern to 
assure the safety of the patient and closed sys-
tems should be implemented when possible and 
with a laminar flow safety cabinet (Fig. 27.2).

Other procedures which are technically more 
demanding (but have specific advantages of hav-
ing more purified portions of cell fractions) are 
advancing also. These cell therapies are consid-
ered as standardized transplants and require vary-
ing degrees of good manufacturing processes 
(GMP) with highly specific infrastructure con-
taining clean rooms for processing and proce-
dures executed by a specially trained staff 
(Fig.  27.2).The cells are generally used within 
delivery systems (such as a biogel or scaffold) 
that must have been shown to be safe for the 
patient. All of these preparations should be pre-
pared with closed system processing and/or a 
laminar flow hood to assure sterility of the prod-
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Fig. 27.2 Regulatory 
processing for cellular 
therapy products. 
Different treatments 
require various 
procedures for final 
formulation within 
sterile biosafety laminar 
flow environment. 
Cellular transplants rely 
on simplified procedures 
for PRP, ASCs, and 
BM-MSCs using cell 
separation only and can 
be administered rapidly 
for patient treatment. 
Standardized transplants 
necessitate the 
implementation of cell 
culture procedures and 
specific infrastructure 
for GMP manufacturing 
are necessary for high 
safety standards 
worldwide. All of these 
procedures are under 
continuous monitoring 
and training of 
laboratory staff
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uct preparation. Different cell sources, isolation 
procedures, proliferation protocols, and stability 
of cells are all determining factors to bring new 
innovative therapies safely to the patient.

27.5  Cellular Therapies 
for Tendon Repair 
and Regeneration

As for any tissue engineering therapeutic strat-
egy, the choice of the cell source and type is a 
main factor for success. A cell source destined for 
tendon repair/regeneration should be easy to col-
lect and traceable (known origin) and easily and 
rapidly cultured and expanded. All of the proce-
dures should be done with cells that possess a 
high tendon formation potential and with maxi-
mum stability of the desired phenotype to assure 
patient safety upon implantation. All processing 
should also assure a final product that will not 

trigger an immunological reaction of the recipi-
ent patient.

Figure 27.3 illustrates a continuum, based on 
development, for tissue sources that can provide 
cells that can be used in cellular therapies. Some 
of these tissues can be implemented for tendon 
repair/regeneration including the allogenic pro-
genitor tenocytes derived from later stage devel-
opment (fetal and adult) and for autologous repair 
(newborn and adult).

27.5.1  Embryonic Stem Cells

Embryonic stem cells (ESCs) could be used as a 
cell source for tendon repair and regeneration. 
The embryo stage is in development up to 
8  weeks postfertilization (Fig.  27.3). During 
development, the cells composing the morula 
(around 96  h postfertilization) are “totipotent” 
and can differentiate into every cell type. The 

Fig. 27.3 Cell type potency available through develop-
ment. Different cell types isolated at various stages of 
development can provide cell sources with variable dif-
ferentiation advantages. In Switzerland like in many 
countries, cell capacity to differentiate into multiple cell 
types diminishes with development, as the cells become 

more “specialized.” Early-stage development cells 
require a federal license for use whereas later stage 
development is under transplantation programs and 
organ donations. Human fetal progenitor tenocytes that 
are discussed in details in this chapter belong to the 
highlighted rectangle
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cells then already begin to diverge when creating 
the blastocyst around 5–7  days postfertilization 
where they become pluripotent. Original tissue 
sources usually come from the inner cell mass 
found in the blastocyst at this early age and pluri-
potency means that the cells are not able to 
develop into another embryo. However, with 
proper stimulation and cocktails of growth fac-
tors, these cells can develop into every cell type.

In practice, due to their high potential to dif-
ferentiate, the presence of factors like GDF5 and 
BMP2 in the wound could potentially lead to the 
formation of bone or cartilage tissues [42]. 
However, a rat tendon model successfully derived 
from ESCs has been developed with cells achiev-
ing maturation and differentiation into a tenocyte 
type 30  days postimplantation. Using the same 
cells in a fibrin gel led to better structural and 
functional results (than the controls with fibrin 
gel only) to treat rat patellar tendons. The cells 
survived for 4 weeks and activated the intrinsic 
tendon regeneration procedure with no presence 
of ectopic tissue or tumor formation at that time 
point. Injection of ESCs into an injured tendon of 
a horse with flexor tendinopathy (induced by col-
lagenase gel—physical defect) led to an impor-
tant clinical amelioration showing improved 
structural changes in the animals treated with 
ESCs over placebo using MRI as well as ultra-
sound analysis in a double-blind study [43]. 
Definition of the specific mechanism of amelio-
ration through exogenous cell transplant, local 
cytokine, or immunological modulation or sim-
ply by the stimulation of environmental endoge-
nous horse cells was suggested.

Cultures of these stem cell types begin with 
low quantities of material (<100 cells) and up- 
scaling the stem cells in an undifferentiated state 
requires many growth factor supplements. In 
addition, ethical issues for the use of embryonic 
stem cells can lead to specific directives and leg-
islation with even restrictive licensing to allow 
cell manipulation and research. Finally, attention 
should be given to the phenotype of these cells in 
tendon to be sure that with their high differentia-
tion potential, they do not shift to undesired cell 
types. Cell encapsulation and cellular cloning 
could provide more specific techniques to assure 

a better security to the patient and the delivery of 
a precise cell population. These cells could there-
fore provide an allogenic (cells not associated 
with the patient) cell source for product 
development.

27.5.2  Adult Cell Sources

Adult cell sources have been actively used to 
achieve tendon regeneration in the last years. In 
addition to the above-described ESCs of allo-
genic source, autologous cells have been pro-
posed to assure safety and various adult cell 
populations have been advanced for tendon 
repair. Cell choice can be difficult as cell types 
are variable and each cell type possesses different 
advantages and disadvantages. The adult sources 
include the following:

 1. Mesenchymal stem cells (MSCs) isolated by 
centrifugation or simple separation means or 
with complex culture procedures from bone 
marrow (BM-MSCs) adipose tissue (ASCs) or 
more recently from tendon (TSPCs)

 2. Induced pluripotent stem cells (IPSCs)
 3. Tenocytes or tendon sheath fibroblasts (fully 

differentiated cell lineages)
 4. Blood derivatives such as platelets or plasma- 

enriched platelet preparations (PRP)

Fresh blood or bone marrow has been used 
extensively for over 40  years in transplantation 
medicine. Cells from fresh bone marrow or blood 
are accessible without much effort from most 
patients and could present immunological advan-
tages for autologous use, but if this is not possible 
allotransplantation remains tedious as these 
transplantations could lead to an acute graft- 
versus- host disease [44, 45]. Therefore, modern 
cell-based therapeutic techniques focusing on the 
use of specific “purified” and culture-expanded 
lineages could have some advantages. To this 
end, a company specialized in stem cell therapies 
has shown that BM-MSCs isolated by density 
gradient, purified to eliminate non-MSC cell 
sources and expanded in cell culture, could be 
used as a secure allogenic cell source in the clini-
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cal field [46]. Clinical trials using allogenic 
BM-MSCs for burns and wounds were realized at 
the University of Miami as they were awarded a 
Department of Defense and Armed Forces 
Institute of Regenerative Medicine Grant (DOD- 
AFIRM) for tissue repair [47] (Miller School 
Physician/Scientists Receive $3M Grant to Treat 
Burn Wounds with Stem Cells, http://med.miami.
edu/news/miller-school-physician-scientists-
receive-3-million-defense-grant-to-treat Accessed 
9/3/17). On the technical side, only 1 of 100,000 
cells derived from bone marrow is a stem cell and 
therefore extensive separation protocols need to 
be developed with the least manipulation. ASCs 
are more abundant in adipose tissue (>100-fold 
compared to BM-MSC) and have better growth 
capacity in vitro.

Both ASCs and BM-MSCs have been used in 
animal models for tendon repair and regeneration 
potential including rats, horses, and sheep [48–
52]. In most of the studies, slight improvements 
have been reported, but unfortunately the regen-
eration quality was not comparable to that seen 
intrinsically in fetal tendon [53–55]. MSCs have 
also been tested in a human clinical trial and the 
autotransplantation of mononuclear stem cells 
extracted from the iliac crest in humans has given 
encouraging results regarding safety and ability 
to enhance intrinsic tendon regeneration [56]. 
Nevertheless, there are still doubts about the sta-
bility of MSCs to function in a tenogenic manner 
for tendon repair. For example, the results of a 
study demonstrated improved biomechanical 
parameters of the tendon repaired with MSC- 
collagen composites, but calcifications in the 
repair site appeared in 28% of the grafted tendons 
versus 0% in the control group with natural repair 
[57]. It was also observed in another study that 
BM-MSCs transplanted into mice could form 
bone rather than tendon tissue and the authors 
warned that the use of such cells could poten-
tially lead to calcifications. The development of 
calcifications remains an important obstacle to be 
avoided. In contrast to BM-MSCs and ASCs, the 
use of the more recently discovered tendon stem/
progenitor cells (TSPCs) can avoid this problem 
of calcifications thanks to a phenotype more 
tuned towards tendon production. Unfortunately, 

there is no easily available source for the harvest-
ing of autologous TSPCs and their use thus does 
not seem possible for the clinics [58].

More recently, induced pluripotent stem cells 
(iPSCs) were tested in tendon and improved the 
outcomes of healing in a study [59], and iPSCs 
are inducible cells and thus could present a risk 
of dedifferentiation like ESCs or MSCs. Further 
studies would be needed to better evaluate their 
potential.

Cell choices from specific tendon environ-
ment have also been described such as teno-
cytes, and tendon sheath fibroblasts [53] and 
comparisons between ASC and BM-MSC were 
assessed for their qualities both in  vitro and 
in  vivo with all cell types being viable and 
depositing matrix. Unfortunately, like for 
TSPCs, there is no easily available source to 
collect such cells.

Another popular source for tendon regenera-
tion is the “platelet.” Platelet-rich plasma (PRP) 
can be used alone or with biocompatible scaf-
folds and there is still controversy regarding the 
real positive effect that this therapeutic agent can 
obtain most likely due to the highly variable 
treatments imposed on the biological compo-
nents to elaborate the formulation to be adminis-
trated [60–62] but the isolation and preparation 
can be done rapidly and inexpensively [63].

27.5.3  Progenitor Cell Sources

Placenta, umbilical cord, amniotic liquid, and 
amniotic tissues contain various types of fetal 
progenitor cells that have been proposed for cel-
lular therapies and tissue regeneration [64–66]. 
The latter cell types, fetal progenitor cells, are 
known for their qualities to promote scarless tis-
sue repair. Most fetal cell research is based on 
specific material derived from the first trimester 
(11–14 weeks of gestation) since tissue-specific 
cells can be isolated and expanded to form Master 
and Working Cell Banks for long-term stocking 
and usage. These programs for clinical research 
normally are regulated in transplantation pro-
grams with strict guidelines or even laws and thus 
defining the tissue to be considered as an organ 
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donation [67] providing legal structure and 
authorization in most countries.

Fetal progenitor cells were historically used in 
the development of the polio vaccine. The Nobel 
Prize for Medicine was awarded to American 
immunologists already in 1954, and these same 
cultured human fetal progenitor cells (known as 
MRC-5 and WI-38) are still used in contempo-
rary vaccine development today. Following this 
pioneering work on vaccine production process-
ing, use of fetal tissues or cells progressed mainly 
within the field of neurology and immunology. 
Transplantation of fetal neural cells has been 
used to treat a variety of conditions to date such 
as Huntington’s [68, 69] or Parkinson’s disease 
[70]. Fetal transplants have been used in other 
neurological situations with spinal cord affec-
tions or injuries and with encouraging results for 
recovery of motor function and reported proce-
dure improvement in terms of security [71–74].

Human fetal liver cells have also been inten-
sively studied and used for more than 30 years 
already to treat severe immunodeficiency, hema-
tological disorders, and congenital disorders of 
metabolism [75]. Principally, liver failures and 
diabetes have been targeted as potential impor-
tant medical conditions for fetal cell therapy 
strategies [76–79]. In these studies, human fetal 
liver cells were successfully isolated to treat end- 
stage liver disease and were shown to have 
improved the patients’ state significantly within 
the first 18 months of follow-up. Overall, a better 
understanding of developmental embryology has 
helped for substantial technological progress and 
studies are continuing to reveal important factors 
that can play crucial roles from various stem and 
progenitor cell types.

Human fetal skin progenitor cells have been 
used to treat burns in children and also for chronic 
wounds such as ulcers in elderly patients [67, 
80–82]. With this particular technique, cells 
developed within the Swiss Transplantation 
Platform were from one dedicated cell bank 
which could be expanded and stocked. Vials from 
the cell bank are able to produce over 35 × 109 
three-dimensional biological bandages 
(~100 cm2), providing an off-the-shelf cell-based 
therapy [80–82]. Under the same umbrella of the 

Transplantation Platform, human fetal bone cells 
[83] and chondro-progenitor cells [84] have been 
used as potential regenerative agents for human 
skeletal tissue, and depending on delivery sys-
tems the cells can be used either in injectable 
techniques for difficult-to-treat areas or on scaf-
folds for cavity filling [85]. Fetal progenitor teno-
cytes are also in this Transplantation Platform 
and have been proposed in an extensive evalua-
tion [86, 87] for their potential use for cellular 
therapy and for tendon tissue engineering. The 
specific requirements and evaluation for these 
specific cells and for the production of a biocom-
patible neo-tendon are illustrated in Fig. 27.4.

27.5.4  Potential of Human 
Progenitor Tenocytes for Cell 
Therapy and Tendon Tissue 
Engineering Applications

Cell choice and technical specifications that are 
related to their collection, culture, expansion, 
storage, and stability are determining factors in 
successful cell therapies. Therapeutically, the 
cells should be capable of stimulating high tissue 
regenerative properties, and they should produce 
low or no immunological or inflammatory reac-
tions. Figure 27.5 depicts the rapid culture pro-
cess for a clinical cell bank of human progenitor 
tenocytes which can be developed in a very short 
time period from one single-organ donation of 
Achilles heel tendon (approximately 2 mm3). All 
processes for the clinical cells were developed 
and registered in a Transplantation Platform in 
Switzerland as of 2007 for tenocytes. The devel-
oped process has provided a unique cell popula-
tion with the associated cell deposits for patent 
application [88].

Human fetal progenitor tenocytes were iso-
lated from the Achilles tendon of a male 14-week 
gestation organ donation according to a protocol 
approved by an ethics committee (University 
Hospital of Lausanne (CHUV), Ethics 
Committee Protocol #62/07: 14-week gestation 
organ donation, registered under the Federal 
Transplantation Program and its Biobank com-
plying with the laws and regulations). In general, 
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the parental primary culture can be produced in 
less than 11 days using a simple classic medium 
as  nutrient (Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% fetal 
bovine serum and 1% glutamine) or with other 
nonanimal media solutions. Master and Working 
Cell Bank vials (MCB and WCB) of 5 × 105–107 
cells each can be stored at −165 °C in the vapor 
phase of liquid nitrogen for at least 10 years with 
no incidence on stability (Fig. 27.5). Other pro-
genitor cell types have been shown to remain 
stable for around 30 years to date (i.e., skin) with 
cell concentrations from 0.5 to 10 million cells 
per vial. From the original 2  mm3 of tissue, it 
would be possible to develop around 100–200 
vials of a MCB and each vial could be further 
expanded to an equivalent quantity of WCB 
vials. The overall potential of the one, unique 
organ donation can thus be illustrated for thou-
sands of billions of cells and millions of treat-
ments produced from the clinical cell bank. The 
cells produced could be delivered in different 
manners, either in hydrogels or within a scaffold, 
to provide variable treatment options for repair 
and regeneration. There can be enough cells pro-

duced from one clinical cell bank to be con-
served for the long term in liquid nitrogen to 
assure all experimentation necessary, evaluate 
formulation, and eventually provide millions of 
treatments (Fig. 27.5).

27.5.4.1  Progenitor Tenocyte 
Characterization 
and Stability

The hFPTs have been characterized extensively 
for cell growth over passaging to determine that 
there is no decrease in cell growth rate until late 
passages, no morphological variations, and no 
genetic instability seen during expansion and 
processing. Human fetal progenitor tenocytes are 
grown easily under 2D culture conditions in tis-
sue culture polystyrene flasks placed in cell cul-
ture incubators at 37  °C in a humidified 
atmosphere containing 5% CO2. Standard growth 
medium (DMEM supplemented with 10% fetal 
bovine serum and 1% glutamine) free of antibi-
otic supplementation permits a good growth and 
is changed every 3–4 days. Seeding densities of 
3000 and 6000 cells/cm2 are generally used for 
banked cells and lower concentrations can also be 

Fig. 27.4 Transplantation platform for progenitor cells. 
Specific tissues are used for developing cell sources which 
are stocked as cell banks (Master and Working Cell 
Banks) under GMP conditions. The processed cell banks 
are under registration in accordance with the Swiss 
Transplantation Act, the Department of Public Health, and 
Swissmedic. This program has existed since 1993 in the 

Swiss University Hospital of Lausanne and the resulting 
cells have been shown to have high proliferation charac-
teristics over the years and are known in research to have 
scarless healing properties for multiple tissues. One cell 
bank is composed of hFPTs which are described in more 
details in this chapter
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used. Higher seeding density implementation 
would not necessarily accelerate the overall growth 
of cells. When cell growth and morphology of 
hFPTs in 2D standard culture conditions are ana-
lyzed, no growth difference or morphology 
anomalies are seen up to passage 12. Mean popu-
lation doublings and doubling time can be deter-
mined for each passage to characterize and define 
the cell banking procedures for clinical use [86]. 
Concerning the morphology, hFPTs maintain 
very similar spindle-shaped morphology 
(Fig. 27.6) from low passages up to passage 12 
with highly aligned configuration when the den-
sity increases. It is only in much higher passages 
that the cells are seen to be slightly larger and 
there is weaker cellular alignment when the den-
sity increases.

In addition, their phenotype is stable through-
out the different passages in both 2D and 3D cul-
ture with specific tendon marker expression for 
collagen I, scleraxis, and tenomodulin being 
present (Fig.  27.6). HFPTs have the ability to 
form 3D pellets and in such a configuration they 
are able to deposit extracellular matrix during the 
creation of micro-tissues.

Population homogeneity and stability can also 
be evaluated at various passages by conventional 
karyotype and flow cytometry. Karyotype can be 
implemented in order to observe potential numer-
ical or structural abnormalities and to identify 
low-degree mosaic conditions of hFPTs. It can be 
done at each passage to show that stability 
remains throughout processing. The surface 
markers of hFPTs seen with flow cytometry can 

Fig. 27.5 Human fetal progenitor tenocyte (hFPT) cell 
bank production and use. From one organ donation, cells 
can be expanded to both Master and Working Cell Banks 
(MCB, WCB) with the resulting stocked cells in liquid 
nitrogen. This permits an off-the-shelf availability and the 

cells can be used for experiments, cell characterization, or 
formulation in a delivery system to prepare ready-to-use 
cellular products. A product must have presented in vivo 
efficacy and safety before it can finally be delivered to 
patients
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Fig. 27.6 Human fetal progenitor tenocyte (HFPT) 
characteristics. hFPTs have a high proliferation rate when 
grown in 2D and they produce the typical substances 
found in tendon such as collagen I, tenomodulin, or scler-
axis. Cells grown in 3D are able to show matrix deposi-
tion potential and keep their capacity to secrete the same 

substances. They present a good genetic and phenotypic 
stability over passages which can be demonstrated by 
karyotype, FACS analysis, and differentiation assays. 
They are also able to stimulate the activity of older adult 
tenocytes when co-cultured with such a population

show proof of a homogenous cell population. For 
hFPTs, the overall profile is similar to fibroblas-
tic adherent cells (positive for D7-fib and CD90). 
Potential contaminating subpopulations such as 
hematopoietic or endothelial cells (CD34 and 
CD14) are not present, which is important as it is 
known that the absence of such cells (for example 
T lymphocytes) prevents significant graft-versus- 
host disease reactions [89]. In addition there is no 
shift in the expression of the surface markers 
between low and high passages, indicating a 
good overall stability for banked hFPT cells. It is 
also interesting that these cells express CD105 as 
it has been shown to increase the stability of cells 
in the tenogenic phenotype and a lack of this pro-
tein in tenocytes leads to more chondro- 
generation in healing tendon than when this 
protein is present [90].

Other markers tested for hFPTs can show 
proof of safety. As expected, a lack of MHC class 
II proteins (HLA-DR, DP, DQ) is shown for these 
cells while MHC class I (HLA-A, B, C) can be 
mildly present which is similar to the profile of 
MSCs [91]. T lymphocytes are known to be 

responsible in part for allograft rejection through 
HLA recognition. Therefore, the presence of 
MHC class I proteins on the surface of a cell 
could perhaps trigger an immune reaction from 
CD8+ T cells. However, there is evidence that 
MSCs, even if they present MHC class I antigens, 
are able to be grafted without any immunological 
response noted. Evidence has shown that they 
possess the ability to inhibit proliferation of T 
lymphocytes in vitro [91] and are well tolerated 
in vivo in MHC-mismatched primates [92, 93]. 
Some products used in patient treatment for 
wounds and oral mucosa repair have a similar 
MHC profile. It is the case of the first cover prod-
uct Apligraft, made with neonatal foreskin cells, 
which has been shown to be well tolerated by 
patients [94]. Therefore, the mechanism is not 
fully understood as tolerance seen with these 
examples would indicate that some allogenic cell 
types presenting HLA proteins can be used for 
transplantation without frank immunosuppres-
sion. Fetal progenitor cells most likely have the 
same mechanism of action and do not illicit a 
negative immune reaction. The most important 
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demonstration is during gestation, where it has 
been shown that even if paternal HLA-C is recog-
nized during pregnancy, there is no harm to the 
fetus [95]. Past clinical trials and clinical experi-
ence with severe burn patients have also illus-
trated an excellent tolerance for fetal skin 
progenitor cells. Biologic bandages containing 
these specifically banked cells lead to improved 
outcomes in burn and wound healing and multi-
ple applications have not initiated immune reac-
tions [80, 81].

Phenotypic stability with osteogenic or adipo-
genic inducing conditions can be implemented to 
assure that the hFPTs remain in the “differentia-
tion program” of tenocytes even under severe 
pressure for modifications by external growth 
factors. Typical conditions for phenotypic stabil-
ity studies are represented as follows. An osteo-
genic induction is usually accomplished over 
21  days using a medium composed of alpha- 
MEM, 10% FBS, 5.97  mM l-glut, 284  μM 
l-ascorbic acid, 5 mM β-glycerophosphate, and 
100 nM dexamethasone. The inducing media is 
changed every 3–4  days. Cells would then be 
rinsed with deionized water and fixed in 4% for-
malin solution for 10  min at room temperature 
before Von Kossa staining or alizarin red (pH 9) 
staining to observe the production of mineralized 
matrix, with the first showing phosphate deposi-
tion and the second calcium deposition. An adip-
ogenic induction is also realized over a 21-day 
period using a medium composed of DMEM, 
5.97  mM l-glut, 1% insulin-transferrin-selenite 
(ITS), 1 μM dexamethasone, 100 μM indometha-
cin, and 100  μM 3-isobutyl-1-methylxanthine 
(IBMX). Similar to the method for osteogenic 
induction, cells are rinsed with deionized water 
and fixed in 4% formalin solution for 10 min at 
room temperature but are stained with Oil Red O, 
to highlight the presence of neutral lipids. Even 
with heavily induced conditions, the hFPTs 
remain as the same uniform population which 
was derived originally. In comparison, BM-MSCs 
and ASCs change their phenotype and deposit 
mineral matrix or accumulate lipids under such 
conditions.

In vitro cell culture models for tendon regen-
eration can provide general results on dose 

response. Such models may lead to crucial pre-
clinical information for critical assessment of 
potential responses of injury in vivo. Importantly, 
hFPTs have shown the potential to promote adult 
tenocyte activity in a dose-dependant manner 
when these two cell types were grown together in 
a co-culture assay [86].

All of the above data show that the cell source 
provided by hFPTs is a unique stable cell supply 
that can be produced under stringent current GMP 
manufacturing. The possibility to create large cell 
banks to obtain off-the-shelf reserves would pro-
vide an ideal solution for cell therapy and patient 
treatments. As the cells are all derived from only 
one organ donation, extensive screening can be 
implemented and easily adaptable to GMP cell 
banking conditions. Overall, these cells have a 
remarkable genetic and phenotypic stability and 
are able to conserve their tenogenic nature even 
when high inductive conditions towards other 
phenotypes are imposed. Finally, their ability to 
stimulate the activity of adult tenocytes is of 
importance as it shows a proof of concept that 
could lead to a more rapid healing in vivo.

27.5.4.2  Formulations with Human 
Fetal Progenitor Tenocytes 
in Delivery Systems

Hydrogel Solutions
Human fetal progenitor tenocytes present suit-
able characteristics for the regeneration and 
repair of tendon. Nevertheless, a suitable deliv-
ery system is also of importance for the deliv-
ery of the cells in an appropriate and flexible 
manner to the injured tissue. A first solution 
could be proposed using hydrogels and those 
that are already for clinical use would give a 
beginning proof of concept for determining the 
stability of cells in a gel, the biocompatibility, 
and if the formulation could be stored for some 
period of time and under what conditions for 
transport. Commercial HA gels could be easily 
used to resuspend hFPTs which would allow 
for good delivery of the cells where no culture 
medium or growth supplement is used in the 
formulation in order to make it therapeutically 
dispensable. Upon analyzing multiple hydro-
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gels, surprisingly different formulations could 
allow a good survival of hFPT banked cells for 
up to 3 days when stored at 4 °C (refrigerator 
stable). In the preparations that were stored for 
up to 3 days at 4 °C, the recovery of the cells 
was the same as cells that would have been 
kept under growth conditions [85]. This param-
eter is essential when defining final prepara-
tions for all of the logistics as it allows good 
flexibility of the formulation for clinical prac-
tice. Parallel to good survival, other parameters 
tested for such preparations would be a good 
physical stability of the preparation (with 
absence of sedimentation) through time and 
the cells should maintain ability to attach and 
proliferate (biocompatibility). Moreover, suf-
ficient viscosity without causing cell death 
would be essential for the gel to remain in 
place if deposited on a wounded location. Even 
though hFPTs were able to survive and to 
recover within multiple commercially avail-
able gels, some products portrayed some 
advantages over others in terms of survival and 
viscosity (Fig. 27.7).

Matrix Solutions
Hydrogels may help for degenerated areas and 
small defects, but when facing extensively injured 
tissue material with sufficient biomechanical 
properties would be necessary and could permit 
to deliver the cells correctly and safely for tissue 
replacement. Therefore, good biocompatibility 
and sufficient mechanical properties are criteria 
of high importance among others for various 
types of scaffolds which can be used in tendon 
healing. Synthetic scaffolds are a first category of 
matrix which have been tested for tendon treat-
ment [52] and they present some advantages such 
as a well-controlled process in formulation and 
manufacturing and easy adaptation for structural, 
physical, and mechanical properties. Some disad-
vantages are their poor biocompatibility and lim-
ited integration such as shown with polymers 
widely used for tendon repair such as poly- 
glycolic acid (PGA) and poly-lactic glycolic acid 
(PLGA) presenting varying results [96, 97]. 
Therefore, biological scaffolds are an alternative 
to synthetic scaffolds. Among them, decellular-
ized extracellular matrix (ECM) is prepared from 

Fig. 27.7 hFPTs in delivery systems. hFPTs can be 
delivered into hydrogels or solid matrix with excellent 
survival. The fact to be able to work with different types of 
delivery systems is an advantage as it is possible to target 
variable injuries. Standard tendinopathies and simple lac-

erations or ruptures could be treated by injections. On the 
other hand, complex degenerative injuries or extensive 
acute injuries could benefit from engineered tendon con-
structs to fill the defects and bring biomechanical support
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natural tissue and is processed to make them 
usable for allografts (not the same patient) or 
xenografts (animal to human use). As cell- 
associated immunogenic antigens could be 
involved in the development of an immune 
 reaction by the recipient patient, it is important to 
have an entire decellularization of the tissue [97]. 
The overall treatment of the tissue must be strong 
enough to eliminate the cellular material, but 
mild enough to conserve the initial structure, 
composition, and mechanical properties of the 
tissue when possible.

Thereafter, the decellularization process can 
begin with the choice of various physical or 
chemical treatment regimens. Enzymatic treat-
ments are sometimes used in complement to 
eliminate the unwanted cellular components. All 
these processes require extensive rinsing to elim-
inate the products employed to lyse cells as they 
could have deleterious effect on the seeded cells 
or even to the patient tissue. Sterilization is finally 
required to avoid a risk of contamination of the 
final preparation.

Many biological sources have been proposed 
and tested. Among them, the small intestinal sub-
mucosa (SIS) has probably been the most widely 
used and it was tested for ligament and tendon 
repair already since the 1990s [98, 99]. Since this 
time, there are commercial products available for 
tendon augmentation when rotator cuff is injured. 
Most of the products are not developed with ten-
don tissue but with the following:

 1. Porcine SIS (Restore, Orthobiologic Implant, 
CuffPatch)

 2. Human dermis (Graftjacket, Allopatch HD, 
ArthroFlex)

 3. Bovine dermis (TissueMend, Bioblanket)
 4. Porcine dermis (Zimmer, Conexa)
 5. Equine pericardium (OrthoADAPT)
 6. Human fascia lata (AlloPatch)

All of these products have been evaluated for 
their characteristics and efficacy [38, 100–103]. 
Unfortunately, the biomechanical characteristics 
of these products are far weaker to those found in 
native tendon except for AlloPatch which demon-
strates good results [38]. Therefore, beginning 

with tendon as a source could prepare the ideal 
scaffold with better overall mechanical results as 
tendon structure is indeed very specific and opti-
mally adapted to its role to transmit forces from 
muscle to bone.

Many techniques have been tested for decel-
lularization and strategies have been proposed to 
decellularize tendon of various species including 
rat [104, 105] (Cartmell JA and Dunn MG 2000), 
porcine [106–108], canine [109], rabbit [110–
113], equine [114, 115], and even human [116–
118]. Unfortunately, tendons of small animals 
would not be well adapted to humans and human 
cadaveric tendons would be of interest if their 
availability was not limited. Equine superficial 
digital flexor tendon (SDFT) presents an alterna-
tive interesting source due to its large dimension 
and availability through the food industry. As this 
industry is highly regulated, high quantities of 
tissue could be obtained from accredited and 
traceable sources and thus could be valorized.

This equine tendon source could be sliced to 
the desired size and decellularized with simple 
chemical treatments, like detergents that have the 
capacity to solubilize the cell membranes, and 
various methods can be proposed with a variety 
of actions such as

 1. Sodium dodecyl sulfate (SDS) as an ionic 
detergent

 2. T-octyl-phenoxypolyethoxyethanol (Triton 
X-100) as a nonionic detergent

 3. Tri-n-butyl phosphate (TBP) as a zwitterionic 
detergent

SDS and Triton X-100 have been the deter-
gents most widely reported for decellularization 
of different tissues and organs [119, 120], but 
TBP has also permitted good results on tendon in 
different studies [104, 105, 121].

The effectiveness of the decellularization 
must be controlled along with evaluating the 
impact of treatment on the structure (Fig. 27.8). 
Histological staining and DNA measurements 
can provide quality control measures. 
Hematoxylin-eosin (HE) is a simple staining 
procedure of histological sections of tissues 
allowing the detection of the cell nuclei which 
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are stained in purple and the extracellular matrix 
in pink. DAPI, with its specific binding to DNA, 
permits a second control with bright fluores-
cence where nuclear material is present, but it 
does not show the structure of tissue. To evaluate 
the efficiency of  decellularization, it is also pos-
sible to analyze the specific dosage of DNA in 
the tissue. Concerning the impact on structure 
(mainly composed of aligned collagen), the eval-
uation is made easier by sirius red which inter-
acts relatively specifically with collagen and 
allows observation of the fibers in colors varying 
from green to red [122, 123]. The maintenance 
of the architecture and orientation of the colla-
gen fibers in the matrix are big advantages.

Despite structural assessment efficacy, histo-
logical sections would not permit to assess the 
final impact on mechanical properties of the 
treated tissues. Biomechanical properties are 
nevertheless important since the processed tissue 
would be destined to be grafted and would need 
to sustain and transmit forces while avoiding re- 

ruptures. Thus, an evaluation of the biomechani-
cal properties of the matrix is of paramount 
importance.

Horse SDFT represents an attractive source to 
create ECM scaffolds as it has high availability, 
proper dimensions for sectioning, and good 
traceability. Detergent solutions have to be opti-
mized as in general SDS treatments can be very 
efficient in cell removal but can lead to scaffold 
shrinkage and jellylike appearance (Fig.  27.9). 
Other detergents can be less efficient in cell 
removal but can allow a better conservation of the 
structure and therefore compromises in process-
ing need to be done. Supplementary steps after 
detergent treatment could also improve the effi-
ciency such as steps with 70% ethanol rinsing. 
The best treatment should be optimized before 
up-scaling the specimens to a graftable size and 
testing biomechanical parameters to have the best 
rigidity and resistance sufficient to fill gaps in 
tendinopathic rotator cuffs and to replace auto-
grafts in the hand for instance.

Fig. 27.8 From horse tendon to ECM scaffold. Horse 
superficial digital flexor tendon (SDFT) is a very interest-
ing starting material to create a matrix as it already pres-
ents an organized structure and adequate biomechanical 
properties. The tendon has first to be cut to the desired 

dimension before being readily decellularized. 
Hematoxylin-eosin (HE) staining permits to control the 
effectiveness of decellularization while sirius red (SR) 
allows to evaluate the preservation of the structure mainly 
composed of collagen
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27.6  Future Aims and Conclusions

Translational research should provide solutions 
of off-the-shelf tendon engineered constructs and 
cellular therapies that could be available in 
 different delivery formulations whenever and 
wherever needed (Fig. 27.9). The optimal result 
of new therapeutic strategies would be the 
achievement of a scar-free regenerated and 
repaired tissue for the patient.

In translational medicine, it is of utmost impor-
tance to first look at the potential clinical use and 
to always remember that the aim is to create a 
product which ultimately is beneficial for the 
patient. Security and efficacy are principal aspects 
for the final product. All processing steps must be 
in accordance with the evolving regulatory aspects. 
To be useful, the product must be available when 
the medical doctor requires it for the patient and it 
will be used readily if it can be handled in a simple 
manner. Moreover, the overall strategy should take 
into consideration the therapeutic benefit/eco-
nomic investment ratio for acceptance into the 
clinic with insurance coverage.

Treatment of tendon injuries remains a chal-
lenge even today. Many unsatisfactory out-
comes occur with high levels of adhesion and 
scar tissue found after repair. The proposed use 
of hFPTs was initiated with the knowledge that 
fetal tissue heals in a regenerative manner 
without scar formation and that the process of 
cell banking of large numbers of cells could be 
accomplished.

The evaluation of different hyaluronic acid 
hydrogels for cell delivery would allow inject-
able cell preparations that would be useful in case 
of tendinopathies or simple lacerations. Such for-
mulations would permit to deliver the cells to the 
wounded site in the absence of surgery or around 
the repair site in the necessity of surgery.

Unfortunately, if the patient has an extended 
injury, injection of hydrogels would be insuffi-
cient and a scaffold or matrix with sufficient 
mechanical properties would be required to fill 
the gap. The use of horse SDFT could be a good 
starting material to create ECM scaffold.

Advancement of technology and interest in ten-
don regeneration and repair will promote more 

Fig. 27.9 Translational transplantation platform for 
hFPTs. The target of translational medicine is to develop 
new therapeutics for the patients. For cellular therapies, 
everything begins in culture flasks at the laboratory. Once 
the cells have been amplified, they need to be tested 
in vitro in order to characterize their capacities. If a cell 
source demonstrates interesting characteristics, a delivery 
system is searched. This one is also extremely important 

as it must allow a good ease of use in both preclinical 
animal experimentation and clinical use. The developed 
product combining the cells within the delivery system 
also has to be tested in  vitro. If promising results are 
obtained, in vivo evaluation can be realized to assure effi-
cacy and safety in animal model. Finally, only after all 
these steps have been realized with success it is possible 
to imagine a clinical application
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complex cell-based therapies as alternative strate-
gies or parallel strategies to surgical therapeutic 
techniques. Before reaching the patient, the differ-
ent strategies developed in the laboratory will have 
to prove their efficacy and safety in vivo, on ani-
mal models. These techniques will then move for-
ward to benefit the patient care and offer improved 
solutions in repairing, replacing, and restoring the 
function of damaged tissues and also play a role in 
the management of the pain associated.
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28.1  Introduction

Peripheral nerve surgery is annually performed 
in 100,000 patients in the United States and 
Europe; the estimated costs for injuries to a 
median and an ulnar nerve are roughly $70,000 
and $45,000, respectively, with 87% of these 
costs being the result of lost production [1]. 
Traction-related injury secondary to a motor 
vehicle accident and lacerations by sharp 
objects or long bone fractures are the most 
common mechanisms of injury in civilians [2–
4], while blast injuries from explosives or gun-
shot wounds are the main causes of nerve injury 
seen in the austere environment and military 
personnel [5–7].

Advances in microsurgical techniques, clini-
cal management protocols, better understand-
ing of the pathophysiology of nerve injury, and 
deeper knowledge of the internal topography of 
peripheral nerves have contributed to a substan-
tial progress in peripheral nerve surgery in the 
last few decades [3, 8]. Primary, end-to-end 
epineural microsurgical nerve repair with 

tension- free coaptation of nerve ends is still 
considered the gold standard microsurgical 
treatment. However, this is usually possible 
only in cases of sharp nerve division with mini-
mal gap and neuronal tissue loss [9, 10]. When 
tension-free primary repair is not possible for 
irreducible nerve gaps, autogenous nerve graft-
ing, biological or artificial nerve conduits, or 
nerve transfers can be considered (Table 28.1) 
[8, 10]. Binocular loupes or an operating micro-
scope for magnification, fine skin hooks, plastic 
slings, light clips, malleable retractors, colored 
background material, as well as appropriate 
microsurgical instruments for work under the 
microscope (needle holders, jeweler’s forceps, 
straight or curved microscissors, microsutures, 
and bipolar diathermy) are available.

Currently, experimental research using in vitro 
and in vivo animal models [11] has enabled the 
development of reproducible methods of periph-
eral nerve regeneration evaluation [12–14], the 
deeper understanding of the molecular basis of 
neuronal growth [15], and the acceleration of 
peripheral nerve regeneration with pharmacolog-
ical agents or growth factors, stem cell-based 
therapies (stem cell-derived Schwann cells), bio-
engineered nerve conduits, and gene therapy. 
This chapter attempts a brief overview of the 
basic principles of nerve repair, current concepts, 
and future perspectives of peripheral nerve 
regeneration.
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28.2  Advances in Microsurgical 
Nerve Repair

Epineural nerve repair entails gross fascicular 
matching between the proximal and distal nerve 
ends; correct alignment can be achieved by tak-
ing into account the internal nerve topography 
and fascicles, and the surface epineural blood 
vessel patterns. Fascicular and grouped fascicular 
nerve repair can be performed for a more accu-
rate approximation of regenerating axons in 
nerves with a more consistent motor and sensory 
topography; these techniques require intraneural 
dissection and direct matching of fascicular 
groups, on the expense of more dissection and 
potential soft-tissue disruption, with more surgi-
cal trauma and scarring [9, 16]. Surface vessels, 
electrical stimulation in the awake patient, and 
histological staining with acetylcholine esterase 
and carbonic anhydrase have been used to achieve 
better matching of nerve axons and fascicular 
groups [17]. Tissue adhesives, such as fibrin glue, 
have been employed to supplement or replace 
sutures. Nerve glue creates a gel-like clot, applied 
as an adhesive cylinder around the approximated 
nerve ends to minimize trauma to the nerve ends, 
and create a possible barrier to invading scar tis-
sue. Material intervening between nerve ends 
does not seem to block nerve regeneration [18].

Concerns regarding the potential for neu-
roma formation with epineural and fascicular/
group fascicular nerve repair have led to the 
development of the epineural sleeve techniques 
[19]. In the original technique, the free edge of 

the epineurium of the distal nerve stump is 
picked up gently and rolled back distally. 
Subsequently, a 2 mm nerve segment of the dis-
tal stump is trimmed off, thus creating a 2 mm 
free segment of epineural sleeve. The epineural 
sleeve is then anchored to the proximal stump 
epineurium 2  mm proximal to the coaptation 
site with two 10-0 sutures placed 180° apart. 
Finally, the epineural sleeve is pulled over the 
proximal nerve stump and sutures are knotted 
down to secure the repair. The same end-to-end 
repair technique can be employed during nerve 
grafting. Even though not widely popularized 
yet, it is believed that this technique creates less 
tension at the repair site, provides better align-
ment for the regenerating fascicles, and creates 
a biological chamber where axoplasmic fluid 
accumulates, providing a perfect milieu of 
growth factors for nerve regeneration [20]. 
Similarly, a novel epineural sheath jacket tech-
nique, involving coverage of the proximal nerve 
stump with a piece of epineurium before trans-
posing it proximally, has been proposed for neu-
roma management, as an alternative to the 
traditional muscle burying technique [21].

28.3  Advances in Nerve Grafting

Severe neurotmetic lesions, such as gunshot 
wounds, or axonotmetic stretch injuries may 
create a significant gap between the proximal 
and distal stumps making primary end-to-end 
nerve repair impossible; in these cases, nerve 

Table 28.1 Advantages and disadvantages of nerve grafts, transfers, and conduits

Type of 
repair Advantages Disadvantages
Nerve 
autografts

Bridging nerve gap, nonimmunogenic, variety  
of donor nerves available

Sensory loss, scarring, neuroma formation, 
donor-site morbidity

Nerve 
allografts

Availability, bridging nerve gap, no donor-site 
morbidity

Potential side effects of host immunosuppression

Nerve 
transfers

No donor-site morbidity, earlier reinnervation due 
to proximity of donor nerves to target motor 
endplates

Possible loss of function from donor nerve site, 
donor muscle no longer an acceptable donor for 
muscle transfer

Nerve 
conduits

Availability, no donor-site morbidity, bridging 
nerve gap, wrapping material (barrier), 
neurotrophic factor accumulation

Variable outcomes, use limited to short nerve 
gaps
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grafting using nerve autografts (the gold stan-
dard) or allografts, with or without nerve con-
duits (nerve guidance channels), is the treatment 
of choice [22].

28.4  Nerve Autografts

Nerve autografts are considered the gold stan-
dard in nerve repair of critical (>3  cm) nerve 
gaps. They provide appropriate neurotrophic fac-
tors and viable Schwann cells for axonal regen-
eration [8]. They can be single, cable, trunk, 
interfascicular, or vascularized [23–27]. Motor 
and sensory fascicles should be properly 
realigned, based on the internal topography of the 
nerve stump and nerve autograft [8]. A grouped 
fascicular repair should be preferred because 
fashioning of multiple “fascicular fingers” pro-
vides a better match and alignment. A rule of 
thumb on how much tension at the repair site is 
acceptable suggests that if flexion of a joint is 
necessary to shorten the distance between the 
nerve ends, the resulting tension will be too great, 
and further dissection or a longer graft should be 
considered. As the graft may shrink slightly, it 
should be about 15% longer than the gap to 
bridge. Fibrin glue may be used to reduce the 
total number of sutures and the likelihood of 
suture-induced fibrosis.

Donor nerve autografts are usually harvested 
from expendable sensory nerve sites. The sural 

nerve is the most common donor nerve providing 
30–40  cm of graft followed by the medial and 
lateral antebrachial cutaneous nerves, the dorsal 
cutaneous branch of the ulnar nerve, the superfi-
cial sensory branch of the radial nerve, the super-
ficial and deep peroneal nerves, the intercostal 
nerves, and the posterior and lateral cutaneous 
nerves of the thigh (Table 28.2) [28, 29]. The har-
vested nerve graft undergoes Wallerian degenera-
tion, but creates a supportive structure for the 
ingrowing axons, providing mechanical guidance 
[30]. Limitations of nerve autografting include 
sacrificing a functioning (usually sensory) nerve 
for a more important injured nerve (usually 
motor), sensory loss and scarring at the donor 
site, size and fascicle mismatch, scarring from 
suture-induced fibrosis, and potential for neu-
roma formation and pain at the repair site [31]. 
Use of a noncritical portion of a proximally 
injured nerve as an autograft, aiming to reduce 
donor-site morbidity, has been proposed [8, 32].

28.5  Nerve Allografts

Nerve allografts are readily accessible, without 
donor-site morbidity, however, at an increased 
cost. Cold preservation, irradiation, and lyophili-
zation have been used to reduce allograft antige-
nicity [33–40]. Recently, nerve allografts have 
been decellularized by a process of chemical 
detergent, enzyme degradation, and irradiation, 

Table 28.2 Common nerve autografts, length of harvesting, and sensory defect

Nerve autograft Length (cm) Sensory defect
Sural 30–40 Dorsal aspect of lower leg and lateral 

foot
Medial antebrachial cutaneous 10–12 (above elbow); 8–10 

(below elbow)
Medial forearm

Lateral antebrachial cutaneous 10–12 Lateral forearm
Superficial sensory branch of the 
radial

25 Radial dorsal hand

Dorsal cutaneous branch of ulnar 4–6 Dorsal/ulnar hand
Posterior interosseous 6 No apparent deficit
Anterior interosseous 6 No apparent deficit
Lateral femoral cutaneous 10–20 Anterolateral thigh
Saphenous 40 cm Medial lower leg and foot, prepatellar 

skin
Posterior cutaneous of forearm 2–5 Posterolateral forearm
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resulting in an acellular nerve scaffold with no 
requirements for immunosuppression. Currently, 
there is only one commercially available decel-
lularized nerve allograft (Avance® Nerve Graft, 
Axogen, Inc., Alachua, FL). Even though the lit-
erature currently supports their use for small 
diameters (1–2 mm) and short gap lengths (up to 
3 cm), many believe that allografts may have the 
potential for successful repair of a longer nerve 
gap length [41].

28.6  Nerve Conduits

Biological (autogenous and nonautogenous) and 
synthetic (absorbable and nonabsorbable) nerve 
guidance channels (nerve conduits) have been 
used to overcome the limitations of nerve grafts 
[42]. A nerve conduit is a tubular structure 
designed to bridge the gap of a sectioned nerve 
that is not amenable to primary end-to-end nerve 
repair, to protect the nerve from the surrounding 
tissue and scar formation, and to guide the regen-
erating axons into the distal nerve stump [42]. 
Nerve conduits guide nerve regeneration by a 
combined mechanical (conduit lumen and wall) 
and chemical effect (accumulation of neurotropic 
and neurotrophic factors), thus favorably condi-
tioning the nerve injury microenvironment [42]. 

Several types of nerve conduits are currently 
available as a bridge for small nerve defects 
(<3 cm), and as a wrapping material around nerve 
repair (Table 28.3) [43].

Biologic autogenous nerve conduits include 
arteries, veins, muscle, tendon, and epineural 
sheath [42, 44]. Biological nonautogenous nerve 
conduits include type I collagen (NeuraGen®, 
Integra LifeSciences Co.; NeuroFlex™, Collagen 
Matrix, Inc.; and others), gelatin (a protein deriv-
ing from collagen), silk fibroin, and polysaccha-
rides, such as chitosan, alginate, and agarose 
hydrogel-based conduits [45–48]. Synthetic 
absorbable nerve conduits include aliphatic 
 polyester- and copolyester-based conduits such as 
poly(glycolic acid) (PGA), poly(l-lactic acid) 
(PLLA), poly(ε-caprolactone-co-lactide) (PLCL), 
poly(caprolactone) (PCL), and polyvinyl alcohol 
(PVA) [3, 49]. Synthetic nonabsorbable nerve 
conduits include silicone and expanded polytetra-
fluoroethylene (ePTFE or Gore-Tex®)-based 
 conduits [50, 51].

Introduction of luminal additives into con-
duits has been studied to enhance nerve con-
duit efficacy [52]; these include cellular 
components (Schwann cells, bone stromal 
cells, fibroblasts), structural components 
(fibrin, laminin, collagen), and neurotrophic 
factors (FGF, NGF, GGF, CNTF, VEGF, GDNF, 

Table 28.3 Material and structure of commercially available nerve conduits

Nerve conduit Material Structure
Length 
(cm)

NeuraGen® (Integra LifeSciences Co) Collagen type I Semipermeable, fibrillar collagen 
structure

2–3

NeuroFlex™ (Collagen Matrix, Inc.) Collagen type I Flexible, semipermeable tubular collagen 
matrix

2.5

NeuroMatrix™ (Collagen Matrix Inc.) Collagen type I Semipermeable tubular collagen matrix 2.5
NeuraWrap™ (Integra LifeSciences 
Co)

Collagen type I Longitudinal slit in a tubular wall 
structure

2–4

NeuroMend™ (Collagen Matrix Inc.) Collagen type I Semipermeable collagen wrap 2.5–5
Neurotube® (Synovis Micro 
Companies)

PGA Absorbable woven PGA mesh tube 2–4

Neurolac™ (Polyganics, BV) PLCL PLCL tubular structure 3
Salutunnel™ (Salumedica LCC) PVA PVA tubular structure 6.35
AxoGuard® Nerve Connector 
(AxoGen Inc.)

Extracellular 
matrix

Porcine intestine submucosa 1–1.5

AxoGuard® Nerve Protector (Axogen 
Inc.)

Extracellular 
matrix

Porcine intestine submucosa 2–4

PGA polyglycolic acid, PLCL poly(epsilon-caprolactone-co-lactide), PVA polyvinyl alcohol
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NT-3) [53–69]. More recently, a minimally 
processed human umbilical cord membrane 
has been introduced in clinical practice as a 
surgical solution in peripheral nerve injury 
(Avive™ Soft Tissue Membrane, Axogen, Inc., 
Alachua, FL). Its intent is to protect a nerve 
repair by preventing or minimizing postopera-
tive scar and adhesion formation. Clinical 
results are still pending [70, 71].

28.7  Advances in Microsurgical 
Nerve Transfers

A nerve transfer is the surgical coaptation of a 
healthy nerve donor to an injured nerve [72]. 
Indications for nerve transfers include brachial 
plexus injuries, especially avulsion type with 
long distance from target motor endplates, 
delayed presentation, segmental loss of nerve 
function, and very broad zone of injury with 
dense scarring [73]. Popular goals for reinnerva-
tion via nerve transfer are shoulder abduction, 
scapular stabilization, elbow flexion and exten-
sion, and intrinsic hand function [72, 73]. 
Advantages of nerve transfers include (1) lack of 
autograft-associated donor-site morbidity, (2) 
earlier reinnervation from proximity of donor 
nerves to target motor endplates, (3) neurorrha-
phy and dissection in uninjured and unscarred tis-
sue beds, (4) unaltered muscle biomechanics, and 
(5) faster nerve recovery and motor reeducation. 
Disadvantages include (1) possible loss of func-
tion in the donor nerve site, and (2) the fact that 
donor muscle is no longer an acceptable donor 
for muscle transfer [8, 73, 74].

28.8  End-to-Side Nerve Transfer

End-to-side coaptation or neurorrhaphywas ini-
tially described in 1873 [8, 75] and revived in the 
early 1990s [76]. Instead of nerve repair or graft-
ing, the distal stump of the injured nerve is trans-
ferred and coaptated to the side of an uninjured 
donor nerve. The rationale is that collateral axo-
nal sprouting from a healthy nerve can invade the 
stump of an injured nerve, when the two are 

sutured together in an end-to-side fashion [77–
79]. In 1984, Terzis et  al. [80] described the 
reverse end-to-side neurorrhaphy named the 
“babysitter procedure.” They dissected a normal 
motor fascicle from the hypoglossal nerve and 
transferred it to the side of an injured in- continuity 
facial nerve to gain some reinnervation of the 
facial musculature [80]. Similar encouraging 
results have been reported with this technique by 
other surgeons as well [81].

28.9  Advances in Molecular 
Biology

Advances in molecular biology have shown that 
targeting specific steps in molecular pathways 
such as the PI3K (phosphatidylinositol-3 kinase)/
Akt signaling cascade, the Ras-ERK (extracellu-
lar signal-regulated kinase) pathway, the cyclic 
AMP (cAMP)/protein kinase A (PKA), and the 
Rho–ROK signaling may allow for purposeful 
pharmacological intervention, potentially leading 
to a better functional recovery [15]. Small mole-
cules, peptides, hormones, neurotoxins, and 
growth factors such as erythropoietin (EPO) [82], 
tacrolimus (FK506) [83], acetyl-L-carnitine 
(ALCAR) [84], N-acetyl cysteine (NAC) [85], 
ibuprofen [86], melatonin [87], transthyretin 
[88], and others may improve nerve regeneration 
by reducing neuronal death and promoting axo-
nal outgrowth [15, 89–93].

Extensive experimental studies have been 
conducted or are underway regarding the ideal 
clinical application, timing, and route of adminis-
tration of FK506  in peripheral nerve regenera-
tion. FK506 is a macrocyclic lactone produced 
by the bacterium Streptomyces tsukubaensis, iso-
lated in 1984 from a soil sample in Tsukuba, 
Japan [94]. It is an FDA-approved immunosup-
pressant used to prevent allograft rejection after 
liver, kidney, and other solid organ transplanta-
tion. It has been found to have a 10–100 times 
stronger immunosuppressant effect than cyclo-
sporine- A (CsA), with fewer side effects [95]. 
Interestingly, FK506 has been found to enhance 
nerve regeneration by increasing axonal out-
growth and inducing Schwann cell proliferation 
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[39]. The suggested mechanism of neuroregen-
erative effect is binding to FKBP-12 and inhibit-
ing calcineurin, as well as increasing expression 
of GAP-43 and TGF β-1 [37]. Particularly prom-
ising is the potential use of FK506 in situations in 
which a sufficient amount of autologous nerve 
graft is difficult to obtain. This is frequently true 
in the case of an extensive nerve injury. Regardless 
of the type of graft used, the rate of recovery is 
slow. Thus, the availability of a drug to prevent 
rejection of the graft and speed regeneration 
would be a great therapeutic advantage. FK506, a 
drug that has both immunosuppressive and nerve 
regenerative properties meets both of these crite-
ria. Furthermore, the potential development of a 
route of administration and a dosing scheme that 
would minimize its potentially serious systemic 
side effects would make the use of FK506 even 
more appealing (Fig. 28.1).

28.10  Stem Cell Therapies

Stem cells differentiated into a Schwann cell-like 
phenotype can aid in axonal guidance and remy-
elination, as well as enhance growth factor and 
extracellular matrix production [96]. Stem cells 
may be directly transplanted at the injury site 
(around nerve stumps, at a bridging nerve graft, 
into the lumen of a nerve conduit, or in a scaf-
fold) at their undifferentiated state, or they can 
undergo a short period of in vitro differentiation 
into Schwann cell-like cells (Fig.  28.2) [97]. 

However, the necessity of stem cell differentia-
tion is currently debated [98]; undifferentiated 
stem cells seem to demonstrate equally good 
results, and may also undergo in vivo differentia-
tion in response to local stimuli [53].

Stem cells can be harvested from variable tis-
sues including embryonic, fetal, neural, bone 
marrow, adipose tissue (Fig. 28.3), skin, hair fol-
licle, and dental pulp [96, 99–116]. Embryonic 
stem cells (ESCs) were first isolated from human 
blastocysts in 1998 [117]. They can form deriva-
tives of all three embryonic germ layers, and have 
great differentiation potential and long-term pro-
liferation capacity [96]. However, their neural 
differentiation, possible immunogenicity and 
tumorigenicity, as well as potential ethical con-
troversy are limitations hindering their clinical 
applications [96]. Nerve stem cells have been 
first isolated from adult murine brain in the early 
1990s [118]. They naturally differentiate into 
neurons and glial cells, but this almost exclu-
sively occurs during embryogenesis, or in very 
limited locations in the central nervous system 
after injury [119]. Bone marrow-derived stem 
cells (BMSCs) are readily accessible, have no 
potential ethical concerns, and are more clini-
cally applicable than ESCs and neural stem cells 
(NSCs). However, harvest is invasive and painful, 
and their proliferation capacity and differentia-
tion potential are inferior [96].

Particular attention has been given lately to 
adipose-derived stem cells (ADSCs). Adipose 
tissue contains a stromal population known as the 

a b

Fig. 28.1 Experimental surgery. (a) A 1 cm nerve gap at the left sciatic nerve of a rat treated with a collagen type I 
nerve conduit augmented with FK506. (b) Successful nerve regeneration at 3 months
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stromal vascular fraction (SVF), which can be 
isolated by centrifugation of collagenase-digested 
adipose tissue [120].Cultured SVF can give rise 
to multipotent precursor cells [121]. In light of 

their easier harvest, superior stem cell fraction, 
differentiation potential, and proliferation capac-
ity, ADSCs have now supplanted BMSCs, and 
are considered the preferred option for preclini-
cal studies [96].

28.11  Gene Therapies

Gene therapy is the introduction of a foreign ther-
apeutic gene into living cells in order to treat a 
disease [122]. This foreign gene is termed a 
transgene, and its expression is driven by a pro-
moter. The most efficient way to insert a trans-
gene into a cell is the use of a specially modified 
viral vector such as herpes simplex, adenovirus, 
lentivirus, and adeno-associated viral vectors 
(AAV) [122]. The main targets for gene therapy 
in peripheral nerve injury are Schwann cells, 
fibroblasts, and denervated muscle. The aim of 
gene therapy is to obtain a sort of transcriptional 
reprogramming so that more neurotrophic fac-
tors, cell adhesion or extracellular matrix mole-
cules, and transcription factors are produced.

28.12  Clinical Applications 
of Research

Low-intensity electrical stimulation has been 
shown to improve nerve regeneration, probably 
due to an increased production of BDNF and 
NGF, and a subsequent enhancement of myelin 

a b

Fig. 28.2 Experimental surgery. (a) A 1 cm nerve gap at 
the left sciatic nerve of a rat treated with a fibrin glue 
custom- made nerve conduit augmented with Schwann 

cell-like phenotype ADSCs. (b) Successful nerve regen-
eration at 3 months

Fig. 28.3 Experimental surgery. Adipose tissue harvest-
ing sites in a rat: subcutaneous (black arrowheads), ingui-
nal (black asterisk), epididymal/testicular (black arrow), 
mesenteric (white asterisks), and perirenal (white arrow) 
adipose tissue
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production [123]. A recent randomized pilot 
study in human subjects showed that brief low- 
frequency electrical stimulation immediately fol-
lowing decompression surgery in patients 
suffering from severe carpal tunnel syndrome 
resulted in early and complete reinnervation of 
the thenar muscles [124].

Considerable interest exists in the potential 
therapeutic value of low-power laser irradiation 
(laser phototherapy) for peripheral nerve recov-
ery and preservation of denervated muscle. 
Animal studies on peripheral nerve injury model 
showed that laser phototherapy decreases scar 
tissue formation at the injury site, decreases 
degeneration in corresponding motor neurons of 
the spinal cord, and significantly increases axonal 
growth and myelinization [125]. The restoration 
of the injured peripheral nerve prevents the pro-
gression of the muscle atrophy process, and 
makes functional restoration possible. However, 
restoring functions in the severe cases or long- 
term peripheral nerve injury is still difficult as 
progressive muscle atrophy starts shortly after 
nerve injury. For this reason, therapeutic solu-
tions can lessen muscle degeneration during the 
period of nerve recovery, thereby increasing the 
chances of early recuperation of functional motor 
activity. It was found that in early stages of mus-
cle atrophy, laser phototherapy might preserve 
the denervated muscle by maintaining creatine 
kinase activity and the amount of acetylcholine 
receptors [126, 127].

The use of olfactory ensheathing cells (OECs) 
as an adjunct to peripheral nerve regeneration is 
also promising [128]. OECs are specialized glial 
cells, which support axons that leave the olfac-
tory epithelium and project through the olfactory 
nerve system into the olfactory bulb of the central 
nervous system. OECs are pluripotent, display-
ing Schwann cell and astrocyte-like properties. 
They possess the ability to phagocytose degener-
ating axons, create channels to guide new axon 
regeneration, and produce a variety of neuro-
trophic factors, including NGF, BDNF, PDGF, 
and neuropeptide Y, enhancing injured axon sur-
vival [129].

28.13  Rehabilitation After Nerve 
Repair

As with flexor tendon surgery, rehabilitation is 
essential to minimize complications and optimize 
function and quality of life after peripheral nerve 
injury. An ideal rehabilitation program should be 
tailored to each patient’s needs, therapeutic goals, 
and stage of recovery. Physical modalities, such 
as heat, cold, ultrasound, transcutaneous electri-
cal stimulation (TENS), and transdermal ionto-
phoresis, have been shown to be effective in 
achieving pain control and reducing inflamma-
tion [130, 131]. Low-frequency electrical stimu-
lation has been shown to partially prevent muscle 
atrophy and promote motor recovery [124]. A 
variety of splints and braces are used to maintain 
joint integrity. Sensory retraining and desensiti-
zation are used to facilitate somatosensory recov-
ery [131]. Promotion of motor recovery and 
restoration of muscle strength require the devel-
opment of appropriate exercise programs. 
Developmental disregard or learned nonuse 
should be avoided or at least minimized [132].

28.14  Reeducation After Nerve 
Repair

In the management of peripheral nerve injuries, 
emphasis is mostly given to the return of protec-
tive sensation and motor function, often at the 
expense of sensory rehabilitation. Sensory reedu-
cation training is essential, allowing patients to 
learn all over again to interpret in a conscious 
level the altered neural impulses that reach the 
central nervous system through the injured hand 
[133]. In simple words, the brain must be reedu-
cated to understand the new code that comes 
from the hand after injury repair. Without any 
training, the simplest touch feels strange. It has 
been shown that early implementation of strate-
gies for sensory reeducation may maximize the 
preservation of the hand’s cortical sensory map 
representation, thus improving the recovery of 
tactile discrimination [134, 135].
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The Regeneration of Peripheral 
Nerves Depends on Repair 
Schwann Cells

Kristján R. Jessen and Rhona Mirsky

29.1  Why Do Peripheral Nerves 
Regenerate?

It is a well-known dogma in neuroscience that 
peripheral nerve regenerates after injury, while 
comparable fiber tracts in the central nervous 
system CNS), for instance the spinal cord, do 
not. This difference in regenerative capacity is 
clearly demonstrated by comparing the outcome 
of a blunt injury (crush) of the sciatic nerve in 
rodents to a comparable injury of the spinal cord 
(contusion or crush). Crushing the sciatic nerve 
results in vigorous axon growth back towards the 
denervated targets and breakdown of redundant 
myelin, followed by re-formation of myelin after 
regeneration has taken place. The result is that 
after a relatively short time, 3–4 weeks, essen-
tially normal nerve tissue is restored and sensory 
and motor functions of the limb are restored. The 
spinal cord injury on the other hand generates a 
lesion filled with extracellular matrix and fluid, 
retraction of injured axons, persistent presence 
of myelin debris, and no significant regeneration 
of axons [1–6].

Arguably, the cellular composition of nerve 
tracts in the peripheral nervous system (PNS) and 
CNS are quite comparable, both being composed 

of axons, glial cells, and myelin. Which factors, 
then, are responsible for this stark difference in 
regenerative potential? In particular, what goes 
on in the injured peripheral nerve to make repair 
potentially so effective? The brief answer is that 
peripheral nerves regenerate because of the flex-
ible differentiation state of PNS neurons and 
Schwann cells, and the capacity of these cells to 
change their phenotype after injury to regenera-
tive states, which are adapted to promote recov-
ery. The neurons of the CNS, in contrast, show 
only limited capacity to switch to a regenerative 
mode. Similarly, oligodendrocytes, the cells that 
form CNS myelin, serve no helpful function for 
regeneration distal to injury, while the response 
of astrocytes to injury is hostile to axonal 
regrowth [2, 7, 8].

In the PNS, nerve damage, whether a nerve 
cut or crush, readily disturbs the normal differen-
tiation state both of the injured neurons, and of 
the Schwann cells that ensheath the degenerating 
axons distal to the injury. In the neurons hundreds 
of genes, including a large number of transcrip-
tion factors, change their expression resulting in 
a change in neuronal function from that of orga-
nizing cell-cell signaling to a cell devoted to 
rebuilding an axon. Classically this response has 
been referred to as the cell body reaction or the 
signaling to growth mode switch [8–10]. The 
myelin and non-myelin (Remak) Schwann cells 
distal to the injury site undergo a comparable, 
extensive change in gene expression, which 
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involves some thousands of genes. This 
 reprograms myelin and Remak cells, changing 
their function from that of maintaining axonal 
ensheathment and myelin to that of supporting 
neuronal survival and promoting regeneration 
(Fig. 29.1) [11–14]. Because this injury- generated 
Schwann cell phenotype differs from other cells 
in the Schwann cell lineage, and because it is spe-
cialized for supporting nerve repair, we refer to 
these cells as repair Schwann cells (or Bungner 
cells since they form guidance tracks for regener-
ating axons called Bungner bands) [14–16].

29.2  The Schwann Cell Injury 
Response: Dedifferentiation, 
Activation, or 
Reprogramming?

The conversion of myelin and Remak cells to 
repair cells is referred to as the Schwann cell 
injury response. While it is clear that this con-

version represents a comprehensive phenotypic 
change in Schwann cells, workers have dis-
agreed about the nature of this change and, in 
particular, how it relates to the process of 
Schwann cell development [17]. On the one 
hand, the Schwann cell injury response has 
often been viewed as dedifferentiation, namely 
a reversal of the developmental process result-
ing in the generation of a cell comparable to 
that of earlier stages in the Schwann cell lin-
eage [18, 19]. On the other hand, the injury 
response is frequently referred to as cell activa-
tion [20–23]. These terms suggest a contradic-
tion, dedifferentiation indicating the loss of 
phenotypes, while activation suggests gain of 
phenotypes. It is now increasingly recognized 
that these terms, and their implied meaning, can 
be reconciled. This is due to the emerging real-
ization that the Schwann cell injury response in 
fact involves both dedifferentiation and activa-
tion. After injury, myelin Schwann cells down-
regulate their characteristic gene expression 
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Endoneurial fibroblasts

Parasympathetic neurons
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Schwann cell
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Fig. 29.1 The repair (Bungner) Schwann cell in a devel-
opmental context. The diagram shows the repair (Bungner) 
Schwann cell, and the key stages of Schwann cell devel-
opment, in addition to other developmental options for the 
Schwann cell precursor [17]. Arrows indicate develop-

mental and injury related transitions. Black uninterrupted 
arrows: normal development. Red arrows: the Schwann 
cell injury response. Stippled arrows: post-repair re- 
formation of myelin and Remak cells. Embryonic dates 
(E) refer to mouse development (from Jessen et al. [16])
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profile, representing dedifferentiation. But 
simultaneously, these cells acquire a number of 
novel, repair-supporting features; namely they 
activate a repair program as detailed in the fol-
lowing section, which is a response consistent 
with the concept of cell activation.

We have pointed out that the formation of repair 
Schwann cells, involving the combination of dedif-
ferentiation and alternative differentiation, or acti-
vation, is not unique, but closely related to injury 
responses in other tissues, where cells also change 
phenotype to promote healing. We have termed this 
type of injury response adaptive cellular repro-
gramming [24]. The common feature of these cell 
type conversions is the combination of dedifferen-
tiation and alternative differentiation, or activation, 
to generate new differentiation states, which com-
pensate for injury or promote healing. For instance, 
in the newt the conversion of pigment epithelium to 
lens epithelium after eye injury includes the depig-
mentation and inhibition of melanogenesis (dedif-
ferentiation) in combination with the gain 
(activation) of crystallin synthesis to form the 
transparent lens [25, 26]. In an example from mam-
mals, the conversion of α-cells to β-cells in the pan-
creatic islets following destruction of β-cells is 
accomplished by downregulation of glucagon lev-
els (dedifferentiation) and gain (activation) of insu-
lin expression [27, 28]. Other mammalian examples 
include the conversion of supporting cells to hair 
cells after ear damage and conversion of fibroblasts 
to myofibroblasts in skin wounds [24].

Cell type conversions such as those listed 
above are typically referred to as transdifferentia-
tion or direct reprogramming [29, 30]. The appli-
cation of these concepts to the Schwann cell 
injury response reflects a more comprehensive 
understanding than using the terms dedifferentia-
tion and activation, which refer only to a part of 
the cell type conversion taking place [24].

29.3  What Takes Place During 
Schwann Cell 
Reprogramming?

Most nerve injuries involve not only axonal tran-
section but also the rupture of connective tissue 
and nerve sheaths resulting in a gap between the 

proximal and distal end of the nerve. If the gap is 
small, the proximal and distal stumps are reat-
tached by suturing or gluing, while the repair of 
larger gaps may be attempted by insertion of arti-
ficial tissue bridges or inserted segments obtained 
from another nerve. Clinical issues associated 
with this nerve injury region include how to max-
imize the number of axons that succeed in cross-
ing from the proximal to the distal stump, and 
how to prevent them from growing to the wrong 
targets (misrouting).

Having crossed the injury region, axons are 
faced with the task of regeneration along the dis-
tal stump to reach their target tissues, a process 
that can take many months depending on the 
proximal/distal location of the injury. Successful 
axonal growth through the distal stump takes 
place along the repair Schwann cells, which have 
now organized to form cellular columns, often 
referred to as regeneration tracks or Bungner 
bands, inside the basal lamina tubes, which for-
merly housed the myelinated or Remak fibers of 
uninjured nerves. We will now describe the gen-
eration of these repair-supportive cells from the 
Schwann cells of uninjured nerves in more 
detail. For simplicity this process will be dis-
cussed in terms of myelin Schwann cells only; 
similar principles are likely to hold for non-
myelin (Remak) cells.

The Schwann cell injury response has two 
principal components. One of these is the reversal 
of myelin differentiation. This involves transcrip-
tional downregulation of the central myelin tran-
scription factor Egr2 (Krox20), enzymes of 
cholesterol synthesis, structural proteins such as 
myelin protein zero (MPZ), myelin basic protein 
(MBP), and membrane- associated proteins like 
myelin-associated glycoprotein (MAG) and peri-
axin [18, 19]. Conversely, the cells upregulate 
molecules that characterize pre-myelinating 
Schwann cells in developing nerves (immature 
Schwann cells) including L1, NCAM, p75NTR, 
and glial fibrillary acidic protein (GFAP) [18, 19].

The other, and functionally more important, 
part of the injury response is the activation of a 
group of repair-supportive phenotypes. This 
repair program includes a number of compo-
nents: (1) Upregulation of neurotrophic factors 
and other proteins that support the survival of 
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injured neurons and accelerate axonal regenera-
tion, such as GDNF, artemin, BDNF, NT3, NGF, 
VEGF, erythropoietin, pleiotrophin, p75NTR, 
and N-cadherin [5, 18, 31–34]. (2) Activation of 
an innate immune response, including the upreg-
ulation of cytokines including TNFα, LIF Il-1α, 
Il-1β, LIF, and MCP-1 [35, 36]: This promotes 
interaction between repair cells and immune cells 
and recruitment of macrophages to the nerve. 
This immune response is likely to promote nerve 
regeneration through more than one mechanism. 
In addition to activating macrophages, cytokines 
such as Il-6 and LIF can also act on neurons to 
promote axonal regeneration [37–39]. In addi-
tion, invasion of macrophages into nerves and 
ganglia provides a secondary source of cytokines 
and stimulates the formation of blood vessels in 
the distal stump [40–42]. Macrophages also 
cooperate with Schwann cells to degrade myelin 
debris that potentially inhibits axon growth dur-
ing myelin clearance (see further below) [36, 43]. 
(3) Reorganization of cell morphology, involving 
two- to threefold elongation of myelin cells and 
often elaboration of long parallel cellular pro-
cesses (Fig. 29.2) [44]: This allows repair cells to 
align in a partly overlapping fashion to form 
compact cellular columns (Bungner bands). They 
act as obligatory regeneration tracks for regener-
ating axons, providing essential substrate and 
guidance cues, which allow regenerating axons 
to reach their targets [45]. (4) Activation of 
autophagy for myelin breakdown [46].

The dedifferentiation and repair programs 
described above reprogram Schwann cells of 
uninjured nerves to cells specialized to support 
regeneration. It is important or note that, just 
like the phenotype of myelin and Remak cells, 
the phenotype of these repair (Bungner) 

Schwann cells remains unstable and dependent 
on environmental signals. Thus, in regenerated 
nerves, when repair cells are redundant, they 
reassociate with axons and return to the myelin 
and Remak phenotypes seen before injury. The 
repair cells are therefore a transient population, 
produced on demand and present only as long 
as needed [14].

29.4  Repair Cells Activate Myelin 
Autophagy to Break Down 
Redundant Myelin

In contrast to CNS fiber tracts, where growth- 
inhibiting myelin remains for a long time, injured 
peripheral nerves quickly clear the redundant 
myelin sheaths [41, 43, 45, 47–49]. While 
Schwann cell and macrophage phagocytosis play 
a part, the initial step in this process is the activa-
tion of myelin autophagy. Therefore, during 
Schwann cell reprogramming, myelin cells not 
only switch off myelin maintenance, but also 
switch on an intracellular pathway for myelin 
destruction.

At the initiation of myelin clearance is the 
activation of an actin-dependent process, which 
divides myelin sheaths into oval-shaped intracel-
lular segments, which break down into smaller 
fragments [50]. We find that these fragments are 
delivered to lysosomes for digestion by a 
 selective, mTOR-independent autophagy, myeli-
nophagy, which is strongly activated in Schwann 
cells of injured nerves (Fig. 29.3) [46]. This pro-
cess is distinct from the classical, mTOR-depen-
dent starvation autophagy mechanisms [46, 51]. 
The identification of autophagy as a major mech-
anism for destruction of myelin by Schwann cells 

Nuclear region

(1450 µm)

Fig. 29.2 The structure of repair Schwann cells. An example of a branched repair Schwann cell in the distal stump (4 
week transected tibial nerve without re-innervation (adapted from Gomez-Sanchez et al. [44])
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is consistent with the widely held notion that 
autophagy is a central mechanism by which cells 
digest their own components, organelles, and 
large macromolecular complexes.

The existence of a pathway in Schwann cells 
which, if activated, will destroy myelin is obvi-
ously a potential hazard. Future work will show 
whether this pathway is liable to be inappropri-
ately activated, and whether this plays a part in 
demyelinating disease. Recent observations indi-
cate that this may be the case, since in a mouse 
model of CMT1A, the most common hereditary 
demyelinating neuropathy in man, uninjured 
nerves show evidence of enhanced autophagy 
activation [46]. Classical, mTOR-dependent star-
vation autophagy has also been shown in 
Schwann cells, where it is beneficial, helping to 
degrade protein aggregates that form in some 
myelin mutants [52].

It is intriguing that in the transected optic 
nerve, where myelin is not degraded after injury 
in line with that found in the rest of the CNS, 
there is little evidence of the activation of autoph-
agy [46].

29.5  c-Jun Has a Major Role 
in Repair Schwann Cells

In uninjured nerves, the transcription factor c-Jun 
is expressed at low levels, although it is detect-
able in nuclei of both myelin, but especially 
Remak, cells [15, 53–55]. In the Schwann cells of 
injured nerves, c-Jun levels rise rapidly and can 
become 80–100-fold higher than the levels seen 
before injury (Fig. 29.4) [56, 57]. The functional 
significance of this became clear when nerve 
regeneration was shown to be severely affected in 
c-Jun cKO mice, in which c-Jun has been geneti-
cally inactivated in Schwann cells selectively 
[15]. Schwann cell development is not affected in 
these mice. But axonal regeneration and func-
tional recovery after injury are strikingly com-
promised or absent. This regeneration failure 
reflects the key role of c-Jun in the Schwann cell 
injury response, where c-Jun activation is 
required for the normal execution of both the 
dedifferentiation and repair programs [15].

During the dedifferentiation of myelin 
cells, c-Jun is needed for the normal suppres-

Myelin Schwann cell
Uninjured nerve

Denervated Schwann cell
Injured nerve

Lysosome Autolysosome

Autophagosome
Phagophore

LC3-I LC3-II
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signalling involving

ceramide and JNK/c-Jun

Atg 7Axon

Fig. 29.3 Outline of myelinophagy. The left hand diagram 
depicts a transverse section through a myelin Schwann cell 
in an uninjured nerve. The myelin sheath is in direct conti-
nuity with the Schwann cell membrane and a component of 
the Schwann cell. The right hand diagram depicts a myelin 

Schwann cell after nerve injury and axonal degeneration. 
The myelin sheath has broken up into myelin ovoid and 
smaller fragments lying in the Schwann cell cytoplasm. 
The proposed role of autophagy in digesting these frag-
ments is illustrated (from Gomez-Sanchez et al. [46])
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sion of myelin genes, including the MPZ and 
MBP genes and the gene encoding the pro-
myelin transcription factor Egr2 (Krox20). 
The ability of c-Jun to downregulate Egr2 
(Krox20) and other myelin factors, which was 
discovered before its importance for regenera-
tion was realized, gave rise to the notion that 
c-Jun, and a number of other transcriptional 
regulators, such as Notch, Sox2, Pax3, and 
Id4, functioned as negative regulators of 
myelination [19, 53, 58].

c-Jun is also essential for the normal activation 
of the repair program [15, 31]. In c-Jun cKO mice, 
the normal upregulation of factors involved in 
regeneration and neuronal survival fails in the 
Schwann cells distal to injury. This includes 
GDNF, artemin and BDNF, p75NTR, and 
N-cadherin. GDNF and artemin have also been 
shown to be direct targets of c-Jun [31]. A central 
role for Schwann cell c-Jun activation in support-

ing the survival of injured neurons is shown by the 
observation that in c-Jun cKO mice substantial 
numbers of DRG sensory neurons and facial 
motoneurons die after sciatic and facial nerve 
injury, respectively. The nerves in c-Jun cKO mice 
also show long-term delay in myelin clearance, 
reflecting the role of c-Jun in stimulating myelin 
autophagy [46]. The regeneration tracks (Bungner 
bands) in c-Jun cKO mice are structurally disorga-
nized, and in culture c-Jun is necessary for what 
has become known as the “typical” narrow, bi/
tripolar Schwann cell morphology, since c-Jun-
negative cells tend to be flattened and sheet-form-
ing. Evidence is emerging that epigenetic 
mechanisms such as histone methylation state and 
miRNA also take part in the activation of the repair 
program, since demethylation of H3K27 and 
downregulation of key miRNAs have been impli-
cated in the activation of important injury genes 
including Shh, Igfbp2, Olig1, and GDNF [59, 60].
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Fig. 29.4 c-Jun promotes the conversion of myelin cells 
to repair cells. Distal to nerve injury, the down-regulation 
of the myelin program and activation of the repair pro-
gram combine to convert myelin cells of unperturbed 
nerves to the repair Schwann cells found in the distal 

stump of injured nerves. These cells are designed to keep 
injured neurons alive, organize myelin breakdown, and 
promote axon growth and to guide them back to their tar-
gets. c-Jun acts as a global amplifier of the repair Schwann 
cell phenotype
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A number of other signaling mechanisms have 
been implicated in controlling the Schwann cell 
injury response. This includes Notch [61] and the 
ERK1/2 MAPK signaling pathway, which may 
be particularly important for activation of cyto-
kines and macrophage recruitment [62–67]. The 
other main MAPK signaling pathways, p38 and 
JNK, are also activated by nerve injury and pro-
mote dedifferentiation of myelin cells [53, 68, 
69]. Inappropriate activation of Notch or Raf/
ERK in Schwann cells is sufficient to cause 
demyelination, even in uninjured nerves [61, 66].

29.6  c-Jun and Demyelinating 
Neuropathy

In human nerves, as in rodents, c-Jun is found at 
low levels in normal Schwann cells. c-Jun is also 
upregulated in various human neuropathic condi-
tions that do not involve nerve cut or crush [70]. 
In some of these cases, c-Jun may take part in 
promoting demyelination, since c-Jun has the 
potential to downregulate myelin genes as dis-
cussed earlier. This is supported by the finding 
that near-30-fold elevation of c-Jun, genetically 
engineered in uninjured nerves, results in dysmy-
elination [71]. c-Jun can therefore be considered 
a candidate gene for causing demyelinating 
pathology. In contrast, other studies show that 
modest c-Jun elevation in Schwann cells of dis-
tressed nerves can be beneficial and provide 
increased neurotrophic support. Thus c-Jun is 
elevated in uninjured nerves of a mouse model of 
the most common human genetic demyelinating 
neuropathy CMT1A [55]. If c-Jun is genetically 
inactivated in these CMT1A mice, they exhibit 
distal sensory axonopathy and deterioration in 
sensory-motor performance. In another mouse 
model human genetic demyelinating disease, 
CMT1X, Schwann cells of uninjured nerves also 
show c-Jun elevation, and a c-Jun target gene, 
GDNF, a factor that supports neuronal survival, is 
also elevated [54]. Further, in a mouse mutant 
involving inactivation of the LKB1 kinase in 
Schwann cells and showing axonal damage with-
out overt demyelination, c-Jun protein is elevated 

as well as c-Jun-associated injury genes includ-
ing GDNF and Shh [72].

In both the CMT1A and CMTX mouse 
mutants, the c-Jun elevation is seen in the nuclei 
of Schwann cells that retain myelin differentia-
tion. Further, we have found that a mouse engi-
neered to show about sevenfold overexpression 
of c-Jun protein in Schwann cells nevertheless 
has relatively normal myelin sheaths and nerve 
architecture [71].

Taken together these observations raise sev-
eral points. First, high c-Jun elevation can dam-
age myelin sheaths, and a factor in demyelinating 
disease. Second, more modest but significant 
c-Jun elevation is compatible with myelin differ-
entiation and does not cause demyelination. 
Third, in uninjured nerves of mice which are dis-
tressed by genetic disease, such as the CMT1A of 
CMTX mice, Schwann cells respond by rela-
tively modest c-Jun activation, which is low 
enough to be compatible with the myelin differ-
entiation, but high enough to activate repair- 
related genes, representing a graded 
neuroprotective Schwann cell response to nerve 
distress that does not involve the overt generation 
of the repair phenotype associated with nerve 
injury. Even in nerves engineered to show high 
c-Jun expression we have not seen evidence of 
tumor formation [71].

29.7  The Role of Repair Cells 
in Regeneration Failures

Although rodent nerves often regenerate impres-
sively and human nerves also show clear capacity 
for regeneration, the clinical outcomes after 
nerve injury are frequently poor, and in humans 
nerve injuries remain an important problem. 
There are a number of reasons for these regenera-
tion failures, including target atrophy, neuronal 
death, axonal misrouting, and difficulty of get-
ting sufficient axon numbers across the injury 
site into the distal stump. Two further issues are 
directly relevant to the repair Schwann cells dis-
cussed here. One is the chronic denervation of 
repair cells. The other is aging.
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In regenerating nerves of humans and other 
larger animals, the more distal Schwann cells 
often remain chronically denervated for many 
months while axons slowly elongate through the 
nerve. During this time, the axon-free distal nerve 
stump gradually loses its repair-supportive capac-
ity as repair Schwann cells deteriorate, downreg-
ulate the expression of repair genes, and reduce 
in number. This decline is one of the key reasons 
for regeneration failure in humans [73, 74]. Age- 
dependent deterioration of regeneration capacity 
is also well documented both in humans and in 
other animals, and rodent studies indicate that 
this is for the most part due to reduced activation 
of the repair Schwann cell phenotype [75].

Since the fading of the repair cell phenotype 
during chronic denervation and subdued repair 
cell activation in older animals are major causes 
of deficient nerve repair, the mechanisms that 
promote and sustain the expression of the repair 
phenotype are attractive targets for interventions 
to improve regeneration. In this context, it is 
interesting that levels of c-Jun, a global amplifier 
of repair cell properties as explained earlier, 
gradually decline during chronic denervation. 
Similarly c-Jun activation in older animals is 
reduced compared with that seen in younger ani-
mals. Furthermore, prevention of impaired c-Jun 
levels after chronic denervation and in injured 
nerves of older animals is sufficient to correct the 
regeneration deficits seen in these conditions 
[76]. The STAT3 pathway is also involved in 
maintaining the repair phenotype during chronic 
denervation [77] and additional pathways that 
regulate repair cells will undoubtedly be identi-
fied in future studies. The targeting of these 
molecular mechanisms is likely to prove an effec-
tive way to develop therapeutics for improving 
the outcome of nerve injuries [78].
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Adipose-Derived Stem Cells (ASCs) 
for Peripheral Nerve Regeneration

Mathias Tremp and Daniel F. Kalbermatten

30.1  Introduction

Each year, numerous surgical procedures are 
performed for peripheral nerve repair, with a 
significant amount of lost working days with 
corresponding economic consequences [1]. 
Nerve lesions without defect or with a short gap 
are normally reconstructed by end-to-end coap-
tation. Traumatic injuries resulting in longer 
peripheral nerve lesions however often require 
a graft to bridge the gap. Nevertheless, full 
recovery might never be achieved, especially 
with extended lesions [2]. Schwann cells (SCs) 
play a prominent role in peripheral nerve regen-
eration [3] and are thus an attractive therapeutic 
target. Nerve injury disrupts the normal SC–
axon interaction, resulting in dedifferentiation 
of the SCs and activation of a growth-promot-
ing phenotype [4]. Proliferating SCs release 
neurotrophic factors [5] and form the bands of 
Büngner to direct regenerating axons across the 
lesion. When seeded in artificial nerve conduits, 
SCs have been shown to enhance nerve regen-
eration [6–8]. However, cultured SCs have lim-
ited clinical application. The requirement for 

nerve donor material evokes additional morbid-
ity and the time required to culture and expand 
the cells delays treatment. Instead, the ideal 
transplantable cell should be easily accessible, 
proliferate rapidly in culture, and successfully 
integrate into host tissue with immunological 
tolerance [9]. Mesenchymal stem cells (MSCs) 
are an attractive cell source for the regeneration 
of nerve tissue as they are able to self-renew 
with a high growth rate and possess multipotent 
differentiation. Moreover, adipose-derived 
stem cells (ASCs) represent a readily available 
source for isolation of potentially useful stem 
cells and thus are very attractive for tissue engi-
neering purposes [10]. In culture, they showed 
to have an impressive developmental plasticity, 
including the ability to undergo multilineage 
differentiation and self- renewal [11]. When 
ASCs are compared with BM-MSCs, further 
similarities have been demonstrated in regard 
to their growth kinetics, cell senescence, gene 
transduction efficiency [12], as well as CD sur-
face marker expression [13–15] and gene tran-
scription [14]. However, compared to 
BM-MSCs, ASCs have significant advantages 
for tissue engineering application, because of 
the tissue accessibility, multipotency, and ease 
of isolation without donor-site injury or painful 
procedures. In this chapter, we discuss the 
potential use of ASCs in the field of peripheral 
nerve regeneration and discuss the tissue engi-
neering approach.
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30.2  Technique

30.2.1  The Short-Term Regeneration 
Potential After Human 
and Autologous Stem Cell 
Transplantation in a Rat 
Sciatic Nerve Injury Model

The ability of human stem cells to improve 
peripheral nerve regeneration was recently 
investigated and compared with autologous 
stem cell transplantation in a rat sciatic nerve 
injury model. Evaluation was performed using 
MRI and immunocytochemistry [16]. In a first 
step, a sciatic nerve lesion creating a 10 mm gap 
was used in female Sprague Dawley rats. In 
group 1 (negative control group), a fibrin con-
duit was inserted with culture medium (CM) 
alone, containing DMEM/F-12, 1% penicillin/
streptomycin, and 10% FBS. All study animals 
(groups 2–7, seven per group) were treated with 
either rat (r)ASCs, differentiated rASCs 
(SC-like cells), human (h-) ASCs from the 
superficial and deep layer, stromal vascular 
fraction (SVF), or SCs only (positive control 
group) (Fig. 30.1). After 2 weeks, nerve regen-

eration was analyzed by immunocytochemistry. 
Moreover, imaging analysis (MRI) was per-
formed after 2 and 4  weeks to monitor nerve 
regeneration. The results showed that sciatic 
nerve axonal regeneration was different depend-
ing on the type of cells that were injected in the 
fibrin conduits. A significant longer regenera-
tion distance in the SC fibrin conduit group was 
observed compared with all the other groups 
(p < 0.0001). Human ASCs from the superficial 
layer as well as SVF have inferior results when 
compared with autogenous ASCs. No signifi-
cant difference was noticed between the hASC 
groups from the superficial and deep layers. 
Importantly, autogenous ASCs and hASCs from 
the deep abdominal layer similarly improved 
nerve regeneration. Differentiated rASCs 
showed longer nerve growth than rASCs by 
PGP 9.5, but not by S100. No significant nerve 
regeneration was achieved in the animals in 
which an empty fibrin conduit with CM only 
was used. A strong correlation was found 
between the length of the regenerating axon 
front measured by MRI and the length of the 
regenerating axon front measured by immuno-
cytochemistry (r = 0.74, p = 0.09) [16].

ASC/SVF SC-like
cells

FSK, FGF, GGF

PDGF

ASC

Fibrin
conduit
1 cm

SC
Implant

1X106 cells

1X106 cells

Fig. 30.1 Overall study design. ASC/SVF adipose- 
derived stem cell/stromal vascular fraction, SC Schwann 
cell, FSK forskolin, FGF fibroblast growth factor, GGF 

glial growth factor (neuregulin-1b1), PDGF platelet- 
derived growth factor [16]
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30.2.2  Peripheral Nerve Repair: 
Multimodal Comparison 
of the Long-Term 
Regenerative Potential 
of ASCs in a Biodegradable 
Conduit

In a recent work by Kappos et al. [17], a broad 
overview over promising transplantable cells in 
peripheral nerve repair according to the current 
state of research was presented, including 
rASCs, differentiated rASCs (drASCs), rSCs, 
hASCs from the superficial (hASCsup) and 
deep (hASCdeep) abdominal layers, as well as 
hSVF, and, as a control, an autograft to bridge a 
10  mm gap in the sciatic nerve of rats. The 
diverse cell types were examined long-term 
(12  weeks) in a multimodal way containing 
functional and morphometric as well as MRI 
analyses. The sciatic nerve injury model was 
used, creating a 10 mm gap in the left nerve of 
female Sprague Dawley rats that was bridged 
through a biodegradable fibrin conduit by the 
microsurgical suture technique. 1 Mio of each 
of the abovementioned cells was introduced 
into the conduits. The results showed that rats 
whose nerve had been repaired with drASCs 
had a higher mean sciatic functional index 
(SFI) than those with undifferentiated rASCs 
and an even higher mean SFI than rats with an 
autograft. Superficial abdominal layer human 
ASCs (hASCsup) had a higher mean SFI than 
deep (hASCdeep) abdominal layer human 
ASCs. While human abdominal layer ASCs 
(hASCsup/hASCdeep) and human SVF cells 
did not differ from rSCs in SFI, rASCs had a 
lower mean SFI and drASCs had a higher mean 
SFI than rSCs. In line with those results, rats 
whose left nerve had been repaired with drASCs 
had a higher relative muscle weight than those 
with rASCs. All other contrasts were nonsig-
nificant. Rats with an autograft had the largest 
relative muscle weights.

30.2.3  Regeneration Patterns 
Influence Hind Limb 
Automutilation After Sciatic 
Nerve Repair Using Stem Cells 
in Rats

Despite common hind limb autotomy in operated 
animals, the rat sciatic nerve model is the most 
commonly used model by researchers working 
on peripheral nerve injury and regeneration [18]. 
The phenomenon of hind limb autotomy in oper-
ated animals, leading to amputation of part of one 
or several toes, was analyzed by Walland et al. in 
1979 [19] and widely observed since. Hind limb 
autotomy is often underestimated in literature 
with little attention in peripheral nerve regenera-
tion research. Autotomy usually starts within the 
first 3 weeks after nerve injury and peaks between 
weeks 2 and 4. Depending on the type of lesion 
and rat strain, incidence can be as high as 90% 
[20], and can lead to considerable research and 
ethical issues. In a recent study by Hasselbach 
et al. [21], they applied adult stem cells in a fibrin 
conduit (1 cm sciatic gap) in a total sciatic axot-
omy model to improve nerve regeneration, inves-
tigating whether a correlation could be detected 
between stem cell effects on regeneration and 
limb autophagy. Experimental groups included 
empty fibrin conduits, fibrin conduits seeded 
with primary SCs, and fibrin conduits seeded 
with SC-like dMSCs and dASCs. Controls were 
represented by autografts and by sham rats. At 
16 weeks postimplantation, regeneration pattern 
was analyzed on histological sections and related 
to eventual autophagy. Hind limbs were evalu-
ated and scored according to autophagy Wall’s 
scale and X-ray radiological evaluation. In this 
study, all regenerative cell lines significantly 
improved myelination at the mid-conduit level, 
compared to the empty tubes. However, dMSC 
could not significantly improve myelination at 
the distal stump, showing a more disorganized 
regeneration compared to both other cell groups 
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and controls. Moreover, autophagy was corre-
lated to this regeneration patterns, with higher 
autophagy scores in the empty and dMSC group.

30.2.4  Neurotrophic Activity 
of hASCs Isolated from Deep 
and Superficial Layers 
of Abdominal Fat

Our group has shown that rASC can be differenti-
ated into cells resembling SCs, which promote 
neurite outgrowth in  vitro [22] and enhance 
peripheral nerve regeneration in  vivo [23]. 
Although some transdifferentiation of trans-
planted MSC might occur in  vivo, the exact 
mechanisms behind the neuroprotective and 
growth-promoting effects of adult stem cells 
remain poorly investigated. However, some of 
the benefits elicited by transplanted cells might 
occur as a direct result of their production of neu-
rotrophic factors.

The properties of hASC isolated from the 
deep and superficial layers of abdominal fat tis-
sue obtained during abdominoplasty procedures 
were analyzed in a recent study [24]. In this 
research, cells from the superficial layer prolif-
erated significantly faster than those from the 
deep layer. In both the deep and superficial lay-
ers, ASCs express the pluripotent stem cell 
markers oct4 and nanog and also the stro-1 cell 
surface antigen. Superficial layer ASCs induce 
the significantly enhanced outgrowth of neurite-
like processes from neuronal cell lines when 
compared with that of deep-layer cells. However, 
analysis by reverse transcription with the poly-
merase chain reaction and by enzyme-linked 
immunosorbent assay (ELISA) has revealed 
that ASCs isolated from both layers express 
similar levels of the following neurotrophic fac-
tors: nerve growth factor (NGF), brain-derived 
neurotrophic factor (BDNF), and glial-derived 
neurotrophic factor (GDNF) (Fig.  30.2). Thus, 
human ASCs especially isolated from the super-
ficial layer show promising potential for the 
treatment of traumatic nerve injuries and further 
analysis of their neurotrophic molecules is 
needed.

30.2.5  Regeneration Potential 
and Survival of Transplanted 
Undifferentiated ASCs 
in Peripheral Nerve Conduits

There is a lack of information about the regenera-
tive properties of undifferentiated ASCs for the 
treatment of peripheral nerve injuries as well as 
their capacity for in vivo transdifferentiation. In a 
recent study by Erba et al. [25], these points were 
investigated using a nerve conduit filled with 
either a suspension of ASCs or a combination of 
cells and differentiating growth factors, in a 
rodent nerve injury model. It was also of interest 
to determine the survival of the transfected ASCs 
in vivo using a combination of markers. In their 
study, the results suggested that any regenerative 
effect of transplanted ASCs is more likely to be 
mediated by an initial boost of released growth 
factors and/or by an indirect effect on endoge-
nous SCs activity [25, 26]. Santiago et  al. [27] 
reported that while the transplantation of human 
ASCs in a rat sciatic nerve defect promoted nerve 
tissue regeneration and a decrease in muscle atro-
phy, the ASCs did not differentiate to SC-like 
cells at the site of injury. These results suggest 
that the regenerative effect of transplanted ASCs 
is likely due to an initial boost of released growth 
factors as well as an indirect effect on endoge-
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Fig. 30.2 Enzyme-linked immunosorbant assay (ELISA) 
was used to determine NGF, GDNF, and BDNF protein 
levels in cell culture supernatants from deep and superfi-
cial layer ASC and compared with expression levels in 
human SC cultures. Data are means ± SEM from five indi-
vidual patients [24]
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nous SC activity. Further evidence for peripheral 
nerve regeneration through the paracrine effects 
of ASCs is presented by Widgerow et al. [28] and 
Kingham et al. [29].

30.2.6  ASCs Enhance Peripheral 
Nerve Regeneration

In a study by di Summa et al. [23], fibrin nerve 
conduits were seeded with various cell types (pri-
mary SCs and adult stem cells differentiated to a 
SC-like phenotype) for repair of sciatic nerve 
injury. Two weeks after implantation, the con-
duits were removed and examined by immuno-
histochemistry for axonal regeneration (evaluated 
by PGP 9.5 expression) and SC presence 
(detected by S100 expression). The results 
showed a significant increase in axonal regenera-
tion in the fibrin group seeded with SCs com-
pared with the empty fibrin conduit. Differentiated 
ASCs also enhanced regeneration distance in a 
similar manner to dMSCs. These observations 
suggest that ASCs may provide an effective cell 
population, without the limitations of the donor- 
site morbidity associated with isolation of SCs, 
and could be a valuable route towards new meth-
ods to improve peripheral nerve repair [23].

30.2.7  Long-Term In Vivo 
Regeneration of Peripheral 
Nerves Through 
Bioengineered Nerve Grafts

In another study by di Summa et al. [30], long- 
term results were assessed where nerve fibrin 
conduits were seeded with various cell types: pri-
mary SCs, SC-like dMSC, and SC-like 
dASC.  Two further control groups were fibrin 
conduits without cells and autografts. Conduits 
were used to bridge a 10 mm rat sciatic nerve gap 
in a long-term experiment (16 weeks). Functional 
and morphological properties of regenerated 
nerves were analyzed. A reduction in muscle 
atrophy was observed in the autograft and in all 
cell-seeded groups, when compared with the 
empty fibrin conduits. SCs showed significant 

improvement in axon myelination and average 
fiber diameter of the regenerated nerves. dASCs 
were the most effective cell population in terms 
of improvement of axonal and fiber diameter, and 
evoked potentials at the level of the gastrocne-
mius muscle and regeneration of motoneurons, 
similar to the autografts. Given these results and 
other advantages of ASCs such as ease of harvest 
and relative abundance, dASCs could be a valu-
able translatable route towards novel methods to 
accelerate peripheral nerve repair [30].

30.3  Discussion

Peripheral nerve injury results in impaired sen-
sory and motor functions and often leads to long- 
term disability [31]. It has been shown 
experimentally that even under the most optimal 
immediate nerve repair scenario only 50% of 
neurons regenerate their axons into the distal 
stump [31, 32]. One of the greatest clinical chal-
lenges today is to treat nerve defects in which 
there is a significant loss of tissue [31]. To date, 
there are few clinically relevant alternatives to 
nerve grafts and all of the currently marketed 
conduits failed to fully reproduce the biological 
properties of the nerve grafts [31].

Today, there are now a large number of studies 
describing the application of ASCs for peripheral 
nerve repair [31, 33]. ASCs are an attractive cell 
source for tissue regeneration because of their 
self-renewal ability, high growth rate, low immu-
nogenicity, and multipotent differentiation prop-
erties, making them also ideal candidates for 
allogeneic transplantation [16, 34, 35]. ASCs 
might exert a positive influence on peripheral 
nerve regeneration and can be differentiated into 
SCs in vitro [31, 35]. ASCs have been shown to 
promote angiogenesis and neuronal survival in 
the spinal ganglion, neurotrophic factor provi-
sion, and protection of neurons [36, 37]. 
Interestingly, ASCs are suggested to be better at 
regenerating motor neurons specifically [27]. 
They can also be applied intravenously, spread-
ing throughout the body, and get to their target 
organs by a homing response to the injured neu-
rological tissue [38, 39].
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Different strategies have been attempted to 
further improve the neurotrophic potential of 
ASCs such as electrical stimulation and highly 
conductive topographical materials [38]. 
Experiments using direct and indirect co-cultures 
of dASC and dorsal root ganglion (DRG) neu-
rons showed that extracellular matrix (ECM) 
molecules influence cell viability, adhesion, and 
neurotrophic behavior of dASCs [40]. 
Furthermore, dASCs retain their regenerative 
capacity for longer than ASCs [41]. Moreover, 
treatment of dASCs with leukemia inhibitory 
factor increased the expression levels of the glial 
markers S100 and GFAP and of the myelin basic 
protein, suggesting that the myelinating potential 
can be ameliorated with the treatment with cyto-
kines [42]. Furthermore, ASCs have been shown 
to produce a significant quantity of laminin which 
can activate SCs to enhance myelination in a 
mutant mouse model [43]. Interestingly, undif-

ferentiated ASC-conditioned media were shown 
to promote neurite growth and prevent neuronal 
death, effects that have been associated with the 
release of neurotrophic factors such as NGF and 
BDNF [44, 45]. Ideally, for routine clinical appli-
cation, fat is harvested from patients suffering 
from nerve injuries to derive and expand ASCs 
in vitro. Then, the cells could be directly trans-
planted into bioengineered nerve guides for the 
repair of the nerve damage, or transdifferentiated 
into dASC prior to reimplantation (Fig. 30.3).

Abbas et al. aimed to provide functional ben-
efits for axons traversing a cross-face nerve auto-
graft by seeding the local environment with ASCs 
in a model of facial paralysis. They showed that 
ASCs could be a clinically translatable route 
towards new methods to enhance recovery after 
cross-facial nerve grafting [46]. ASCs increased 
the number of axons that breach the coaptation 
site and enter the graft, optimized myelination to 
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Fig. 30.3 Possible ideal clinical scenario: ASCs could be isolated from patients after peripheral nerve trauma and 
transplanted into nerve conduits with or without prior differentiation in SC-like cells [35]
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achieve maximal functional and structural effi-
ciency, and supported the functional integrity of 
denervated neuromuscular junctions [46].

In the recent years, many new therapeutic 
strategies for improving nerve repair are being 
developed. Almost all of these studies include the 
short gap injury model in rat sciatic nerve and 
there is clearly a need to translate these studies to 
large animal models [31]. The results showed 
that guidance conduit structures and living cells 
are essential for the repair of larger nerve gaps to 
provide trophic support and recreate the environ-
ment provided by the nerve autograft [47–49]. 
Recently, effective technology has been devel-
oped for the production of engineered neural tis-
sue (EngNT), an aligned cellular biomaterial for 
nerve repair in the 15 mm rat sciatic nerve gap 
model [47, 50]. However, a key factor limiting 
the translation of the technology is the availabil-
ity of SCs. Autologous human SCs are needed 
from invasive nerve biopsies and sufficient cell 
numbers for regeneration are only available after 
a time-consuming expansion time in  vitro [47, 
51]. ASCs are an accessible source of adult stem 
cells in large quantities with little donor-site mor-
bidity or patient discomfort [47]. Moreover, 
rASCs differentiated into dASCs express a range 
of SC proteins; they can promote neurite out-
growth in vitro and enhance regeneration in vivo 
[11, 47, 52, 53]. Consequently, dASCs have been 
transplanted in fast-resorbing fibrin conduits, 
synthetic nerve tube conduits, or naturally occur-
ring decellularized matrices [29, 41, 54]. The 
mechanism of the action of the stem cells has not 
been definitively elucidated yet, but studies sug-
gest that they work by either releasing growth 
factors themselves or modulating the endogenous 
SCs [39, 55]. It is unclear to determine whether 
the dASCs themselves are responsible for 
myelinating the regeneration axons or if they 
enhance the myelination by the endogenous SCs. 
Nevertheless, in vitro studies showed that dASCs 
form myelin whereas undifferentiated ASCs do 
not form myelin [56].

In a recent study by Sowa et  al. [57], ASCs 
and SCs were transplanted with gelatin hydrogel 
tubes at the artificially blunted sciatic nerve 
lesion in mice. The Cre-loxP-mediated fate track-

ing technology was used to visualize differentia-
tion of the transplanted ASCs into the SC lineage 
in situ at the peripheral nerve injury lesion. In 
their study, the transplantation of ASCs promoted 
regeneration of axons, formation of myelin, and 
restoration of denervation muscle atrophy to lev-
els comparable to those achieved by SC trans-
plantation. Importantly, ASCs survived for at 
least 4 weeks after transplantation without differ-
entiating into SCs. ASCs may produce more 
favorable specific matrix components or extracel-
lular environment for peripheral nerve repair 
in vivo than SCs [55].

ASCs may offer more beneficial effects on 
surrounding structures than SCs by improving 
the environment of the injury site [57]. ASCs pro-
duce and release various angiogenic factors, such 
as vascular endothelial growth factor (VEGF) A, 
VEGF C, and hepatocyte growth factor, which 
are known to be responsible for neoangiogenesis 
and improvement of cellular niche for graft, at 
higher quantities than SCs [44, 58]. However, the 
potential disadvantages of undifferentiated ASCs 
are that they are heterogeneous and undifferenti-
ated cell populations that could differentiate into 
undesired cell types, such as adipocytes, or 
develop a tumor (teratomas) after transplantation 
[27, 35, 57]. Thus, dASCs could prevent the risk 
of teratomas and in vivo differentiation towards 
undesired phenotype, and could potentially gen-
erate committed SC-like cells able to actively 
participate in the regeneration and re-myelination 
of the injured nerves [59].

30.4  Conclusions

ASCs may provide an effective cell population 
and could be a clinically translatable route 
towards new treatment strategies to enhance 
peripheral nerve repair. ASCs are easily accessi-
ble from the patients for use in an autologous cell 
therapy, eliminating the risk of rejection, and can 
be expanded in a controlled and reproducible 
manner. Regenerative effect of transplanted cells 
is more likely to be mediated by an initial boost 
of released growth factors and/or by an indirect 
effect on endogenous SC activity. However, there 
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is a great debate whether undifferentiated or dif-
ferentiated ASCs represent the most clinically 
viable option. Moreover, future studies in larger 
animals are needed to address long-term cell sur-
vival in tissue-engineered nerve conduits by 
means of functionalization of the coating with 
biological active substrates, combining a cell- 
based therapy and pharmacological intervention. 
It remains to be determined if culturing and 
expanding the cells in  vitro are beneficial for 
transplantation strategies, or if a more immediate 
approach, using SVF obtained and transplanted 
on the day of nerve repair, would be a better 
option. That being said, it would be of interest to 
identify the specific subpopulation leading to the 
best outcome for nerve repair or generating better 
performing SC-like ASCs.
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31.1  Introduction

The concept of reprogramming mature cells into 
other phenotypes has been around since the 
1960s when Gurdon showed that the nuclei taken 
from the endothelium of tadpoles could be trans-
planted into tadpole embryos [1]. The properties 
of the embryo reprogrammed the nucleus, giving 
rise to a complete tadpole. This seminal work 
demonstrated the possibility of reprogramming 
and this process was called nuclear transfer. It 
also set the stage for more recent effects in this 
area of reprogramming cells. Dolly, the cloned 
sheep produced in 1996, also served as an impor-
tant step in demonstrating the feasibility of repro-
gramming mammalian cells using the same 
nuclear transfer process [2]. While using embryos 
as a method of reprogramming was validated, 
researchers in 1981 confirmed that such repro-

gramming could be achieved using transcription 
factors, proteins that regulate which portions of 
DNA become converted to RNA, altering the 
protein expression patterns in a cell [3]. 
Transcription factors specify what types of 
mature cells will be produced during develop-
ment [4]. In a 1987 study, the authors expressed 
the transcription factor MyoD (associated with 
the development of muscles) in fibroblasts, caus-
ing them to become myoblasts, the long tubelike 
cells that are found in muscle tissue. This work 
showed that successful cellular reprogramming 
could be achieved without the use of embryos.

The invention of induced pluripotent stem 
cells (iPSCs) also demonstrated the power of 
transcription factors as tools for cellular repro-
gramming. In 2006, Takahashi and Yamanaka 
showed that a combination of four transcription 
factors (Oct3/4, Sox2, Klf4, and c-Myc) con-
verted mouse fibroblasts into iPSC lines, which 
possessed the property of pluripotency [5]. The 
next year, along with other research groups, they 
generated human iPSC lines from human fibro-
blasts, showing that such reprogramming could 
be accomplished in human cells [6, 7]. This 
reprogramming process works by virally express-
ing similar transcription factor patterns compared 
to those found in embryonic stem cells, which are 
also pluripotent [8]. These iPSC lines can differ-
entiate into any cell type found in the organism 
from which the cells were derived. These iPSC 
lines also avoid the ethical issues associated with 
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embryonic stem cells as they can be generated 
from somatic cells.

In 2010, the Wernig group demonstrated that 
it was possible to convert fibroblasts into cells 
they called induced neurons (iN) using a similar 
transcription factor-mediated reprogramming 
strategy [9]. The generation of iPSCs and iNs 
required viral overexpression of the necessary 
transcription factors to achieve reprogramming. 
Accordingly, the next section of this book chap-
ter focuses on such viral reprogramming meth-
ods. More recent methods for altering 
transcription factor expression patterns include 
the use of microRNAs, gene editing, small mol-
ecules, and functionalized proteins, which will 
also be analyzed in this book chapter. Cellular 
reprogramming can help scientists to understand 
the different features and progression of neurode-
generative diseases like Parkinson’s by repro-
gramming patient’s cells into neurons for further 
characterization and study [10]. In addition to 
reprogramming somatic cells into neurons 
in vitro, reprogramming somatic cells into neu-
rons in vivo using reprogramming also serves as 
an alternative tissue engineering strategy that 
could potentially restore function to the damaged 
nervous system [11, 12]. This book chapter cov-
ers the current state of reprogramming for appli-
cations in neural tissue using these different 
methods and closes by examining the barriers 
that must be addressed before such techniques 
can be translated for clinical applications.

31.2  Viral Mediated 
Reprogramming of Somatic 
Cells into Neural Phenotypes

31.2.1  Direct Reprogramming 
of Somatic Cells into Neurons 
Using Lentiviral Vectors

Lentiviral vectors, modified versions of wild- 
type retrovirus virus, retain only the cis-acting 
elements of the viral genes that allow RNA 
encapsidation, reverse transcription, and integra-
tion. This modification allows them to deliver a 
specific nucleic acid sequence that encodes the 

target gene to be expressed but removes their 
ability to replicate within the host cell [4]. 
Lentiviruses are unique among viruses in that 
they reverse transcribe their RNA into a triple- 
DNA strand which is then imported into the 
nucleus of the host cell without requiring cell 
division or disruption to the nuclear membrane. 
Once inside the nucleus, the triple-strand DNA 
integrates into the host genome through the 
action of the viral enzyme integrase, where it can 
then be transcribed into RNA and used to synthe-
size proteins [13]. Lentiviral expression of tran-
scription factors was the first established method 
for direct cellular reprogramming. Once inserted 
into the host genome of a cell, the host cell tran-
scribes the transcription factor DNA into proteins 
which go on to orchestrate the transcription of 
other genes, converting the cell from one pheno-
type to another [13, 14].

Wernig [15], who had previous experience in 
generating dopaminergic neurons from iPSCs, 
was the first to raise the question of whether it was 
possible to reprogram mature cells directly into 
divergent lineages. They isolated a set of three 
transcription factors able to successfully repro-
gram mouse fibroblasts into functioning neurons 
by screening a set of 19 genes expressed in neural 
tissues or involved in epigenetic reprogramming 
[9]. These three factors are Brn2, Ascl1, and 
Myt1l, often referred to as the BAM factors. 
Furthermore, they showed that Ascl1 alone was 
sufficient to activate the reprogramming process, 
while Brn2 and Myt1l assisted in maturation of 
functional properties. Conversion was seen to be 
rapid, taking only 20  days; however efficiency 
was low, ranging from 1.8 to 7.7%.

The Wernig group next applied the BAM fac-
tors to human fibroblasts, and found that although 
initial conversion into neurons was successful, 
maturation of functional properties required the 
help of a fourth transcription factor, NeuroD1 
[16]. These induced neurons were mainly an 
excitatory neuronal subtype, along with a large 
percentage of peripheral neurons. They could be 
generated from fetal and adult fibroblasts with 
similar efficiencies of 2–4%, showing that even 
adult cells which possess less plasticity than fetal 
cells can be reprogrammed. Furthermore, viral 
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BAMN expression induced endogenous expres-
sion of BAMN, showing that once the repro-
gramming process is activated it is self-regulated 
and does not require further viral mediated 
expression. The Wernig group next demonstrated 
the possibility of reprogramming between cells 
derived from different germ layers. Adult mouse 
hepatocytes were successfully converted into 
neurons using the BAM factors with an efficiency 
of 3%. In this experiment, they silenced the hepa-
tocyte transcriptome, confirming a complete lin-
eage switch as opposed to a hybrid phenotype 
consisting of traits from both lineages [17]. 
Figure 31.1 shows that Ascl1 alone is sufficient to 
achieve neuronal reprogramming.

Following these experiments, several combi-
nations of transcription factors have been identi-
fied for reprogramming specific neuronal 
subtypes for the treatment of neurodegenerative 
diseases and spinal cord injury. The rest of this 
section reviews some of the in vitro and in vivo 
reprogramming combinations discovered to date. 
Parkinson’s disease results when the dopaminer-
gic neurons of the midbrain degenerate, making 
these cells attractive cell therapy targets [18]. A 
screening process of 11 dopaminergic transcrip-
tion factors plus the BAM factors identified 
Ascl1, Nurr1, and Lmx1a as the minimal gene set 
necessary to generate mature dopaminergic neu-
rons from human fibroblasts [19]. Furthermore, 
these factors could reprogram fibroblasts taken 
from both healthy subjects and subjects suffering 
from Parkinson’s disease, with respective effi-
ciencies of 5 ± 1% and 3 ± 1%.

Inhibitory interneuron transplants improve 
symptoms of epilepsy by correcting an imbal-
ance between excitatory and inhibitory activity in 
cerebral neuronal networks [20]. Inhibitory inter-
neurons also promote neuronal circuit plasticity 
and thus are promising therapeutic tools for treat-
ing a variety of other neurological disorders 
including Parkinson’s disease and Alzheimer’s 
disease. A screening process identified a set of 
five factors that can reprogram human fibroblasts 
into inhibitory interneurons: Ascl1, Dlx5, Lhx6, 
Foxg1, and Sox2. The first three are associated 
with inhibitory neuron development; however the 
last two, Foxg1 and Sox2, are not and so their 

necessity in direct reprogramming was unex-
pected. It is hypothesized that Foxg1 is needed to 
improve the ability of Ascl1 and Sox2 to bind to 
their targets, and thus it may be a “pioneer” factor 
for inhibitory interneurons, similar to the way 
that Ascl1 serves as a “pioneer” transcription fac-
tor for excitatory neurons.

In vivo studies began with a proof-of-concept 
experiment carried out by De La Rossaet al [21] 
who successfully converted postmitotic neocorti-
cal neurons into L5B neurons in mouse embryos 
using the transcription factor Fexf2. Studies have 
since identified various transcription factors to 
convert resident cells in damaged areas of the 
central nervous system into neurons. Spinal cord 
injury leads to degeneration of neurons and sub-
sequent loss of motor function [22]. Astrocytes, a 
type of support cell found in abundance in the 
central nervous system, switch to a reactive state 
after spinal cord injury and form a scar in order to 
protect the integrity of the blood-brain barrier. 
This scar presents a physical barrier which pre-
vents damaged neurons from re-establishing neu-
ronal relays while secreting inhibitory proteins 
that suppress axonal regeneration around the 
injury. Reprogramming resident astrocytes into 
functional neurons near the injury site has been 
proposed as a strategy to re-establish neural con-
nectivity and make the injury environment more 
favorable to axonal regeneration [23]. The tran-
scription factor Sox2 was identified from a pool 
of 12 factors as the sole factor needed to repro-
gram resident mouse spinal cord astrocytes into 
neural precursor cells, with an efficiency of 6–8% 
as seen in Fig. 31.2 [24]. In this experiment, the 
cell source of the induced neural precursors was 
confirmed by genetic lineage tracing to be resi-
dent astrocytes. Subsequent treatment with val-
proic acid, a small molecule that inhibits histone 
deacetylase enzymes which regulate transcrip-
tion, induced differentiation of these neural pre-
cursors into synapse-forming neurons. In a 
follow-up study, Sox2 was applied to mouse 
brains in vivo where it also succeeded in generat-
ing neural precursors from resident astrocytes. 
Promisingly, these cells persisted for months and 
could also be differentiated into mature neurons 
using valproic acid, or alternatively by treatment 
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Fig. 31.1 ASCL1 alone is sufficient to generate func-
tional induced neuronal cells from mouse embryonic 
fibroblasts referred to as MEF-iN cells. (a) Gradual devel-
opment of the morphological complexity of ASCL1- 
induced single-factor MEF-iN cells at day 7 (left) and 
after co-culturing with glia until day 14 (middle) or day 21 
(right). Scale bars, 10 μm. (b) Average values of resting 
membrane potential (Vrest, i), membrane capacitance (Cm, 
ii), and input resistance (Rm, iii) of ASCL1-induced single- 
factor MEF-iN cells from day 7 (blue), day 14 (red), and 
day 21 (green). Bar graphs represent mean values ± SEM 
(n  =  12 for individual averages). Open circles of corre-
sponding colors represent values measured from individ-
ual cells. (c) Example traces of Na+/K+ currents recorded 
at Vhold = −70 mV with a step voltage of 50 mV (i) and 
corresponding averages ± SEM (n = 12 for each point), 
(ii) for current–voltage (I–V) relationship (filled circles: 
Na+ current and filled squares: K+ current) recorded from 

single-factor MEF-iN cells at day 7 (blue), day 14 (red), 
and day 21 (green). The black line (upper panel, i) indi-
cates time period used for calculating average K+ currents. 
The insets depict expanded views of Na+ current (bottom 
panel, i) and reversal of K+ current (ii). (d) Analysis of 
action potential (AP) firing properties from 1F-iN cells at 
day 7 (blue), day 14 (red), and day 21 (green). Example 
traces of single (left) or multiple (right) APs generated by 
a 90 pA step-current injection, with pie charts represent-
ing fraction of iN cells in each condition able to generate 
single AP (gray), multiple AP (white), or no AP (black) 
(i). Average values presented as means ± SEM (n = 12 for 
individual averages) for AP number with respect to cur-
rent-pulse amplitude (ii), AP threshold (iii), AP height 
(iv), and AP latency (v). Open circles represent corre-
sponding values measured from individual cells (iii–v). 
(e) Immunostaining analysis of 1F-iN cells at day 21 with 
indicated neuronal markers. Scale bars, 10 μm [63]
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Fig. 31.2 SOX2 induces ASCL1+ neural progenitors 
from astrocytes in  vivo. (a) The expression of ASCL1+ 
cells in striatal regions with DCX+iANBs at 5 wpi. The 
scale bar represents 20 μm. (b) A time course analysis of 
ASCL1+ cells in the reprogramming area (mean  ±  SD; 
n = 3 mice at each time point). (c) ASCL1 is detected in 
astrocytes transduced with SOX2 lentivirus. The co-
expressed GFP marker is under the control of the human 

GFAP promoter. The scale bar represents 20 μm. (d) A 
genetic approach to trace derivatives of ASCL1+ progeni-
tors. SOX2-driven reprogramming was induced in adult 
Ascl1-CreERT2;Rosa-tdTomato (tdT) mice. (e) SOX2-
induced DCX+ cells pass through an ASCL1+ progenitor 
stage. Confocal images show genetic labeling of iANBs. 
An orthogonal view is shown in the right panel. The scale 
bar represents 20 μm [25]
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with growth factor brain-derived neurotrophic 
factor (BDNF) and the bone morphogenetic pro-
tein antagonist Nog [25]. The mechanism of this 
Sox2 program was seen to follow a distinct 
sequence involving Ascl1 and the neural precur-
sor gene Doublecortin (Dcx) and give rise to 
mainly inhibitory interneurons [26].

Another potential application for in  vivo 
reprogramming is the treatment of retinal degen-
eration [27]. Pollack et  al. [28] discovered that 
Ascl1 can reprogram Muller glia, a type of retinal 
glial cell, into retinal neurons. Nonmammalian 
vertebrates regenerate injured retinal neurons by 
dedifferentiating Muller glia via activation of 
Ascl1. However, mammalian Muller glia cannot 
regenerate; instead they form a glial scar. Delivery 
of Ascl1 to mouse Muller glia cultures and intact 
retinal explants converted 5% of these cells into 
bipolar retinal neurons. Interestingly, Insm1 pro-
tein levels increased, a protein involved in non-
mammalian vertebrate regeneration, suggesting 
that the conversion mechanism follows a similar 
process to that first noted in nonmammalian ver-
tebrates. To this end, the study of nonmammalian 
vertebrates such as fish may hold promise for 
finding ways to improve the efficiency of retinal 
regeneration in humans. In another study, Hao 
et al. [29] tested the ability of the BAM factors to 
reprogram fibroblast-like cells from human reti-
nas into neurons. While BAM factor expression 
was unable to reprogram these cells, further test-
ing determined that the combination of Ascl1 
with Pax6 was sufficient for reprogramming of 
these cells, generating a mix of inhibitory neu-
rons and dopaminergic neurons, with an effi-
ciency of 8.78%.

31.2.2  Limitations of Lentiviral 
Mediated Reprogramming

Directly reprogrammed cells are converted with-
out an intermediate progenitor state or the need 
for cell division as would be necessary with 
directed differentiation from stem cells. Avoiding 
a pluripotent or mitotic state considerably reduces 
the risk of tumor formation, making direct repro-
gramming safer for clinical applications. 

However, the underlying mechanisms of repro-
gramming remain unclear and therefore are dif-
ficult to predict and develop into a standardized 
medical practice. To this end, more work is 
needed to understand this powerful technology. 
One possible model put forth to describe the 
mechanism of reprogramming is that of “pio-
neer” transcription factors, factors which possess 
the ability to activate genes that are in a repressed 
chromatin state, also known as “silenced” genes 
[30]. In this model it is hypothesized that chro-
matin states at silenced loci fluctuate between 
repressed and active configurations, spending 
more time in a repressed state. “Pioneer” tran-
scription factors bind weakly at these loci, stabi-
lizing active configurations over time and 
allowing more accessible sites for further tran-
scription factor binding. This process eventually 
leads to active transcription at these loci.

Another major limitation associated with len-
tiviral delivery is that they have a pattern of inte-
grating within the core of transcribed genes in the 
host cell, which can lead to cancer-causing muta-
tions. In other cases, it can lead to inappropriate 
expression of proteins, harming cell function and 
resulting in genotoxicity. To circumvent the dan-
gers associated with insertional mutagenesis, 
research groups have modified lentiviral vectors 
to contain a defective integrase so that they 
remain as floating nuclear DNA circles within the 
nucleus; however, this method is less efficient. 
Additionally, lentiviral vectors harm the cell by 
eliciting an immune response if their viral cap-
sids and their associated protein products are 
detected by the host’s immune system [13]. 
Another major drawback is that viral mediated 
reprogramming remains difficult to control. After 
infection, protein expression levels from cell to 
cell can vary greatly. These inconsistent protein 
expression levels can cause incomplete activation 
of a transcriptional program, and in the case of 
Ascl1 they can also lead to activation of a myo-
genic program resulting in the generation of mus-
cle cells (13, 14). To achieve greater control 
researchers are engineering switches to activate 
or deactivate transcription protein expression. 
Poulou et al. [31] have designed a novel OFF-ON 
activator of transcription factor expression using 
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the yeast transcription factor Leu3p-αIPM as 
seen in Fig.  31.3. Acting as a repressor when 
bound to its UASLeuDNA element, it can become 
an activator of transcription in the presence of 
αIPM, a lipid-soluble and metabolically stable 
metabolite involved in leucine biosynthesis. 
Although it is only found in prokaryotes, fungi, 
and plants, it is fully functional and nontoxic in 

mammalian cells. The group tested the switch in 
mice using the transcription factor Sox2. After 
2 days of Sox2 activation, mouse astrocytes con-
verted into neural progenitor cells with a radial 
glial phenotype. Radial glial cell proteins nestin 
and RC2 were upregulated to 85 ± 13.89% and 
93 ± 6.97%, respectively, and the astrocyte pro-
tein GFAP was downregulated to 25  ±  20%. 
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Fig. 31.3 Leu3p-α-IPM inducible fast-track direct repro-
gramming of astrocytes to neural stem cells. (a) Leu3p·α- 
IPM mode of action: Transcriptional repressor upon binding 
to the UASLEU DNA element and transcriptional activator 
upon α-IPM ligand binding. (b) Superimposed bright-field 
and confocal images of transiently transfected primary P3 
murine astrocytes (i–iv) with either Leu3p protein (L3) (ii) 
or UASLEU-eGFP reporter (eL3R) (iii) or both L3/eL3R (iv). 
eGFP is observed only in cell UASLEU with both L3/eL3R 
(iv). Scale bar 75 μm. (c) Generation of iSox2 expression 
system under the control of Leu3p UASLEU elements. (d) 
iSox2 induces endogenous Sox2, nestin, and wnt3a 48  h 
post-transfection in P3 primary murine astrocytes. (e) Sox2+ 
and RC2+ neural progenitors in the proliferating zone of E14 

cortex of wild-type mouse embryos. eGFP expression 
detected in the proliferating zone of E14 cortex after Sox2 
ablation in radial glia cells. Scale bar 75 μm. (f) Sox2 is not 
expressed in GFAP+ cells in the proliferating zone of P3 
mouse cortex. Scale bar 50 μm. (g) iSox2 (v–viii) reduces 
the astrocytic marker GFAP (i, ii, iv–vi) in P3 primary 
murine astrocytes and induces a Nestin+ (vii) radial glia 
(RC2+) (viii) NSC phenotype 48 h post-transfection. DAPI 
staining of nuclei is present in the upper right corner in all 
panels. Scale bars for panels i and v represent 250 μm and 
for panels ii–iv and vi–viii represent 75  μm. (h) Graphs 
depicting the GFAP+ and either Nestin+ or RC2+ cells in 
untransfected astrocytes and in reprogrammed cultures. 
Reprinted with permission [31]
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These cells also began to express endogenous 
Sox2. Overall, lentiviral mediated reprogram-
ming provides a valuable tool for directly repro-
gramming cells into neural phenotypes. However, 
it has major limitations that must be addressed 
before such viral methods can be used for repro-
gramming in clinical settings with regard to engi-
neering neural tissue from endogenous cells.

31.3  Small-Molecule-Mediated 
Reprogramming of Somatic 
Cells into Neural Phenotypes

31.3.1  Direct Reprogramming 
of Somatic Cells into Neurons 
Using Small-Molecule 
Cocktails

An increasingly successful approach for inducing 
neuronal transdifferentiation of somatic cells 
uses small molecules to alter the gene expression 
patterns [32]. Such cocktails induce epigenetic 
modifications, which are regulations of gene 
expression caused by alterations in DNA acces-
sibility, changing it from one somatic type into 
neural lineages. As cells uptake the molecules 
directly, it avoids several of the complications 
associated with viral transfection mentioned ear-
lier. For example, He et al. [33] produced an opti-
mal medium known as 5C comprised of N2 
supplement, bFGF, leukemia inhibitory factor, 
vitamin C, and β-mercaptoethanol. This media 
successfully converted mouse embryonic fibro-
blasts into Tuj1-positive neuronal-like cells that 
remained viable after implantation into a mouse 
brain, and rat astrocytes into electrophysically 
mature neuronal-like cells in  vitro, which also 
facilitated recovery of brain injury when trans-
planted into mouse brain. Further, such 5C 
medium could induce neuronal characteristics 
when administered to human somatic cell types 
in vitro.

In another example, Pfisterer et  al. [34] uti-
lized human induced neurons to screen 307 com-
pounds (kinase inhibitors, epigenetic modulators, 
Wnt pathway, nuclear receptors, and phosphatase 
inhibitors) and found a combination of 6 

(Gsk3beta inhibitor kenpaullone, cAMP/PKA 
modulator prostaglandin E2 (PGE2), adenylyl 
cyclase activator forskolin, HDAC inhibitor 
BML210, SIRT1 activator amino resveratrol sul-
fate, and Src kinase inhibitor PP2) that success-
fully converted human fibroblasts to MAP2+ 
human induced neurons with neuronal morphol-
ogy at concentrations very different from their 
toxic dose—a highly attractive feature for basal 
medium development in  vitro. These identified 
conversion-optimizing compounds are not the 
only that are successful, as many others such as 
CHIR99021, valproic acid, and ROCK inhibitor 
Y-27632 work at a subthreshold level as defined 
by this research group, but show promise in 
small-molecule reprogramming nonetheless.

Researchers Han et  al. [35] used small- 
molecule reprogramming to convert mouse 
embryonic fibroblasts into small-molecule 
induced neuronal stem cells (SMINS-MEF-7). 
Administrating seven small molecules (valproic 
acid, Bix01294, RG108, PD0325901, CHIR9901, 
vitamin C, A83-01) in a six-cycle protocol gener-
ated SMINS that stained positive for alkaline 
phosphatase (a marker for pluripotent embryonic 
stem, and related cells that exists in tissue spe-
cific isoforms), and neural stem cell (NSC) mark-
ers Sox2 and Nestin. These cells remained 
multipotent and morphologically indistinguish-
able from native NSCs for 2 years of expansion 
post-experiment. They also found a subset of 
three (Bix01294, RG108, PD0325901) factors 
sufficient for conversion of tail-tip fibroblasts 
(TTF) to SMINS-TTF-3 cells, which share com-
mon significant findings with their seven- 
molecule counterparts. The SMINS-TTF-3 cells 
express NSC marker genes Sox2, GFAP, Olig2, 
and Gli2 (which are not expressed by TTFs) and 
did not express pluripotent genes Oct4 and 
Nanog. Like most small-molecule-mediated 
reprogramming studies, the reprogramming 
mechanism remains unknown. Perhaps the most 
striking results of this study are the achieved mul-
tipotency of both SMINS-MEF-7/-TTF-3 cells 
with additional small-molecule reprogramming 
in vitro (both SMINS cell lines were differenti-
ated to astrocytes (GFAP+), neurons (MAP2+), 
and oligodendrocytes (O4+)).
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Li et al. [36] identified a small-molecule cock-
tail consisting of forskolin, cyclic AMP agonist 
ISX9, CHIR99021 a GSK3 inhibitor, and 
SB431542 out of 5000 candidate molecules for 
endogenous reprogramming of mouse fibroblasts 
into neurons. Next, Li screened 1500 more small 
molecules associated with neurite outgrowth and 
morphology and found that the BET family bro-
modomain inhibitor protein (I-BET151), which 
disrupts fibroblast-specific programs, improved 
reprogramming dramatically. The cocktail was 
then revised to contain forskolin, ISX9, 
CHIR99021, and I-BET151. The new combina-
tion had a conversion efficiency of >90% TUJ1+ 
cells with neurite outgrowth after 16  days of 
induction. Co-culturing the induced neuron-like 
cells with primary astrocytes for 2–3  weeks 
allowed further maturation marked by extended 
neurite outgrowth, a gene expression profile 
indicative of excitatory glutamatergic neurons, 
and membranes capable of forming functional 
synaptic connections with each other. 
Astonishingly, Li concluded that his chemically 
induced neurons bypassed an intermediary plu-
ripotent state by witnessing a lack of 
5- bromodeoxyuridine incorporation by the 
TUJ1+ cells throughout the reprogramming pro-
cess—a finding that coincides with the specula-
tive data of Han et al. [35]. The small molecules 
replace reported lineage reprogramming genes, 
activating desired cell-type-specific and silencing 
initial cell-type-specific gene expression, without 
the need for exogenous transgenes or cell-fate- 
specific factors (for example, microRNAs) [36]. 
This conclusion is therapeutically relevant and 
applicable to human somatic cell conversion, as 
demonstrated by Hu et al. [37] who identified a 
cocktail of seven small molecules (valproic acid, 
CHIR99021, Repsox, forskolin, SP600125, 
G06983, Y-27632) that convert human fibroblasts 
to neuronal cells.

Hu’s method also demonstrated a progenitor 
bypass when the four-molecule cocktail was 
introduced at optimal concentrations and time 
course of administration. Hu also replaced the 
induction media with maturation media contain-
ing CHIR99021, forskolin, and dorsomorphin, 
and extra neurotrophic factors: BDNF, GDNF, 

and NT3. The resulting induced neurons 
expressed the mature neuronal markers Tau, 
NeuN, and synapsin. The induction protocol was 
successfully applied to eight different human cell 
lines. All induced neuronal cells showed electro-
tonic potential, membrane current, functional 
glutamate and GABA receptors, and spontaneous 
calcium transients comparative to those of 
hiPSC-derived neurons, indicating physiological 
validity and therefore experimental reliability. 
Microarray analysis revealed that the induced 
neuronal cells expressed genes related to neuron 
differentiation, synapse, and synaptic transmis-
sion and downregulated expression of genes 
related to the extracellular regions, extracellular 
matrix, and motility. They concluded that 
CHIR99021 and SP600125 are critical to neuro-
nal gene regulatory network upregulation since 
only fibroblast gene expression was obtained by 
removal of these compounds [37].

Zheng et al. [36] used a combination of four 
small molecules (A-83-01, thiazovivin, purmor-
phamine, and valproic acid) to reprogram mouse 
embryonic fibroblasts (MEF) to chemically 
induced neuron stem cells (iNSCs). TGFβ inhibi-
tion by A-83-01 improves efficiency of repro-
gramming of somatic cells to pluripotent stem 
cells and neural induction of said cells thereafter 
[38].

A recent study provides insight into how 
small-molecule reprogramming can bypass the 
need for a pluripotent state. While chemically 
reprogramming mouse fibroblasts to iPSCs, 
Deng et al. [39] defined an expandable extraem-
bryonic endoderm (XEN)-like state, which could 
explain small-molecule-mediated reprogram-
ming. Deng’s group established a three-step 
chemical induction process to establish pluripo-
tency from mouse somatic cells. They induced a 
XEN-like state by administering the following 
seven compound cocktails, VPA, TD114-2, 
616452, tranylcypromine, forskolin, AM580, and 
EPZ004777, which activate the genes (Sall4, 
Sox17, Gata4, and Gata6). The XEN-like cells 
can be identified by the presence of hallmark 
downregulated fibroblast genes and captured in 
culture, a feature that makes this method attrac-
tive to researchers as they can exploit the plastic-
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ity of the newly defined intermediate XEN-like 
state during small-molecule reprogramming. 
Deng’s group was the first to attempt this by reca-
pitulating and applying chemical compounds that 
facilitate neural lineage differentiation and repro-
gramming for neural fate specification to the 
XEN-state cells with a >50% conversion effi-
ciency after 12 days of induction.

31.3.2  Limitations of Using Small- 
Molecule- Mediated 
Reprogramming

While Sect. 3.1 discusses successful applications 
of small-molecule-mediated reprogramming, 
these methods still have limitations. Researchers 
are left with the challenge of finding the proper 
molecules, concentrations, combinations, meth-
odologies (orchestrated timing of administration 
and validation protocols), and a basal medium 
that acts as an effective solvent and life support 
for the cells. Off-target effects caused by these 
small molecules also remain a concern.

31.4  MicroRNAs and CRISPR/Cas9 
for Reprogramming Somatic 
Cells into Neural Phenotypes

Cellular reprogramming serves as a critical and 
promising new avenue of research as well as a 
key milestone for regenerative medicine. It has 
the potential to generate neural phenotypes for 
therapeutic uses as well as provide materials for 
systematic investigation [40–42]. In this section, 
we will discuss two methods of cellular repro-
gramming: miRNA (microRNA)-mediated 
reprogramming and CRISPR/Cas9-mediated 
genetic modification of protein expression. 
MicroRNAs are small, endogenous noncoding 
RNA molecules, typically 20–30 nucleotides in 
length, and are integral to the development and 
growth of plants and animals [41–43]. They regu-
late gene expression at a posttranscriptional level 
and affect many key cellular processes including 
metabolism, differentiation, and cell proliferation 
[2]. Their role in differentiation makes them an 

attractive method for altering transcription inside 
of cells (Fig. 31.4).

MicroRNAs function as a fine tuner of gene 
expression. They can silence the translation of 
mRNA by associating with the 3′ UTR (untrans-
lated region) of mRNA (messenger RNA) and 
marking it for cleavage and/or translational repres-
sion by associating with the ribonucleoprotein 
RISC (RNA-induced silencing complex). Once the 
miRNA has associated with the RISC, it proceeds 
to find perfect, or near-perfect matches to the RNA 
guide (miRNA) and will cleave the mRNA on-site, 
regulating the overall expression in the cell [44]. 
Certain miRNAs enhance translation, such as miR-
10a which interacts with the 5′ UTR of mRNAs 
encoding for ribosomal proteins [45].

An important aspect of cellular reprogram-
ming is epigenetic modification, specifically DNA 
methylation. miRNA can target epigenetic regula-
tors which in turn affect methylation patterns 
allowing transcriptional machinery to access 
these genes and promote reprogramming into 
neural phenotypes [41]. We can use this method 
of regulation to induce pluripotency of somatic 
cells and thereby influence and reprogram cell 
lines without affecting the nuclear DNA. MiRNAs 
promoting pluripotency generally occur in clus-
tered regions of the DNA, specifically regions 
miRNA-302-367 [44, 46, 47]. Overexpressing 
this region in conjunction with optimal growing 
conditions can lead to the reprogramming of 
human fibroblasts into functional neurons (39). 
These regions are highly expressed in ESCs and 
their mode of action often involves transcriptional 
silencing/activation and/or chromatin remodeling 
to promote reprogramming [37].

Recent approaches include direct conversion 
or transdifferentiation of patient’s somatic cells 
to neurons as well as iPSCs followed by differen-
tiation into neurons [48]. The miRNAs associ-
ated with reprogramming fibroblasts to neurons 
are miRNA-9/9 and miRNA-124  in addition to 
the cluster mentioned previously (miRNA-
 302/367) [37, 39]. Reprogramming takes less 
time and is significantly more efficient than 
inducing pluripotency and then differentiating 
[39]. Using transcription factors, small molecules 
and fusion proteins can enhance the conversion 
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efficacy [2, 49]. Using transcription factors and 
miRNAs together, Richner et al. [49] have been 
able to directly convert human fibroblasts to stri-
atal medium spiny neurons (MSNs).

Expressing the miR302/367 cluster increases 
the efficiency of reprogramming fibroblasts to 
iPSCs without the use of exogenous transcription 
factors. This method is more efficient by two 
orders of magnitude when compared to the stan-
dard Oct4/Sox2/Klf4/Myc-mediated methods.

Disadvantages of the miRNA method include 
specificity issues due to the multiple potential off 
targets in the transcriptome [44, 50]. Additionally, 
the uncontrollable expression after reprogram-
ming induction can increase these off-targeting 
effects [44, 50]. The primary importance of 
miRNA is that they directly alter the adult tran-
scriptome and proteome while leaving inherit-
able DNA unaltered. MiRNA leads to the 
increased efficiency of cellular reprogramming 
and decreases the necessity for the use of poten-
tially harmful chemicals which can influence the 
cell’s differentiation in a manner foreign to what 
it would experience in vivo.

CRISPR-Cas9 (clustered regularly inter-
spaced short palindromic repeats (CRISPR)-
associated protein 9) technology radically 
changed the field of genetic engineering. Until its 
discovery and implementation, humans relied on 
clumsy, blunt, and work-intensive methods to 
alter genomes using gene editing [51]. CRISPR- 
Cas9’s programmable, RNA-guided, endonucle-
ase activity allows precise and efficient genome 
editing in plants and animals. Its ease of use and 
customization have allowed many new possibili-
ties for genetic studies in neurological diseases as 
seen in Fig. 31.5 [52]. CRISPR-Cas9 is a micro-
bial adaptive immune system. The Cas enzyme 
has the endonuclease activity, and the CRISPR is 
the region of DNA which codes for the many 
RNA guides which are used to recognize infiltrat-
ing viral DNA/RNA [53]. There are three types 
of CRISPR systems, but we will focus on type II 
because of its ease of use and practical applica-
tions in the lab. The type II system requires a pro-
tospacer adjacent motif (PAM sequence), two 
RNAs, and a Cas9 enzyme. The two RNAs are a 
target-specific CRISPR RNA (crRNA) and a 
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Fig. 31.4 The mechanism for microRNA-mediated gene expression regulation. Reprinted with permission
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trans-activating crRNA (tracrRNA); together 
these two make up the guide RNA (gRNA) which 
is named so because it guides the Cas9 enzyme to 
its specific genomic locus. The PAM sequence is 
essential to the enzymatic activity of the Cas9. 
The PAM sequence is a 2–6-nucleotide sequence 
immediately downstream of the 3′ target region 
[54]. Without the PAM sequence, the enzyme 
will not cut the DNA.  Cas9 creates double- 
stranded breaks, cleaving the two phosphodiester 
bonds (the backbone) of the DNA [55]. Some 
CRISPR/Cas9 variants, which contain inactivat-
ing point mutations at the catalytic site, 
 demonstrate the ability to function as a “nickase” 
[53]. When incubated with a native DNA plas-
mid, the mutant Cas9 enzyme performs single-
stranded breaks yielding nicked open circular 
plasmids [53]. It is also possible to inactivate its 
enzymatic activity so it may be used as a gene 
location device if fused with a fluorescent pro-
tein, or can be used to recruit molecular machin-
ery if fused with a transcription factor [56].

Genetic modification using CRISPR/Cas9 can 
use homology-directed repair (HDR) and nonho-
mologous end joining (NHEJ).HDR allows the 
insertion of DNA into the cut site, enabling the 
knock-in of genes, and auxotrophic/selection 
markers. NHEJ relies on the error-prone DNA 
repair mechanism of the cell. After the Cas9 per-
forms a double-stranded break, the cell enacts its 
DNA repair which often causes a frameshift muta-
tion resulting in an unreadable and discarded 
mRNA.  NHEJ is a quick way to perform gene 
knockouts. The CRISPR/Cas9 system has been 

used to induce endogenous gene expression, allow-
ing the direct conversion of fibroblasts to neuronal 
cells [57]. This effect is achieved through the over-
expression of Brn2, Ascl1, and Myt1 which rapidly 
remodel the epigenetic state of specific regions of 
chromatin/DNA [16, 57]. This shows how tran-
scriptional activation and epigenetic remodeling of 
native master transcription factors can convert 
between cell types [57]. Human neurons can be dif-
ferentiated/reprogrammed in  vitro from human 
fibroblasts, hPSCs, and hNPCs [52]. The two genes 
inactivated by Rubio et  al. [52] using CRISPR-
Cas9 were TSC2 and KCNQ2 with an 85% effi-
ciency on gene targeting in differentiated cells. 
However, the new CRISPR/Cas9 system was 
employed by Rubio et al. [52] in combination with 
neurogenic factors to generate functional human 
neurons enriched for the gene modification of 
interest within 5 weeks [52]. This is a faster, more 
thorough method of reprogramming.

As we now know, CRISPR/Cas9 system uses 
DNA targets. However, scientists have recently 
discovered a single-component, programmable, 
RNA-guided, RNA-targeting CRISPR effector 
known as C2c2 [58]. It can be programmed to 
cleave ssRNA targets carrying the appropriate 
protospacers, yielding a programmable and easy- 
to- use system for effecting the expression of cells 
without altering genomic DNA.  The identifica-
tion of new Cas9 orthologs as well as the engi-
neering of variant strains are leading to new 
specialized functions, flexibility, and targeting 
range due to size, PAM recognition, and catalytic 
variation [52, 59, 60].
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Fig. 31.5 CRISPR- 
Cas9. This illustrates the 
Cas9 protein (labeled 1) 
orchestrating a 
double-stranded break in 
a genomic strand of 
DNA. This double- 
stranded break can 
follow one of the two 
repair pathways, 
nonhomologous end 
joining (NHEJ), or 
homology-directed 
repair (HDR). Used with 
permission
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31.4.1  Limitations of miRNA- 
and CRISPR-Cas9-Mediated 
Reprogramming of Somatic 
Cells into Neural Tissue

When working with eukaryotic organisms gener-
ally off targets increase with the complexity of 
the genome. When examining partially mis-
matched sites, four out of six CRISPR RGENs 
(RNA-guided endonucleases) displayed 
 off- target alterations [61]. Yangfang et  al. [61] 
demonstrated that RGENs, even with up to five 
base pair DNA-RNA mismatches with the 
genome, are still highly active in human cells. 
Doudna et  al. [51] have evidence to refute this 
claim. Using immunoprecipitation assays and 
high- throughput sequencing, they showed that 
catalytically inactive RGENs will associate with 
many regions of the genome, but active RGENs 
rarely cleave at off-target sites. This implicates a 
decoupled binding and cleaving event. CRISPR- 
Cas9 has a limited ability to access regions of 
heterochromatin. Thus, it is important to note the 
location and the spatial arrangement of the DNA 
and how it will affect the binding efficiency.

31.5  Functionalized Transcription 
Factors as a Way to Directly 
Reprogram Somatic Cells 
into Neural Phenotypes

While transcription factors play important roles in 
cell maintenance and differentiation, they are typ-
ically unstable due to their transitory nature. Also, 
they are not efficiently taken up by cells if intro-
duced exogenously. Modifying factors to allow 
efficient uptake and improve their stability could 
serve as a promising alternative to the use of viral 
based methods and small molecules for applica-
tions in reprogramming. iProgen Biotech has cre-
ated a modification which allows for efficient 
uptake of transcription factors in human cells and 
has shown to effect rapid reprogramming using a 
novel intracellular protein delivery technology 
called IPTD shown in Fig. 31.6. This modification 
fuses a target protein to a secretion signal peptide, 
indicating that the protein should be retained by 
the cell. The secretion signal of a peptide is usu-
ally cleaved during maturation in the cell and so is 
protected by the addition of a cleavage inhibition 
sequence. While improving the stability of the 
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Fig. 31.6 Functionalizing 
a protein with the 
intracellular protein 
delivery technology 
enables it to be taken up 
from cell culture media 
into an early endosome. It 
is then transported back 
through the secretion 
pathway through the Golgi 
bodies and endoplasmic 
reticulum where it is then 
released into the 
cytoplasm. From the 
cytoplasm, Ascl1-IPTD can 
be transported into the 
nucleus where it regulates 
gene expression [64]
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protein, this combination appears to allow for effi-
cient entry into the cell via receptors on the cell 
surface, which is unique from conventional mech-
anisms that involve direct interaction with the 
phospholipid bilayer. The use of IPTD to deliver 
transcription factors means protein expression 
levels can be more precisely controlled and thus 
easier to translate to a clinical setting. A function-
alized version of the transcription factor Ascl1, 
Ascl1-IPTD, was shown to effect rapid induction 
of mature neurons from human induced pluripo-
tent stem cells in 12  days. These neurons were 
NeuN positive and exhibited morphologically 
mature features like neurite length and branching 
than those cultured for over 4 weeks using a stan-
dard neural differentiation protocol.

Ongoing work is being done to functionalize 
more transcription to enhance reprogramming 
efficiencies and generate specific neuronal sub-
types. The use of antibodies to target surface cel-
lular markers of specific cell populations is being 
investigated to allow reprogramming of a subset 
of a heterogeneous population of cell types for 
in  vivo tissue engineering. Overall, the use of 
novel functionalized transcription factors serves 
as a promising, more clinically translatable 
approach for in  vivo reprogramming for neural 
tissue engineering.

31.6  Future Directions 
and Conclusions

This chapter has covered a number of studies 
evaluating methods of directly reprogramming 
somatic cells into neural tissue along with their 
limitations and potential. The use of adeno- 
associated virus provides a potential promising 
alternative for generating transcription factor 
expression that avoids some of the concerns about 
lentiviral transfection [62]. It does not integrate 
into the genome, eliminating the concerns associ-
ated with improper integration. While small-mol-
ecule cocktails have shown promise for 
reprogramming applications, the mechanism 
behind these cocktails needs to be elucidated. 
Also, such combinations should be subjected to 
extensive preclinical testing to ensure that no 
harmful off-target effects are observed. Such dos-

ing of these cocktails may be hard to translate for 
clinical applications. Off-target effects also 
remain a concern with gene editing approaches as 
well, but this technology is evolving at a rapid 
pace. In terms of functionalized transcription fac-
tors, major concerns involve ensuring that the 
purity of the protein is sufficient for clinical appli-
cations along with dosing similar to the use of 
small molecules. In terms of future work, direct 
reprogramming using plasmid-based methods 
successfully converted adult human fibroblasts 
into induced neural stem cells. Such DNA-based 
methods of reprogramming will require more 
work to determine how to translate delivery and 
dosing to achieve in vivo reprogramming.

While these studies show the possibility of 
direct reprogramming, the question remains over 
whether or not reprogramming endogenous cells 
will result in enough functional cells to promote 
recovery after neurological disorders. Even if it is 
does not, these studies provide insight into how 
transcription factors alter cell behavior and such 
insights can be used to engineer exogenous cell 
therapies for transplantation. In summary, direct 
reprogramming of somatic cells into neural phe-
notypes serves as an exciting strategy for engi-
neering tissues both in vitro and in vivo.

References

 1. Gurdon JB.  The developmental capacity of nuclei 
taken from intestinal epithelium cells of feeding tad-
poles. Development. 1962;10(4):622–40.

 2. Stahlhut M, Schambach A, Kustikova OS. Multimodal 
lentiviral vectors for pharmacologically controlled 
switching between constitutive single gene expression 
and tetracycline-regulated multiple gene collabora-
tion. Hum Gene Ther Methods. 2017;28(4):191–204.

 3. Gascon S, Paez-Gomez JA, Diaz-Guerra M, Scheiffele 
P, Scholl FG. Dual-promoter lentiviral vectors for con-
stitutive and regulated gene expression in neurons. J 
Neurosci Methods. 2008;168(1):104–12.

 4. Kafri T, van Praag H, Gage FH, Verma IM. Lentiviral 
vectors: regulated gene expression. Mol Ther. 
2000;1(6):516–21.

 5. Takahashi K, Yamanaka S.  Induction of pluripotent 
stem cells from mouse embryonic and adult fibroblast 
cultures by defined factors. Cell. 2006;126(4):663–76.

 6. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka 
T, Tomoda K, et al. Induction of pluripotent stem cells 
from adult human fibroblasts by defined factors. Cell. 
2007;131(5):861–72.

M. Robinson et al.



461

 7. Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz- 
Bourget J, Frane JL, Tian S, Nie J, Jonsdottir GA, 
Ruotti V, Stewart R, Slukvin II, Thomson JA. Induced 
pluripotent stem cell lines derived from human 
somatic cells. Science. 2007;318(5858):1917–20.

 8. Yamamizu K, Piao Y, Sharov AA, Zsiros V, Yu H, 
Nakazawa K, Schlessinger D, Ko MS. Identification 
of transcription factors for lineage-specific ESC dif-
ferentiation. Stem Cell Reports. 2013;1(6):545–59.

 9. Vierbuchen T, Ostermeier A, Pang ZP, Kokubu Y, 
Sudhof TC, Wernig M.  Direct conversion of fibro-
blasts to functional neurons by defined factors. 
Nature. 2010;463(7284):1035–41.

 10. Playne R, Connor B. Understanding Parkinson’s dis-
ease through the use of cell reprogramming. Stem 
Cell Rev. 2017;13(2):151–69.

 11. Srivastava D, DeWitt N. In vivo cellular reprogram-
ming: the next generation. Cell. 2016;166(6):1386–96.

 12. Chen G, Wernig M, Berninger B, Nakafuku 
M, Parmar M, Zhang CL.  In vivo reprogram-
ming for brain and spinal cord repair. eNeuro. 
2015;2(5):ENEURO.0106-15.

 13. Serguera C, Bemelmans AP. Gene therapy of the cen-
tral nervous system: general considerations on viral 
vectors for gene transfer into the brain. Rev Neurol 
(Paris). 2014;170(12):727–38.

 14. Treutlein B, Lee QY, Camp JG, Mall M, Koh W, 
Shariati SA, Sim S, Neff NF, Skotheim JM, Wernig 
M, Quake SR.  Dissecting direct reprogramming 
from fibroblast to neuron using single-cell RNA-seq. 
Nature. 2016;534(7607):391–5.

 15. Wernig M, Zhao JP, Pruszak J, Hedlund E, Fu 
D, Soldner F, Broccoli V, Constantine-Paton M, 
Isacson O, Jaenisch R. Neurons derived from repro-
grammed fibroblasts functionally integrate into 
the fetal brain and improve symptoms of rats with 
Parkinson’s disease. Proc Natl Acad Sci U S A. 
2008;105(15):5856–61.

 16. Pang ZP, Yang N, Vierbuchen T, Ostermeier A, 
Fuentes DR, Yang TQ, Citri A, Sebastiano V, Marro 
S, Südhof TC, Wernig M.  Induction of human neu-
ronal cells by defined transcription factors. Nature. 
2011;476(7359):220–3.

 17. Marro S, Pang ZP, Yang N, Tsai MC, Qu K, Chang 
HY, Südhof TC, Wernig M. Direct lineage conversion 
of terminally differentiated hepatocytes to functional 
neurons. Cell Stem Cell. 2011;9(4):374–82.

 18. Jankovic J.  Parkinson’s disease: clinical features 
and diagnosis. J Neurol Neurosurg Psychiatry. 
2008;79(4):368–76.

 19. Caiazzo M, Dell’Anno MT, Dvoretskova E, Lazarevic 
D, Taverna S, Leo D, Sotnikova TD, Menegon A, 
Roncaglia P, Colciago G, Russo G, Carninci P, 
Pezzoli G, Gainetdinov RR, Gustincich S, Dityatev 
A, Broccoli V. Direct generation of functional dopa-
minergic neurons from mouse and human fibroblasts. 
Nature. 2011;476(7359):224–7.

 20. Sebe JY, Baraban SC. The promise of an interneuron- 
based cell therapy for epilepsy. Dev Neurobiol. 
2011;71(1):107–17.

 21. De la Rossa A, Bellone C, Golding B, Vitali I, Moss 
J, Toni N, Lüscher C, Jabaudon D. In vivo reprogram-
ming of circuit connectivity in postmitotic neocortical 
neurons. Nat Neurosci. 2013;16(2):193–200.

 22. Fitch MT, Silver J. CNS injury, glial scars, and inflam-
mation: inhibitory extracellular matrices and regener-
ation failure. Exp Neurol. 2008;209(2):294–301.

 23. Sofroniew MV.  Molecular dissection of reactive 
astrogliosis and glial scar formation. Trends Neurosci. 
2009;32(12):638–47.

 24. Su Z, Niu W, Liu ML, Zou Y, Zhang CL. In vivo con-
version of astrocytes to neurons in the injured adult 
spinal cord. Nat Commun. 2014;5:3338.

 25. Niu W, Zang T, Zou Y, Fang S, Smith DK, Bachoo 
R, Zhang CL.  In vivo reprogramming of astrocytes 
to neuroblasts in the adult brain. Nat Cell Biol. 
2013;15(10):1164–75.

 26. Niu W, Zang T, Smith DK, Vue TY, Zou Y, Bachoo 
R, Johnson JE, Zhang CL. SOX2 reprograms resident 
astrocytes into neural progenitors in the adult brain. 
Stem Cell Reports. 2015;4(5):780–94.

 27. Lamba DA, Karl MO, Reh TA. Strategies for retinal 
repair: cell replacement and regeneration. Prog Brain 
Res. 2009;175:23–31.

 28. Pollak J, Wilken MS, Ueki Y, Cox KE, Sullivan JM, 
Taylor RJ, Levine EM, Reh TA. ASCL1 reprograms 
mouse Muller glia into neurogenic retinal progenitors. 
Development. 2013;140(12):2619–31.

 29. Hao L, Xu Z, Sun H, Luo W, Yan Y, Wang J, Guo J, 
Liu Y, Chen S. Direct induction of functional neuro-
nal cells from fibroblast-like cells derived from adult 
human retina. Stem Cell Res. 2017;23:61–72.

 30. Vierbuchen T, Wernig M.  Direct lineage con-
versions: unnatural but useful? Nat Biotechnol. 
2011;29(10):892–907.

 31. Poulou M, Mandalos NP, Karnavas T, Saridaki 
M, McKay RD, Remboutsika E.  A “Hit and Run” 
approach to inducible direct reprogramming of astro-
cytes to neural stem cells. Front Physiol. 2016;7:127.

 32. Xie X, Fu Y, Liu J.  Chemical reprogramming 
and transdifferentiation. Curr Opin Genet Dev. 
2017;46:104–13.

 33. He S, Guo Y, Zhang Y, Li Y, Feng C, Li X, Lin L, Guo 
L, Wang H, Liu C, Zheng Y, Luo C, Liu Q, Wang F, 
Sun H, Liang L, Li L, Su H, Chen J, Pei D, Zheng 
H.  Reprogramming somatic cells to cells with neu-
ronal characteristics by defined medium both in vitro 
and in vivo. Cell Regen (Lond). 2015;4:12.

 34. Pfisterer U, Ek F, Lang S, Soneji S, Olsson R, Parmar 
M. Small molecules increase direct neural conversion 
of human fibroblasts. Sci Rep. 2016;6:38290.

 35. Han YC, Lim Y, Duffieldl MD, Li H, Liu J, Abdul 
Manaph NP, et  al. Direct reprogramming of mouse 
fibroblasts to neural stem cells by small molecules. 
Stem Cells Int. 2016;2016:4304916.

 36. Li X, Zuo X, Jing J, Ma Y, Wang J, Liu D, Zhu J, Du 
X, Xiong L, Du Y, Xu J, Xiao X, Wang J, Chai Z, 
Zhao Y, Deng H. Small-molecule-driven direct repro-
gramming of mouse fibroblasts into functional neu-
rons. Cell Stem Cell. 2015;17(2):195–203.

31 Direct Reprogramming Somatic Cells into Functional Neurons: A New Approach to Engineering…



462

 37. Hu W, Qiu B, Guan W, Wang Q, Wang M, Li W, 
Gao L, Shen L, Huang Y, Xie G, Zhao H, Jin Y, Tang 
B, Yu Y, Zhao J, Pei G.  Direct conversion of nor-
mal and Alzheimer’s disease human fibroblasts into 
neuronal cells by small molecules. Cell Stem Cell. 
2015;17(2):204–12.

 38. Zheng J, Choi K-A, Kang PJ, Hyeon S, Kwon S, 
Moon JH, Hwang I, Kim YI, Kim YS, Yoon BS, Park 
G, Lee J, Hong S, You S.  A combination of small 
molecules directly reprograms mouse fibroblasts into 
neural stem cells. Biochem Biophys Res Commun. 
2016;476(1):42–8.

 39. Li X, Liu D, Ma Y, Du X, Jing J, Wang L, Xie B, 
Sun D, Sun S, Jin X, Zhang X, Zhao T, Guan J, Yi 
Z, Lai W, Zheng P, Huang Z, Chang Y, Chai Z, Xu 
J, Deng H. Direct reprogramming of fibroblasts via a 
chemically induced XEN-like state. Cell Stem Cell. 
2017;21(2):264. 273.e7

 40. Yang H, Zhang L, An J, Zhang Q, Liu C, He B, Hao 
DJ. MicroRNA-mediated reprogramming of somatic 
cells into neural stem cells or neurons. Mol Neurobiol. 
2017;54(2):1587–600.

 41. Ha M, Kim VN. Regulation of microRNA biogenesis. 
Nat Rev Mol Cell Biol. 2014;15(8):509–24.

 42. Ambros V.  The functions of animal microRNAs. 
Nature. 2004;431(7006):350–5.

 43. Bartel DP. MicroRNAs: target recognition and regula-
tory functions. Cell. 2009;136(2):215–33.

 44. Judson RL, Babiarz JE, Venere M, Blelloch 
R.  Embryonic stem cell-specific microRNAs 
promote induced pluripotency. Nat Biotechnol. 
2009;27(5):459–61.

 45. Orom UA, Nielsen FC, Lund AH. MicroRNA- 10a binds 
the 5’UTR of ribosomal protein mRNAs and enhances 
their translation. Mol Cell. 2008;30(4):460–71.

 46. Adlakha YK, Seth P.  The expanding horizon of 
MicroRNAs in cellular reprogramming. Prog 
Neurobiol. 2017;148:21–39.

 47. Zhou C, Gu H, Fan R, Wang B, Lou J.  MicroRNA 
302/367 cluster effectively facilitates direct repro-
gramming from human fibroblasts into functional 
neurons. Stem Cells Dev. 2015;24(23):2746–55.

 48. Yoo AS, Sun AX, Li L, Shcheglovitov A, Portmann 
T, Li Y, Lee-Messer C, Dolmetsch RE, Tsien 
RW, Crabtree GR.  MicroRNA-mediated conver-
sion of human fibroblasts to neurons. Nature. 
2011;476(7359):228–31.

 49. Richner M, Victor MB, Liu Y, Abernathy D, Yoo 
AS.  MicroRNA-based conversion of human fibro-
blasts into striatal medium spiny neurons. Nat Protoc. 
2015;10(10):1543–55.

 50. Anokye-Danso F, Trivedi CM, Juhr D, Gupta M, 
Cui Z, Tian Y, Zhang Y, Yang W, Gruber PJ, Epstein 
JA, Morrisey EE. Highly efficient miRNA-mediated 
reprogramming of mouse and human somatic cells to 
pluripotency. Cell Stem Cell. 2011;8(4):376–88.

 51. Doudna JA, Charpentier E. Genome editing. The new 
frontier of genome engineering with CRISPR-Cas9. 
Science. 2014;346(6213):1258096.

 52. Rubio A, Luoni M, Giannelli SG, Radice I, Iannielli 
A, Cancellieri C, Di Berardino C, Regalia G, Lazzari 

G, Menegon A, Taverna S, Broccoli V.  Rapid and 
efficient CRISPR/Cas9 gene inactivation in human 
neurons during human pluripotent stem cell dif-
ferentiation and direct reprogramming. Sci Rep. 
2016;6:37540.

 53. Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna 
JA, Charpentier E.  A programmable dual-RNA–
guided DNA endonuclease in adaptive bacterial 
immunity. Science. 2012;337(6096):816–21.

 54. Shah SA, Erdmann S, Mojica FJ, Garrett 
RA. Protospacer recognition motifs: mixed identities 
and functional diversity. RNA Biol. 2013;10(5):891–9.

 55. Mali P, Esvelt KM, Church GM.  Cas9 as a ver-
satile tool for engineering biology. Nat Methods. 
2013;10(10):957–63.

 56. Esvelt KM, Mali P, Braff JL, Moosburner M, Yaung 
SJ, Church GM. Orthogonal Cas9 proteins for RNA- 
guided gene regulation and editing. Nat Methods. 
2013;10(11):1116–21.

 57. Black JB, Adler AF, Wang HG, D’Ippolito AM, 
Hutchinson HA, Reddy TE, Pitt GS, Leong KW, 
Gersbach CA.  Targeted epigenetic remodeling of 
endogenous loci by CRISPR/Cas9-based transcrip-
tional activators directly converts fibroblasts to neu-
ronal cells. Cell Stem Cell. 2016;19(3):406–14.

 58. Abudayyeh OO, Gootenberg JS, Konermann S, 
Joung J, Slaymaker IM, Cox DB, Shmakov S, 
Makarova KS, Semenova E, Minakhin L, Severinov 
K, Regev A, Lander ES, Koonin EV, Zhang F. C2c2 
is a single- component programmable RNA- 
guided RNA-targeting CRISPR effector. Science. 
2016;353(6299):aaf5573.

 59. Kleinstiver BP, Prew MS, Tsai SQ, Topkar VV, 
Nguyen NT, Zheng Z, Gonzales AP, Li Z, Peterson 
RT, Yeh JR, Aryee MJ, Joung JK.  Engineered 
CRISPR-Cas9 nucleases with altered PAM specifici-
ties. Nature. 2015;523(7561):481–5.

 60. Zetsche B, Gootenberg JS, Abudayyeh OO, 
Slaymaker IM, Makarova KS, Essletzbichler P, 
Volz SE, Joung J, van der Oost J, Regev A, Koonin 
EV.  Zhang F Cpf1 is a single RNA-guided endo-
nuclease of a class 2 CRISPR-Cas system. Cell. 
2015;163(3):759–71.

 61. Fu Y, Foden JA, Khayter C, Maeder ML, Reyon D, 
Joung JK, Sander JD.  High-frequency off-target 
mutagenesis induced by CRISPR-Cas nucleases in 
human cells. Nat Biotechnol. 2013;31(9):822–6.

 62. Chan KY, Jang MJ, Yoo BB, Greenbaum A, Ravi N, 
Wu WL, Sánchez-Guardado L, Lois C, Mazmanian 
SK, Deverman BE, Gradinaru V.  Engineered AAVs 
for efficient noninvasive gene delivery to the cen-
tral and peripheral nervous systems. Nat Neurosci. 
2017;20(8):1172–9.

 63. Chanda S, Ang CE, Davila J, Pak C, Mall M, Lee 
QY, Ahlenius H, Jung SW, Südhof TC, Wernig 
M. Generation of induced neuronal cells by the single 
reprogramming factor ASCL1. Stem Cell Reports. 
2014;3(2):282–96.

 64. Willerth SM.  Engineering personalized neural tis-
sue using functionalized transcription factors. Neural 
Regen Res. 2016;11(10):1570–1.

M. Robinson et al.



C1© Springer Nature Switzerland AG 2021 
D. Duscher, M. A. Shiffman (eds.), Regenerative Medicine and Plastic Surgery, 
https://doi.org/10.1007/978-3-030-19962-3_32

Correction to: Sox9 Potentiates 
BMP2-Induced Chondrogenic 
Differentiation and Inhibits  
BMP2-Induced Osteogenic 
Differentiation

Junyi Liao, Ning Hu, Nian Zhou, Chen Zhao, 
Xi Liang, Hong Chen, Wei Xu, Cheng Chen, 
Qiang Cheng, and Wei Huang

The updated online version of this chapter can be found at https://doi.org/10.1007/978- 3- 030- 19962- 3_19

 Correction to: D. Duscher, M. A. Shiffman (eds.), Regenerative Medicine 
and Plastic Surgery, https://doi.org/10.1007/978- 3- 030- 19962- 3_19

This chapter was inadvertently published with incorrect version of Figs. 19.1 to 19.7. These figures 
were corrected as follows:

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-19962-3_32&domain=pdf
https://doi.org/10.1007/978-3-030-19962-3_32#DOI


C2

#

#

#

BMP2 BMP2+Sox9

BMP2+Sox9 BMP2+Sox9

GFP
Day5Day2

Day7

Sox9

R
el

at
iv

e 
S

ox
9 

ex
pr

es
si

on 1.2

1.0
0.8

0.6
0.4

0.2
0

# #
#

Day2 Day5 Day7

#

*

*

#

BMP2 GAPDH GAPDH

GFP

Sox9

Sox9Sox9 MarkerGFPGFP

PCR product

W
es

te
rn

 b
lo

t

an
ti-
β-

ac
tin

 a
nt

i-S
ox

9

W
es

te
rn

 b
lo

t

an
ti-
β-

ac
tin

 a
nt

i-S
ox

9

W
es

te
rn

 b
lo

t

an
ti-
β-

ac
tin

 a
nt

i-S
ox

9

BMP2BMP2

BMP2

MarkerGFP

Sox9Sox9 GFP GFPBMP2a b

c dBMP2+Sox9Sox9 GFPBMP2

A

B

C

D

Fig. 19.1 Gene transduction and Sox9 expression in 
each treatment group. (A, B) Bright-light and fluores-
cence microscope examination showed the transduction 
efficiency of recombinant adenoviruses in monolayer 
culture (24 h after transduction, ×100) and micromass 
culture (3  days after transduction, ×40), respectively. 
(C) Recombinant adenovirus-mediated overexpression 
of BMP2 and Sox9 mRNA was evaluated by semiquan-

titative RT-PCR analysis using GAPDH as a housekeep-
ing gene. (D) Sox9 expression was evaluated by western 
blot analysis in each treatment group at days 2, 5, and 7 
after transduction (a to c) and relative Sox9 expression 
was analyzed by Quantity One software using β-actin as 
controls (d); the results are expressed as mean ± SD of 
triplicate experiments, ∗P < 0.05, #P < 0.01
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Fig. 19.2 Sox9 potentiates BMP2-induced glycosamino-
glycan synthesis in MSCs in micromass cultures. (a) Real-
time PCR for the expression of chondrogenic differentiation 
marker gene ACAN was conducted on days 7 and 14 after 
infection of AdGFP, AdBMP2, and/or AdSox9, using 
GAPDH as a housekeeping gene. (b) Alcian blue staining 
for sulfated glycosaminoglycans in micromass cultures of 

C3H10T1/2 cells on days 7 and 14 after transduction of 
indicated recombinant adenoviruses, gross observation. (c) 
Microscope examination (×40). (d) Alcian blue staining 
quantifying: cells were extracted with 6  M guanidine 
hydrochloride; optical density of the extracted dye was 
measured at 630 nm. The results were expressed as mean 
± SD of triplicate experiments, ∗P < 0.05, #P < 0.01

a c

d

b
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Fig. 19.3 Sox9 potentiates BMP2-induced Col2a1 synthe-
sis in MSCs in micromass cultures. (A) Real-time PCR for 
the expression of chondrogenic differentiation marker gene 
Col2a1 was conducted at continuous time points (from days 
3 to 14) after infection of AdGFP, AdBMP2, and/or AdSox9, 
using GAPDH as a housekeeping gene. (B) Western blot for 

the expression of Col2a1 was conducted at continuous time 
points (from days 3 to 14) after transduction of indicated 
recombinant adenoviruses (a); quantitatively, relative Sox9 
expression was analyzed by Quantity One software using 
β-actin as controls (b). The results are expressed as 
mean ± SD of triplicate experiments, ∗P < 0.05, #P < 0.01
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Fig. 19.4 Sox9 inhibits BMP2-induced early and late 
osteogenic differentiation of MSCs in  vitro. (A) 
C3H10T1/2 cells were infected with AdGFP, AdBMP2, 
and/or AdSox9. The ALP activities were measured on 
days 7 and 9 using ALP histochemical staining (a), and 
chemiluminescent assays (b). (B) C3H10T1/2 cells were 
infected with indicated recombinant adenoviruses. On 
day 11 after infection, the expression of osteopontin 

(OPN) was assayed by immunocytochemical staining 
using anti- OPN antibody (a). For matrix mineralization, 
C3H10T1/2 cells were infected with indicated recombi-
nant adenoviruses and cultured in mineralization 
medium. Alizarin red staining was conducted on day 14 
after infection (b)
Each assay was done in triplicate. ALP assay results are 
expressed as mean ± SD, ∗P < 0.05, #P < 0.01
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Fig. 19.5 Sox9 inhibits BMP2-induced osteogenic 
marker expression in MSCs in vitro. (A) Real-time PCR 
for the expression of early osteogenic differentiation gene 
Runx2 (Aa), late osteogenic gene osteocalcin (OC), and 
osteopontin (OPN) (b, c) was conducted at indicated time 
points after infection with AdGFP, AdBMP2, and/or 
AdSox9, using GAPDH as a housekeeping gene. (B) 

Western blot for the expression of Runx2 (a), OPN (b), 
and OC (c) was conducted at indicated time points after 
transduction of indicated recombinant adenoviruses, 
respectively. (C) Relative protein expression was ana-
lyzed by Quantity One software using β-actin as controls, 
respectively. The results are expressed as mean ± SD of 
triplicate experiments, ∗P < 0.05, #P < 0.01
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Fig. 19.6 Sox9 potentiates BMP2-induced cartilage for-
mation and inhibits BMP2-induced endochondral ossifi-
cation in MSC implantation in  vivo. (A) Macrographic 
images of ectopic masses. BMP2 or BMP2 and Sox9 
coinfected C3H10T1/2 cells were implanted subcutane-
ously to the flanks of nude mice. Ectopic masses were 
retrieved at 5 and 8 weeks (a). The volume of the masses 

was determined using vernier calipers (b). (B) Histological 
analysis of the retrieved samples. The retrieved samples 
were fixed, decalcified, paraffin embedded, and subjected 
to H&E, Masson’s trichrome, Alcian blue, and safranin 
O-fast green staining. Representative images are shown, 
magnification ×100, scale bar = 1 mm
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Fig. 19.7 Sox9 promotes expansion of the proliferating 
chondrocyte zone and inhibits BMP2-induced chondro-
cyte hypertrophy and ossification in organ cultures.  
(A) Mouse E18.5 forelimbs (n = 4 each group) were har-
vested and transduced with AdGFP, AdBMP2, and/or 
AdSox9. The forelimbs were cultured in organ culture 
medium and the transduction efficiency was visualized 
under bright- light and fluorescence microscope (×40). (B) 
Histological analysis of the cultured forelimbs. The fore-

limbs were fixed, decalcified, paraffin embedded, and 
subjected to H&E staining. Representative images are 
shown (a), magnification ×100. The average lengths of 
the hypertrophic zones, prehypertrophic zones, and 
proliferating zones were also determined by using 
ImageJ software (b). Hyp hypertrophic chondrocyte 
zone, Pre prehypertrophic chondrocyte zone, Pro pro-
liferating chondrocyte zone. ∗P < 0.05, #P < 0.01, scale 
bar = 1 mm
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Adipose-derived stem cells (ADSCs), 40, 263, 288,  
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peripheral nerve regeneration, 438, 439
regeneration, 441
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Adult dermal repair system, 20
Adult mammalian skin damage, 19
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Adult stem cells and embryonic stem cells, 129
Adult tissue-derived MSCs, 129
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Aesthetic-plastic surgical applications, 49
Aggrecan (ACAN) mRNA, 269
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Aging
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ex-vivo pharmacological inhibition, 318
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