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   Foreword   

 The amniotic membrane remains one of the most mysterious fetal structures, with 
properties that are poorly understood by most clinicians. Nevertheless, amniotic 
membrane diseases are one of the most important and prevalent aspects of clinical 
obstetrics, and the structure is used for treatment in several areas of clinical 
medicine. 

 This book, edited by Maria Filomena Botelho and Ana Catarina Mamede, is an 
important contribution to the existing knowledge in this fi eld. It includes topics 
ranging from embryology to the biochemical and biophysical properties of the 
amniotic membrane. 

 Another section reviews the use of this tissue in different areas of clinical medi-
cine, such as stem cell treatment, ophthalmology, treatment of burns, cancer, oral 
medicine, and gynecology. A fi nal chapter touches on the ethical aspects associated 
with research and treatment. 

 The book constitutes interesting reading for obstetricians, basic science research-
ers, and healthcare professionals interested in amniotic membrane therapy. It is also 
an excellent review of the topic for all those who, for different reasons, are develop-
ing a special interest in this fetal structure. 

 Diogo Ayres-de-Campos 
 Associate Professor – Medical School,

University of Porto 
 Treasurer – FSPOG Federation of Portuguese

Societies of Obstetrics and Gynecology 
 Safe Motherhood and Newborn Health Committee – FIGO International 

Federation of Gynecology and Obstetrics  
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    Chapter 1   
 Embryology and Anatomy 
of Placental Membranes 

             José     Joaquim     de     Sousa Barros    

    Abstract     All vertebrates have extraembryonic tissues known as placental mem-
branes. In humans they are composed of the so-called refl ected membranes and 
those of the chorionic plate on the placental disc. Although the membranes are usu-
ally seen as a placental appendage, they are distinct from the chorion frondosum, 
which is the actual hemochorionic placental mass. Their origin along with their 
structural and functional complexity has recently been receiving considerable atten-
tion mainly because of an interest in the composition of the various extracellular 
connective tissue components and due to the stem cell properties of their epithelial 
and stromal cells. Although molecular mechanisms regulating trophectoderm and 
inner cell mass differentiation are beginning to be known, our understanding of cell 
fate decisions during human embryonic development still remains limited. In addi-
tion to the chorion and amnion, there is a third component of the membranes – the 
mesodermal derivatives, which form the middle aspect of the placental membranes.  
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1.1         General Considerations 

 All vertebrates have extraembryonic tissues known as placental or fetal membranes, 
also referred to as the chorioamniotic membranes. In humans they are composed of the 
so-called refl ected membranes and those of the chorionic plate on the placental disc. 
Normally, membranes insert on the edge of the placental disc, run on the chorionic 
plate, and represent a fl uid-fi lled membranous sac, also known as bag of waters that 
encloses the fetus throughout pregnancy (Fig.  1.1 ). Although the membranes are usu-
ally seen as a placental appendage, they are distinct from the chorion frondosum, which 
is the actual hemochorionic placental mass and forms a thickened villous tissue. Both 
are specialized areas of important maternal-fetal interactions, which are essential for 
the normal pregnancy evolution. Several distinct layers are present in placental mem-
branes. Their origin along with their structural and functional complexity has recently 
been receiving considerable attention mainly because of an interest in the composi-
tion of the various extracellular connective tissue components and due to the stem cell 
properties of their epithelial and stromal cells. With the unlimited availability of pla-
centas, large numbers of cells can be isolated from the placental membranes and their 
immunomodulatory properties make them highly attractive for cell based reparative 
and regenerative medicine. Hoping to use these cells for clinical applications, promis-
ing results have been achieved, in particular using fi broblast like cells isolated from the 
amnion and chorion. Indeed, these fetal membranes are no longer seen as waste tissues 
but as a source of cells and bioactive molecules for therapeutic applications.   

1.2     Origin of the Placental Membranes 

1.2.1     Yearly Placenta 

 The close relationship between the embryo-fetus and the mother is one of the most 
important traits of human development. In order to develop and grow during intra-
uterine life, the fetus must establish and maintain an intimate relation with the 

  Fig. 1.1    Chorioamniotic 
membranes also known as 
“bag of waters”. When 
observed from the maternal 
surface, are clear and have a 
bluish hue and are devoid of 
vasculature       
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mother’s body for acquiring nutrients, oxygen and eliminating waste products. 
After conception, a series of cell divisions create a mass of totipotent cells, the 
morula. The fi rst differentiation event occurs after compaction of the morula with 
formation of a vesicle called blastocyst by the end of day 5. Up to the time of 
implantation the blastocyst consists of a spherical structure with a central cavity 
surrounded outwardly by trophoblastic cells that lie on the outside of the morula. At 
one pole, within the cavity of the blastocyst, a thickened small group of large cells 
form the inner cell mass or embryoblast. Both cellular components of the blastocyst, 
the embryoblast and the trophoblastic cells also called trophoectoderm are precur-
sors of other tissues that appear in subsequent stages of embryo development. The 
trophoblast is the forerunner of the placenta and chorionic villi while the inner cell 
mass will form the embryo/fetus, yolk sac, amnion and umbilical cord. 

 Although molecular mechanisms regulating trophectoderm and inner cell mass 
differentiation are beginning to be known, our understanding of cell fate decisions 
during human embryonic development still remains limited. During the initial 
stages of embryo development a differentiation event begins at the compacted mor-
ula stage where the outer layer of cells segregates to become the trophectoderm that 
gives rise to the embryonic part of the placenta. Within the fi rst 2 days of develop-
ment, the embryo undergoes successive cleavage divisions to produce an eight-cell 
embryo and at this stage cell-cell contact increase to produce a compacted morula. 
Subsequent divisions increase the positional complexity of the morula cells with 
some cells taking a position on its interior being fully enclosed by the outermost 
cells. Alternatively, cells can be stored in contact with the exterior, forming the 
outer lining wall of the morula and later of the blastocyst. Lineage tracing experi-
ments suggested that trophoblastic cells (trophectoderm) are derived mainly from 
outside cells whereas inside cells contribute to the inner cell mass, which will pro-
duce the embryonic lineages cells. The differentiation of trophectoderm may be 
regarded as the hallmark event in mammalian preimplantation development, as it is 
the fi rst tissue that becomes differentiated during embryogenesis being morphologi-
cally distinct from the inner cell mass. The trophectoderm, which will form the 
placenta, begins as an epithelial sheet enclosing the inner cell mass, the future 
embryo. Molecularly, trophectoderm and inner cell mass lineages can be distin-
guished by the expression patterns of several lineage-specifi c transcription factors. 
Interactions among these factors during blastocyst formation are thought to rein-
force trophectoderm and inner cell mass fates. The mechanisms behind the estab-
lishment of these cell fate decisions include a combination of interactions between 
transcriptional factors, signalling, cell polarity and cell position within the morula. 
At cellular level, the segregation results in spatially and molecularly distinct cell 
populations. While the trophoectoderm is the fi rst tissue that becomes differentiated 
during embryogenesis due to its biological function, the inner cell mass needs to 
retain its pluripotency status much longer, since the establishment of the other germ 
cell layers. 

 By the end of the fi rst week following fecundation, the implantation of the blas-
tocyst takes the fi rst steps. Successful implantation and development of the blasto-
cyst depends on a series of complex and coordinated cellular and molecular 
interactions between trophoblast and endometrial tissues that is facilitated by the 
trophoblast that start a differentiation process into cell lines with migratory  capacity. 

1 Embryology and Anatomy of Placental Membranes
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On the 7 day, the trophoblast embeds deeper into the endometrium and undergoes 
two different pathways of differentiation that leads to the development of villous 
and extravillous trophoblast. In the following days the trophoblastic cells proliferate 
and the embryoblast is separated from maternal tissues and blood by an inner layer 
of cytotrophoblast cells and an outer layer of syncytiotrophoblast – trophoblastic 
shell. The cytotrophoblast is an undifferentiated, mononucleated stem cell from 
which the other forms of trophoblast derived (Fig.  1.2 ). The syncytiotrophoblast 
facing the maternal tissue is transformed by fusion of the underlying cytotropho-
blastic cells. It consists of a continuous multinucleated system without intercellular 
spaces, individual cells or syncytial units. Within the fi rst 2 weeks of development, 
a labyrinth of lacunae appears within the syncytiotrophoblast forming the intervil-
lous space and, soon after their formation, the invading front of trophoblast will 
have penetrated the endometrial blood vessels, allowing the maternal blood to enter 
the lacunae from branches of the spiral arteries. At the same time, the trophoblastic 
shell continues to grow and develop until the earliest evidence of fetal circulation 
and of the chorionic villi formation can be identifi ed, by the third week after fecun-
dation. Twenty eight days following fecundation, a deep interstitial blastocyst 
implantation within the endometrium with differentiation of invasive trophoblast 
into the decidualized stroma occurs. At 12 weeks of gestation, true maternal blood 
fl ow enters the intervillous space when uterine spiral arteries form the uteroplacen-
tal circulatory system.  

 Simultaneously with the overall development of the placental architecture cyto-
trophoblast differentiation continues in several pathways functioning as the precur-
sor cells for all the other trophoblast types including the extravillous trophoblast 
located in the nonvillous structures of the placenta. 

 In the meanwhile, at the implantation pole of the blastocyst, the trophoblastic 
cells start to proliferate to form the syncytiotrophoblast by fusion of neighboring 
cytotrophoblastic cells, making the trophoblast thicker. This area of preferential 
growth, with the appearance of extraembryonic mesoderm, is later transformed into 

  Fig. 1.2    Transmission 
electron micrograph of 
second trimester placenta. 
An undifferentiated 
cytotrophoblast ( CT ) can be 
clearly distinguished from the 
overlying syncytium ( S ). 
During all stages of gestation, 
most of the villous 
cytotrophoblast belongs to 
this type of proliferating stem 
cell, ×9,000       
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a mass of chorionic tissue, which is identifi ed as the placental villous mass, the 
 so- called chorion frondosum. Endodermal and mesodermal components of the pla-
centa and of the amnion–chorion membrane are later derivatives of the inner cellu-
lar mass, so mesenchyme and blood vessels then form the villi, which branch and 
grow along with the chorion frondosum. 

 The main functional units of this placental mass are the chorionic villi, a fi nger- 
like structure mediating nutrient absorption, oxygen transport, waste elimination 
and generating the bulk of the hormones produced by the placenta during gestation. 
Cross sectioning a chorionic villous reveals the basic components of this part of the 
placenta. A cross section of a fi rst trimester chorionic villous shows a central mes-
enchymal core with embedded fetal capillaries surrounded by an inner layer 
 composed of cytotrophoblast and an outer layer of syncytiotrophoblast (Fig.  1.3 ). 
A term chorionic villous exhibits the same basic structure with an increased number 
of fetal capillaries. Some of these capillaries are close enough to the outer edge of 
the villous to facilitate nutrient exchange, which is why these areas are known as 
vasculosyncytial membranes (Figs.  1.4  and  1.5 ).    

  Fig. 1.3    Light microscopic 
appearance of a fi rst trimester 
placental villi. Note the 
trophoblastic covering 
consisting of relatively thick 
syncytiotrophoblast ( S ) and 
well-defi ned 
cytotrophoblastic layer ( CT ). 
Villi still belong to the 
mesenchymal type ( M ). 
Paraffi n section, Hematoxylin 
and Eosin stain, ×200       

  Fig. 1.4    Light microscopic 
appearance of third trimester 
placental villi. Note the 
vasculosyncytial ( VSM ) 
membranes formed by 
thinned anucleate 
syncytiotrophoblast ( S ) and 
fetal capillaries ( C ). Paraffi n 
section, Hematoxylin and 
Eosin stain, ×100       
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 Although the human oocyte is implanted interstitially and the chorionic sac is 
completely covered with villi at the beginning, the growth of the chorionic villi at the 
abembryonic pole is still limited. As early as 8 weeks of development, these capsular 
chorionic villi adjacent to the endometrial cavity and farthest away from the maternal 
blood supply are slowly pushed into the uterine cavity (decidua capsularis) by the 
expanding amniotic sac, which surrounds the embryo. These villi degenerate, atro-
phy and form the chorionic layer of the external membranes, the  so-called smooth 
chorion or chorion laeve. At around 20 weeks of gestation, the combined amnion–
chorion membrane makes contact with the opposite side of the uterus, where it fuses 
with the decidualized maternal endometrium (decidua parietal), forming the com-
plete external membrane consisting of amnion, nonvillous chorion and decidua 
layers.  

1.2.2     Amnion and Chorion 

 At an early stage in pregnancy, the human intrauterine implantation site is represented 
by differentiation of the endoderm and ectoderm, being surrounded by the extraem-
bryonic mesenchyme and trophoblast. Indeed, just before the embryo implants into 
the endometrium, a differentiation event that includes the segregation of two cellular 
lineages within the inner cell mass occurs, leading up to the formation of the basic 
body plan, the bilaminar germ disc. Ultimately, these changes lead to the rearrange of 
the embryoblast into an epithelial confi guration. Twenty-four hours after blastocyst 
formation, the second lineage decision leads to the establishment of two morphologi-
cally distinct cellular populations from the inner cell mass, the primitive ectoderm or 
epiblast, which is the embryonic lineage, and the primitive endoderm or hipoblast. 
The primitive endoderm forms a monolayer of small, cuboidal cells on the surface 

  Fig. 1.5    Transmission electron micrograph of term villus showing the vasculosyncytial membrane 
formed by the thinned syncytiotrophoblast ( S ), basement membranes ( BM ), endothelial cytoplasm 
( Ec ) and the fetal capillary (C). The capillary basement membrane and the trophoblast basement 
membrane may come into such close proximity that they fuse, ×8,000       
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of the inner cell mass directly facing the blastocyst cavity that will give rise to the 
extraembryonic endoderm layer of the visceral yolk sac. The primitive ectoderm, 
which is the main upper layer of high columnar cells and the embryonic lineage, lies 
between the primitive endoderm and the trophoectoderm. 

 The classical model of epiblast – hipoblast lineage formation proposed that 
embryoblast cells of the early blastocyst are a homogeneous population of bipoten-
tial cells, each one with the ability to become either primitive ectoderm or primitive 
endoderm. Cell fate would be determined by the position of the cells within the 
inner cell mass. Surface cells would differentiate as primitive endoderm while 
enclosed cells would differentiate as primitive ectoderm. This model is consistent 
with the ultimate arrangement of primitive ectoderm and primitive endoderm cells 
within the late blastocyst being supported by data provided by in vitro studies using 
relatively homogeneous cell populations. Recently, this original assumption of cell 
segregation has been clarifi ed by the identifi cation of the mechanisms involved in 
the process of epiblast and hipoblast formation and maintenance of these two cell 
lines. Indeed, several studies suggest that cells of the inner cell mass may not be a 
homogeneous population but a heterogeneous mixture of progenitors cells that will 
sort out into the appropriate layer. The cells of the inner cell mass are arranged in a 
mosaic pattern, according to their lineage-specifi c transcription factors: some cells 
represent the precursors of the epiblast, and others the precursors of the hypoblast. 

 The basis for the differentiation of these two distinct precursor cell lines is not 
completely understood, but according to some hypothesis, those cells that enter the 
inner cell mass earliest are biased to perpetuate their pluripotency and assume an 
epithelial confi guration as they form the epiblast. Possibly because of the infl uence 
of growth factors, secreted by these fi rst arrivals to the inner cell mass, later incom-
ers are then biased to produce molecules that increase their adhesive properties, as 
well as their mobility, making their way to the lower surface of the inner cell mass 
to form the hypoblast. Primitive endoderm precursors exhibit an apparently ran-
dom distribution within the inner cell mass of the early blastocyst and then segre-
gate to their fi nal position lining the cavity by the late blastocyst. Some studies 
using early expressed proteins that are markers of cell lineage have shown that 
before blastocyst formation, lineage-specifi c factors are expressed in an overlap-
ping manner. Subsequently, a gradual progression towards a mutually exclusive 
expression of primitive endoderm and epiblast-specifi c markers occurs. An analy-
sis of lineage specifi c factors revealed a series of sequential and distinct phases in 
the process of primitive endoderm formation, in which the early overlapping 
expression of transcription factors precedes the maturation of inhibitory regulatory 
pathways and lineage restricted expression. Cell sorting then occurs via a combina-
tion of behaviors, including cell movement, adhesion and selective apoptosis. 
Studies of the events leading to formation of the primitive endoderm in the preim-
plantation mouse embryo indicate that, during early stages of development, cells 
co-express markers for different lineages. Subsequently, primitive endoderm fate 
results from a progressive restriction of expression of primitive endoderm-specifi c 
markers followed by cell sorting. Along with tracing studies, this has led to a 
model for lineage specifi cation in which epiblast and primitive endoderm  precursors 
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are specifi ed in a possibly random manner within the inner cell mass and later 
segregate to their respective layers. This is in contrast to the previously assumed 
model that cell position with respect to the blastocyst cavity is the primary deter-
minant of primitive endoderm fate. After the hypoblast has become a well-defi ned 
cellular layer and the epiblast has taken on an epithelial confi guration, the former 
inner cell mass is transformed into a bilaminar disk, which is a two layer structure 
with the epiblast on the dorsal surface and the hypoblast on the ventral surface lin-
ing the blastocyst cavity. 

 The epiblast contains the cells that produce the embryo itself, but also contrib-
ute to the extraembryonic tissues of the conceptus. By the eighth day following 
fecundation, the next layer to appear after the hypoblast is the amnion, a layer of 
extraembryonic ectoderm, at which time its margin is attached around the free 
edge of the embryonic disc that later loosely encloses the entire embryo in a fl uid-
fi lled chamber called the amniotic sac. During implantation, a cavity is formed 
between the embryoblast and basal trophoblast, developing the placental mass or 
chorion frondosum. The formation of the human amnion and amniotic cavity are 
not completely understood, but some studies on primate embryos indicate that the 
amniotic cavity appears in the dorsal region of the embryonic knot with the begin-
ning of implantation or immediately afterwards. A small primordial amniotic cav-
ity fi rst arises by cavitation, that is, intercellular spaces appear in the inner cells 
mass, within the pre- epithelial epiblast and coalesce to form the amniotic cavity, 
which is covered by cells derived from the inner cell mass. According to some 
investigators, in the case of amniogenesis by cavitation, a cavity comes into exis-
tence through dehiscence in the region of the embryonic pole of the blastocyst. 
This primordial amniotic cavity develops within the dorsal embryonic knot through 
cavitation and enlarges peripherally in connection with the formation and growth 
of the primitive ectoderm. The roof of the primordial amniotic cavity gets thinner 
until fi nally opening up, exposing the cavity to the overlying trophoblast. This cav-
ity is formed at the bottom by the embryoblast and at the roof by the trophoblast. 
Soon thereafter the edges of the epiblast fold up dorsally and grow towards each 
other along the trophoblastic membrane, forming the defi nitive amniotic cavity 
with a solid roof of original amniotic epithelium. Soon, in the further course of 
embryologic development a new cellular form arises, the denominated mesoder-
mal cells. These, in combination with amniotic epithelium (ectoderm) will produce 
a thin extraembryonic membrane called amnion. In the further course of develop-
ment mesodermal cells soon follow and the combination of amniotic epithelium 
(ectoderm) and mesoderm produces a thin extraembryonic membrane called 
amnion. The fi broblast layer of the amnion originates from the extraembryonic 
mesenchyme that develops from the hypoblast and expands to cover the surface of 
the amniotic epithelium and becomes the amniotic mesoderm. After 7–10 weeks of 
gestation, the amniotic mesoderm joins to the chorionic mesoderm, starting at the 
umbilical cord insertion site, at the chorionic plate. However, amnion and chorion 
never becomes closely attached and thus, the two membranes can easily slide 
against each other. Embryoblast derived mesenchyme also contribute to the forma-
tion of extraembryonic mesoderm. 

J.J. de Sousa Barros
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 According to this concept the amniotic cavity has its origin in the embryonic 
knot and the amniotic membrane is made up of the embryoblast material. Since the 
amniotic epithelium develops prior to gastrulation, a period during which the three 
embryonic germ layers form from the epiblast, it has been suggested that  pluripotent 
stem cells derived from the epiblast are retained in the amnion even at term 
pregnancy. 

 Although the hypoblast plays a fundamental role in the early stages of develop-
ment, its ultimate fate appears to be extra-embryogenesis. In fact, about 9 days after 
fecundation, the early embryo is still sunk in the endometrium, hypoblast cells 
begin to migrate in the direction of the abembryonic pole of the blastocyst and coat 
the inner surface of the trophoblast with a continuous layer of extraembryonic endo-
derm called parietal endoderm. When the endodermal spreading is completed, 
a new extraembryonic cavity is formed ventrally in front of the embryonic disc 
called primary yolk sac. The gap between the primary yolk sac and the trophoblast 
enlarges due to the extension of the blastocyst but is further on interconnected with 
cells and their extensions in a network fashion. Later on, this interspace becomes 
the chorionic cavity that will be fi lled, in the third week of development, by extra-
embryonic mesoderm. 

 In addition to the chorion and amnion, there is a third component of the mem-
branes – the mesodermal derivatives, which form the middle aspect of the placental 
membranes. These mesodermal investments are the mesenchymal core of the chori-
onic villi and the connective tissue layer of the inner surface of the chorion, in the 
chorionic plate, where they house fetal blood vessels, and of the chorion leave adja-
cent to the amnion. 

 The precise embryologic derivation of the extraembryonic mesoderm is unknown, 
but it is believed that the fi rst cells arise from a transformation of parietal endoder-
mal cells and not from trophoblast delamination. These fi rst mesodermal cells are 
later joined by extraembryonic mesodermal cells that have originated from the 
primitive streak and thus from the epiblast. Some mesoderm cells split off and 
migrate to form the extraembryonic mesoderm, which also surrounds the amniotic 
cavity as previously described. 

 The chorionic cavity is lined by extraembryonic mesoderm and covered in tro-
phoblast cells forming chorionic villi. In the human embryo, during the third 
week, this space forms outside the yolk sac and surrounds the amniotic sac. The 
extraembryonic mesoderm becomes the tissue that supports the epithelium of the 
amnion, the yolk sac and the chorionic villi, which arise from the trophoblastic 
tissues. 

 The cellular structure of the extraembryonic mesoderm takes on the character of 
a slack connecting tissue in the chorionic cavity where it provides a lining of the 
chorion and a further covering of the amnion and of the yolk sac. It becomes increas-
ingly fi lled with fl uid while its cell quantity decreases. This substance without a 
well-defi ned structure is sometimes called magma reticulare. It forms a transient 
space, the extraembryonic coelom that is lost by expansion of the amniotic sac, 
which fuses to the chorionic membrane. When the amniotic cavity starts extending 
at the cost of the chorionic cavity, the remnants of the mesodermal cells are 
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 integrated into the chorionic and the amniotic mesoderm until the chorionic cavity 
is obliterated, by the end of the third month. 

 As described, the amnion fuses with the chorion during expansion of the amni-
otic cavity. The inner surface of the chorion is bordered by the outer layer of the 
amnion and the outer layer of the chorion in conjunction with trophoblastic villi 
that sprout from its surface is in contact with the decidua. The decidua capsular is 
above the chorion laeve and fuses with the parietal decidua of the uterine wall 
when the chorionic sac grows to occupy the entire endometrial cavity. Therefore, 
the relationship of the chorion with the placenta has two contiguous aspects. One 
is related with the chorion laeve or the refl ected membranes, sandwiched between 
amnion and decidua while the other is related with the surface of the placental 
mass or chorionic plate, which it is also covered by amnion but bordered beneath 
by trophoblast associated with the chorion frondosum or parenchyma of the 
placenta. 

 As previously mentioned, the entire surface of the early conceptus is covered by 
chorionic villi and, with the appearance of the fi rst chorionic villi the trophoblast, 
the forerunner of the placenta, at the implantation pole, becomes the chorion fron-
dosum. In the opposite implantation pole, the capsular chorion frondosum initially 
undergoes a similar development. However, as the gestational sac enlarges, regres-
sion of formed villi and obliteration of the relative intervillous space begins, a pro-
cess that spreads laterally over about two thirds of the surface of the chorionic sac 
and the chorion, the obliterated intervillous space, the villous remnants, and the 
trophoblastic shell fuse, forming the nonvillous chorion. So, this smooth chorion 
consists of several layers of undifferentiated trophoblast and stromal layers. With 
the enlargement and outward expansion of the amniotic cavity, the amnion and cho-
rion fuse to form the chorioamniotic membrane obliterating the chorionic cavity. 
After delivery, the chorion frondosum and the relatively avascular smooth chorion 
can be observed (Fig.  1.6 ).    

  Fig. 1.6    Intact placenta and 
fetus at 23 weeks of 
pregnancy. Macroscopic 
appearance of normal 
membranes. Note the chorion 
frondosum ( CF ) and the 
refl ected membranes of the 
fetal sac composed of amnion 
and chorion leave ( RM ). The 
free membranes meet the 
placental surface at the 
margin of the vascular or 
chorionic plate       
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1.3     Anatomy of the Placental Membranes 

1.3.1     Amnion and Chorion 

 Before microscopic observation of term fetal membranes, it is important to know 
the basic elements of a singleton fetus gestation placenta. We can say that full-term 
normal placentas are composed of the so-called placental disc, membranes and the 
umbilical cord. Rarely do the membranes retain their normal anatomic relations 
during the delivery of the placenta. Most commonly, the fetal sac is attached to the 
rim of the placenta and may have inverted over the maternal surface of the placenta, 
so that the fetal surface or inner aspect of the amniotic cavity is demonstrated. Then, 
the fetal cavity can be reconstructed by manually fl ipping back the membranes to 
their normal anatomical in vivo position (Fig.  1.7 ). The location of the point of rup-
ture through which the fetus was delivered and the distance between the opening in 
the membranes and the placental disc margin can be identifi ed. The membranes are 
composed of the refl ected membranes of the fetal sac and those of the chorionic 
plate or fetal surface on the placental disc. Both are in continuity and composed of 
two distinct layers, the amnion and chorion. These layers can be separated along 
their natural cleavage plane by grasping them at the point of rupture with toothed 
pickups and the amnion trimmed from the fetal surface of the placental disc. As 
observed by gross examination, the amnion is translucent with a bluish sheen and 
the chorion is relatively more opaque (Fig.  1.8 ). The chorion and the amnion are 
distinct layers and should be understood as they relate to chorion frondosum at the 
chorionic plate and to the chorion laeve of the so-called free or refl ected mem-
branes. Therefore, there are two contiguous aspects of the chorion that relate to the 
placenta: one associated with the chorion leave or the refl ected membranes and the 
other linked to the surface of the placental disc or chorionic plate, here also covered 

  Fig. 1.7    Reconstruction of 
the chorioamniotic cavity. 
Note the opening for the exit 
of the fetus       
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by amnion but bordered beneath by the chorion frondosum or parenchyma of the 
placenta (Figs.  1.9  and  1.10 ). By grasping the membranes at the border and lifting, 
the chorioamniotic cavity may be reconstructed. The thickness after separation 
from the uterine wall is about 200–300 μm, in average. Using one’s fi ngers or atrau-
matic forceps, it is easy to dissect the membranes from the top to the bottom of the 
amniotic sac and identify both the amnion and the chorion.     

 The amnion is a complex thin avascular membrane of only about 35–60 μm in 
greatest thickness that is probably nourished by mesenchymal-epithelial cells pres-
ent between the chorion and amnion, the amniotic fl uid, fetal surface vessels and by 
glands of the decidua, through diffusion mechanisms. The early amniotic mem-
brane consists of an inner single layer of extraembryonic cuboidal ectodermal cells 
lined by a nonvascular and nerveless mesothelium-like layer of extraembryonic 
mesoderm. However, as the conceptus ages, distinct intermediate layers appear, 
originating a human amnion composed of fi ve layers starting from the innermost 
layer: epithelium, basement membrane, compact layer, fi broblast layer and spongy 
layer. 

  Fig. 1.8    General appearance 
of the fetal membranes. From 
the border of the opening of 
the sac it is easy to strip the 
amniotic layer from the 
chorion. The amnion ( A ) is a 
thin translucent layer of 
tissue loosely attached to the 
chorion ( C )       

  Fig. 1.9    The amnion ( A ) and 
the chorion ( C ) are separated. 
When the amniotic 
membrane arrives at its 
insertion on the placental 
surface, continuing to strip 
the amnion away clearly 
leaves the chorionic plate 
underneath ( Cp )       
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 It is currently believed that only a single cytological element should be present in 
the amnion. However, this cellular form may take on several appearances because 
of its localization, degrees of degeneration and other artifactual aberrancies. The 
epithelium is composed of a single layer of fl at to cuboidal cells. More columnar 
cells can be seen at the margin of the chorionic plate, and fl atter cells are generally 
present at greater distances radially from the center of the placenta. The free sur-
faces of these cells have brush borders and tend to be rounded. The amniotic epithe-
lium lies over a delicate reticular basal lamina or basement membrane, which is 
connected to a thin connective tissue layer by fi lamentous strands. The connective 
tissue consists of a thicker more compact stromal layer (the strongest layer of the 
amnion) and a lower fi broblastic zone. The compact stromal layer contains bundles 
of collagen, scattered elastic fi bers and sometimes histocytes. The fi broblast layer 
consists of a network of fi broblasts and a few macrophages. Although the amniotic 
connective tissue layer is divided into a compact stromal layer and a fi broblast layer, 
these are diffi cult to identify on histologic sections. Beneath this and directly over-
lying the chorion, there is a spongy layer with relative absence of fi broblastic cells. 
The spongy layer results from the tissue of the extraembryonic coelom with bundles 
of reticular fi bers and mucin, render routine staining diffi cult. This is the zone of 
fusion between the mesodermal layer of the amnion and that of the chorion with a 
few isolated fi broblasts, presenting a highly variable thickness (Figs.  1.11  and  1.12 ).   

 Cytochemical and histochemical studies of the human amnion show a bipolar 
nuclear cytoplasmic cyclic activity. Both scanning and electron transmission 
microscopy confi rm that both apical and basal surfaces of the amniotic epithelium 
are active in transport of solutes and water. In the apical surface of the amniotic 
epithelial cells, there are numerous microvilli while the basal border bears podo-
cytic invaginations. Microvilli, rough endoplasmic reticulum, glycogen, pinocytotic 
vesicles and lipid can be found in the amniotic cells by performing an electron 
microscopy observation. Ultrastructural studies also demonstrate the presence of 
numerous pinocytic vesicles in the cytoplasm. Indeed, the amnion is well adapted to 

  Fig. 1.10    Two layers of very 
thin translucent amniotic 
tissue ( A1  and  A2 ) from the 
dividing membrane of a 
monochorionic diamniotic 
twin placenta. At their basis it 
is easy to peel them off the 
underlying chorionic surface 
leaving the chorionic plate 
( Cp )       
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the transfer of many solutes through paracellular and transcellular pathways. The 
amniotic epithelium contains not only many cell organelles and inclusions, but also 
a large number of lipid inclusions, which are more numerous near term. This fact 
may be related to absorption of the surfactant synthesized in the fetal lungs and 
found in the amniotic fl uid. In humans, large cells that look like macrophages are 
found in the wall of the amniotic sac. Those are analogous to the Hofbauer cells 
present in the stromal core connective tissue of the chorionic villi. 

 The nonvillous chorion is composed of several layers of polygonal cells and is 
up to 0.4 μm thick. Due to the existence of the spongy layer, which is the result of 
incomplete fusion of the amniotic and chorionic mesoderm and is thus between the 
two layers, it is easily separated from the amnion. The spongy layer of the amnion 
continues without sharp demarcation into the chorionic mesoderm (Fig.  1.11 ). The 
composition of the chorionic mesoderm is similar to the fi broblast layer of the 
amnion as it consists of an inner cellular layer of fi broblasts, myofi broblasts and 
macrophages and a reticular layer of collagen fi bers. Finally, there is a pseudo- 
basement membrane that is highly variable in thickness and structure and an outer 
trophoblastic layer. When observed by transmission electron microscopy the 

  Fig. 1.12    Part of the 
membrane of a diamniotic 
septum of twin placenta with 
only two layers of amnion 
( A1  and  A2 ) back to back 
without interposed chorion       

  Fig. 1.11    Microscopic appearance of free or refl ected membranes in the third trimester. The amni-
otic epithelium ( A ) and the connective tissue layer of the extraembryonic coelom ( B ) compose de 
amnion. The connective tissue layer of the amnion continues without sharp demarcation into the 
chorionic mesoderm ( C ). The chorion presents variable amounts of connective tissue and a large 
amount of trophoblast ( D ) within which are atrophic villi of the chorion laeve ( E ). Paraffi n section, 
Hematoxylin and Eosin stain, ×100       
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 ultrastructure of amnion and chorion stromal cells differ considerably. Human 
amnion stromal cells show features of mesenchymal and epithelial cells, a fi nding 
that suggested a multi-potentiality and/or an ability to undergo epithelial to mesen-
chymal transitions. On the other hand, the ultrastructure of human chorion stromal 
cells is similar to haematopoietic progenitor cells and therefore a more differenti-
ated phenotype in stem cell hierarchy. 

 The trophoblastic layer is the deepest of the chorion and consists of two to ten 
layers of trophoblast cells in contact with the decidua capsular on their deeper aspect. 

 The layering of the chorionic plate is consistent with that described for refl ected 
membranes. The layers of the amnion are structurally similar to the corresponding 
layer of the free membranes. However, in the chorionic mesoderm of the chorionic 
plate or fetal surface of the placenta there are distinct layers of connective tissue. 
Abundant scattered or aggregated extravillous trophoblast cells and occasional rem-
nants of atrophied chorionic villi can be seen in the fi brinoid layer (Fig.  1.13 ).       
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    Chapter 2   
 Biochemical Properties of Amniotic 
Membrane 
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    Abstract     The amniotic membrane, also known as amnion, has been recently char-
acterized as a promising source for tissue transplantation. It has several properties 
that become an attractive tool in several applications. Among the several properties, 
it could be highlighted their ability to reduce the infl ammation status and to secrete 
pro-apoptotic factors. The cells of amniotic membrane are divided into two sub-
populations, amniotic epithelial cells and amniotic mesenchymal cells, which pres-
ent similar characteristics to stem cells. These cells express pluripotent markers, 
present high expansion in vitro and can be differentiated into all three germ layer. In 
this chapter, it will be reviewed the main characteristics of amniotic membrane and 
its biochemical components.  

  Keywords     Amniotic membrane   •   Extracellular matrix   •   Transcriptome   •   Proteome   
•   Secretome  

2.1         Introduction 

 The fetal membrane or chorioamniotic membrane is a thin membrane that surrounds 
the developing fetus and forms the amniotic cavity. The fetal membrane is derived 
from fetal tissue and it is composed of two layers: chorion (outer layer) and the 
amnion (inner layer). The chorion is a more opaque membrane that exists between 
the developing fetus and maternal tissue. The amnion or amniotic membrane is a 
translucent structure adjacent to the amniotic fl uid, which provides nutrients to the 
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amniotic membrane cells [ 1 ]. Based on the morphology and biochemical properties, 
human amniotic membrane has been found to have a number of characteristics that 
make it uniquely suited for several clinical applications. These characteristics of 
the amniotic membrane are: (1) anti-infl ammatory effects through the production of 
a great variety of anti-infl ammatory factors, such as hyaluronic acid (HA) [ 2 ]; 
(2) suppression the pro-infl ammatory cytokines interleukin 1 alpha (IL-1α) and 1 
beta (IL-1β) [ 3 ,  4 ]; (3) production of natural metalloproteinases (MMP’s) inhibitors 
[ 3 ,  5 ]; (4) anti-bacterial properties because express natural antimicrobial molecules 
such as β-defensins and elafi n [ 6 ]; (5) non-immunogenic and low antigenicity due 
to amniotic epithelial cells do not express on their surfaces human leukocyte anti-
gens A, B, C, and DR antigens, or β2-microglobulin [ 7 ]; (6) it provides an extracel-
lular matrix (ECM) for cellular migration and proliferation [ 8 ]; (7) It promotes an 
increased healing and enhancement of the wound healing process [ 5 ]; (8) anti- 
scarring and anti-adhesive activity because reduces proteases activity via the secre-
tion of tissue inhibitors of metalloproteinases (TIMP’s) [ 5 ] and down-regulates 
transforming growth factor beta (TGF-β) which is responsible for the activation of 
fi broblasts and prevent the adhesion reducing the risk of fi brosis [ 9 ,  10 ]; (9) it has 
both angiogenic and anti-angiogenic properties, which is surface dependent, i.e., 
promotes angiogenesis when applied to ischemic organs and inhibits angiogenesis 
in pathological conditions such as cancer [ 11 ]; (10) it secretes certain substances 
which act primarily as pro-apoptotic agents [ 12 ] and therefore, the amniotic mem-
brane could be considered a promising candidate for anticancer agents [ 13 ]; and 
(11) it provides a natural biological barrier [ 14 – 16 ]. Due to these properties, in 
recent years, amniotic membrane has been used for clinical applications. The amni-
otic membrane is used by its high concentrations of cytokines and growth factors. 
Usually, the membrane is placed with the epithelial side down in contact with the 
wound surface in order to effi ciently release the growth factors to wound site. The 
use of the amniotic membrane to cover infl amed or exposed areas favorably infl u-
ences the wound healing process, as well as, reducing the levels of pain and discom-
fort of the patient [ 17 ]. The wide research done is to allow the application of this 
membrane in treatments associated with the genitor-urinary tract, oral cavity, stom-
ach, cartilage and brain [ 18 – 21 ]. However, so far, the best known and most promis-
ing application of amniotic membrane are ocular surface reconstruction, skin 
application and tissue engineering [ 16 ,  22 ,  23 ]. The special properties, availability, 
low-cost and its non-invasive recover of amniotic membrane make it an ideal candi-
date for several clinical applications.  

2.2     Histology of the Amniotic Membrane 

 Amniotic membrane develops from extra-embryonic tissue and consists of a fetal 
component, the chorionic plate and a maternal component, the deciduas. It is a 
translucent biological structure that has no nerves, muscles or lymph vessels which 
represents the innermost layer of the sac that encloses the fetus. The amniotic 

S.C.M. Rocha and C.J. Maia Baptista



21

membrane (Fig.  2.1 ) is a thin (up to 2 mm), elastic and semi-permeable fetal mem-
brane attached to the chorionic membrane. Both the amnion and chorion constitute 
the amniotic sac fi lled with amniotic fl uid, providing and protecting the fetal envi-
ronment. The outer layer, the chorion, consists of trophoblastic chorionic and mes-
enchymal tissues. The inner layer, the amniotic membrane, consists of a single layer 
of ectoderm-derived epithelium uniformly arranged on the basement membrane, 
which is one of the thickest membranes found in any human tissue, and a collagen- 
rich mesenchymal layer [ 24 ]. This mesenchymal layer can be subdivided into the 
compact layer forming the main fi brous skeleton of the amniotic membrane, the 
fi broblast layer and an intermediate layer, which is also called the spongy layer or 
zona spongiosa [ 16 ,  19 ].  

2.2.1     Amniotic Epithelium 

 The innermost layer, nearest to the fetus and in directly contact with the amniotic 
fl uid, is called the amniotic epithelium and is constituted by a single homogeneous 
layer of simple cuboidal epithelial cells [ 16 ,  25 ]. Amniotic epithelial cells have 

  Fig. 2.1    Structure of the human amniotic membrane stained with hematoxylin and eosin.  AE  
amniotic epithelium; ★: basement membrane; ®: compact layer; ●: fi broblastic layer and  SL  
spongy layer       
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many microvilli at their apical surface and probably have an active secretory func-
tion and intra- and trans-cellular transport functions [ 26 ]. These cells have a large 
irregular nucleus with a large homogeneous nucleolus and many intracytoplasmic 
organelles and pinocytic vesicles [ 25 ]. The cells of amniotic epithelium have several 
characteristics that make it a great source of stem cells. Recent studies have pointed 
out the amniotic epithelium with stem cell-like characteristics because these cells 
express the surface markers associated with embryonic stem cells, such as stage-
specifi c embryonic antigen 3 and 4 (SSEA-3 and -4), TRA-1-60 and TRA-1- 81. In 
addition, these cells also express pluripotent stem cells-specifi c transcription fac-
tors, such as octamer-binding transcription factor 4 (Oct-4) and Nanog, suggesting 
that amniotic epithelium cells have a pluripotent potential to differentiate [ 27 ,  28 ].  

2.2.2     Basement Membrane 

 It has been shown that molecules that made up the basement membrane affect the 
differentiation and survival of cells [ 29 ]. The main components that compose the 
basement membrane include laminins, type IV and VII collagen, and fi bronectin 
[ 30 ]. Laminin is the major component of basement that interacts with the underly-
ing cells via cell surface receptors, such as integrins and dystroglycan complex. The 
laminins regulate gene expression and infl uence cell fate. Furthermore, laminins 
critically contribute to cell differentiation, cell shape and movement, the mainte-
nance of tissue phenotypes, and the promotion of tissue survival [ 31 ,  32 ]. Fibronectin 
and collagen are glycoproteins that constitute the ECM. The fi bronectin is capable 
to mediate the cell adhesion and collagen performs structural functions enabling the 
maintenance of membrane integrity [ 33 ].  

2.2.3     Avascular Stroma 

 The stromal layer is composed by a compact layer adjacent to the basement mem-
brane, fi broblast layer and spongy layer, as can be seen in Fig.  2.1 . The compact 
layer of stromal matrix forms the main fi brous skeleton of the amniotic membrane. 
The main constituent of the stromal matrix is the collagen [ 33 ]. The types I, III, V 
and VI collagens of the compact layer are secreted by mesenchymal cells located in 
the fi broblast layer. Type V and VI collagen are considered to be a minor fi brillar 
collagen and performs an anchoring function [ 34 ]. This two types of collagen gives 
rise to heterotypic fi brils with Interstitial collagens (types I and III) [ 33 ], in order to 
maintain the mechanical integrity of amniotic membrane [ 16 ]. The spongy layer of 
the stromal matrix sits adjacent to the chorionic membrane. Beyond of collagen, it 
is also abundant in proteoglycans and glycoproteins that produce a spongy appear-
ance in histological preparations and it contains a nonfi brillar meshwork of mostly 
type III collagen [ 35 ].   
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2.3     Components of Amniotic Membrane 

 The major components of the amniotic membrane are cells and the ECM. The for-
mer are responsible for the synthesis, degradation and turnover of the latter. The 
ECM in turn infl uences the functions of the cellular components throughout preg-
nancy. The major tensile strength of the amniotic membrane is provided by the col-
lagens of the compact layer beneath the amniotic epithelium. However, this 
arrangement of interstitial collagens beneath and connected to the collagens of the 
amniotic basement membrane provides extra strength in tissue exposed to mechani-
cal forces [ 33 ]. ECM materials form the structural components of the architecture 
of the amniotic membrane and contain a variety of specialized proteins [ 36 ]. 
Collagen and proteoglycan molecules are, along with elastin, fi bronectin and lam-
inin, the major components of the amniotic membrane ECM, accounting for the 
tissue integrity and mechanical properties [ 33 ]. 

 Collagen is composed of a triple helix, which generally consists of two identi-
cal chains (α1) and an additional chain that differs slightly in its chemical com-
position (α2). The amino-acid composition of collagen is atypical for proteins, 
particularly with respect to its high hydroxyproline content. The most common 
motifs in the amino-acid sequence of collagen are glycine-proline-X and glycine-X- 
hydroxyproline, where X is any amino-acid other than glycine, proline or hydroxy-
proline [ 37 ]. Collagen biosynthesis and assembly follows the normal pathway for a 
secreted protein. The collagen chains are synthesized as longer inactive precursors 
called pro- collagens; the growing peptide chains are co-translationally transported 
into the lumen of the rough endoplasmic reticulum (ER). In the ER, the pro-col-
lagen chain undergoes a series of processing reactions including hydroxylation, 
glycosylation, and disulfi de-bond formation. Interchain disulfi de bonds between 
the C-terminal pro-peptides of three pro-collagens align the chains in register and 
initiate formation of the triple helix [ 38 ]. Genetically distinct types of collagen have 
been identifi ed so far. All types of collagens are triple helices and they differ not 
only in their amino-acid sequences but also in their spatial conformations, confer-
ring to them specifi c functional properties [ 39 ]. Collagen types I and III, together 
with smaller amounts of types IV, V and VI, are thought to be the main collagen 
components of amniotic membrane. Collagens I, III and V belong to the same fam-
ily, which aggregate in quarter stagger arrangement to form higher order structures 
or fi bers. They are presumed to be the primary components of the collagen network-
like structure dominating the mechanical responses of the tissue. Type IV collagens 
molecules form structural sheets within the basal lamina of the amniotic epithelium 
and basement membranes of the amniotic membrane. Finally, type VI collagen, 
whose functional properties remain uncertain, is thought to provide anchoring fi la-
ments at the interface of the amniotic membrane [ 40 ]. 

 Proteoglycans are special glycoproteins composed of a core protein to which 
sulfated polysaccharides or glycosaminoglycans (i.e. repeating disaccharide units) 
are covalently attached. Proteoglycans interact with collagen molecules to pro-
mote network cross-linking and to regulate collagen fi bril formation. The smaller 
 proteoglycans like decorin or biglycan have been identifi ed in the ECM of amniotic 
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membrane [ 41 ], and decorin constitute two thirds of the total amount of proteogly-
cans, with the rest consisting of biglycan. A non-sulfate glycosaminoglycans, HA, 
is also present in the tissue. HA form a complex network and does not attach a core 
protein. Essential contributors to the viscoelastic response of the connective tissue 
[ 42 ], proteoglycans also play a structural role in maintaining the tissue integrity 
[ 43 ]. In addition to structural roles, proteoglycans are important for cell prolifera-
tion and differentiation and perform, through binding of growth factors, essential 
functions in remodeling processes [ 44 ]. 

 Fibronectins are glycoproteins synthesized by a wide variety of cell types which 
also direct their subsequent organization into fi brils of the ECM. This complex pro-
tein family is a product of a single gene, which can, by alternative splicing, give rise 
to 20 different forms of human fi bronectin subunits [ 45 ]. Fetal fi bronectin is a pro-
tein that acts as a “glue” during pregnancy attaching the amniotic sac, due to their 
multiple binding domains for cells, as well as other matrix components, which sta-
bilize the whole system of cells and matrix [ 46 ]. This is accomplished by special-
ized domains, of at least six peptide sites capable of mediating cell adhesion. Most 
cells can adhere to fi bronectin through its centrally located cell-binding domain, the 
Arg-Gly-Asp (RGD) sequence is crucial for this. There are six different cell surface 
receptors or integrin receptors which recognize this site, but the conformation of the 
fi bronectin is also important for the specifi city and affi nity of this cell-fi bronectin 
recognition [ 45 ]. Integrin receptors can mediate cell adhesion and migration on 
fi bronectin and other extracellular molecules [ 47 ]. 

 Laminins are a major component of basement membranes and are formed of 
several subunits linked together by disulphide bonds, forming a cross-like structure. 
Unlike fi bronectin, laminins are the product of several genes and thereby originating 
seven different isoforms. The cells also interact with laminins via specifi c recogni-
tion sequences and integrin receptors [ 45 ]. Ensuring the “anchoring” of the epithe-
lial cells to the underlying stroma via the basement membrane, laminins are thought 
to perform a signifi cant strengthening function in the amniotic membrane [ 48 ]. 

 Finally, elastin confers the property of elastic recoil to elastic fi bres which are 
assembled from a family of tropoelastin precursors. These are covalently cross- 
linked to form insoluble elastin by formation of desmosine and isodesmosine, cata-
lyzed by the enzyme lysyl oxidase [ 49 ]. Elastin molecules, which correspond to 
complex insoluble proteins cross-linked to fi brillin-based microfi brils, are suspected 
to be abundant in the reticular and compact layers of the amniotic membrane [ 50 ]. 
Having mechanical properties analogous to those of pure rubber, they may confer to 
the amniotic membrane part of its intrinsic elasticity [ 33 ].  

2.4     Biochemical Functions of Amniotic Membrane 

 Amniotic membrane is not only a simple avascular structure, but it also has multiple 
metabolic functions such as the transport of water, soluble materials, the ionic trans-
fer and the production of bioactive factors, including peptides, growth factors and 
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cytokines [ 51 ,  52 ]. The main pathway for membrane water transport is through 
water‐selective channels – aquaporins (AQPs). AQPs are transmembrane proteins 
that are organized in membrane as homotetramers with approximately 28 kDa in 
size for monomers; they are channels that regulate the input or output of water and 
small neutral solutes [ 53 ,  54 ]. All three subgroups of the AQPs family are expressed 
in the amniotic membrane: the classic AQPs with AQP1 and AQP8, the aquaglyc-
eroporins with AQP3 and AQP9, and super-AQPs with AQP11 [ 55 – 57 ]. This 
expression pattern suggests an interesting cytoplasmic (AQP11) and transmembra-
nous (AQPs 1, 3, 8 and 9) network enabling water transport for all expressed AQPs, 
as well as for other molecules (urea, glycerol, ammonia, anion as nitrate, and neutral 
solutes) for the aquaglyceroporins [ 58 ]. They act as a major contributor to amniotic 
fl uid volume and homeostasis, and also facilitate rapid changes of cell volume to 
migrate easily into the ECM [ 54 ]. 

 The amniotic membrane produces a great variety of soluble factors, such as HA, 
TIMPs and MMPs, IL, migration-inhibitory factor and prostaglandins [ 59 ]. HA is 
present at high levels in the amniotic membrane, which in amniotic membrane stroma, 
mediates the entrapment of infl ammatory cells, including lymphocytes, through the 
binding to cluster of differentiation 44 (CD44) expressed on infl ammatory cells [ 2 ]. 
Additionally, HA covalently linked to heavy chain (HC) of inter-α- inhibitor and form 
HC*HA complex, is the active component in amniotic membrane responsible in part 
for clinically observed anti-infl ammatory and anti-scarring actions [ 60 ]. 

 The amniotic membrane contains various tissue inhibitors (TIMP-1, -2, -3, -4) of 
MMPs [ 61 ]. They regulate many crucial processes in infl ammation and fi brotic pro-
cesses including chemotactic migration of infl ammatory cells, mitosis of fi broblasts, 
and synthesis and degradation of extracellular components [ 16 ]. IL-1 receptor ago-
nist and IL-10 are potent anti-infl ammatory cytokines that are expressed by amni-
otic membrane [ 3 ]. IL-10 counteracts the action of different pro-infl ammatory 
cytokines, such as IL-6, IL-1, IL-8 and tumor necrosis factor (TNF) [ 62 ]. In particu-
lar, the stroma of the amniotic membrane suppresses the expression of potent pro- 
infl ammatory cytokines IL-1α and IL-1ß. This fact may explain the effect of 
amniotic membrane transplantation in reducing infl ammation [ 4 ]. The epithelial 
cells of amniotic membrane secrete the macrophage migration-inhibitory factor 
(MIF) [ 63 ], which inhibits migration of macrophages and natural killer (NK) cell- 
mediated lytic activity [ 64 ]. 

 The amniotic membrane also plays an important role during parturition. In the 
initiation and maintenance of uterine contraction, prostaglandins expressed by 
amniotic membrane play a pivotal role. The cells of amniotic epithelium beyond 
expressed prostaglandin E2 (PGE2) [ 65 ], also expresses prostaglandin-biosynthesis 
enzymes such as phospholipase, prostaglandin synthase and cyclooxygenase [ 66 ]. 
Moreover, these enzymes are regulated by human chorionic gonadotropin (hCG), 
and its receptor is expressed on the amniotic epithelium [ 67 ]. PGE2 regulates the 
maturation and antigen presentation of dendritic cells and inhibits T cell prolifera-
tion and proinfl ammatory cytokine production [ 68 ]. Amniotic epithelium is highly 
metabolically active throughout gestation, and it is also responsible for regulating 
the pH of the amniotic fl uid, keeping it constant at about 7.10 [ 20 ].  
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2.5     Transcriptomics and Proteomics of Amniotic Membrane 

 From amniotic membrane it is possible to isolate principally two cell types, which 
have been defi nitely defi ned in a recent report as amniotic epithelial cells (AEC) and 
amniotic mesenchymal stem cells (AMSC) derived from the amniotic epithelium 
and amniotic stromal layer, respectively [ 69 – 71 ]. These two cell types have a differ-
ent embryological origin: both cell types are originated during the pregastrulation 
stages of the developing embryo, before the delineation of the three primary germ 
layers, but whereas AEC are derived from the embryonic ectoderm, AMSC origi-
nate from the extraembryonic mesoderm [ 69 ,  72 ,  73 ]. Several protocols have been 
established for AECs and AMSCs isolation and culture [ 28 ,  69 ,  74 ], however, sig-
nifi cant contamination of AMCs with AECs and vice versa frequently occurs. 
Barbati and theirs collaborators describes an effi cient and rapid method to separate, 
mechanically, amniotic mesoderm from amniotic epithelium in order to obtain, after 
subsequent enzymatic digestions, purifi ed population of AMSCs and AECs [ 75 ]. 
Starting in purifi ed populations becomes easier to study the transcriptome and pro-
teome of cellular constituents of amniotic membrane. 

 Transcriptomic analysis using microarrays has been reported for AMSCs 
(Table  2.1 ) [ 76 ]. These experimental data provided information on the AMSC gene 
expression pattern compared to gene expression profi les of the other three MSC 
groups (amniotic fl uid, cord blood, and bone marrow-MSCs). Several up-regulated 
genes in AMSCs are involved in regulation of the immune adaptation regulation 
between the maternoplacental interface. Among others, spondin 2 (SPON2), inter-
feron, alpha inducible protein 27 (IFI27), bradykinin receptor B1 (BDKRB1), small 
inducible cytokine subfamily B member 5 and 6 (SCYB5, SCYB6), and Yamaguchi 
sarcoma viral related oncogene homolog (LYN) were found to be upregulated 
[ 76 ]. In addition, other genes with increased expression in AMSCs compared to 
other three MSC groups, included transcription factors, such as forkhead box F1 
(FOXF1), heart and neural crest derivatives expressed 2 (HAND2), and transcrip-
tion factor 21 (TCF21) and metabolic enzymes, such as dipeptidyl-peptidase 6 
(DPP6), tryptophan 2,3-dioxygenase (TDO2), and ST6-N-acetylgalactosaminide 
α-2,6- sialytransferase 5 (ST6GALNAC5) [ 76 ].

   A detailed approach for studying amniotic membrane proteins using high- 
resolution two-dimensional gel electrophoresis (2-DE), core technology for arraying 
complex protein mixtures, was described by Hopkinson and theirs collaborators [ 77 , 
 78 ]. These authors performed a proteomic analysis of amniotic membrane samples 
that were prepared for human transplantation. The wash media from the amniotic 
membrane samples were also examined and the secreted proteins were identifi ed. 
These proteins were mostly soluble cytoplasmic proteins and were categorized 
according to their subcellular localization and physiological function [ 78 ]. A spec-
trum of proteins identifi ed for this group, the most abundant are thrombospondin 
(THBS1), mimecan (also named osteoglycin – OGN), βIG-H3 (also known TGFβI) 
and integrin α6. THBS1 participates in cell-to-cell and cell-to-matrix communica-
tion [ 79 ], and has been implicated in the mediation of cellular adhesion,  proliferation, 
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   Table 2.1    Genes identifi ed in human amniotic membrane   

 Gene  Symbol  Function (UniProtKB/Swiss-Prot) 

 Annexin A3  ANXA3  Inhibitor of phospholipase A2, also possesses 
anti-coagulant properties 

 Bradykinin receptor B1  BDKRB1  Factor in chronic pain and infl ammation 
 CD55 molecule  CD55  Involved in the complement activation, 

classical pathway 
 Chemokine (C-X-C motif) 
ligand 1, 5 and 6 

 CXCL1, CXCL5 
and CXCL6 

 Chemotactic activity for neutrophils 

 Desmocollin 3  DSC3  Component of intercellular desmosome 
junctions. Involved in the interaction of plaque 
proteins and intermediate fi laments mediating 
cell-cell adhesion 

 Dipeptidyl-peptidase 4 
(CD26) 

 DPP4  Cell surface glycoprotein receptor involved in 
the T-cell stimulation. Involved in the 
migration and invasion of endothelial cells into 
the ECM 

 Forkhead box F1  FOXF1  Transcription activator 
 Heart and neural crest 
derivatives expressed 2 

 HAND2  Essential for cardiac morphogenesis, 
particularly for the formation of the right 
ventricle and of the aorticarch arteries 

 Homeobox B6  HOXB6  Sequence-specifi c transcription factor 
 Interferon, α-inducible 
protein 27 

 IFI27  Promotes cell death 

 Interleukin 1, α and β  IL1A and IL1B  Involved in the infl ammatory response 
 Interleukin 13 receptor, α2  IL13RA2  Binds as a monomer with high affi nity to 

interleukin-13 
 Interleukin 33  IL33  Acts as a chemoattractant tor Th2 cells, and 

may function as an “alarmin”, that amplifi es 
immune responses during tissue injury 

 Membrane metallo- 
endopeptidase (CD10) 

 MME  Important role in the proteolysis 

 Niban protein  FAM129A  Regulates phosphorylation of a number of 
proteins involved in translation regulation 

 Paired-like homeodomain 
transcription factor 2 

 PITX2  Controls cell proliferation in a tissue- specifi c 
manner and is involved in morphogenesis 

 S100 calcium binding 
protein A4 

 S100A4  Involved in the regulation of cell cycle 
progression, modulating intercellular adhesion, 
and invasive and metastatic properties of 
cancer cells 

 Spondin 2, extracellular 
matrix protein 

 SPON2  Promotes adhesion cellular. Essential in the 
initiation of the innate immune 

 ST6-N-
acetylgalactosaminide 
α-2,6-sialyltransferase 5 

 ST6GALNAC5  Involved in the biosynthesis of ganglioside 
GD1a from GM1b. It exhibits higher activity 
with glycolipids than with glycoproteins 

 Transcription factor 21  TCF21  Play a role in the specifi cation or differentiation 
of one or more subsets of epicardial cell types 

(continued)
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differentiation, migration and apoptosis [ 80 ]. More importantly, THBS1 is reported 
to control a number of physiological processes such as wound repair, infl ammatory 
response, and angiogenesis [ 79 ,  81 ]. Mimecan represents a small leucine-rich proteo-
glycan, found in the ECM of connective tissue and is reported to maintain the tensile 
strength and hydration nature of the tissue [ 78 ,  82 – 84 ]. βIG-H3 is an ECM adhesive 
molecule acting as a membrane-associated growth factor during cell differentiation 
and wound healing [ 78 ,  85 ], and integrin α6 is the key hemidesmossomal protein 
involved in cell-to-matrix attachments and plays an important role in mediating cell 
adhesion and wound repair signaling pathways [ 78 ,  86 ]. 

 Another important study carried out by Baharvand and theirs collaborators was 
focused on the analysis of epithelium-denuded human amniotic membrane [ 87 ]. 
They investigated the proteome of the human amniotic membrane epithelium, and 
detected 515 spots in all the 2-DE gels, but only 43 proteins were identifi ed using 
MALDI TOF/TOF MS. The most abundant proteins identifi ed were different iso-
forms of lumican (LUM) and OGN, both members of the proteoglycan family. In 
particular, OGN might play role in many biological processes including cell growth, 
angiogenesis, and infl ammation [ 84 ]. Other proteins detected includes collagen VI 
α-1/α-2, fi brinogen β chain (FGB), transglutaminase 2 isoform A (TGM2A), β-actin 
variant (ACTB), periplakin (PPL), heat shock 70 kD protein 5 (HSPA5), nidogen 2 
(NID2), integrin α6, βIG-H3, and tubulointerstitial nephritis (TIN) [ 88 ]. 

 The more ample study on the analysis of the human amniotic membrane pro-
teome using 2-DE followed by peptide mass fi ngerprinting (PMF) by MALDI-TOF 
MS was performed by Park and theirs collaborators [ 89 ]. They separated the soluble 
and membrane fraction of the amniotic membrane and observed less spots from the 
membrane fraction than from the soluble fraction. Theses spots identifi ed 19 mem-
brane proteins and 92 soluble proteins. The soluble fraction has based on agreement 
from three separate analyses and several different spots from the same gel corre-
sponded to the same protein. Thirty-two proteins were from cytoplasm, seven from 
both cytoplasm and nucleus, four from endoplasmic reticulum lumen, and one from 
mitochondrial matrix. The subcellular locations of these proteins were consistent 
with the hydrophilic character of the soluble fraction [ 89 ]. 

Table 2.1 (continued)

 Gene  Symbol  Function (UniProtKB/Swiss-Prot) 

 Tryptophan 
2,3-dioxygenase 

 TDO2  Involved in the tryptophan catabolic process to 
acetyl-CoA and kynurenine 

 v-yes-1 Yamaguchi 
sarcoma viral related 
oncogene homolog 

 LYN  Non-receptor tyrosine-protein kinase that 
transmits signals from cell surface receptors 
and plays an important role in the regulation of 
innate and adaptive immune responses, 
hematopoiesis, responses to growth factors and 
cytokines, integrin signaling, but also responses 
to DNA damage and genotoxic agents. Plays an 
important role in the regulation of B-cell 
differentiation, proliferation, survival and 
apoptosis, and is important for immune 
self-tolerance 
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 The identifi cation of 111 amniotic membrane proteins (92 soluble proteins 
(Table  2.2 ) and 19 membrane proteins (Table  2.3 )) from term delivery patients rep-
resents the fi rst extensive proteome analysis obtained from human amniotic mem-
brane tissue.

   Table 2.2    Proteins identifi ed from soluble fraction of human amniotic membrane   

 Protein  Symbol  Function (UniProtKB/Swiss-Prot) 

 14-3-3 protein sigma  SFN  Adapter protein implicated in the 
regulation of a large spectrum of both 
general and specialized signaling 
pathways 

 14-3-3 protein zeta/delta  YWHAZ 

 78 kDa glucose-regulated protein  HSPA5  Probably plays a role in facilitating the 
assembly of multimeric protein 
complexes inside the endoplasmic 
reticulum. Involved in the correct 
folding of proteins and degradation of 
misfolded proteins 

 Actin, cytoplasmic 1  ACTB  Involved in various types of cell 
motility 

 Adenyl cyclase-associated protein 1  CAP1  Directly regulates fi lament dynamics 
and has been implicated in a number 
of complex developmental and 
morphological processes, including 
mRNA localization and the 
establishment of cell polarity 

 Alcohol dehydrogenase  ADH  Catalyzes the conversion of primary 
unbranched alcohols to their 
corresponding aldehydes 

 Alfa-crystallin B chain  CRYAB  May contribute to the transparency and 
refractive index of the lens. Has 
chaperone-like activity, preventing 
aggregation of various proteins under a 
wide range of stress conditions 

 Alfa-tropomyosin and 
tropomyosin-4 

 TPM1 and 
TPM4 

 Binds to actin fi laments. Plays a 
central role, in association with the 
troponin complex, in the calcium 
dependent regulation of vertebrate 
striated muscle contraction 

 Annexin A1 and A2  ANXA1 and 
ANXA2 

 Calcium/phospholipid-binding protein 
which promotes membrane fusion and 
is involved in exocytosis. This protein 
regulates phospholipase A2 activity. It 
seems to bind from two to four 
calcium ions with high affi nity 

 Annexin A3  ANXA3  Inhibitor of phospholipase A2, also 
possesses anti-coagulant properties. 
Also cleaves the cyclic bond of inositol 
1,2-cyclic phosphate to form inositol 
1-phosphate 

(continued)

2 Biochemical Properties of Amniotic Membrane



30

 Protein  Symbol  Function (UniProtKB/Swiss-Prot) 

 Annexin A5 and A8  ANXA5 and 
ANXA8 

 Anticoagulant protein that acts as an 
indirect inhibitor of the 
thromboplastin-specifi c complex, 
which is involved in the blood 
coagulation cascade 

 Apolipoprotein A-I  APOA1  Participates in the reverse transport of 
cholesterol from tissues to the liver 

 ATP synthase beta chain, 
mitochondrial precursor 

 ATP5F1  Mitochondrial membrane ATP 
synthase produces ATP from ADP in 
the presence of a proton gradient 
across the membrane which is 
generated by electron transport 
complexes of the respiratory chain 

 Calcyclin-binding protein  CACYBP  May be involved in calcium-dependent 
ubiquitination and subsequent 
proteasomal degradation of target 
proteins 

 Calcyphosine  CAPS  Calcium-binding protein. May play a 
role in cellular signaling events 

 Calgizzarin  S100A11  Facilitates the differentiation and the 
cornifi cation of keratinocytes 

 Calmodulin  CaM  CaM mediates many crucial processes 
such as infl ammation, metabolism, 
apoptosis, smooth muscle contraction, 
Intracellular movement, short-term and 
long-term memory, and the immune 
response. CaM can also make use of 
the calcium stores in the endoplasmic 
reticulum, and the sarcoplasmic 
reticulum 

 Carbonic anhydrase I  CA1  Reversible hydration of carbon 
dioxide. Can hydrates cyanamide to 
urea 

 Carbonic anhydrase II  CA2  Essential for bone resorption and 
osteoclast differentiation. Reversible 
hydration of carbon dioxide. Can 
hydrate cyanamide to urea 

 Cellular retinoic acid-binding 
protein II 

 CRABP2  Regulates the access of retinoic acid to 
the nuclear retinoic acid receptors 

 Chloride intracellular channel 
protein 1 and 3 

 CLIC1 and 
CLIC3 

 Channel activity depends on the 
pH. Membrane insertion seems to be 
redox-regulated and may occur only 
under oxydizing conditions. Involved 
in regulation of the cell cycle 

 Cofi lin, non-muscule isoform  CFL1  Regulates actin cytoskeleton dynamics. 
Important for normal progress through 
mitosis and normal cytokinesis. Plays 
a role in the regulation of cell 
morphology and cytoskeletal 
organization 

Table 2.2 (continued)
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(continued)

 Protein  Symbol  Function (UniProtKB/Swiss-Prot) 

 Cytokeratin 1  KRT1  May regulate the activity of kinases 
such as PKC and SRC via binding to 
integrin beta-1 (ITB1) and the receptor 
of activated protein kinase C (RACK1/
GNB2L1) 

 Cytokeratin 19  KRT19  Involved in the organization of 
myofi bers 

 Cytosol aminopeptidase  LAP3  Presumably involved in the processing 
and regular turnover of intracellular 
proteins. Catalyzes the removal of 
unsubstituted N-terminal amino acids 
from various peptides 

 Destrin  DSTN  Actin-depolymerizing protein. Severs 
actin fi laments (F-actin) and binds to 
actin monomers (G-actin) 

 Elongation factor 2  EEF2  Catalyzes the coordinated movement 
of the two tRNA molecules, the 
mRNA and conformational changes in 
the ribosome 

 Endoplasmic reticulum protein 
ERp29 precursor 

 ERP29  Plays an important role in the 
processing of secretory proteins within 
the endoplasmic reticulum (ER), 
possibly by participating in the folding 
of proteins in the ER 

 Endoplasmin precursor  HSP90B1  Molecular chaperone that functions in 
the processing and transport of 
secreted proteins. Functions in 
endoplasmic reticulum associated 
degradation (ERAD). Has ATPase 
activity 

 Esterase D  ESD  Serine hydrolase involved in the 
detoxifi cation of formaldehyde 

 Ezrin  EZR  Involved in connections of major 
cytoskeletal structures to the plasma 
membrane 

 Fascin  FSCN  Plays a role in the organization of actin 
fi lament bundles and the formation of 
microspikes, membrane ruffl es, and 
stress fi bers 

 Fatty acid-binding protein, 
epidermal 

 FABP5  High specifi city for fatty acids. 
Highest affi nity for C18 chain length. 
Decreasing the chain length or 
introducing double bonds reduces the 
affi nity 

 Ferritin light chain  FTL  Stores iron in a soluble, non-toxic, 
readily available form. Important for 
iron homeostasis 

Table 2.2 (continued)
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Table 2.2 (continued)

 Protein  Symbol  Function (UniProtKB/Swiss-Prot) 

 Flavin reductase  BLVRB  Catalyzes the NADPH-dependent 
reduction of a variety of fl avins, such 
as ribofl avin, FAD or FMN, 
biliverdins, methemoglobin and PQQ 
(pyrroloquinoline quinone) 

 Fructose-bisphosphate aldolase A  ALDOA  Plays a key role in glycolysis and 
gluconeogenesis. May also function as 
scaffolding protein 

 Galactokinase  GALK1  Major enzyme for galactose 
metabolism 

 Galectin-1  LGALS1  May regulate apoptosis, cell 
proliferation and cell differentiation. 
Binds beta-galactoside and a wide 
array of complex carbohydrates 

 Galectin-3-binding protein  LGALS3BP  Promotes intergrin-mediated cell 
adhesion. May stimulate host defense 
against viruses and tumor cells 

 Glutathione S-transferase P  GSTP1  Conjugation of reduced glutathione to 
a wide number of exogenous and 
endogenous hydrophobic electrophiles 

 Glutathione transferase omega 1  GSTO1  Exhibits glutathione-dependent thiol 
transferase and dehydroascorbate 
reductase activities 

 Glyceraldehyde 3-phosphate 
dehydrogenase liver 

 GAPDH  Play a role in glycolysis. Participates 
in nuclear events including 
transcription, RNA transport, DNA 
replication and apoptosis 

 GTP-binding nuclear protein RAN  RAN  GTP-binding protein involved in 
nucleocytoplasmic transport. Required 
for the import of protein into the 
nucleus and also for RNA export. 
Involved in chromatin condensation 
and control of cell cycle 

 Guanine nucleotide-binding protein 
beta subunit-like protein 12,3 

 GNB2L1  Involved in the recruitment, assembly 
and/or regulation of a variety of 
signaling molecules. Interacts with a 
wide variety of proteins and plays a 
role in many cellular processes 

 Heat shock 27 kDa protein  HSPB1  Involved in stress resistance and actin 
organization 

 Hemoglobin alpha, beta, gamma-A 
and gamma-G chain 

 HBA1, HBB, 
HBG1 and 
HBG2 

 Involved in oxygen transport 

 Histidine triad nucleotide-binding 
protein 1 

 HINT1  Hydrolyzes purine nucleotide 
phosphoramidates with a single 
phosphate group 

 Isocitrate dehydrogenase [NADP] 
cytoplasmic 

 IDH1  Participates in the NADPH 
regeneration and in the isocitrate 
metabolic process 
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Table 2.2 (continued)

(continued)

 Protein  Symbol  Function (UniProtKB/Swiss-Prot) 

 Leukocyte elastase inhibitor  SERPINB1  Regulates the activity of the neutrophil 
proteases elastase, cathepsin G, 
proteinase-3, chymase, chymotrypsin, 
and kallikrein-3. Also functions as a 
potent intracellular inhibitor of 
granzyme H 

 L-lactate dehydrogenase A chain  LDHA  Involved in the glycolysis 
 Macrophage migration inhibitory 
factor 

 MIF  Pro-infl ammatory cytokine. Involved 
in the innate immune response to 
bacterial pathogens 

 Macrophage-capping protein  CAPG  May play an important role in 
macrophage function. May play a role 
in regulating cytoplasmic and/or 
nuclear structures through potential 
interactions with actin 

 Malate dehydrogenase, cytoplasmic  MDH1  Participates in the malate and NADH 
metabolic process 

 Maspin  SERPINB5  Tumor suppressor that blocks the 
growth, invasion, and metastatic 
properties of mammary tumors 

 Myosin light chain alkali, non- 
muscle isoform 

 MYL6  Regulatory light chain of myosin 

 N(G),N(G)-dimethylarginine 
dimethylaminohydrolase 2 

 DDAH2  Hydrolyzes N(G),N(G)-dimethyl-L- 
arginine (ADMA) and N(G)-
monomethyl-L-arginine (MMA) which 
act as inhibitors of NOS. Has therefore 
a role in the regulation of nitric oxide 
generation 

 Peptidyl-prolyl cis-trans isomerase A  PPIA  PPIases accelerate the folding of 
proteins. It catalyzes the cis-trans 
isomerization of proline imidic peptide 
bonds in oligopeptides 

 Peroxiredoxin-1,- 2,- 4 and -6  PRDX1, 
PRDX2, 
PRDX4 and 
PRDX6 

 Involved in redox regulation of the cell 

 Phosphatidylethanolamine-binding 
protein 

 PEBP  Binds ATP, opioids and 
phosphatidylethanolamine. Has lower 
affi nity for phosphatidylinositol and 
phosphatidylcholine. Serine protease 
inhibitor which inhibits thrombin, 
neuropsin and chymotrypsin but not 
trypsin, tissue type plasminogen 
activator and elastase 

 Phosphoglycerate mutase 1 and 
phosphoglycerate kinase 1 

 PGAM1 and 
PGK1 

 Important role as a glycolytic enzyme 
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Table 2.2 (continued)

 Protein  Symbol  Function (UniProtKB/Swiss-Prot) 

 Placental calcium-binding protein  S100A4  Involved in the regulation of cell cycle 
progression, modulating intercellular 
adhesion, and invasive and metastatic 
properties of cancer cells 

 Platelet-activating factor 
acetylhydrolase IB beta subunit 

 PAFAH1B2  Inactivates PAF by removing the acetyl 
group at the sn-2 position. This is a 
catalytic subunit 

 Pre-B cell enhancing factor 
precursor 

 NAMPT  Catalyzes the condensation of 
nicotinamide with 5-phosphoribosyl-1- 
pyrophosphate to yield nicotinamide 
mononucleotide, an intermediate in the 
biosynthesis of NAD. It is the rate 
limiting component in the mammalian 
NAD biosynthesis pathway 

 Profi lin I  PFN1  Binds to actin and affects the structure 
of the cytoskeleton 

 Proteasome subunit alpha type-1 
and -2 

 PSMA1 and 
PSMA2 

 Multicatalytic proteinase complex with 
ability to cleave peptides with Arg, 
Phe, Tyr, Leu, and Glu adjacent to the 
leaving group at neutral or slightly 
basic pH 

 Protein disulfi de isomerase A3 
precursor 

 PDIA3  Catalyzes the rearrangement of 
-S-S- bonds in proteins 

 Pyruvate Kinase, M1 isozyme  PKM-M1  Glycolytic enzyme that catalyzes the 
transfer of a phosphoryl group from 
phosphoenolpyruvate (PEP) to ADP, 
generating ATP. Plays a general role in 
caspase independent cell death of 
tumor cells and survival 

 Rho GDP-dissociation inhibitor 1 
and 2 

 ARHGDIA 
and ARHGDIB 

 Regulates the GDP/GTP exchange 
reaction of the Rho proteins by 
inhibiting the dissociation of GDP 
from them, and the subsequent binding 
of GTP to them 

 Serotransferrin  TF  Responsible for the transport of iron 
from sites of absorption and heme 
degradation to those of storage and 
utilization. Serum transferrin may also 
have a further role in stimulating cell 
proliferation 

 Stress-induced-phosphoprotein 1  STIP1  Mediates the association of the 
molecular chaperones HSC70 and 
HSP90 

 Superoxide dismutase [Mn] 
mitochondrial and superoxide 
dismutase [Cu-Zn] 

 SOD2 and 
SOD1 

 Destroys superoxide anion radicals 
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Table 2.2 (continued)

 Protein  Symbol  Function (UniProtKB/Swiss-Prot) 

 Thioredoxin  TXN  May participate in various redox 
reactions. Modulates TNF-alpha 
signaling and NF-kappa-B activation. 
Has peroxidase activity and may 
contribute to the elimination of cellular 
hydrogen peroxide 

 Transforming growth factor-β- 
induced protein IG-H3 

 TGFβI  Binds to type I, II, and IV collagens. 
This adhesion protein may play an 
important role in cell-collagen 
interactions. In cartilage, may be 
involved in endochondral bone 
formation 

 Translationally controlled tumor 
protein 

 TPT1  Involved in calcium binding and 
microtubule stabilization 

 Triosephosphate isomerase  TPI1  Enzyme involved in the glycolysis and 
gluconeogenesis 

 UDP-glucose pyrophosphorylase 2  UGP2  Plays a central role as a glucosyl donor 
in cellular metabolic pathways 

 Vimentin  VIM  Involved in the stabilization of type I 
collagen mRNAs 

 α-enolase  ENO1  Multifunctional enzyme that, as well 
as its role in glycolysis, plays a part in 
various processes such as growth 
control, hypoxia tolerance and allergic 
responses 

2.6         Conclusions and Future Perspectives 

 Amniotic membrane expresses several biochemical components, which are involved 
in numerous physiologic processes, such as transportation of molecules/metabolites 
across the cell membrane, modulation of immune system, extracellular matrix 
remodeling, tissue regeneration, regulation of angiogenesis and cell cycle. 
Considering these effects on cells and tissues, several clinical applications have 
been evaluated using the amniotic membrane such as ocular surface reconstruction 
and skin application. In addition, many other applications have been hypothesized 
and are currently being explored, namely in human cancer. Although some studies 
of transcriptomic and proteomic analysis have been performed, it is crucial to carry 
out more studies in order to: (1) clarify the proteome; (2) determine the levels of 
expression of each protein; (3) determine the secretome; and (4) characterize the 
genetic variability between amniotic membranes. Moreover, it is imperative to iden-
tify which molecules and cellular mechanisms are involved in physiological effects 
that are observed in several in vitro and in vivo studies.     
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Chapter 3
Biophysical Properties of Amniotic Membrane

Ana Margarida Abrantes, João Casalta-Lopes, and Maria Filomena Botelho

Abstract Placenta constitutes the barrier between the fetus and the mother that 
allow the transport of nutrients as well as waste products between the fetus and the 
mother. The transport, can occur by different ways: simple diffusion, facilitated 
 diffusion and receptor-mediated endocytosis, or by paracellular flow. The way 
nutrients are transported is influenced by several characteristics namely permeabil-
ity, nutrient concentration gradients, placental blood flow and metabolism. Physical 
properties such as elasticity, stiffness and other rheological properties of amniotic 
membrane and extracellular matrix which are also influenced by the variation of the 
placenta composition and gestational age.

Keywords Placenta • Amniotic membrane • Biophysics • Physical properties  
• Mechanical tests

3.1  Introduction

During pregnancy, it is necessary to supply the nutritional needs for the harmonious 
growth of the fetus, and placenta, the barrier between the fetus and the mother, must 
simultaneously allow the transport of these nutrients as well as the waste products, 
between the fetus and the mother [1]. Thereby, for the transport through the placenta 
occurs, all the molecules must be able to cross the syncytiotrophoblast barrier, which 
is the first one to be permeated. The success of the placenta as a barrier depends on 
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the establishment of this physiological boundary [1]. According to placenta structure,
each layer is rich in different components, such as collagen, proteoglycans, fibronec-
tin and laminin. Concerning gestational age, with increasing time there is an increase 
of the surface area of the uterine cavity especially important in the last weeks of 
pregnancy, which in turn determines the enhancement of elastic tension of the mem-
branes [2]. Therefore, the amniotic membrane at the end of pregnancy is stretched in 
a way that its surface area increases approximately to twice considering their initial 
surface area [2]. However, the stress of an individual fetus’ membrane is not homo-
geneous over all its surface area [3]. Hence, during pregnancy there are biomechani-
cal changes occurring that influences and conditionates the pregnancy evolution.

3.2  Transport Through Amniotic Membrane

Mass transport through amniotic membrane can occur by different manners, and as
the amniotic membrane controls the transcellular movement of water and solutes, it 
helps to maintain the normal growth and the fetus homeostasis [1, 4]. The syncytio-
trophoblast that separates the blood from the mother from the fetus’ blood, is com-
posed by two polarized membranes, a microvillous membrane directed towards the 
maternal blood, and a basal membrane, which faces the fetal capillary [5]. Placenta 
may act as a nutrient sensor and coordinates nutrient transport functions with mater-
nal nutrient availability [5]. In general, the transfer of a molecule through a barrier
can be limited by two reasons, the diffusion process itself (diffusion-limited trans-
port) or by the mass or the rate at which the molecule is supplied and/or removed by 
blood flow (blood flow-limited transport) [5].

Amniotic fluid volume increases up to 1 L by 36 weeks of gestation and then
declines. Severe deficiency of amniotic fluid, named by oligohydramnios, can be
caused by premature failure of the membrane or by decreased urine production by 
the fetal kidneys. Polyhydramnios defined as the excess of amniotic fluid, or simply 
hydramnios, can present with amniotic fluid amounts of more than 10 L. It can
occur by excessive amniotic fluid production or by failure of its normal circulation. 
In these situations the massive amniotic fluid volume and pressure can cause signifi-
cant membrane stress, increasing the risk of membrane failure [6].

Transport can occur by simple diffusion of lipophilic molecules such as oxygen 
or of hydrophilic molecules through transmembrane channels, which is the com-
mon mechanism for membrane water flow. Other types of transport can be observed
such as the facilitated diffusion as occurs with D-glucose, the active transport for 
certain electrolytes, and receptor-mediated endocytosis, a mechanism for transfer 
large molecules, such as IgG. In addition to transcellular flow across the cell mem-
brane, water and solutes may also cross biological membranes between cells, nomi-
nated paracellular flow [7–9].

Considering solute movement by simple diffusion, it is possible to quantify dif-
fusion flow (represented by Js), which accounts for the quantity of solutes that 
moves across a membrane surface per unit of area and per unit of time. Its units are
mol cm−2 s−1, using CGS units system.
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As known the mean velocity of the particles moving across the membrane v  and 
the solute concentration (Cs), the amount of solute that crosses 1 cm2 of the mem-
brane, normal to its axis, can be given by

 J C vs s= ⋅  (3.1)

The stationary situation can be considered, in which the solute concentrations in 
both sides of the membrane are constant over time. In these circumstances, Js is also 
constant over time and can be assumed that v  is also constant.

The motor force involved in the process of diffusion (diffusion force) can be
interpreted as a result of a gradient of chemical potential, μ, a form of potential 
energy. For diluted solutions

 m m= +0 RT Csln  (3.2)

where μ0 is a constant that depends on temperature and pressure.
The relationship between diffusion force and chemical potential can be 

given by

 
F

d

dxD = − m

 
(3.3)

where FD represents the diffusion force per mol of solute and 
d

dx

m
 and represents 

the gradient of chemical potential.
Equation 3.3 can, therefore, be rewritten as
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(3.4)

Where T represents the absolute temperature (in Kelvin degrees) and R is the 
universal gas constant. Instead of considering the diffusion force per mol of solute,
can be considered the force that is applied per particle of solute (represented by f). 
The relationship between f and FD is

 F f AD = ⋅  (3.5)

where A is the Avogadro number. Considering the conditions imposed the velocity
of a solute particle is directly proportional to the force f. The proportionality con-
stant is called molecular mobility and it is represented by u′. Consequently is pos-
sible to write

 
v u f u

F

A
D= ′ ⋅ = ′

 
(3.6)
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Using the equations above, Eq. 3.1 can be rewritten:
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(3.7)

Since R, T, u′ and A are constants for a certain condition, the above equation can 
be rewritten as

 
J D

dC

dxs
s= − ⋅

 
(3.8)

Equation 3.8 is known as the Fick’s First Law of diffusion, which relates diffusion
flow of a solute with its concentration gradient [7, 10]. D is the diffusion coefficient 
and is dependent on the solute concentration, solvent, temperature and pressure.

Simple diffusion across membranes can occur through the membrane itself or
through transmembrane channels. In the first case, it is needed to consider the parti-
tion coefficient k that relates concentrations at the membrane interface to those of 
the compartments that the membrane separate, as in

 
k
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C
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s
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=
 

(3.9)

Also, the phase by which the solute is diffusing is the membrane itself, so the
diffusion constant as to account for that and it will be represented by Dm. Considering 
these conditions, the First Fick’s Law of diffusion can be rewritted as
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D D

 
(3.10)

where Δx is the membrane thickness, ΔCS the difference of solute concentration 
between the two sides of the membrane and PS the membrane’s permeability to the 
solute.

Considering simple diffusion across transmembrane channels, membrane can be 
considered as a porous separation between compartments, where only a portion of 
it allows the solute to cross. Consequently, Eq. 3.8 has to account for the portion of 
the membrane that is not permeable to the solute. If it is considered

 
f =

S

S
pores

membrane  
(3.11)

where Spores represents the total sectional area occupied by channels (pores) and
Smembrane represents the whole membrane surface, the First Fick’s Law can again be
rewritten as

 
J

D

x
C Cs s s= ⋅ ⋅ = ′ ⋅f

D
D w D

 
(3.12)
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With ω′ being the membranes permeability to the solute.
Depending on the solute characteristics, should be considered a different type of 

model to describe simple diffusion across the membrane. If a solute can be diffused
by both way described above, should also be considered a mixed model, where the 
pores and the membrane have different diffusion constants. In a mixed model where
the portion of membrane that has no pores allows the solute to cross, can be deter-
mined the diffusion flow by the following equation
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(3.13)

Water is also transported across this membrane, and its transport is done primar-
ily by channel proteins called aquaporins. This type of membrane proteins increases 
cell membrane permeability to water by 5- to 50-fold compared to the membranes 
in which water moves essentially through the lipid membrane [1].

Water flux early in placental development has not been extensively studied. 
However, there is available information related to the last period of pregnancy. In
late gestation, the growth of the fetus is exponential, while the placenta grows slowly 
if there is growing. As a result, in the late period of pregnancy, there is a need to
increase relative water flow through the placenta, probably because of the increased 
surface area and increased water permeability which increases the efficiency of 
water flux through the placenta. This fact may be associated with the increased fetal 
growth rate seen in late time of gestation. Normally, passage of water and solutes 
from the maternal to the fetal circulation in the placenta is limited by the mem-
brane’s permeability to water, as well as by the surface area available for exchange. 
Therefore and also taking into account some data about human trophoblast, mem-
brane’s water permeability appears to increase with gestation. Still, human placental
membrane surface area is another matter which is not studied yet [7].

Jw can be defined as water flow across the membrane, given in mol cm−2 s−1 (CGS
units system). Considering hydrostatic pressure differences between the two sides 
of a membrane, can be established water movement due to a pressure gradient. The 
equation is similar to the First Law of Fick

 
J B

dP

dxw = − ⋅
 

(3.14)

where B is constant. Equation 3.14 can be rewritted, considering a stationary sys-
tem, with the difference of hydrostatic pressure ΔP, and membrane thickness, Δx:
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(3.15)

with Lp representing the membrane’s filtration coefficient.
Water movement is also due to osmosis, where differences in the solute concen-

tration between both sides of the membrane create a difference of osmotic pressure 
that leads to water motion from the side with the lowest solute concentration to the 
side with the highest one.
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Osmotic pressure is a colligative property of solutions, which can be
determined by

 p s sRT C= ⋅  (3.16)

if it is a diluted solution.
Water flow, Jw, is directly proportional to the difference of osmotic pressure 

of the solutions. Since there is proportionality between water flow and osmotic
 pressure difference, the proportionality constant can be defined as Lp. However, 
oppositely to hydrostatic pressure, in osmosis the water moves from the side where 
the osmotic pressure is lower pressure to the side where it is higher. Therefore

 
J Lw p s= − ⋅Dp

 
(3.17)

As mentioned before, some solute molecules can be transported along with water.
Although the Eq. 3.17 need to be corrected by including a reflexion coefficient, σ, 
since only the solute molecules that reflect on the membrane and do not cross it, will 
produce osmotic pressure, and therefore, are able to induce water movements:

 
J Lw p s= − ⋅sDp

 
(3.18)

Merging Eqs. 3.16 and 3.18, it is possible to obtain another equation that accounts 
for both hydrostatic and osmotic pressure contributions for water flow:

 
J L Pw p s= ⋅ −( )D sDp

 
(3.19)

Water flow can also be given as the volume of water that crosses a membrane per 
unit of surface and unit of time (cm3 cm−2 s−1 or cm s−1 in CGS units system), which
is represented by Jv. Jw and Jv can be related using the average molar volume of 
water Vw( ) :

 J V Jv w w= ⋅  (3.20)

Knowing Jv and the average concentration of a solute inside the membrane, Cs , 
the amount of solute that crosses the membrane dragged by water movements can 
be determined. To do so, it also need to be considered that a fraction σ of solute 
molecules is reflected:

 
J C Js s v= −( ) ⋅ ⋅1 s

 
(3.21)

Joining now the equations shown above, the final equation of transport of solute 
molecules, dragged by water through a membrane is

 
J C V L Ps s w p s= −( ) ⋅ ⋅ ⋅ ⋅ −( )1 s D sDp

 
(3.22)
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Concerning nutrients transport, the transplacental transport characteristics and 
mechanisms have been widely studied. However the majority of studies are essen-
tially in the third trimester, because the difficulties of the quantitative experimen-
tation during the first and second trimester [11]. Although these difficulties,
in vitro models have been developed in order to have deeper informations about 
feto- maternal placental transport. Concerning literature review there are three 
types of in vitro models. Perfusion models using placental cotyledones have been 
used to study placental transfer of nutrients, drugs, chemicals or carcinogens, the 
placental tissue metabolism, the role of placental transporters, and the perfusion of 
endogenous substances. Besides all the disadvantages concerning this model
which includes the type of placenta used plus the technical considerations, it is 
important because it maintains the whole organ complexity being also easily avail-
able [11–13]. The second model describes tissue preparations in which placental 
explants and membrane vesicles are used. This model is used to study syncytiotro-
phoblast uptake of different substances, transport of regulating factors, enzyme 
function and to identify receptors and binding sites. The advantages associated 
with this model are related to the maintenance the intact micro-architecture, the 
possibility to study cell-cell interactions, the transporters function, the transfer of 
amino acid, drugs and toxicants across membrane, besides that can be performed 
at any stage of gestation [11, 14]. The third and last model type is based on cell 
cultures which uses primary placental cells and cell lines. This model allows the 
study of parasites and virus infections, the apoptosis signaling pathways, the xeno-
biotics uptake and release, the transport across cell membrane, the intracellular 
metabolism and the control of the endocrine function. Concerning all the disad-
vantages related with cell culture procedures, this model can be used at any stage 
of gestation, is possible to replicate rapidly in culture and the cells are easily 
cloned [11, 14–16].

The way how nutrients are transported is influenced by several biophysics char-
acteristics namely membrane permeability, nutrient concentration gradients, pla-
cental blood flow and metabolism [17, 18]. Glucose is transported by facilitated
diffusion according to the maternal-fetal concentration gradients [11]. Other nutri-
ents such as calcium, are transported by primary active transport with energy con-
sumption. Nutrients as amino acids, phosphorous, and lactate are transported across 
the membrane by secondary active transport with energy consumption. The energy 
consumed by these transfers is provided by ions gradients such as sodium, chloride 
and protons [17].

3.3  Mechanical Properties of Amniotic Membrane

The strength demonstrated by an intact fetal membrane is determined by its amni-
otic component. Regarding this, the elastic deformation is one characteristic that 
amniotic membrane presents and it is related with the presence of elastin fibers that 
are detected in the fetal amnion [19]. Concerning the different components of 
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amniotic membrane which have different rheological properties related with 
 stress-strain relationships, there are inconsistencies on which portion ruptures first 
[3]. Physical properties such as elasticity, stiffness and other biomechanical charac-
teristics of amniotic membrane or extracellular matrix depend on the variation of 
the placentary compounds [20]. These physical properties, such as mechanical 
strength, make it an attractive scaffold to be used in tissue engineering, for example, 
as surgical graft [21].

In rheology, it is possible to split the materials into several categories, depending
on their response over time to different sheer forces: non-deformable, Hooke’s 
materials (linear elasticity), plastic, viscous and viscoelastic materials.

In order to understand physical properties of elastic deformations, first should be
defined relative deformation, also known as strain. If we consider a solid bar with an
initial length l0, we can deform the bar by applying stretching forces (tension, T) that 
increases length up to l (with l > l0). Strain is defined by

 
e =

−l l

l
0

0  
(3.23)

For non-deformable materials, strain is null over time (ε = 0), regardless of the 
tension (T) applied. The Hooke’s materials, on the other hand, have properties of 
purely elastic deformations, where there is a linear relationship between T and ε; 
when the strain force ceases, ε returns to zero, which means that the material returns 
to its initial shape.

In this type of deformations, proportionally can be correlated tensile stress and
strain using Hooke’s law, where the proportionality constant is called Young’s mod-
ulus (E).
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Instead of applying stretching forces, can also be compressed the same bar in a
similar way. In this case, l < l0, but if the deformation is elastic
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(3.25)

where the factor E is the elasticity modulus by compression, which is similar to 
Young’s modulus.

We can also consider the deformation of a volume and relate it to the difference 
of pressure that is applied. In that case
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(3.26)

with ϵ being called compressibility modulus.
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Looking at membranes as thin surfaces, with negligible thickness; this way
should be only considered two dimensions: length (l) and width (w). If stretched the
membrane along its length, the elastic deformation can be expressed by
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F

w
E

l l

l
= = ′ ⋅

− 0

0  
(3.27)

where E′ is called elastance of the membrane.
About Young’s modulus, modulus of compressibility and elastance, the higher value,

the greater the tensile force which must be applied to cause the same distortion; this 
means that it is more difficult to deform a body that has high values of these moduli.

Not all strains may be considered purely elastic, since not all materials return to 
their original shape after cessation of the deformation force.

Plastic materials are those that do not deform until a certain threshold of T is 
reached. Beyond that point, ε increases as long as the tension is maintained, that 
means that the deformation is permanent. When the tension force is stopped, the 
material does not return to its original shape, maintaining the maximum stain reached.

With respect to liquid materials, viscous materials can be considered in which it 
is necessary to apply a non-zero shear stress to obtain deformation. The deformation 
capacity will depend on the viscosity of the liquid and can be subdivided them as 
Newtonian and non-Newtonian liquids. The first follow Newton’s equation

 
T

dv

dx
= ⋅h

 
(3.28)

Where η represents the liquid viscosity and 
dv

dx
 the gradient of velocity for the 

fluid. Non-Newtonian fluids do not follow the relationship showed in Eq. 3.28, as 

their viscosity can vary with 
dv

dx
.

Finally, with viscoelastic materials not all energy spent to create deformation is
used to restore the material’s initial shape; some of it is dissipated. Unlike elastic
materials, that follow Hooke’s law, strain is both tension- and time-dependent. To 
describe this type of materials, its creep can be studied, which accounts for varia-
tions in strain over time, for a constant tension.

For viscoelastic bodies, tension and strain are related over time, depending both
on Young’s modulus and viscosity:

 
T t E

d

dt
( ) = ⋅ + ⋅e h e

(3.29)

The creep function can also be obtained from Eq. 3.29:
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For a constant tension T0, viscoelastic materials have a maximum strain of T0/E. 
When tension ceases, strain diminishes over time in an exponential manner. These 
materials can either return to their original shape (Kelvin-Voigt materials) or can
maintain a residual deformation, εr (Maxwell materials).

Soft biological tissues demonstrate a mechanical response that is inherently
time-dependent, sometimes described as viscoelastic. The immediate consequence 
of a time-dependent response is that the values of the mechanical properties mea-
sured may depend on the rate at which the material was loaded during the test, such 
that the tissue appears stronger and stiffer when tested at faster rates. It is thus of
critical importance to report details about the testing rate or testing time frame for 
any mechanical study of a viscoelastic material and to consider the loading rate 
when results from different studies are compared [6].

According to Lavery and Miller, amniotic membranes have viscoelastic proper-
ties of creep, with an increase of deformation over time with a constant load; stress 
relaxation, in which a time decrease in load is required to maintain a constant defor-
mation; and a non-recoverable deformation, in which the amniotic membrane 
remains thinned after load removal, not returning to its original configuration [3]. 
This viscoelastic characterization of amniotic membrane is described as time- 
dependent [19].

Experimental results confirm that the tensile strength of the human chorioam-
nion exhibits a triphasic curve. In the mid second trimester (18–20 weeks’ gesta-
tion), an increase in tensile strength is noticed followed by a plateau from 20 to 
39 weeks and then drops steeply, possibly in anticipation of delivery [22].

The effect of this mechanical loading is not well understood, although intra- 
amniotic pressures have been measured both when the amniotic fluid volume is 
deficient as when it is excessive. Amniotic fluid begins to form concomitantly
with the development of the chorion of the amniotic membrane, and until 
16–18 weeks is a maternal serum transudate. The fetal kidneys begin to produce
urine at 14–16 weeks and fetal urine becomes a significant contributor to amniotic
fluid volume. The circulation of this fluid is also facilitated by fetal deglutition. 
Besides this, there is a net water movement across the amnion, perhaps associated
with the large surface area afforded by the microvilli on the amniotic cells facing 
the fetus. Nonphysiologic mechanical conditions of the pregnant uterus also 
include excessive amniotic fluid pressure or volume, resulting in straining of the 
chorion of the amniotic membrane. Aside to the development of the whole body
of the fetus, the amniotic fluid is the major entity distending this membrane inside 
the uterus [6].

Concerning the biomechanical properties, there is a straight relation with amni-
otic membrane structure. The membrane thickness has been previously reported as 
closely correlated with mechanical stiffness if all other properties (density, organi-
zation, etc.) are held constant. Proximal, distal and denuded amniotic membrane has 
a mean thickness of 115.6±20.7, 63.6±13.0 and 9.8±4.3 μm, respectively. The 
thickness of proximal amniotic membrane is significantly greater than that of distal 
and denuded amniotic membrane, and the distal amniotic membrane is significantly 
different from denuded distal amniotic membrane [23].

Besides viscoelastic properties, another important factor in the mechanical
response of the chorion of the amniotic membrane is its behavior under multicycle 

A.M. Abrantes et al.



51

loading. Concerning previous data about the variability of the soft tissues, measured 
mechanical properties are not necessarily identical for two samples of the same 
material where one piece is loaded monotonically to failure and the other piece is 
cyclically loaded. Although most laboratory failure testing consists of single tests,
some authors have used cyclic tests with increasing loading amplitude. Given the
potential for cyclic loading of the membranes during labor in vivo, future studies 
using cyclic testing protocols are likely justified [6].

The first studies developed concerning amniotic membrane physical properties 
were developed by Duncan in 1886 [19]. To study amniotic membrane physical 
characteristics there are different mechanical tests that can be performed to evaluate 
physical properties of the membranes, namely uniaxial tensile testing, biaxial infla-
tion (burst) testing, biaxial puncture testing and planar biaxial testing. All of these
tests are easily performed with the exception of planar biaxial testing [24].

The results of most biomechanical testing protocols are extensive quantities; that 
is, the measured results are a combination of the material’s intrinsic properties and 
the geometry of the test. Intrinsic material quantities can be computed from extrin-
sic quantities with knowledge of the test setup and geometry of the sample tested, 
as will be discussed for the different loading conditions below. Only intrinsic mate-
rial properties can be fairly compared between different types of tests [6].

The mechanical characterization tests are not meant to simulate in vivo failure of 
the membrane but to allow for controlled laboratory characterization of prefailure 
deformation behavior and failure behavior of the materials. The most commonly 
reported intrinsic mechanical properties are the elastic modulus (Young’s modulus,
E), which quantifies the stiffness of the tissue, and the tensile strength (failure
strength, F). The Young’s modulus can be experimentally determined as the force 
per unit cross-section of the material divided by the fractional increase in length 
resulting from the stretching of a standard piece of the material [19]. The mecha-
nism for establishing these parameters (E, F) from tests done using different geom-
etries will be considered briefly in this chapter. Finally, mechanical assays are useful
in identifying potential interventions for weakened membranes. The introduction of 
needle puncture holes into the membranes reduces their mechanical integrity (rup-
ture tension, work to rupture), however the sealing of these defects with fibrin glue, 
resulted in a partial restoration of the mechanical integrity [6].

Concerning Young’s Modulus, this parameter for the amniotic membrane may
have different values at different gestational ages. When preterm and term amniotic 
membranes are compared, Young’s Modulus of the preterm was significantly higher,
revealing that preterm amniotic membranes are stiffer than those at term [19]. 
However, this difference between the two amniotic membranes of different ages has 
nothing to do with the number or the type of cells that constitute each part, once no 
relationship was found between elasticity and the constitution of amniotic mem-
brane in terms of type or number of cells [19, 20].

Regarding experimental procedures, the most common test is the tensile testing, 
where the ends of a membrane strip are placed in vice grips and pulled apart. This 
test was initially performed by Artal [25, 26] and Uldbjerg [27, 28] and it evaluates 
the stress in one longitudinal component. In this evaluation, as the sample is
stretched, the transverse dimension decreases resulting in a transverse strain but no 
stress is developed in the transverse direction [3, 19].
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In a straightforward uniaxial tension test, a rectangular strip of material is pulled
monotonically to failure. The experimental variables are the displacement δ (exten-
sion of the sample) and the load (force) (F). The key sample geometrical variables 
for a tensile test are the sample gage section (initial width, w0 and initial thickness, 
t0) and the initial gage length of the sample (length between the grips, l0). The exten-
sive experimental variables, F and δ, are easily converted to intensive variables via 

the geometry factors: engineering stress =
⋅
F

w t0 0

, and engineering strain, e = δ
l0

. 

The failure strength is simply the stress at maximum load, Fmax [6, 29].
The tensile strength of the chorioamnion varied with gestational age, and con-

cerning experimental data there is the indication that the chorioamnion gains 
strength in the early to mid-second trimester, about 17–20 weeks’ gestation. After
this period, tensile strength appears as a plateau until 38–39 weeks’ gestation. When
the gestation reaches 39 weeks a dramatic and statistically significant decrease in 
chorioamnion membrane tensile strength is noticed [22].

Most soft biological materials have strengths in the kPa or MPa range. In the
absence of suitable thickness measurements, the tensile “rupture tension” has been 
reported as = Fmax/w0, although this is not an intrinsic mechanical property. The elas-
tic modulus, E, is the slope of the stress–strain (σ-ε) curve for engineering materials 
in which stress and strain are initially linearly related; since in soft tissues stress and 
strain typically are not linearly related, the pseudolinear or tangent modulus is fre-
quently reported [6].

The second test is the burst testing, in which a piece of membrane is clamped in 
a ring and either air or fluid pressure is applied perpendicular to the plane of the 
membrane. This test is the one that most closely mimics physiology, approximating 
the in vivo mechanical deformation and failure of the chorioamnion [3]. The tissue 
under test is inflated from one side with air or fluid pressure until it bursts. The 
bursting pressure (P) is then related to the failure strength of the membrane 
 concerning the radius of the “bubble” prior to bursting, r, and the tissue thickness, 
t, using a hemispherical bubble assumption [3, 6]:

 
s F

P r

t
=

⋅max

2 0  
(3.31)

The bubble radius r and height can be measured directly or assumed from the 
radius of the specimen holder ring according to what has been shown that these two 
parameters are quite similar for membrane bursting tests. Alternatively, some
authors have calculated an effective radius from the specimen holder radius and the 
bubble height. As was seen above for the tension test, some researchers have
reported that the bursting tension can be given by
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Through this equation we can see that T is directly related to failure strength via 
the tissue thickness but is not itself an intrinsic material property. In the case of
bursting tests performed using the same bubble radius, the peak pressures can be 
compared directly as an extrinsic quantity [3, 6].

The limitation in this test is the lack of membrane thickness information from the 
bursting studies. To overcome this restriction further burst studies with measure-
ments of membrane thickness are needed [6].

The puncture test, is the third method described in bibliography, in which a 
piece of membrane is also clamped in a ring, but a spherical metal probe is used to 
displace the central portion of the membrane perpendicular to the plane of its 
 surface [3].

In a biaxial puncture test, the membrane is held such that a circular region of free
tissue is exposed, and a blunt probe is brought down on the center of the membrane. 
Load is applied until the probe punctures through the membrane. The analytical
mechanic analysis for this test geometry is more complicated than for the tensile or 
burst tests, but it has been shown that the failure strength at probe puncture can be 
calculated by the followed equation:
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(3.33)

where R is the radius of the sphere-tipped probe.
Inversion of this equation to focus on the extensive quantity Fmax (puncture force)

shows that the puncture force is related to both the intrinsic properties of modulus 
of elasticity and membrane strength as well as the tissue thickness. Sharp decreases
in the puncture force, as occurs in relation with gestational age (GA), can then be
associated with changes in any or all of these three parameters (E, F, t0). Although
the intrinsic properties of the chorion are approximately an order of  magnitude 
lower than those of the amnion, and as the amnion is a smaller portion of the total 
membrane thickness, the puncture forces differ by about a factor of two, much less 
than the differences in the intrinsic properties of strength and elastic stiffness. 
Because the circumstance of clinical membrane rupture in vivo is related to the
whole membrane structure, the thickness-weighted puncture test may more accu-
rately reflect the bilayer membrane mechanical behavior in vivo compared to tensile 
tests that aim to evaluate the intrinsic strength and elasticity properties. Another
important characteristic is that the puncture test is also simple to perform. Some
studies have demonstrated that a handheld puncture testing device, which can be 
brought into a clinical setting for routine mechanical characterization of cellulose 
acetate membranes, gives puncture force values comparable to those reported by 
previous investigators using the same probe geometry but obtained with a mechani-
cal testing machine. Estimates of the membrane strength have been made based on
puncture tests, but again there was a lack of thickness and elastic modulus informa-
tion for the samples analyze and the good agreement with tensile data must be taken 
as a first-order estimate only. There is a need for additional puncture studies in 
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which a more detailed characterization of the membrane samples thickness and 
stiffness is performed independently of the puncture measurements [6].

In each test referred above, the force applied to the membrane samples and the
displacement of the membranes (in the direction of the force) are recorded simulta-
neously. From the curve plot of the force vs. displacement curve there is the possi-
bility of calculate several parameters such as the rupture strength, stiffness (related
to elasticity), work to rupture, displacement at rupture, and displacement at maxi-
mum force. The viscoelastic properties of the membranes, such as potential for 
stress relaxation and non-elastic deformation, can also be determined using these 
test methodologies.

In this context, an increase in tensile strength around the 17–20 weeks could be
a consequence of the fusion of the chorioamnion to the maternal decidual tissue, 
leading to an increased stimulation of collagen production by fibroblasts. It seems
that if the fusion process occurs, a sharp decrease in fetal fibronectin is detected in 
mother vaginal secretions. The tensile strength of the chorioamnion appears to sta-
bilize from 20 to 38 weeks of gestation. During this gestational period from 20 to
38 weeks many patients, show that the chorioamnion has a tensile strength greater
than what is required to maintain its integrity. We may wonder if this biological 
redundancy exists in the gestational membrane to prevent the preterm premature 
rupture of membranes (PPROM). When we analyze a single sample of a membrane
of approximately 100 g by multiple times, each time that we evaluate, the mem-
brane exhibits its own profile, bursting above and below its mean. Beyond the
39 weeks of gestation, all membrane segments exhibit a reduction in the mass (in
grams) needed to burst. These observations corroborate the data obtained by other 
investigators who have found that the healthy chorioamnion membrane, at term, 
exhibits an increase in the collagenolytic enzyme, the metalloproteinase-9, a pro-
cess that correlates with the decrease in membrane tensile strength. If we think in
mass needed to burst, it appears that, until term, an intact healthy chorioamnion 
membrane expresses a tensile strength that bursts only above 250 g. The distinct 
quantitative results reflect the variety of test units used and the different hypothesis 
on test. Artal et al. reported that elasticity of the membranes near the placenta of
patients with membrane premature rupture was lower than in patients whose mem-
branes ruptured during the labor [25]. However, it was also shown that in preterm 
membranes with less than 37 weeks of gestation, stress tolerance was more than 
double that the term membranes that ruptured spontaneously (premature rupture of
membranes) or were artificially ruptured. In our series, clinical chorioamnionitis did
not identify membrane segments with a consistently low tensile strength. This 
observation seems to support the concept that premature rupture of the membranes 
can result from a focal area of infection or inflammation that leads to collagen 
breakdown and, consequently, the amniotic epithelium disruption. Only if the mem-
brane exhibits a generalized inflammatory process there is a predictable decrease in 
overall tensile strength. This study can provide quantitative information about the 
strength of the chorioamnion throughout gestation. Using this information as a ref-
erence, it will be possible to study the effects of several pathologic conditions on the 
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membrane strength and, perhaps to better understand the processes of spontaneous 
rupture of membranes [22].

The effect of labor type can also be considered. For that, the comparison of
labored and unlabored deliveries, as is the case of cesarean delivery, can be per-
formed by tensile and puncture testes. In any of these two situations, no effect is
observed on the chorion layer, and only a minor effect is observed on the chorioam-
nion and amnion as is shown by the decrease of strength. Similarly, gestational age
has a relatively big effect on membrane rupture resistance. In fact, preterm mem-
brane samples show substantially greater mechanical integrity than term ones as it 
is shown by puncture testing, being the puncture force clearly decreased in the 
amnion layer with advancing of gestational age. One potential underlying mecha-
nism of the clear mechanical change can be related to the collagen content, although 
there are conflicting reports regarding whether the amnion collagen content 
decreases with the gestational age. Consistent with these results, the bursting ten-
sion obtained through a biaxial inflation test was 20 % lower in membranes with 
40–42 weeks when compared to 38–40 weeks or 34–38 weeks [6].

As a clinical approach, an interesting question concerns the membranes that rup-
ture spontaneously prior to the onset of labor compared with those that only rupture 
after the onset of labor. In these conditions, there was also no difference in tensile
rupture tension for both a thinning of the membrane near the rupture site in prema-
turely ruptured membranes has been noticed [6].

As a conclusion we can say that the amniotic membrane can be studied applying
biophysical approaches which can give inestimable information’s that allows us to 
understand its biological behavior.
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    Chapter 4   
 Stem Properties of Amniotic 
Membrane- Derived Cells 

                Maddalena     Caruso    ,     Anna     Cargnoni    , and     Ornella     Parolini    

    Abstract     New avenues in the general area of research into stem cells have been 
opened in recent years through the discovery that cells with stem properties can be 
isolated from the human placenta, which represents an ethically sound, easily 
 procured and plentiful source, and is therefore an attractive alternative to other 
stem cell sources. In particular, the human amniotic membrane, which already has 
a long history of use as a surgical material, is also proving to be a valuable reserve 
of cells for research and development of novel therapeutic approaches for regen-
erative/reparative medicine. In this chapter we will describe the two main amniotic 
membrane- derived cell populations, i.e. epithelial cells and mesenchymal stromal/
stem cells, and some of their sub-populations, in terms of their stem properties 
which have been discovered to date. We will explore reasons why these amniotic 
membrane-derived cell populations cannot be considered “true” stem cells, at least 
in the classical sense of the term, even though they have some features of 
progenitor- like cells and certainly display some very interesting biological proper-
ties both for research purposes and for potential clinical applications. We will also 
bring into discussion the fact that much still remains to be further investigated and 
even discovered in this evolving research fi eld, although despite this, the very 
promising results achieved so far are certainly very encouraging as a basis for 
future studies.  
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4.1         Introduction 

 The fact that the human amniotic membrane could play benefi cial roles beyond fetal 
development has been known for more than 100 years, through experimental and 
clinical evidences reported over time in different areas and applications. Indeed, by 
the early 1900s, Davis had already reported the successful use of human fetal mem-
branes (amniotic and chorionic membranes) as a skin substitute [ 1 ], with this study 
spurring application of the amniotic membrane as a surgical biomaterial in a variety 
of settings ranging from the now well-established clinical treatment of pathological 
conditions including ocular disorders, skin wound healing and reconstructive surgery, 
to more prospective disease scenarios, as supported by current pre-clinical studies [ 2 ]. 

 The early origin of fetal membranes, which begin to develop even before gastru-
lation, and the fact that the amniotic ectoderm derives from the epiblast, which, 
through the process of gastrulation, is also the source of all of the three germ layers 
(endoderm, mesoderm, and ectoderm) of the embryo, have more recently led scien-
tists to postulate that cells in the amniotic membrane may have retained some of the 
plasticity of pre-gastrulation embryo cells and may therefore harbour some degree 
of stemness [ 3 ]. This aspect, together with the fact that the placenta is usually dis-
carded as a waste product after birth, therefore rendering its use free of ethical 
controversy, as well as the consideration that it is plentiful and easily procured in a 
safe and non-invasive manner, has prompted researchers to investigate the presence 
of stem or stem-like cells within its tissues. 

 The general area of research into stem cells continues to capture scientists’ atten-
tion at an increasing rate, thanks to a signifi cant rise in interest in the therapeutic 
potential of these cells. As knowledge in the fi eld continues to broaden, and as more 
and more cells with stem characteristics are isolated from different tissues, the con-
cept of “stemness” itself has also become the object of fervent debate among scien-
tists, with a consequent and continuous revision of the “stem cell” defi nition [ 4 – 8 ]. 
In this evolving scenario, the hurdle to defi ne the criteria which a cell should meet 
in order to be termed a “stem cell” is made even more complex by the fact that, most 
likely, we ourselves still lack a comprehensive understanding of all of the properties 
of these cells. Moreover, the task of identifying “stem cells” is made no easier by 
the fact that there are several cell types which exhibit some, but not all of the char-
acteristics which have been defi ned, but which nonetheless have biological proper-
ties that make them especially interesting in view of potential therapeutic application 
[ 5 ,  6 ,  9 ]. 

 In this chapter, conscious that we are discussing an intricate and evolving fi eld, 
but far from entering into the debate regarding the “stem cell” defi nition, we will 
attempt to highlight the characteristics of human amniotic membrane-derived cells 
on the basis of what is currently known from studies which have been undertaken to 
date, in order to assess whether these cells are endowed with the characteristics that 
are generally associated with “stemness”. To this end, we will adhere to one of the 
most classical working defi nitions of “stemness”, which refers to undifferentiated 
cells that are endowed with the ability of both self-renewal and also the capacity to 
differentiate into several cell different types, i.e. “stem cells are generally defi ned as 
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single cells that are clonal precursors of both more stem cells of the same type, as 
well as a defi ned set of differentiated progeny” [ 10 ]. We will therefore describe the 
features of amniotic membrane-derived cells which have been reported after their 
stepwise characterization through experimental approaches that are generally 
employed when a working characterization of stem cells is made. Moreover, given 
that designation of a “stem cell” is usually made also considering both the ontogeny 
of the tissue from which it derives, according to which it is generally classifi ed as 
being either embryonic, fetal or adult, as well as the potency of the cell, that is, its 
capacity to differentiate towards other cell types, according to which it is designated 
into a hierarchy that ranges from unipotency to pluripotency, we will herein refer to 
amniotic membrane-derived cells as being fetal cells, and we will discuss different 
aspects related to their potency.  

4.2     Where Can We Find the Cells Which Will Be Discussed? 

 Firstly, to provide readers with a “map” on which to pinpoint the cells which we are 
discussing, we will take a moment to summarize some of the key structural ele-
ments of the human amniotic membrane, which instead will be described more 
extensively in other chapters of this book. 

 In the maternal womb, the amniotic membrane is the innermost portion of the 
placenta, which encloses the fetus in the fl uid-fi lled amniotic sac. Upon isolation 
from the term placenta, the amniotic membrane appears as a nearly transparent 
avascular tissue ranging from 0.02 to 0.5 mm in thickness. Histological analysis of 
this membrane allows us to distinguish three principal layers: an epithelial mono-
layer, an interposing acellular basement membrane and a stromal layer. 

 The amniotic epithelium faces the amniotic cavity and is in direct contact with 
the amniotic fl uid. The other side of the epithelium lies on a thick basement mem-
brane composed of various collagen types, laminin, and fi bronectin ([ 11 ], and refer-
ences inside). Histologically recognized as a single layer of fl at, cuboidal to 
columnar epithelial cells that have microvilli on their apical surface, the amniotic 
epithelium harbours cells with some stem/progenitor features that are referred to as 
human amniotic epithelial cells (hAECs) [ 12 – 14 ]. Indeed, in line with mounting 
evidence regarding the presence of hAECs within this layer, when different tissues 
from human term placenta were analysed through immunofl uorescence staining 
techniques in the quest for cells positive for stem cell/pluripotency markers, stage 
specifi c embryonic antigen (SSEA) -4 positive cells were detected throughout virtu-
ally all of the amniotic epithelium, while some solitary cells positive for the pluripo-
tent stem cell antigens tumor rejection antigen (TRA) 1-60 and TRA1-81 were also 
detected within this layer [ 15 ]. Other authors also reported the observation of a 
number of cells positive for the pluripotent stem cell – specifi c transcription factor 
octamer-binding protein (OCT) -4 clustered within a specifi c region of the amni-
otic epithelial layer [ 16 ]. Taken together, these fi ndings suggest that the amniotic 
epithelium contains cells heterogeneous in terms of stem cell/pluripotency marker 
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expression, as indeed supported by the characterization of naïve hAECs isolated 
from human amniotic membrane, which will be further discussed below. 

 On the other side of the basement membrane lies the amniotic stroma, which is 
composed of an acellular compact layer containing collagens and fi bronectin, fol-
lowed by a fi broblast/stromal layer, which contains dispersed fi broblast-like mesen-
chymal cells and rare macrophages embedded in a loose network of reticulum ([ 17 ], 
and references inside; [ 18 ], and references inside). The fi broblast/stromal layer is in 
turn connected to a spongy layer, which is in loose contact with the chorionic mem-
brane, which sits under the amniotic membrane ([ 17 ], and references inside). 

 Although the immunostaining studies performed by Miki and colleagues [ 15 ] 
described above did not yield results which showed the presence of stem cell/ 
pluripotency marker-positive cells in regions of the amniotic membrane other than 
the epithelial layer, as we will see below, mounting evidence supports the notion 
that the fi broblast/stromal layer of the amniotic membrane harbours cells with fea-
tures of mesenchymal stromal/stem cells (MSCs), referred to herein as human 
amniotic mesenchymal stromal/stem cells (hAMSCs) [ 14 ].  

4.3     Amniotic Membrane-Derived Cells: Morphology 
and Proliferative Ability In Vitro 

 Typically, a naïve heterogeneous population of hAECs is obtained after single or 
multiple trypsin digestions of either pieces of the whole human amniotic membrane 
which have been peeled away from the chorion [ 19 ], or of tissue fragments which 
remain after isolation of hAMSCs, which can be performed either by manual scrap-
ing out of the amniotic mesoderm without affecting the epithelial layer [ 20 ] or 
application of multiple enzyme digestion-based protocols [ 21 ]. Various factors 
related to the use of trypsin, including concentration, duration of incubation and the 
number of digestions with this enzyme, as well as the freshness of placenta, all 
infl uence the yield and viability of the isolated hAECs [ 20 ,  22 ], with reported yields 
from a single placenta ranging from 8–50 million cells [ 23 ] to 200–300 million cells 
[ 19 ]. Special attention is currently also being turned toward the development of 
isolation protocols which will allow the introduction of hAECs into clinical settings 
[ 24 ,  25 ]. 

 Upon isolation and plating in a standard culture medium [e.g. DMEM supple-
mented with 10 % FBS (fetal bovine serum) and antibiotics], hAECs adhere to the 
culture dish without any feeder layer or any specifi c pre-treatment of the culture 
substrate. In the presence of epidermal growth factor (EGF), these cells proliferate 
robustly and form a confl uent monolayer of cells with a cobblestone-shape/cuboid 
morphology that is typical of epithelial cells [ 12 ]. Despite some differences in the 
proliferative ability of hAECs which have been reported in vitro [ 12 ,  23 ,  26 ], 
 generally, these cells can be maintained for two to six passages before proliferation 
ceases [ 14 ]. Meanwhile, karyotypic analyses performed at different passages and 
under various culture conditions have shown no expansion-related chromosomal 
alterations in these cells [ 12 ,  24 ,  25 ,  27 ]. 
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 Interestingly, differences in in vitro culture conditions have themselves been 
shown to impact on hAEC phenotype/morphology. In particular, besides causing 
proliferation to cease, the absence of EGF has also been associated with changes 
whereby cells become multinucleated giant cells reminiscent of trophoblastic dif-
ferentiation by embryonic stem cells (ESCs) [ 12 ]. Moreover, when hAECs are kept 
in high-density culture for several days, small cell clusters or “spheroids” begin to 
appear over the cobblestone monolayer of epithelial cells, and, as we will describe 
in further detail below, the cells within these spheroids show different characteris-
tics in terms of their stem cell/pluripotency marker expression when compared to 
the epithelial cells in the underlying monolayer [ 12 ,  28 ]. Furthermore, some authors 
have reported that maintenance in culture can cause alterations in hAEC morphol-
ogy, which has been observed to change from a typical epithelial to a fi broblast-like 
morphology [ 26 ,  29 ]. Whether these changes are due to the presence of contaminat-
ing hAMSCs in the hAEC culture, or whether this may be due to an epithelial to 
mesenchymal transition (EMT) is still under debate [ 30 ], although changes in the 
expression of both surface antigens and genes usually associated with EMT are sug-
gestive of a bona fi de EMT to explain these observed changes [ 25 ]. 

 hAMSCs are isolated from the amniotic membrane either after removal of 
hAECs [ 31 ], after scraping of the amniotic stroma from the amniotic membrane 
without affecting the epithelial layer [ 20 ], or directly from pieces of the whole 
amniotic membrane [ 21 ]. Generally, hAMSC isolation protocols entail a series of 
enzymatic digestions with dispase and collagenase, with or without the addition of 
DNase [ 14 ,  21 ,  31 ,  32 ]. As an example of hAMSC yield, Marongiu and colleagues 
have reported the isolation of 20–100 million cells from one term placenta, although 
they also noted that cell yield may be affected by unpredictable differences between 
different placenta donors, as well as differences in variables such as the time 
between delivery and the commencement of cell isolation [ 31 ]. 

 When cultured in conventional media, such as DMEM supplemented with 20 % 
FBS, hAMSCs, like MSCs from other sources [ 33 ], readily adhere to plastic culture 
vessels and exhibit fi broblast-like morphology [ 14 ,  34 ]. hAMSCs can generally be 
kept in culture until passage 5 [ 21 ,  26 ,  29 ], even though higher passage numbers 
have been reported [ 31 ], particularly when individual colonies were selected from 
bulk cultures [ 21 ,  35 ]. Tamagawa and colleagues have shown that the majority of 
hAMSCs in a series of populations analysed exhibited a normal phenotype between 
passages 3 and 7 [ 36 ,  37 ].  

4.4     In Vitro Molecular Signature of Amniotic Membrane- 
Derived Cells: Stem Cell/Pluripotency Marker Expression 

 Evaluation of a cell population’s “stemness” includes its characterization in terms 
of the expression of stem cell/pluripotency markers. 

 Our own efforts have revealed the expression of OCT-4 in amniotic membrane- 
derived cells, as detected by RT-PCR [ 38 ]. Subsequently, other groups reported that 
hAECs express surface markers and transcription factors which are generally 
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referred to when characterizing human ESCs and pluripotency [ 12 ,  39 ], given that 
ESCs are known to be embryonic pluripotent cells, i.e. cells that can differentiate 
into cell types of all three of the embryonic germ-layers: hAECs include cells which 
are heterogeneous in terms of the expression of these markers. Specifi cally, hAECs 
have been shown to express SSEA-3, SSEA- 4, TRA1-60 and TRA 1-81, OCT-4,  
SRY-related HMG-box gene-2 (SOX 2), NANOG, reduced expression protein-1 
(REX-1), fi broblast growth factor- 4 (FGF-4), germ cell tumour marker-2  (GCTM-2),  
criptic family-1 (CFC-1), developmental pluripotency-associated protein-3 (DPPA-
3), prominin-1 (PROM-1), and paired box gene-6 (PAX-6), as detected by RT-PCR 
and/or by immunostaining [ 12 ,  13 ,  40 ]. Some hAECs also express c-kit, the surface 
receptor for stem cell factor [ 12 ,  40 ]. Meanwhile, neither telomerase expression nor 
telomerase activity were detectable in these cells [ 12 ]. 

 In terms of stem cell/pluripotency marker expression in hAMSCs, confl icting 
results have been reported to date. Kim and colleagues have shown that hAMSCs 
express SSEA-3, SSEA-4, OCT-4 and REX-1 genes over passages in culture [ 35 ], 
while Nogami and co-workers, using an immunocytochemical technique, observed 
that hAMSCs were positive for nuclear SOX-2, but that only a limited number of 
these cells were positive for OCT-3/4, Kruppel-like factor-4 (KLF-4) and SSEA-4 
expression [ 41 ]. Meanwhile, Fatimah and colleagues observed that gene expression 
for OCT-3/4, SOX-2, NANOG-3, REX-1, FGF-4 and frizzled family receptor- 9  
(FZD-9) markedly decreased in these cells after serial passages [ 42 ]. This decrease 
was also observed by Bilic and colleagues, who specifi cally reported that after one 
passage in culture, hAMSCs showed a marked reduction in the number of cells 
positive for the expression of SSEA-4 with respect to the number observed at 
 passage 0, while expression of SSEA-3 did not alter signifi cantly [ 26 ]. It is to be 
underlined that while the authors observed expression of SSEA-3 and SSEA-4 
through fl ow cytometry in every amniotic membrane tested, they were able to con-
fi rm the presence of the SSEA-4 epitope by immunocytochemistry only in two out 
of fi ve amnion cases. Likewise, while the authors detected OCT-3/4 transcripts in 
every hAMSC culture tested, they did not detect any OCT-3/4 protein in hAMSCs 
by immunocytochemistry. Such discrepant fi ndings may be attributable to the tech-
niques used in these studies. Indeed, with regard to assessing the presence of OCT- 4 
as a pluripotency marker, Ryan et al. have underlined the challenges in detecting the 
correct OCT- 4 isoform (OCT- 4A) which is associated with pluripotency, without 
false positive results being obtained due instead to the expression of pseudogene 
OCT- 4B [ 43 ]. These authors therefore underlined the potential need for  reassessment 
of pluripotency markers in various cell types, with attention to gene and protein 
isoforms and pseudogenes.  

4.5     In Vitro Molecular Signature of Amniotic Membrane- 
Derived Cells: Expression of Lineage-Associated 
and Other Markers 

 A comprehensive phenotypic characterization of amniotic membrane-derived cells 
cannot exclude an analysis of the expression of markers which defi ne specifi c cell 
types. In this regard, it is routinely ascertained that nearly 100 % of freshly isolated 
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hAECs react with antibodies to pan-cytokeratins, confi rming their epithelial nature 
[ 12 ]. Meanwhile, according to the minimal criteria for defi ning hAMSCs which 
were established during the fi rst international workshop on placenta-derived stem 
cells [ 14 ], hAMSCs at passages 2–4 should be positive (≥95 %) for cluster of dif-
ferentiation/designation (CD) 90, CD73 and CD105, whilst they should be negative 
(≤2 %) for CD45, CD34, CD14 and HLA-DR. 

 However, hAECs have also been shown to express a range of mesenchymal and 
hematopoietic markers, including CD10, CD13, CD29, CD44, CD49e, CD73, 
CD90 (Thy-1), CD105, CD166 and stromal cell surface marker (STRO) -1, with 
low to moderate expression of the major histocompatibility complex (MHC) class I 
molecules human leukocyte antigen (HLA)-A, HLA-B, and HLA-C. Some vari-
ability has been reported among different research groups in terms of the levels of 
expression of these markers, which also appears dependent on the passage number 
and culture conditions employed [ 12 ,  14 ,  25 ,  44 ]. Meanwhile, hAECs show negli-
gible levels of the MHC class II molecules HLA-DQ and HLA-DR, and are nega-
tive for CD14, CD34, CD45, CD49d [ 13 ,  14 ,  32 ,  44 ]. 

 In terms of further phenotypic characterization of hAMSCs, it has been reported 
that in addition to CD73, CD90 and CD105, these cells are also positive for CD13, 
CD27low, CD29, CD44, CD49e, CD54, CD117 (weak), CD166, and STRO-1, 
while they are negative for CD3, CD14, CD34 and CD45 (reviewed in [ 14 ,  34 ,  44 ]. 
These cells are also reported to be HLA-A-B-C-positive (low levels) and HLA-DR- 
negative (reviewed in [ 14 ]). The low/absent level of expression of HLA class I mol-
ecules and the absence of HLA class II molecules suggests the potential utility of 
amniotic membrane-derived cells in transplantation settings, which may even allow 
them to be applied across a histocompatibility barrier. 

 Interestingly, both freshly isolated hAECs and hAMSCs express a repertoire of 
different lineage-associated markers, suggesting that these cell populations may 
include progenitors of various cell lineages. For example, undifferentiated hAECs 
express neural [nestin, glutamic acid decarboxylase (GAD), myelin basic protein 
(MBP), neurofi lament medium chain (NFM), neuron-specifi c enolase (NSE), 2′, 
3′-cyclic nucleotide 3′-phosphodiesterase (CNPase), proteolipid protein/DM-20 
(PLP), microtubule-associated protein-2 (MAP-2), MAP-2 kinase, glial fi brillary 
acidic protein (GFAP), neurofi lament proteins], hepatic [albumin, alpha-fetoprotein 
(FP), alpha-1 antitrypsin (AT), cytokeratin 18 (CK18), glutamine synthetase (GS), 
carbamoyl phosphate synthetase-1 (CPS), phosphoenolpyruvate carboxykinase 
(PEPCK), cytochrome 2D6 (CYP2D6), CYP3A4, CYP2C9, transthyretin (TTR),  
tyrosine aminotransferase (TAT), hepatic nuclear factor 3-alpha (HNF3α), CCAAT/
enhancer binding protein-alpha (CEBP-alpha)], pulmonary [NK2 homeobox-1 
(Nkx 2.1), mucin, occludin, aquaporin-5, caveolin-1], cardiomyogenic [gata bind-
ing protein-4 (GATA-4), Nk2 homeobox-5 (NKx 2.5), myosin light chain-2A 
(MLC-2A), MLC-2V, myosin regulatory light chain-7 (MYL-7), atrial natriuretic 
peptide (ANP), calcium channel voltage-dependent L type alpha 1C subunit 
(CACNA1C), potassium voltage-gated channel Shal-related family member 3 
(KCND-3)] and pancreatic [pancreatic and duodenal homeobox-1 (PDX-1)] 
lineage- associated genes (all reviewed in [ 44 ]). 

 Meanwhile, undifferentiated hAMSCs have been shown to express genes associ-
ated with hepatocytes (albumin, α-FP, CK18, α1-AT and HNF4α), the pancreatic 
lineage-associate marker PDX-1, the cardiomyogenic lineage-associated markers 
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GATA-4, MLC-2A, MLC-2V, cTnI and cardiac troponin I and T (cTnT), the 
 cardiac- specifi c ion channel genes alpha-1c and KCND3 (kv4.3), and the neural 
lineage- associated genes nestin, musashi-1, neuronal class III β-tubulin (TUJ-1), 
neurofi lament medium (NF-M), MAP-2 and GFAP (all reviewed in [ 44 ]). 
Interestingly, although hAMSCs derive from the avascular stromal layer of the 
amniotic membrane, they express many endothelial and angiogenic genes, such as 
platelet/endothelial cell adhesion molecule (PECAM-1/CD31), von Willebrand 
Factor (vWF), vascular endothelial growth factor (VEGF), vascular endothelial 
growth factor receptor-2 (VEGFR-2), basic FGF and angiopoietin-1 [ 42 ]. 

 The detection methods which were used to investigate expression of the lineage- 
associated markers described above ranged from RT-PCR to various protein detec-
tion techniques, with some variability between results reported by different groups.  

4.6     hAEC and hAMSC Subpopulations 

 Considering the heterogeneity of naïve amniotic membrane-derived cell popula-
tions, it is not surprising that several research groups have been able to highlight the 
presence of cell subpopulations with special features within these broader isolates. 

 For example, as already mentioned above, small cell clusters or “spheroids” have 
been observed over the cobblestone monolayer of epithelial cells after weeks of 
hAEC culture under high-density conditions [ 12 ]. Characterization of the cells in 
these culture conditions in terms of stem cell/pluripotency marker expression 
revealed that expression of genes including SSEA-3, SSEA-4, TRA-1-60, TRA-
1- 81, OCT-4 and NANOG was mainly restricted to cells of the spheroid-like struc-
tures rather than to cells of the underlying adherent layer [ 12 ]. These fi ndings 
suggest that the cells growing as spheroids over the monolayer of epithelial cells 
retain their stem cell nature to a higher degree when in culture [ 12 ]. 

 Our group has reported the isolation of two subpopulations of cells derived from 
the mesenchymal layer of the amniotic membrane that differ in their expression of 
HLA-DR, CD45, CD14, and CD86 [ 45 ]. In particular, the HLA-DR-positive sub-
population presented with a monocyte-macrophage-like immunophenotype, coex-
pressing the markers CD45, CD14, CD11b, and CD86. Specifi c comparison of the 
immunomodulatory characteristics of these two subpopulations [i.e. HLA-DR- 
positive cells (>90 % HLA-DR-positive cells) and HLA-DR-negative cells (<5 % 
HLA-DR-positive cells)] with those of the unfractionated hAMSCs, with particular 
attention to their effects on proliferation of T cells which had been stimulated with 
allogeneic target cells (MLR) or via T-cell receptor engagement, showed suppres-
sive versus stimulatory capabilities of the subpopulations. Specifi cally, while HLA-
DR- negative cells, like the unfractionated hAMSCs, exerted an anti-proliferative 
effect, the HLA-DR-positive population induced marked proliferation of anti-CD3- 
primed allogeneic T cells in vitro [ 45 ]. 

 Some evidence suggestive of the presence of cells with properties similar to the 
so called “side population” has been reported for cells isolated from both the 
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 epithelial and mesenchymal layers of the amniotic membrane. “Side population” 
refers to a rare subpopulation of cells functionally defi ned on the basis of their 
 ability to effl ux Hoechst 33342 dye, and which are enriched in cells with stem 
 cell-like properties. It has been shown that hAECs express the ATP-binding cassette 
transporter G2 (ABCG2/BCRP), a multidrug resistance transport protein involved 
in Hoechst effl uxing [ 28 ], however the signifi cance of this fi nding remains to be 
assessed. ABCG2/BCRP is also expressed by hAMSCs, with no signifi cant change 
in the expression of this marker after serial passaging [ 42 ]. Meanwhile, the pres-
ence of a side population has also been reported within cells isolated from the 
human amniotic mesenchymal layer by Kobayashi and colleagues [ 46 ]. Most of 
these cells expressed the stem cell markers OCT-4, SOX-2, nestin and REX-1, were 
highly positive for CD13, CD29, CD44, CD46, CD49b, CD49c, CD49e, CD59, 
CD140a, and CD166; weakly positive for CD49d and CD51, and were negative for 
CD34, CD45, CD90, CD105, CD271, CD49a, CD56, CD106, CD117, CD133 and 
fms-like tyrosine kinase-1 (FLK-1) [ 46 ]. Under appropriate culture conditions, 
these cells were also shown to undergo differentiation towards multiple cell lin-
eages, such as neuroectodermal, osteogenic, chondrogenic, and adipogenic. 
Recently, it has also been reported that hAMSC-derived side population cells can be 
induced to differentiate toward the vascular endothelial lineage through culture 
under hypoxic conditions (1 % instead of 20 % O 2 ) [ 47 ]. These authors observed 
that the expression of endothelial-associated genes such as kinase domain region 
(KDR), FLT-1, vascular endothelial (VE)-cadherin and vWF peaked after 2 weeks 
under hypoxia, with a concomitant enhancement in the protein expression of KDR 
and VE-cadherin.  

4.7     Toward Assessing Stemness of Amniotic Membrane- 
Derived Cells: In Vitro and In Vivo Assays 

 The potential “stemness” of a cell population is generally assessed through the 
application of some generally accepted experimental tests in vitro and in vivo, 
which are aimed at evaluating the cells’ capacity for self-renewal, formation of 
clonal colonies and teratomas, and in vitro differentiation. 

4.7.1     Self-Renewal and Clonal Colony Formation Capacity 

 According to the classical concept of “stemness”, a hallmark of stem cells is the 
ability to clonally self-renew. This defi ning functional characteristic of stem cells 
refers to the process by which a stem cell perpetuates itself over many generations, 
undergoing mitotic divisions which give rise to daughter cells which maintain an 
undifferentiated phenotype, i.e. each division resulting in at least one of the two 
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daughter cells being equipotent to the mother cell in terms of proliferation capacity 
and differentiation ability. Estimation of the self-renewal capacity of individual 
stem cells in vitro is generally performed through assessing in vitro clonogenicity, 
i.e. the ability of a single cell to form a clonal colony. 

 In terms of the self-renewal/clonogenic capacity of both hAECs and hAMSCs, 
confl icting results have been reported to date. Ilancheran and colleagues reported 
that hAECs are clonogenic, forming large, fl attened, undifferentiated colonies con-
taining several hundred cells within a few weeks of culture, even though these 
authors were unable to establish hAEC long-term self-renewal capabilities [ 13 ]. 
The ability to form clonal colonies was shown to be dependent on culture passages 
and conditions, i.e. while hAECs at passage 0 seeded at low density were clono-
genic, hAECs which were expanded in culture in xenobiotic-free media until to P5 
failed to form clonal colonies [ 25 ]. Meanwhile, Miki and colleagues reported that 
they were unable to grow cells from single-cell clones or show long-term self- 
renewal, and therefore argued that further work would be needed to determine 
whether the amniotic membrane is a heterogeneous mixture of progenitor cells with 
varied differentiation potential, or if a single stem-like cell can give rise to all germ 
layers [ 12 ]. 

 In the case of hAMSCs, the defi nition of self-renewal/clonogenicity is applied to 
the even more complex scenario of MSCs in general. Indeed, the possibility of self- 
renewal by single cell-derived clonal populations from a mesenchymal cell source 
is still a highly debated issue [ 6 ,  48 ,  49 ]. 

 However, some authors have reported that hAMSCs are indeed clonogenic, with 
a colony forming effi ciency (colonies formed/number of cells plated) of 0.88 % at 
day 7 after seeding at culture passage 3 comparable with other cells including 
human umbilical cord perivascular cells and embryonic stem cells [ 21 ,  42 ], while 
others have failed to observe clonal expansion of these cells [ 26 ].  

4.7.2     Teratoma Formation and In Vivo Pluripotency Assays 

 Teratoma formation, that is, the ability to give rise to tumour-like formations 
 containing tissues belonging to all three germ layers, is a defi ning trait of pluripo-
tent human ESCs and is considered in stem cell research as a valuable means of 
demonstrating pluripotency in vivo, even though it is also a major safety concern 
for the use of human ESCs in clinical applications. Following transplantation of 
hAECs into the testes [ 12 ,  13 ], the rear leg muscles, liver and/or the interscapular 
fat pad [ 12 ] of immunodefi cient mice, neither teratomas nor other types of tumours 
were observed. These results, although suggesting that hAECs are not pluripotent 
like human ESCs, are in line with other studies which report no evidence of 
tumourigenicity following transplant of amniotic membrane-derived cells into 
patients [ 50 – 54 ]. However, at the very least, the absence of tumour formation 
 following transplantation could actually be a safety advantage in clinical 
applications. 
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 Meanwhile, a study to investigate tumour/and or teratoma formation by hAM-
SCs showed that transplantation of these cells into recipient hearts had not resulted 
in tumours or teratomas by 21 days after transplantation [ 55 ]. 

 Another approach used to test pluripotency in vivo is through generation of 
 chimeric animals by injecting a single stem cell into a blastocyst, followed by 
assessment of whether the injected cell then goes on to contribute to all germ layer 
cells in the chimeric animal. Circumventing ethical issues related to similar experi-
ments using human blastocysts, Tamagawa and colleagues created a xenogeneic 
chimera using cells derived from the whole human amniotic membrane mixed with 
mouse ESCs in vitro [ 36 ]. This resulted in the formation of chimeric aggregates, 
with human cell contribution demonstrated in all three germ layers.  

4.7.3     In Vitro Differentiation 

 Perhaps the most commonly used experimental approach for determining the 
potency of stem cells in vitro is through specifi c assessment of their capacity to 
undergo multilineage differentiation when cultured in media supplemented with 
specifi c growth factors, hormones and/or other additives which are known to stimu-
late differentiation. Evaluation of morphological changes and the expression of 
various lineage-specifi c genes, as well as assessment of acquired abilities to exert 
tissue-specifi c functions, all together allow evaluation of the level of in vitro dif-
ferentiation achieved. 

 In the presence of specifi c stimuli during in vitro culture, both hAECs and hAM-
SCs have been shown to undergo multilineage differentiation, and even have the 
capacity to differentiate across germinal boundaries outside of their specifi c lineage, 
although, as for other stem/progenitor cells, confl icting results have been reported 
to date in terms of the level of maturation achieved in vitro, which is very likely due 
in part to the fact that it is impossible in vitro to precisely simulate the microenvi-
ronmental cues which lead to differentiation in vivo. 

 Since the demonstration by Sakuragawa and colleagues that hAECs not only 
express neuronal, glial and oligodendrocyte markers [ 56 ,  57 ], but are also able to 
synthesize catecholamines from L-tyrosine [ 58 ] and have the ability to convert 3, 
4-dihydroxyphenylalanine (L-DOPA) into dopamine [ 59 ], other authors have pro-
vided further evidence of the ability of these cells to differentiate in vitro towards 
the neural lineage (e.g. [ 12 ,  13 ]). Meanwhile, Niknejad and colleagues reported that 
this capacity is affected by the presence of several factors, including serum, noggin, 
basic-FGF and retinoic acid [ 22 ]. 

 The differentiation potential of hAECs towards hepatic cells has also been inves-
tigated. Sakuragawa and colleagues demonstrated that albumin and α-FP-producing 
hAECs are promising transgene carriers for allogeneic transplantation into liver 
[ 60 ], while Takashima and colleagues have shown that cultured hAECs express 
several hepatocyte-related genes and demonstrate some hepatocyte-specifi c func-
tions including albumin production, glycogen storage and albumin secretion, even 
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when cultured in the absence of hepatic differentiation stimuli [ 61 ]. Other groups 
have gone on to demonstrate that hAECs differentiate in vitro towards hepatocyte- 
like cells, although the inducing factors and criteria which were used to assess dif-
ferentiation differed somewhat in these studies, as did the reported level of hepatic 
maturation achieved [ 12 ,  13 ,  62 ,  63 ]. 

 When cultured under pancreatic differentiation conditions, hAECs present with 
increased expression of PDX-1, expression of PAX-6, insulin, NKx2.2, glucagon, 
alpha-amylase 2B (AMY2B), and features of exocrine acinar beta cells [ 12 ,  13 ]. 
When cultured in small airway growth medium, which induces differentiation of 
ESCs into type II pneumocytes, hAECs produce surfactant proteins SP-A, SP-B, 
pro–SP-C and SP-D, whilst also secreting SP-D and adopting an epithelial pheno-
type with lamellar body formation [ 40 ]. 

 Moreover, it has been reported that hAECs also possess mesodermal differentia-
tion potential, given that they are able to differentiate in vitro into cells with charac-
teristics of adipocytes, osteocytes and chondrocytes (reviewed in [ 44 ]). 

 hAECs have also been reported to differentiate toward the myogenic lineage, as 
assessed by immunocytochemical and morphological analyses [ 13 ,  29 ], and towards 
cardiomyocyte-like cells, with expression of cardiac-specifi c genes and acquisition 
of features of relatively mature cardiomyocytes observed [ 12 ,  13 ]. 

 As expected from a MSC-like cell population, it has been shown that hAMSCs 
differentiate in vitro towards osteogenic, adipogenic and chondrogenic cell lin-
eages [ 21 ,  29 ,  32 ,  41 ,  64 ]. These morphological changes are paralleled by expres-
sion of lineage-specifi c markers, such as osteopontin and osteocalcin, collagen II, 
and lipoprotein lipase, for osteogenic, chondrogenic and adipogenic differentia-
tion, respectively. However, studies to date have failed to identify cell clones dif-
ferentiating toward all three lineages [ 21 ]. It has also been observed that the 
differentiation potential of hAMSCs declines after in vitro culture. In particular, 
whilst osteogenic differentiation occurred in these cells after one passage of cul-
ture, it could no longer be observed after subsequent passages. However, clonal 
hAMSC colonies have been shown to maintain their differentiation potential over 
several passages, at least up to passage 8 [ 21 ]. Interestingly, it has also been shown 
that hAMSCs display increased osteogenic differentiation potential when cultured 
on microcarriers [ 65 ], and, as also shown for chorionic membrane-derived MSCs 
[ 66 ], osteogenic differentiation is observed when the cells are cultured on slowly 
degradable polyurethane foams (our personal demonstration), suggesting their 
potential application for future in vivo bone regeneration and tissue engineering 
approaches. 

 Myogenic differentiation of hAMSCs has also been observed, both toward skel-
etal and cardiac lineages. Portmann-Lanz et al. [ 29 ] and Alviano et al. [ 64 ] showed 
induction of mRNA expression of myogenic transcription factors such as MyoD 
and Myogenin, as well as the expression of desmin, in hAMSCs which had been 
cultured in myogenic differentiation medium. Meanwhile, Zhao and colleagues 
showed that hAMSCs are able to undergo cardiac differentiation in response to 
growth factors such as bFGF or activin A, expressing the cardiomyocyte-related 
genes Nkx2.5, ANP, and alpha-MHC [ 67 ]. 
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 Furthermore, Alviano et al. also demonstrated angiogenic potential in hAMSCs, 
reporting that hAMSCs cultured in semisolid medium (Matrigel) spontaneously 
form capillary-like structures [ 64 ]. The formation of these structures was enhanced 
by the addition of VEGF to the culture medium, which also resulted in increased 
expression of VEGF receptor 1 and 2 (FLT-1 and KDR), and was also associated 
with vWF expression. Conversely, Konig et al. reported that whilst hAMSCs cul-
tured in endothelial growth medium underwent an alteration from a fi broblast-like 
toward an endothelial-like morphology, and were able to take up acetylated low- 
density lipoprotein and form endothelial-like networks, these cells did not show any 
expression of mature endothelial markers such as vWF and VE-cadherin [ 68 ]. 
Nonetheless, under differentiation-inducing conditions, a signifi cant downregula-
tion in the expression of pro-angiogenic genes and proteins (tenascin C, angiopoi-
etin receptor Tie-2, VEGF-A, CD146, FGF-2, IL-8, MMP-1 and urokinase type 
plasminogen activator receptor) was observed, with a concomitant up-regulation in 
the expression of anti-angiogenic factors (endostatin, serpinF1, the FGF-2 signaling 
antagonist sprout-1 and angioarrestin). 

 hAMSCs have also been shown to differentiate into cells with characteristics of 
hepatocytes [ 37 ,  69 ] and of pancreatic islet cells [ 70 ]. In particular, under hepatic 
differentiation conditions, hAMSCs expressed glucose-6-phosphatase and ornithine 
transcarbamylase and showed glycogen storage [ 37 ], while under pancreatic induc-
tion, they produced insulin, glucagon and somatostatin [ 70 ]. 

 hAMSC differentiation towards the ectodermal lineage has also been investi-
gated. Indeed, when cultured in specifi c neurogenic media, these cells have been 
observed to increase their expression of neuronal markers (such as nestin, Musashi1, 
NSE, NFM, MAP-2 and Neu-N) and glial markers such as GFAP, which are even 
expressed, albeit at lower levels, in freshly isolated not-induced hAMSCs [ 35 , 
 70 – 72 ].  

4.7.4     Reprogramming Amniotic Membrane-Derived Cells 
to Pluripotency 

 The pioneering study of Takahashi and Yamanaka, who fi rst demonstrated the pos-
sibility of obtaining stem cells with properties similar to ESCs [referred to as iPS 
(induced pluripotent stem cells)] by reprogramming mouse fi broblasts through 
simultaneous retroviral introduction of four genes (OCT-4, SOX-2, KLF-4 and 
c-MYC) [ 73 ], opened a promising new avenue of research aimed at investigating 
the potential of iPS-based cellular therapies for regenerative medicine, while avoid-
ing ethical objections and providing new hope toward the possibility of taking a 
patient’s own cells and reprogramming these for personalized disease treatments 
which would not be subject to immunological rejection. Since this landmark study, 
an increasing number of scientists have reported the possibility of generating iPS 
from a variety of somatic cells ([ 74 ] and references inside), even though some prob-
lems remain, relating both to the methods used for reprogramming these cells and 
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to the effi ciency of iPS generation. Concerns also remain regarding the safety of 
in vivo application of these cells, which among other properties, have tumour- 
generating features, whilst debate also continues regarding whether iPS are indeed 
indistinguishable from ESCs in terms of all of their characteristics, and in particular, 
if these two types of cells are actually functionally equivalent (reviewed in [ 75 ]). 

 Although the feasibility of reprogramming human amniotic membrane-derived 
cells has only recently been investigated, the results so far obtained are very promis-
ing and warrant further studies, especially considering that, as a starting population 
for reprogramming, these cells offer signifi cant advantages over other adult/postnatal 
somatic cells. In particular: (i) they can be obtained in larger quantities compared to 
cells of other sources; (ii) being less differentiated than adult somatic cells, these 
cells may be more amenable to reprogramming; (iii) their collection soon after birth 
could allow the undertaking of cellular therapies later in the life of the donor, which 
would be based on the use of autologous cell-derived iPS. 

 To date, it has been shown that both hAECs and hAMSCs can be rapidly and 
effi ciently reprogrammed into iPS [ 76 – 79 ]. In particular, Zhao and colleagues 
reported that iPS obtained from hAECs were similar to human ESCs in morphol-
ogy, proliferative ability, surface marker expression, gene expression and epigenetic 
status of pluripotent cell-specifi c genes [ 78 ]. Furthermore, when tested for their 
ability to spontaneously differentiate through embryoid body formation, these cells 
were able to differentiate into various cell types in vitro and after injection into testis 
of SCID mice, and formed teratoma-like masses containing tissues of all three 
embryonic germ layers. hAECs have been shown to reprogram faster and more 
effi ciently than adult and neonatal somatic dermal fi broblasts, likely due to their 
lower global DNA methylation state when compared to dermal fi broblasts, and their 
endogenous expression of the four genes (OCT-4, SOX-2, KLF-4, and c-MYC) 
which are used in cellular reprogramming [ 79 ]. Meanwhile, Cai and colleagues 
have reported the successful generation of iPS from cells derived from the mesen-
chymal region of the amniotic membrane, showing that selected clones also formed 
embryonic bodies and teratomas containing derivatives of all three germ layers, and 
could also be readily differentiated into functional motor neurons [ 77 ]. Interestingly, 
Ge and colleagues have very recently demonstrated the feasibility of generating a 
robust population of iPS from hAMSCs, which were characterized by stem cell 
surface marker and pluripotency gene expression, and which, under appropriate 
in vitro culture and stimulation, exhibited spontaneous contractility, calcium tran-
sience across the membrane, high expression of cardiac genes and a mature cardiac 
phenotypes [ 80 ].   

4.8     Stemness and In Vivo Studies 

 In summary, we have so far seen that in terms of the stemness properties which have 
been analysed, the amniotic membrane consists of heterogenous hAEC and hAMSC 
cell populations that present with expression of different stem cell/pluripotency 
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markers and debated self-renewal/clonogenicity properties. Neither cell type has 
been shown to form teratomas or other types of tumours in vivo, whilst both display 
the ability to differentiate in vitro towards multiple cell lineages, even though it 
remains to be confi rmed as to whether the in vitro multipotency of these cells ema-
nates from a single clonal population [ 3 ]. With the vision to developing future thera-
peutic applications, it is also important to consider what we have so far discovered 
regarding the ability of these cells to undergo multilineage differentiation upon 
in vivo transplantation into animal models, given that stemness is also partly ascer-
tained through in vivo transplantation experiments which help us to deepen our 
understanding of the stemness and the therapeutic potential of a cell. 

 To this end, Moodley et al. have demonstrated that naïve hAECs differentiate 
into cells with features of type II pneumocytes 2 weeks after parenteral injection 
into a mouse model of bleomycin-induced lung injury [ 40 ]. The transplanted 
hAECs were shown to reduce infl ammation and fi brosis post-injury. Moreover, it 
has also been shown that after in utero transplantation into foetal sheep, hAECs 
differentiated into alveolar cells and were also able to mitigate ventilation-induced 
preterm lung injury [ 81 ]. Meanwhile, Marongiu and colleagues have shown that 
after naïve hAEC transplantation into the livers of retrorsine-treated SCID/beige 
mice, extracts from the livers of these animals were found by qRT-PCR to be posi-
tive for the expression of mature human liver genes, including the major CYP 
genes, other metabolic enzymes, plasma proteins, hepatocyte enriched transcrip-
tion factors and genes encoding hepatic transported proteins, which together sug-
gest that in vivo differentiation of hAECs towards hepatocyte- like cells had 
occurred [ 62 ]. 

 In terms of hAMSCs, Tsuji et al. observed that transplantation of these cells into 
the hearts of nude rats with chronic myocardial infarction resulted in their trans- 
differentiation into cardiomyocyte-like cells, even though the authors also reported 
that 2 weeks after transplantation, the survival rate of hAMSC-derived cardiomyo-
cytes was low [ 55 ]. Another in vivo study showed that after transplantation into the 
ischaemic hindlimbs of mice, hAMSCs integrated into the ischemic tissue and a low 
number of these cells also displayed the endothelial cell-specifi c marker biotinyl-
ated isolectin B4 (ILB4), whilst vascular-like structures were also formed, suggest-
ing a vasculogenic potential of these cells in vivo [ 82 ]. Furthermore, hAMSC 
transplantation in the presence of BMP-2 into non-cartilage tissue (sub-fascial 
space of the abdominal muscle) of mice, or implantation with a collagen-scaffold 
into osteochondral defects generated on the femoral condyles in rats, have both been 
shown to result in morphological changes in these cells, with deposition of collagen 
type II in the cytoplasm and in the pericellular matrix, suggesting in vivo differen-
tiation toward the chondrogenic cell lineage [ 83 ]. Finally, other authors have 
reported keratinocyte-like differentiation of hAMSCs after their injection into the 
epidermis around wound areas created by skin excision in diabetic animals [ 84 ]. 

 However, in addition to the few lines of evidence presented above regarding the 
ability of amniotic membrane-derived cells to undergo specifi c differentiation 
in vivo, several solid experimental results obtained to date also support the fact that 
these cells have benefi cial effects when transplanted into animal models of various 

4 Stem Properties of Amniotic Membrane-Derived Cells



72

diseases (e.g. [ 44 ,  85 ]). Whether these effects are independent of the ability of the 
cells to differentiate in vivo, as supported by the recently emerging concept that they 
may exert benefi cial effects through paracrine actions mediated by soluble factors 
which they secrete [ 85 ], or if instead differentiation is in fact occurring but current 
methods are simply not yet able to reveal this, or whether other yet unknown mecha-
nisms are involved, all remain at the forefront of the challenges which lie ahead for 
future research toward a better understanding of these cells.  

4.9     Conclusions 

 Here we have provided a profi le of some of the cell types that can be isolated from 
the human amniotic membrane, namely hAECs, hAMSCs and some of their sub-
populations, in terms of their stem properties. Whilst these cell populations have 
been shown to share some characteristics, they also differ in many respects, and 
although they answer some of the criteria which would allow them to be described 
as “stem cells”, other characteristics which they display would argue against the use 
of this term. Overall, the collective properties hereto described for hAECs and 
hAMSCs are suggestive of cells which are more commonly defi ned as “progenitor 
cells” rather than “stem cells”. Nonetheless, we cannot exclude the possibility that 
in the heterogeneity of the initial cell populations obtained, “true” stem cells may be 
present which current methods simply do not yet allow us to isolate. In any case, 
even though there may be uncertainty as to the term which would be most appropri-
ate to describe these cells: be it “stem cells” or “progenitor cells”, the absence of a 
proper nomenclature cannot prevent us from taking special note of all of the inter-
esting biological properties of these cells and of the benefi cial effects which they 
exert, by mechanisms which remain to be defi ned, after transplantation in animal 
models of different diseases. Indeed, these aspects warrant further efforts toward 
either proving or refuting the “stemness” of these cells and gaining a better under-
stand of their therapeutic potential.     
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    Chapter 5   
 Amniotic Membrane in Health and Disease: 
An Obstetrical Perspective 
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    Abstract     Amnion, chorion and decidua form a complex unit, both anatomically 
and functionally. In normal pregnancy they constitute a border that simultaneously 
separates and relates the foetal and maternal environments. The balance between 
formation and degradation of membrane components is a physiological phenome-
non that can be found throughout pregnancy. Moreover, during pregnancy there is an 
equilibrated balance between membrane degradation and formation; under some 
circumstances, an imbalance may ensue, resulting in membrane rupture. 
Immunological interactions between mother and foetus occur not only at the placen-
tal level, but also where the membranes (amnion and chorion) contact the deciduas. 
The amniotic membrane appears to be an immune privileged tissue and to contain 
some immunoregulatory factors. Therefore, a successful pregnancy seems to be the 
consequence of numerous interactions between the receptive uterus and the mature 
blastocyst, under immunohumoral control. Implantation and parturition are specifi -
cally characterized by mechanisms of local infl ammatory activity. Sequential pro-
cesses lead to a common pathway of parturition involving increased uterine 
contractility, cervical ripening and decidual/foetal membrane activation. In human 
amnion and decidua there is increased production of prostaglandins during parturi-
tion; in fact, labour may result from changes in prostaglandin availability within the 
uterus. Therefore, the process of giving birth may be abnormally initiated out of time 
by any interference, as membrane mechanical rupture or the action of infectious 
agents. Chorioamnionitis is the microbial invasion of the amniotic cavity through 
amnion, which induces a systemic infl ammatory reaction. Foetal exposure to infec-
tion may lead to perinatal death, neonatal sepsis and other postnatal complications.  
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5.1         Introduction 

 The amnion is a membranous structure of embryonic origin that early in pregnancy 
intimately adheres to the chorionic membrane derived from extra-placental tropho-
blast, to form what is commonly referred to as the “foetal membranes”. Together, 
they are fi rmly juxtaposed and connected with the maternal decidua (term for the 
endometrium modifi ed during pregnancy and shed at parturition). 

 Amnion, chorion and decidua thus form a complex unit, both anatomically and 
functionally. During pregnancy and labour, whether in normal or in pathological 
circumstances, the role of the amniotic membrane cannot be conceived or appre-
hended without considering this context. 

 In normal pregnancy they constitute a border, or interface, that simultaneously 
separates and relates the foetal and maternal environments. They not only maintain 
an anatomical barrier that preserves the intra-amniotic space from external interfer-
ence, but also actively cooperate in the control of maternal infl ammatory and immu-
nological local reactions to the conceptus and, ultimately, in the triggering and the 
course of labour. 

 From an obstetrical perspective, the main pathological problems with which the 
amnion is related are those of rupture before term and/or local mechanisms of infec-
tion and infl ammation. If and when these closely intertwined events occur, intra- 
uterine infection and/or preterm labour may ensue. 

 Perinatal infection and prematurity are very important causes of severe perinatal 
morbidity and of foetal and neonatal mortality and, thus, the most relevant clinical 
and epidemiological implications of amnion lesion or dysfunction. For this reason 
we will focus our attention on these topics.  

5.2     The Amniotic Membrane and Normal Pregnancy 

5.2.1     Amnion, Chorion and Decidua: A Functional Unit 

 Foetal membranes development is a complex process that starts with the formation 
of amniotic and chorionic cavities. The rapid growth of the amniotic cavity leads to 
the disappearance of the exocoelomic cavity and juxtaposes the amnion to the cho-
rion, which in turn is in close anatomical and functional contact with the decidua. 

 Thus, the commonly designed “foetal membranes”, that delimitate an extensive 
portion of the border between the foetal and the maternal environments, are com-
posed of three layers: amnion and chorion, of ovular origin, and the deciduas, of 
maternal origin [ 1 ]. 

 The amnion is itself composed of fi ve layers (Fig.  5.1 ) and doesn’t contain either 
vessels or nervous terminations. The innermost epithelial layer secretes collagen 
type III and IV, as well as glycoproteins that constitute the basement amniotic mem-
brane; under this basement membrane, the compact layer is composed by collagen 
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type I and III, synthesized by mesenchymal cells. The fi broblastic layer is the thin-
nest layer and contains macrophages; fi nally, the spongy layer, with few fi broblasts, 
permits the amnion to slide upon the underlying chorion [ 1 ].  

 Amnion mesenchymal cells synthetize interstitial collagen that makes up the 
compact layer of the amnion, source of the majority of tensile strength and are also 
active producers of interleukin (IL) -6, IL-8 and monocyte chemoattractant protein 
(MCP-1) [ 2 ]. As a site of prostaglandin production, the amniotic epithelium partici-
pates in the so called fi nal common pathway of the initiation of labour [ 2 ]. 

 Placental amnion (covering the foetal face of the placenta) could be involved in 
the modulation of chorionic vessel tone and blood fl ow [ 2 ]. The chorion is com-
posed of three layers: one reticular layer, rich in collagen and proteoglicans, in 
contact with the deep layer of the amnion (innermost epithelial layer); one basal 
membrane, and one layer of trophoblast cells, that persist after villous atrophy [ 1 ]. 

 Human decidua contains abundant immune cells during gestation, with more 
than 30 % of stromal cells in the fi rst trimester expressing the leukocyte common 
antigen CD45 [ 3 ,  4 ]. 

 Decidual population of natural killer (NK) cells, macrophages, decidual stro-
mal cells (DSC) and T cells (CD4+) constitute 30–40 % of decidual cells [ 4 ], 
but B cells are absent [ 5 ]. The precocious elevation of lymphocyte number sug-
gests that the infl ux and the proliferation of these cells are under hormonal 
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 infl uence. Special techniques like electron microscopy and immunohistochem-
istry underline the intimate contact between the trophoblast and these immune 
cells [ 5 ,  6 ]. The major cellular component of the decidua is DSC. These cells 
exert different immune activities that have emerged as relevant to the immuno-
logic interaction between mother and fetus and may lead to either a normal 
pregnancy or abortion [ 3 ]. 

 There are four major populations of decidual leukocytes present in early preg-
nancy: uterine NK, macrophages, dendritic cells (DC) and T cells (CD8+ and rare 
CD4+) [ 3 ]. 

 In human hemochorial placenta, fetal trophoblast cells appear to be in extremely 
close contact with the maternal immune cells [ 3 ]. Thus, immunologic interactions 
between mother and foetus during pregnancy are thought to occur in the decidua [ 4 ,  6 ]. 
Moreover, it seems that there are two maternal-foetal interfaces: one made of an 
immunologically neutral population (in contact with the maternal immune system), 
and another, immunologically active population of trophoblast cells migrating to 
the decidua [ 7 ]. 

 Spiral arteries’ remodelling is one of the most important features of human pla-
cental development [ 5 ]. Anomalies of this phenomenon are linked to pregnancy 
complications (like preeclampsia) and complete remodelling involves trophoblast, 
but NK cells also intervene before trophoblast is able to do it [ 8 ]. 

 Trophoblast cells, NK cells and DSC participate in angiogenesis’ regulation at 
fetal-maternal interface level [ 9 ]. Moreover, uterine DC secrete stimulating and 
inhibiting angiogenesis molecules [ 10 ]. 

 Recent evidence points out to the existence of a bidirectional traffi cking across 
the maternal-foetal interface. Foetal cells have the potential to infi ltrate maternal 
tissues and to differentiate into different types of cells (liver, muscle, skin and so 
on), transforming the mother to a chimera. Also, these foetal cells play a role in 
repairing maternal tissues that are damaged by a pathologic process [ 7 ]. 

 The amniochorion is recognized as a leaky structure, with an extremely low tran-
sepithelial potential and high conductance. However, there are marked differences 
between the amniotic layer, which appears to be a more diffusional barrier, and the 
underlying chorionic layer. In addition, infl ammatory mediators appear to weaken 
the amniotic membrane barrier trough disruption of tight junctions [ 11 ].  

5.2.2     Preservation of Anatomical Integrity and Rupture 

 The balance between formation and degradation of membrane components is a 
physiological phenomenon that can be found throughout pregnancy. It seems that at 
least two mechanisms are responsible for membrane degradation: apoptosis in the 
cellular compartment and action of matrix metalloproteinases (MMP) in the extra-
cellular matrix [ 12 ,  13 ]. Regulation of MMP depends upon factors that increase 
their expression (as cytokines) and factors that inhibit their activity (tissue inhibitor 
metalloproteinases – TIMPS) [ 1 ]. 
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 Apoptosis, or programmed cell death, is an active mechanism through which 
superfl uous or non-functional cells are eliminated in order to maintain tissue nor-
mality. During pregnancy, apoptosis plays an important role in the induction of 
maternal tolerance and in trophoblast differentiation and turnover [ 5 ]. Destruction 
of activated B and T cells through apoptosis induces a specifi c tolerance [ 14 ]. 

 Membranes are quite elastic and can expand to twice normal size during preg-
nancy [ 2 ]. The amnion is responsive both acutely and chronically to mechanical 
stretch, which alters amniotic gene expression. This in turn, potentially triggers both 
autocrine and paracrine responses, with the production of factors such as MMP and 
IL-8 that may modulate changes in membrane proprieties during term and preterm 
labour [ 2 ]. 

 During pregnancy, there is an equilibrated balance between membrane degrada-
tion and formation which assures membrane fi rmness and permits adaptation to 
foetal growth and amniotic fl uid expansion [ 1 ]. Under some circumstances, an 
imbalance between membrane formation and degradation may exist, leading to 
membrane weakening and resulting in membrane rupture. Chorion-decidual inter-
face appears as a key element of preterm premature rupture of membranes (PPROM) 
pathophysiology. Oxidative stress, membrane distension and infection are examples 
that can contribute to weaken membranes [ 1 ]. Therefore, there are several factors 
that can promote this imbalance: infection, hormonal factors, membrane fusion’ 
default, oxidative stress and mechanical factors [ 15 ].

    (a)    Infection 
 Infection has been considered over the last 20 years as one of the major 

mechanisms of PPROM [ 16 ,  17 ]. Intra-uterine contamination can occur through 
four routes:

    1.    Vaginal or ascending route, by the progression of microorganisms throughout 
the vaginal canal;   

   2.    Haematogenic route, by means of the placenta;   
   3.    Peritoneal route, with contamination through the Fallopian tubes in the con-

text of an intra-abdominal infection;   
   4.    Trans-uterine route, after an invasive procedure like amniocentesis [ 18 ].    

      (b)    Hormonal factors 
 Progesterone has a major role in pregnancy maintenance and evidence dem-

onstrates its secretion at the amnion, chorion and decidua in the human species 
[ 19 ,  20 ]. Relaxin has been studied as a potential candidate to explain preterm 
birth (PTB), without yet defi nitive answers [ 21 – 24 ]. Relaxin H2 is a systemic 
hormone produced by the corpus luteum, whose elevated levels are associated 
with PTB. On the contrary, decidual relaxin only acts locally and elevated levels 
are associated with PPROM [ 25 ]. PPROM is hence the result of a complex pro-
cess that appears to start before the clinical episode of membrane rupture [ 1 ].   

   (c)    Defects in membrane apposition 
 The close juxtaposition of the different membrane layers is essential for 

membrane development and stability [ 1 ]. Defects in strict membrane apposition 
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have been associated with premature birth, abortion and intrauterine foetal 
death [ 26 ]. Nevertheless, the origin of these defects is currently unidentifi ed, 
although it can sometimes be attributed to acute or mechanical stress or to inva-
sive techniques of prenatal diagnosis [ 1 ].   

   (d)    Oxidative stress 
 Oxidative stress refl ects an imbalance between the systemic manifestation of 

oxidants-antioxidants [ 27 ]. The oxidants are represented by oxygen free radicals 
whose free electron gives them an important reactivity. Oxygen metabolites have 
a role in pathogen’ and cancer cell’ destruction, but can also have deleterious 
effects in normal cells and tissues when overly produced. Free radicals are per-
manently being generated in an organism (endogenous origin), but can also 
come from exogenous sources, like cigarette smoke or drugs (cocaine) [ 1 ].   

   (e)    Mechanical factors 
 Hydramnios and multiple pregnancies are important risks factors for 

PPROM, through the increase in membrane tension [ 28 ,  29 ].    

  In vitro observations describe a fi ve-step sequence in membrane rupture: mem-
brane distension; amnion and choriodecidual separation; choriodecidual rupture; 
amnion non-elastic distension and amnion rupture [ 30 ].  

5.2.3     Local Immune Regulation 

 Medawar propositions of 1953 explained the maternal immunological acceptance of 
the conceptus considering the foetal-maternal relationship as an allograft. The success 
of pregnancy could result from foetal antigenic neutrality or immaturity, absence of 
contact between foetal cells and the mother’s immune system or maternal decrease of 
immunological activity throughout gestation [ 31 ]. They established a theoretical 
framework for scientifi c research and clinical reasoning for the next three decades. 

 None of them was to be confi rmed in its original form but, nevertheless, they all 
contained some inherent truth and insight as the development of immunology has 
highlighted in more recent years: the foetus is not antigenically neutral, but the tro-
phoblastic cells that contact maternal tissues have scant antigenic expression; there 
is control, although selective, of cell traffi c at the placental circulation; there is no 
maternal immunological suppression, but the modulation of systemic and local 
immune responses facilitates the survival, progression, differentiation and growth 
control of the trophoblast. 

 The foetus naturally expresses an antigenic identity that is in part of paternal 
origin and, thus, different from its mother. Actually, in cases of assisted  reproduction 
technology (ART) recurring to oocyte donation or surrogate motherhood, it may be 
totally allogenic. 

 In any case, an immune rejection response would be inevitable. However, the 
fact is that it is not the foetus but rather the trophoblast, at the placental and 
 membrane interfaces, that contacts the woman’s immune system – and these tropho-
blastic cells have a remarkably neutral antigenic identity, expressing only suffi cient 
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MHC antigens [like human leukocyte antigen (HLA) -G and HLA-E] and apoptosis- 
inducing ligands (such as FasL and TRAIL) to escape lysis by non-specifi c immune 
NK-cells or to suppress their activity [ 32 ]. 

 In reality, the amniotic membrane seems to be an immune privileged tissue and to 
contain some immunoregulatory factors. Additionally, HLA-G molecule appears to 
be an important immunosuppressive factor during pregnancy. Expression of HLA-G 
in amniotic membrane may infl uence the host immune system in two ways: fi rst it 
may play the role of a tolerogenic peptide and the host lymphocyte or DC may be 
inactivated by HLA-G’s binding to inhibitory receptors; secondly, HLA-G may be 
recognized by some T cells and then serve as an activator of CD8+ T cells (because 
CD8 can bind to HLA-G), and these cells may have a suppressor function [ 33 ]. 

 So, the theoretical paradigm has evolved from one of maternal-foetal tolerance 
to that of a decidual-trophoblastic-amniotic tolerance and active cooperation [ 7 ]: a 
successful pregnancy is the consequence of numerous complex interactions between 
the receptive uterus and the mature blastocyst, under immunohumoral control [ 3 ]. 

 In fact, mother and foetus do not relate as host-allograft, but their complex rela-
tions are more similar to parasite and host, or tumour and host, consisting of not 
only support and nourishment, but also working together against common external 
dangers (Fig.  5.2 ).  

 Results of recent studies suggest that the trophoblast functions like the conductor 
of a symphony where the musicians are the cells of the maternal immune system. 
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  Fig. 5.2    Trophoblast-immune interaction       
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Consequently, the success of pregnancy depends on how well the trophoblast com-
municates with each immune cell type and then how all of them work together [ 7 ]. 

 Different immunological participants present in the decidua benefi t from instruc-
tions sent by the trophoblast, which refi nes, educates, activates and sometimes neu-
tralizes and even uses them to develop in harmony. On the other hand, the presence 
of an active local immune response is essential to trophoblastic development, as 
many cytokines act as growth factors and, ultimately, force differentiation and stop 
decidual invasion [ 5 ,  31 ]. 

 Since the beginning of pregnancy, immunitary cells are present in the decidua, 
place of contact between the mother and the foetal-placental unit: these cells will 
suffer differentiation and specifi c education. The embryo expresses histocompati-
bility antigens (HLA) since the two-cell stadium but he won’t be in direct contact 
with the mother, even in the foetal stage, as the trophoblast and the amnion separate 
them at the placental and membrane interfaces [ 5 ]. 

 Endometrial decidualization affects all cellular populations: DSC, glandular 
cells and immunitary cells. DSC help the immunitary phenomenon in various ways, 
secreting immunosuppressive substances, producing cytokines, phagocytizing 
immune cells, presenting antigens and regulating macrophage activation [ 5 ]. 

 The placenta, for a long time considered as a protective foetal barrier reinforced 
by the presence of sialic acid, mucopolysaccharides and the effects of hormones like 
human chorionic gonadotropin (hCG) and human placental lactogen (HPL), is in 
reality very porous [ 31 ]. 

 In fact, there are fi ve zones of interaction at the fetal-maternal level. During the fi rst 
trimester, the contact between immunitary maternal cells and foetal cells is limited to 
the decidua. At the second trimester, maternal blood initiates perfusion of the intervil-
lous space; syncytiotrophoblast microparticles can detach into the mother’s circulation, 
enlarging immunitary contacts to the entire maternal organism. Moreover, villositary 
trophoblast is characterized by the absence of HLA antigens, class I and II [ 5 ]. 

 Pregnancy is a Th2 phenomenon (Fig.  5.3 ); the shift away from type 1 cytokines 
production during pregnancy is benefi cial for pregnancy, as these type of cytokines 
[e.g. interferon-alpha (INF-α) and tumor necrosis factor (TNF) -β] are harmful for 
pregnancy as they inhibit embryonic and fetal development, whereas type 2 cyto-
kines stimulate trophoblast outgrowth and invasion [ 32 ].  

 Current research hypothesis propose that the potential of trophoblastic antigens 
to induce a natural and tolerogenic maternal response engages cytokines, chemo-
kines, indoleamine 2,3-dioxygenase (IDO) and galectin-1 derived from the 
 foetal- placental unit, which suggests a possible strategy to treat some forms of preg-
nancy pathologies via immune regulation [ 3 ].  

5.2.4     Pregnancy: A Controlled Infl ammatory Process 

 Implantation and placentation in the fi rst trimester and early second trimester of 
pregnancy resemble an open wound and require a strong infl ammatory response. 

 During the fi rst stage, the embryo has to break through the epithelial lining of the 
uterus to implant; it must damage the underlying endometrial tissue to invade; and 
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it must replace the endothelium and vascular smooth muscle of the maternal blood 
vessels to secure an adequate blood supply. These activities create a veritable battle-
ground of invading cells, dying cells and repairing cells. An infl ammatory response 
is required and consequently triggered to secure the adequate repair of the uterine 
epithelium and the removal of cellular debris [ 7 ]. As so, during the early phases of 
pregnancy a successful implantation occurs in a pro-infl ammatory microenviron-
ment, and a Th1-type response is followed by a shift to Th2, to control endocrine 
and immune interactions [ 3 ]. 

 Th1 responses may be suppressed during human pregnancy via downregulation of 
nuclear factor (NF)-KB and T-bet transcription. In addition, progesterone stimulates a 
Th2-type response, reduces infl ammatory cytokines and represses allogeneic 
responses potentially deleterious, promoting pregnancy safety and foetal survival [ 3 ]. 

 During pregnancy the cell mediated immune response of the maternal specifi c 
immune system is relatively suppressed, and this suppression seems to be compen-
sated by an activation of the innate immune response. Although this innate response 
is essential in the response to extracellular bacterial infection, it is less effi cient in 
clearing viruses and intracellular pathogens than the specifi c immune response; 
indeed, pregnant women are more sensitive to such infections [ 32 ]. 

 Recent work redefi ned the Th1/Th2 theory of pregnancy immunomodulation of 
maternal responses, describing three biological periods that match up to mother’s 
complaints [ 34 ,  35 ].

    (i)    Infl ammatory period, fi rst trimester: embryo implantation initiates endometrial and 
vascular uterine lesions. This situation imposes an infl ammatory reaction to clean 
the wound, which may in part explain nausea and vomits felt by the mother [ 36 ];   

   (ii)    Anti-infl ammatory period, second trimester: throughout this period, character-
ized by growing and development of the conceptus, the environment is anti- 
infl ammatory, Th2-type. During this trimester women usually feel better;   

   (iii)    Infl ammatory period, third trimester: in the natural and necessary ultimate end 
of pregnancy, reactivation of infl ammatory activity is responsible for the initia-
tion of labour, with the triggering of myometrial contractions and cervical dila-
tation – the placental membranes and the amnion in particular, are central 
intervenients in this essential biochemical process [ 34 ,  35 ].    
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5.2.5       Labour: An Activation of Infl ammatory Mechanisms 

 The pregnant uterus is replete with specialized immune cells primed to play roles in 
implantation, placentation and parturition. The major cell types comprise uterine 
NK cells, DC, T lymphocytes and macrophages [ 37 ]. 

 Implantation and parturition are specifi cally characterized by mechanisms of 
local infl ammatory activity [ 37 – 39 ]. In fact, pro-infl ammatory cytokines, matrix 
degrading proteins, altered transcriptional factors, rapid hormonal changes and 
immune cell activity, are paramount for uterine activation and the onset of labour 
(Fig.  5.4 ) [ 40 ].  

 The safety of the gestational period, comprised of decidualization, placentation 
and foetal development, requires uterine quiescence guided by high levels of pro-
gesterone and the production of anti-infl ammatory cytokines [ 36 ,  41 ]. 
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 The act of giving birth is the ultimate step in a pro-infl ammatory signalling cas-
cade that is orchestrated by an intrauterine milieu coupled to hormonal cues [ 37 ]. 
As so, parturition is characterized by an infl ux of immune cells into the myome-
trium to promote a recrudescence of an infl ammatory process. This pro- infl ammatory 
environment promotes the contraction of the uterus and the ultimate expulsion of 
the infant and of the placenta [ 42 ]. 

 The physiological process of normal parturition at term can be divided in four 
phases (Fig.  5.5 ). During the long period of pregnancy the uterus remains quiescent, 
passively accepting distension in order to accommodate the increasing volume of 
gestational components and this corresponds to phase 0 (quiescence); phase 1 (activa-
tion) involves a level of uterine stretch that determines  hypothalamic-pituitary- adrenal 
(HPA) activation. Phase 2 (stimulation) refers to stimulation of the activated uterus 
by various substances including corticotrophin-releasing hormone (CRH), locally 
produced prostaglandins (PG) and oxytocin. These sequential processes lead to a 
common pathway of parturition involving increased uterine contractility, cervical 
ripening and decidual and foetal membrane activation. Phase 3 (involution) corre-
sponds to postpartum uterus’s return to the pre-pregnant status [ 36 ,  43 ].  

 Temporal increase in infl ammatory signals initiates labour. Infl ammatory cyto-
kines and chemokines such as TNF-α, IL-1 β and IL-8, increase in the decidual 
microenvironment including amniotic fl uid and foetal membranes. This induces 
signals for innate immune cells to become activated [ 44 ,  45 ]. 

 Upon initiation of a pro-infl ammatory cascade including NF-κB activation, uter-
ine immune cells produce infl ammatory chemokines and cytokines. Increased uter-
ine activation of transcription by NF-κB, leads directly to high levels of 
cyclooxygenase-2 (COX-2), prostaglandin E2 (PGE2), gap-junction protein con-
nexion 43 and up-regulation of oxytocin receptors [ 46 ]. 

 The role of PG, namely PGE2 and prostaglandin F2 alpha (PGF2α), is of central 
importance in the initiation of labour, as they promote the proliferation of gap- 
junctions at myometrial level (which permits rapid and generalized membrane 
depolarization and uterine global contractions) and modifi cations of the extracellu-
lar matrix in the cervix (that allows for passive dilatation) [ 47 ]. 

 The amnion and the chorion are important local sources of arachidonic acid, and 
the intracellular activation of the enzymatic pathways of prostaglandin synthesis in 
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the foetal membrane, with extension to the decidua, is an essential step in the 
 process of labour. It is uncertain if the fi rst stimulus goes from the decidua to the 
foetal membranes, or if it works the other way around. 

 The arachidonic acid formed is then converted to prostaglandin H (PGH) via the 
enzyme prostaglandin synthase (PGHS); primary prostaglandins (PG) are inacti-
vated by hydroxyprostaglandin dehydrogenase (PGDH). 

 In human amnion and decidua there is increased production of PG during partu-
rition. Even more, it seems that there is an increase of PG in amniotic fl uid and in 
maternal plasma after labour has started [ 47 ]. 

 Recent studies have clearly shown that, in both the amnion and chorion laeve, 
there is a marked increase in PGHS activity during labour and that this is due to 
increased expression of the PGHS-2 isomer in fetal tissues. But it seems that 
PGHS-2 expression in the decidua is absent, indicating that in this maternally 
derived tissue, PGHS-1 isoenzyme may be of more signifi cance in relation to PG 
information than the PGHS-2 isoenzyme. 

 The chorion laeve possesses a very active PGDH and acts as a barrier between 
PG formed in the amnion and the chorion itself, and their transfer to the decidua and 
hence to the myometrium [ 47 ]. 

 Challis et al. [ 36 ] suggested that in the chorion PGDH may be important in regu-
lation of PG availability within the uterus. Indeed, subsequent studies demonstrated 
that there is a decrease in PGDH expression in fetal membranes in the lower uterine 
segment covering the cervix, suggesting that this may allow PG from this area of the 
membranes to access the cervix and result in cervical ripening. Changes may then 
occur in PGDH activity in the fundal portion of the uterus as labour progresses, 
allowing active PG to reach the myometrium and cause contractions [ 47 ]. 

 Moreover, glucocorticoids may have a dual role increasing PG formation via 
stimulation of PGHS-2 expression and, at the same time, decreasing PG metabolism 
by inhibiting PGDH expression. Besides, exciting studies also revealed that proges-
terone produced locally within the chorion laeve is responsible for maintaining 
PGDH activity [ 47 ]. 

 Or is it the foetus that ultimately controls the moment of birth in normal circum-
stances? It seems that Hypocrates thought that the baby ruptured the membranes 
and forced labour in search for the nourishment that the mother’s womb could no 
longer adequately provide. Seemingly naive, or almost of magic nature, the expla-
nation has found more modern formulations through the notion that foetus has 
direct control of amniotic fl uid’ composition (and thus indirectly of local PG syn-
thesis), which could account for the essential chronological coordination between 
foetal maturity and birth.   

5.3     From Infl ammation to Preterm Birth 

 If, as stated above, normal parturition at term results from the activation of infl am-
matory mechanisms and prostaglandin synthesis by the amnio-chorio-decidual 
unit, this process may be abnormally initiated out of time by any interference 
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having this pro-infl ammatory potential, as membrane mechanical rupture or infec-
tious agents. 

 Due to the immediacy with which the onset of labour takes place and the neces-
sary shift from anti to pro-infl ammatory signal cascades, it is not surprising that 
unscheduled parturition is one of the most menacing complications of pregnancy, 
with the resultant adverse perinatal outcomes [ 37 ]. 

 PTB accounts for 70 % of all perinatal mortality. Data from human studies pro-
vide data consistent with bacterial infection resulting in spontaneous PTB. Moreover, 
preterm deliveries (in the larger group of spontaneous PTB) and PPROM are often 
associated with intra-uterine infl ammation or chorioamnionitis (CA) [ 48 ,  49 ]. 

 PTB can result from a range of causes such as exposure to environmental trig-
gers, maternal stress, foetal or maternal genetic abnormalities, or hormonal imbal-
ance (Fig.  5.6 ). However, infection is one of the most heralded causes of PTB due 
to the drastic link between underlying infectious agents and their ability to promote 
infl ammatory responses [ 37 ]. Nonetheless, in the last 10 years there is increasing 
evidence also for a genetic predisposition of the mother as a potential cause for 
preterm delivery, which of course could also be mediated through the characteristics 
of her innate infl ammatory responses [ 50 ].  

 While the evidence for infection mediated PTB is substantial, the underlying 
mechanisms that induce early birth in response to pathogenic presence remain 
vague (Fig.  5.7 ). Investigation into the mechanisms that lead to PTB in response to 
pathogenic agents should take into account several factors [ 37 ]: 

•    Route of entry: determines where the agent will subsist and what pathways will 
be activated; the same pathogen delivered by alternative routes can lead to dif-
ferential infl ammatory responses;  

•   Different pathogens may elicit diverse infl ammatory responses.    
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 It is rarely the foreign organism that directly causes preterm birth; rather, it is the 
immune response of the host evoked by the pathogen that leads to aberrant preg-
nancy outcomes [ 37 ]. 

 There are numerous data that support the hypothesis of an infl ammation- triggered 
inadequate immunologic response with a consecutively increased risk of PT deliv-
ery. It seems that gene-environment interactions play a signifi cant role in determin-
ing the risk of PTB. Polymorphisms of certain critical genes may be responsible for 
a harmful infl ammatory response in those that possess them. Accordingly, polymor-
phisms that increase the magnitude or the duration of infl ammatory response (TNF2 
allele, IL-1 RA2) were associated with an increased risk of PTB [ 50 ]. 

 Throughout the literature, bacteria show a stronger correlation with increased inci-
dence of PTB compared to virus. This may be due to the differential sites of infection. 
Usually bacteria are found in mucosal membranes that surround the amniotic sac or 
those lining the intrauterine canal; on the other hand, viruses, needing the host cell 
machinery for replication, tend to infect trophoblast cells of the placenta, as these cells 
possess specifi c receptors needed for viral particle entry [ 51 ,  52 ]. 

 A very plausible explanation for initiation of distinct immune pathways is prob-
ably the activation of Toll-like receptors (TLRs) [ 37 ]. 

 TLRs are a diverse group of innate immune sentinel receptors evolutionarily 
conserved, with each TLRs (1–10) being specifi c for a different pathogen associated 
molecular pattern (PAMP). Importantly, TLRs are expressed on trophoblast and 
uterine immune cells. So, it is likely that differential uterine immune responses 
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occur due to the diversity of pathogens that ensue activation of any one of these 
TLRs, ultimately leading to deleterious infl ammation and PTB [ 37 ]. 

 Accordingly, evidence demonstrates that the activated TLR pathways and the 
route of pathogenic entry (intrauterine ascension versus systemic infection) may 
determine the immunological cascade of aberrant cellular and cytokine activity that 
lead to PTB. The majority of these pathways lead to an increase in the NF-KB activ-
ity that allows the production of infl ammatory cytokines and chemokines [ 46 ]. 

 Current literature seems to suggest that systemic infl ammatory responses might 
induce TNF-α trough NF-KB pathway to activate events leading to PTB (Fig.  5.8 ). 
In contrast, in the intra-uterine setting, the mode of action is mostly likely TNF-α 
independent [ 37 ].   

5.4     Intra-uterine Infection 

 Ascending genital infection is the most frequent mechanism of intra-uterine infec-
tion and represents an important risk factor for preterm labour, PPROM and preterm 
delivery before 32 weeks of gestation. It occurs when pathogenic bacteria pass the 
cervical barrier causing decidual and chorioamniotic infl ammation characterized by 
bacterial infection of the amniotic fl uid [ 53 ]. 
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 Interestingly, several reports note that bacterial agents are rarely found at the 
placental level, in contrast to viral pathogens [ 18 ,  54 ]. Evidence suggests that viral 
entry into trophoblast cells induces trophoblast apoptosis and the resultant infl am-
matory events can lead to PTB (Fig.  5.9 ).  

 A four-stage process has been described by Romero and Mazor [ 55 – 57 ]. The 
fi rst stage corresponds to modifi cation in the vaginal and cervical fl ora, with prolif-
eration of pathogenic microorganisms. The second stage corresponds to the con-
tamination of the chorion-decidual space that can induce a local infl ammatory 
reaction in the decidua. Infection of chorion-amniotic cavity through transmem-
brane passage of microorganisms corresponds to the third stage. Finally, it’s possi-
ble that inhaling and/or swallowing the infected amniotic fl uid infects the foetus. 

 Both maternal and foetal immune systems have important roles in CA, given the 
association established between polymorphisms in immunoregulatory genes and 
the risk of CA and PTB [ 50 ]. The presence of infectious agents in the chorioamnion 
engenders a maternal and fetal infl ammatory response characterized by the release 
of a combination of pro-infl ammatory and inhibitory cytokines and chemokines in 
the maternal and foetal compartments [ 58 ]. 

 When infection is limited to the decidua or the amniochorion space (localized 
infl ammation confi ned to chorion-decidua), the infl ammatory process is detected 
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within the membranes (histologic CA), is of maternal origin and is denoted amnio-
nitis. The next stage is microbial invasion of the amniotic cavity through amnion 
(infl ammation in amnion or chorionic plate without funisitis), being named CA 
[ 37 ]; the intra-amniotic infl ammatory process appears to be of foetal rather than 
maternal origin. CA alone induces maternal systemic infl ammatory reaction which 
clinically presents as amnion infection syndrome (AIS) causing pyrexia and ele-
vated infl ammatory markers in the mother alone; unfortunately, early detection is 
diffi cult [ 50 ]. 

 In the fi nal stage, funisitis, there is foetal invasion by microorganisms which 
elicits fetal infl ammatory response characterized by infection or infl ammation of the 
umbilical cord [ 37 ,  58 ,  59 ]. This is referred to foetal infl ammatory response syn-
drome (FIRS) which can be proven histologically by the presence of funisitis or 
biochemically by the detection of elevated IL-6 serum levels during the perinatal 
period [ 50 ]. In the presence of FIRS, there is a dramatic increase of foetal and neo-
natal morbidity compared to CA alone [ 50 ]. 

5.4.1     Chorioamnionitis 

 Multiple studies have reported risk factors for CA, including longer duration of 
membrane rupture, prolonged labour, nulliparity, african american ethnicity, inter-
nal monitoring of labour, multiple vaginal exams, meconium-stained amniotic fl uid, 
smoking, alcohol or drug abuse, immune-compromised states, epidural anaesthesia, 
colonization with group B streptococcus, bacterial vaginosis, sexually transmissible 
genital infections and vaginal colonization with ureaplasma [ 58 ]. 

 CA is an acute infl ammation of the membranes, typically due to ascending poly-
microbial bacterial infection in the setting of membrane rupture [ 58 ]. It complicates 
as many as 40–70 % of PTB with PPROM or spontaneous labour [ 60 ] and 1–13 % 
of term births [ 61 ]. 

 Infection can also occur with intact membranes and it appears to be very com-
mon for low virulence organisms including Ureaplasma spp. and Mycoplasma spp 
[ 48 ], found in the lower genital tract over 70 % of women. Rarely, as for Listeria 
monocytogenes, is haematogenous spread implicated in CA [ 58 ]. Foetal membranes 
aggressed by these bacteria produce cytokines; cytokines accelerate production and 
secretion of PGs and MMP. PGs cause myometrial contractions and MMP lyses 
chorioamniotic membranes, ultimately resulting in membrane rupture [ 49 ]. 

 Amnionitis is the fi nal stage of extraplacental chorioamniotic infl ammation. 
Patients with amnionitis have a more advanced form of intrauterine infection/
infl ammation, and thus a more intense fetal and intraamniotic infl ammatory response 
than those with chorionitis alone. Amnionitis may refl ect the presence of strong 
chemotactic stimuli located in the amniotic fl uid rather than in the chorion/ decidua. 
Indeed, amnionitis is a better independent predictor of proven or suspected early- 
onset neonatal sepsis (OR 3.8; CI 95 % 1.1–13.3) than funisitis, considered as the 
fi nal stage during ascending intrauterine infection [ 59 ]. 
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 Funisitis has the highest positive predictive value for intra-amniotic infection because 
it occurs late in the course of the infectious process and has been associated with an 
increased risk of neonatal infection-related complications and cerebral palsy [ 60 ]. 

 Maternal infl ammatory response may produce clinical CA and/or lead to prosta-
glandin release, ripening of the cervix, membrane injury and labour at term or pre-
mature birth at earlier gestational ages [ 58 ]. 

 The presence of bacteria induces the release of pro-infl ammatory cytokines (IL- 1, 
TNF) by macrophages, amnion, decidua and myometrium. These cytokines, 
together with endotoxins released by Gram negative bacteria, induce an increase in 
the production of PG, endothelin and corticotropin – releasing hormone (CRH) in 
decidual, chorionic and amniotic cells that will further provoke uterine contractions 
[ 50 ,  55 ,  56 ]. 

 Also, IL-1 and TNF- α can trigger the secretion of MMP from chorionic and 
cervical cells which induce the degradation of extracellular matrix of the lower 
uterine and cervix [ 50 ]. IL-1 in addition, mediates the release of IL-8 from decidual, 
chorionic, amniotic and cervical cells which leads to the activation and recruitment 
of elastase-producing granulocytes and further contributing to the modifi cation of 
cervical extracellular matrix [ 62 ,  63 ]. In the end, through contractions and cervical 
dilatation, labour will ensue. 

 In order for these innate immune reactions to be possible, at least one pattern 
recognition receptor (PRR) must be present in the chorioamniotic membranes [ 49 ]. 
Moreover, TLR-4 can detect the lipopolysaccharide of Gram-negative bacteria and 
shows higher expression in the chorion and during the earlier stages of gestation [ 49 ]. 

 Symptoms of local infection are uterine tenderness and purulent or foul amniotic 
fl uid [ 58 ]. If and when CA induces a systemic infl ammatory reaction in pregnant 
woman, clinical and laboratorial signs will become apparent, with fever, tachycar-
dia and elevated infl ammation protein markers in the maternal compartment [ 49 ]. 

 The cervical mucus plug as well as the placenta and membranes provide a barrier 
to infection of the amniotic fl uid and the foetus. Also, peroxide producing lactoba-
cilli in the birth canal may induce changes in the fl ora that impairs the virulence of 
the pathogenic organism. 

 Notwithstanding, host defence mechanisms preventing intra-amniotic infection 
remain poorly elucidated [ 58 ].  

5.4.2     Foetal Involvement 

 The proportion of preterm infants exposed to CA increases with decreasing gesta-
tional age, to up to 80 % below 28 weeks gestational age [ 64 ]. 

 Foetal exposure to infection may lead to perinatal death, neonatal sepsis and 
other postnatal complications. 

 When intrauterine infl ammation is present, the foetus may be exposed through 
direct contact with amniotic fl uid or through the foetal-placental circulation. The 
consequent response to CA has been referred to as FIRS [ 65 ]. 
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 Numerous publications confi rm the neurotoxic effect of bacterial endotoxins and 
proinfl ammatory cytokines on the fetal brain. Moreover, infection is associated with 
a reduced cardiovascular regulation, which contributes signifi cantly to perinatal 
morbidity [ 50 ]. 

 FIRS may induce cerebral white matter injury (CWMI), which may result in spas-
tic cerebral palsy and short and long term neurological defi cits [ 58 ]. In view of that, if 
FIRS occurs, the risk of developing CWMI or cerebral palsy is 11× greater [ 50 ]. 

 So, cerebral lesions can have their origin before the rupture of membranes and be 
the consequence of the same process that initiates membrane lesions (Fig.  5.10 ) [ 1 ].  

 Although earlier studies focused mainly on neurological and respiratory out-
comes, additional sequelae of CA related FIRS have more recently been described 

Maternal &
neonatal sepsis Morbidity & death

Fetal inflammation/
FIRS

Cytokines &
chemokines

IL-1, IL-6, IL-8,
MMP, TNF-α

Fetal/ neonatal
brain and

Multiorgan injury

Prostaglandin 
release 

Cervical changes 
Weakened 
membranes

Chorloamnintis/
funlsitis

Maternal
inflammation

PPROMPreterm labour

Preterm
birth

Perinatal death & long
term morbidities

including cerebral palsy

  Fig. 5.10    Perinatal morbidity and mortality associated with inadequate infl ammatory response       
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in several other areas of the foetal organism, turning it into a multi-organ disease of 
the foetus [ 49 ]. Moreover, evidence is increasing that the effects of CA/FIRS on 
health and disease may extend beyond the neonatal period [ 48 ]. 

 In fact, direct and indirect exposure of the foetus to contaminated amniotic fl uid 
may cause:

    1.    Respiratory problems: after intrauterine infl ammation preterm lungs are more 
susceptible to secondary injury, leading to chronic lung disease (bronchopulmo-
nary dysplasia);   

   2.    Neurological problems: development delay and lifelong neurological disabili-
ties, such as mental retardation, cerebral palsy, as well as school and behavioural 
diffi culties. In addition, perinatal brain damage might increase the risk for the 
development of psychiatric disorders such as schizophrenia later in life. Diffuse 
or focal white matter disease has been shown to be the predominant feature of 
brain damage in premature newborns below 32 weeks;   

   3.    Ocular problems: retinopathy of prematurity is a disease of the eye that is char-
acterized by a disorganized growth of retinal blood vessels that may result in 
scarring and retinal detachment;   

   4.    Endocrine problems: transient hypothyroxinemia of prematurity (temporarily 
low levels of T3 and T4) and foetal thymus involution (strongly associated with 
foetal infection and funisitis) [ 48 ].       

5.5     Amniotic Fluid Volume Anomalies 

 Amniotic fl uid (AF) is necessary for human growth and development. It protects the 
fetus from mechanical trauma and its bacteriostatic properties may help to maintain 
a sterile intrauterine environment. The space created by AF allows fetal movement 
and supports the normal development of both lungs and limbs. Finally, AF offers an 
access to fetal cells and metabolic products, useful for fetal diagnosis [ 66 ]. 

 In the fi rst trimester the amnion does not contact the chorion nor the placenta, 
and the amniotic cavity is surrounded by the exocoelomic cavity [ 67 ]. The 
 exocoelomic fl uid participates in the exchange of molecules between mother and 
fetus and at this stage, AF function is uncertain. 

 By the end of the fi rst trimester of human gestation, the exocoelomic cavity has 
been obliterated and the amniotic cavity becomes the only signifi cant deposit of 
extrafetal fl uid. In fact, during the fi rst half of pregnancy, amniotic fl uid is an exten-
sion of foetal extracellular space. Later, as the foetal skin becomes keratinized, the 
production and renewal of amniotic fl uid is mainly determined by foetal urine pro-
duction and swallowing. AF volume increases between 10 and 30 weeks of gesta-
tion; after 30 weeks, this expansion slows down, and AF volume may remain 
unchanged until 36–38 weeks, after which the volume tends to decrease [ 66 ]. 

 The volume of AF may be dramatically altered in pathologic states (Table  5.1 ), 
conveying to excessive AF (polyhydramnios) or reduced AF volume (oligohydram-
nios). Apart from ruptured membranes or extreme maternal fl uid imbalance, 
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 variations in amniotic fl uid are mainly dependent on foetal pathology and their con-
sequences are also deleterious to the foetus: like cord compressions resulting from 
fl uid reduction or the initiation of premature labour through uterine distension and/
or membrane rupture.

5.6        Conclusions 

•     Foetal membranes delimitate an extensive portion of the border between the foe-
tal and the maternal environments. Amniotic epithelium participates in the com-
mon pathway of the initiation of labour and human decidua contains abundant 
immune cells whose activities are central to the immunological interaction 
between mother and foetus.  

•   The balance between formation and degradation of membrane components is a 
physiological phenomenon that can be found throughout pregnancy, that when 
altered, may lead to membrane weakening and result in membrane rupture. 
Infection (the major mechanism), oxidative stress and membrane distension can 
contribute to weaken membranes, leading to PPROM.  

•   The foetus naturally expresses an antigenic identity that is in part of paternal ori-
gin and, thus, different from its mother. In reality, the amniotic membrane seems 

   Table 5.1    Amniotic fl uid volume anomalies   

 Conditions associated with polyhydramnios 
 Conditions associated with 
oligohydramnios 

 Fetal  Fetal 
 Chromosomal abnormalities  Chromosomal abnormalities 
 Congenital gastrointestinal anomalies  Congenital anomalies 
 Central nervous system problems  Growth restriction 
 Non-immune hydrops fetalis (infections, heart failure)  Demise 
 Placenta  Post-term pregnancy 
 Twin-twin transfusion  Ruptured membranes 
 Maternal  Placenta 
 Diabetes  Abruption 
 Idiopathic  Twin-twin transfusion 

 Maternal 
 Uteroplacental insuffi ciency 
 Hypertension 
 Preeclampsia 
 Diabetes 
 Drugs 
 Prostaglandin synthase inhibitors 
 Angiotensin-converting enzyme inhibitors 
 Idiopathic 
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to be an immune privileged tissue and to contain some immunoregulatory factors. 
The theoretical paradigm has evolved from one of maternal-foetal tolerance to 
that of a decidual-trophoblastic-amniotic tolerance and active cooperation: a suc-
cessful pregnancy is the consequence of numerous complex interactions between 
the receptive uterus and the mature blastocyst, under immunohumoral control.  

•   Implantation and placentation in the fi rst trimester and early second trimester of 
pregnancy require a strong infl ammatory response. As so, during the early phases 
of pregnancy, successful implantation occurs in a pro-infl ammatory microenvi-
ronment, and a Th1-type response is followed by a shift to Th2, to control endo-
crine and immune interactions.  

•   As with Implantation, normal parturition is characterized by mechanisms of 
local pro-infl ammatory activity. In human amnion and decidua there is increased 
production of prostaglandins immediately before and during labour. This pro- 
infl ammatory environment promotes the contraction of the uterus and the ulti-
mate expulsion of the infant and of the placenta.  

•   Ascending genital infection is the most frequent mechanism of intra-uterine 
infection and represents an important risk factor for preterm labour and PPROM. 

•  The presence of infectious agents in the chorioamnion engenders a maternal and 
fetal infl ammatory response characterized by the release of a combination of 
pro-infl ammatory and inhibitory cytokines and chemokines in the maternal and 
foetal compartments. This may lead to a sequential infl ammatory process ensu-
ing in amnionitis, CA and/or funisitis.  

•   Intrauterine infection can also occur with intact membranes and it appears to be 
very common for low virulence organisms.  

•   Amnionitis is the fi nal stage of extraplacental chorioamniotic infl ammation. 
Funisitis, considered as the fi nal stage during ascending intrauterine infection, 
has been associated with an increased risk of neonatal infection-related compli-
cations and cerebral palsy.  

•   FIRS is an infl ammatory response characterized by infection or infl ammation of 
the umbilical cord when there is foetal invasion by microorganisms.  

•   FIRS may induce CWMI, which may result in spastic cerebral palsy and short 
and long term neurological defi cits. Consequently, foetal exposure to infection 
may lead to perinatal death, neonatal sepsis and other postnatal complications. 
Moreover, evidence is increasing that the effects of CA/FIRS on health and dis-
ease may extend beyond the neonatal period.        
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    Chapter 6   
 Amniotic Membrane in Ophthalmology 

             Esmeralda     Costa      and     Joaquim     Neto     Murta   

    Abstract     Human amniotic membrane has been widely used in ophthalmology for 
decades, particularly in ocular surface reconstruction. This article reviews its 
 mechanism of action, surgical principles and clinical applications. The fate of 
 transplanted amniotic membrane in the eye and its limitations will also be addressed.  

  Keywords     Amniotic membrane   •   Ophthalmology   •   Clinical applications   •   Ocular 
surface   •   Ocular reconstruction  

6.1         Historical Background 

 Amniotic membrane has been used in medicine for therapeutic purposes since the 
beginning of the twentieth century. The fi rst reported application was in skin recon-
struction in 1910, when Davis used fetal membranes (i.e. both chorion and amnion) 
to treat burned and ulcerated skin [ 1 ,  2 ]. Its use in ophthalmology dates back to 1940 
when de Rötth used fresh fetal membranes in conjunctival reconstruction [ 1 ,  2 ]. The 
rationale for its use was based on the recognition that two granulation surfaces tend 
to adhere to each other unless there is an epithelial layer between them [ 1 ]. The thin-
ness, smoothness and transparency of the amniotic membrane made it an ideal sur-
rogate for diseased conjunctiva [ 1 ]. Even so, de Rötth obtained only limited success, 
which he attributed to the deleterious effect of the presence of chorion on graft 
survival [ 1 ]. 
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 In 1946, Sorsby and Symons reported the success of human amniotic membrane 
grafts in the treatment of severe ocular burns [ 3 ]. These authors were the fi rst to 
suggest that amniotic membrane may have biological properties, in addition to act-
ing as a mechanical barrier. Despite the good outcomes with a low index of compli-
cations, there were no reports on the ophthalmological use of human amniotic 
membrane until 1995, when Kim and Tseng used it to treat limbal defi ciency in an 
experimental model [ 4 ]. Since then, interest in human amniotic membrane has seen 
a resurgence in ophthalmology, particularly in ocular surface reconstruction [ 1 ,  2 ].  

6.2     Mechanism of Action 

 The exact mechanism of action of human amniotic membrane is still unknown 
[ 1 ,  5 ]. It is probably best regarded as a physical structure with biological properties. 
Amniotic membrane has anti-angiogenic, anti-infl ammatory, antibiotic and anti- 
viral properties; it promotes epithelial migration, inhibits fi brosis and is non- 
immunogenic [ 1 ,  2 ,  6 – 8 ]. Some of these features, particularly the ability to reduce 
infl ammation and fi brosis and promote epithelial migration, have motivated its use 
in ophthalmology. In vivo, human amniotic membrane is known to facilitate ocular 
surface healing with minimal infl ammation, thus reducing scarring, adhesion of tis-
sues and vascularization [ 1 ]. These properties probably have multiple mechanisms, 
some of which have been demonstrated, namely: human amniotic membrane can 
act as a basement membrane [ 1 ,  8 ,  9 ]; it can trap and induce apoptosis of immuno- 
infl ammatory cells [ 1 ,  10 ,  11 ]; it can downregulate the transforming growth factor 
beta (TGF β) pathway and miofi broblastic differentiation of cultivated fi broblasts 
[ 1 ,  2 ]. These processes rely on the presence of several cytokines and growth factors 
in human amniotic membranes epithelial cells and stroma [ 1 ,  5 ,  12 ]. 

 Clinically, human amniotic membrane may be used either as a scaffold or as a 
bandage for ocular surface reconstruction [ 5 ]. If placed within the lesion, stromal 
side down, deepithelialized human amniotic membrane functions as a basement 
membrane for corneal, conjunctival and limbal epithelial cell growth by facilitating 
epithelial migration [ 2 ,  5 ,  8 ,  9 ] and differentiation [ 2 ], thus preventing apoptosis 
[ 2 ,  8 ,  9 ] and reinforcing cell adhesions [ 1 ,  2 ,  5 ]. When placed over the ocular sur-
face, human amniotic membrane acts as a biologic bandage that protects the healing 
epithelium from the mechanical action of the eyelids and, at the same time, its anti- 
infl ammatory properties provide a barrier to infl ammatory cells and proteins present 
in the tear fi lm [ 2 ,  6 ,  13 ].  

6.3     Clinical Applications 

 Human amniotic membrane has been used clinically in corneal and/or conjunctival 
reconstruction to promote epithelial healing and modulate infl ammation and scar-
ring. Its success in ocular surface reconstruction and its molecular similarities with 
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the limbal niche prompted its use also as a substrate for limbal stem cell ex vivo 
expansion [ 8 ,  14 ]. 

 Among the many numerous clinical conditions where human amniotic mem-
brane can be used are ocular burns, corneal ulcers, pterygia, glaucoma surgery, and 
symblepharon. However, its therapeutic success has not been clearly demonstrated 
for most, if not all, of the current indications. In fact, we need to ascertain which 
pathologies can be considered true, clinically signifi cant indications, by means of a 
meta-analysis of published reports and randomized clinical trials. 

6.3.1     Corneal Applications 

    Corneal Ulcers and Perforations 

 Human amniotic membrane has been used in the treatment of persistent epithelial 
defects, corneal ulcers (including neurotrophic and shield ulcers), corneal melt-
ing, descemetoceles and perforations (Fig.  6.1 ) [ 1 ,  2 ,  5 ,  7 ,  12 ]. It is a surgical 

a

c d

b

  Fig. 6.1    Healing of a corneal and conjunctival ulcer after amniotic membrane transplantation ( a – d )       
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treatment option that is usually considered when medical therapy is insuffi cient 
[ 2 ]. Given its biological properties, human amniotic membrane helps restore cor-
neal epithelium and stromal thickness, with reported success rates of 50–92.9 % 
[ 1 ,  2 ,  7 ,  12 ,  15 – 17 ]. The treatment of refractory corneal epithelial defects can 
prevent corneal perforation. Sealing corneal perforation with multilayered amni-
otic grafts (with or without tissue adhesive) may avoid the need for an emergency 
penetrating keratoplasty and, in some cases, it might even eliminate the need for 
a corneal transplant [ 13 ,  16 ]. However, not all corneal perforations can be treated 
with amniotic membrane grafts and only perforations up to 1.5–2 mm in diameter 
should be considered [ 2 ,  17 ]. Amniotic membrane transplantation has also been 
used as an adjunctive procedure in the treatment of infectious corneal ulcers and 
impending perforations, to promote wound healing and reduce infl ammation 
[ 18 ]. In addition, amniotic membrane seems to have some degree of intrinsic 
antibiotic action [ 19 ]. Possible explanations include close adherence of the mem-
brane to the wound surface that limits bacterial growth, the presence of antimicro-
bial peptides and protection from proteolytic enzymes released by bacteria and 
infl ammatory cells [ 19 ]. Moreover, it has been demonstrated that human amniotic 
membrane does not interfere with the ocular penetration of topical antibiotics in 
corneas with epithelial defects, and antibiotic- soaked human amniotic membrane 
may function as an effective drug-delivery vehicle [ 19 ]. The amniotic mem-
brane’s lack of transparency is a potential drawback since it may hamper monitor-
ing of the clinical evolution [ 2 ]. It is recommended that its application is preceded 
by a course of 2–7 days of intensive antimicrobial therapy [ 18 ,  19 ] and it is prob-
ably best if the membrane is soaked in antibiotic solution immediately prior to 
grafting. Its effi cacy in fungal and acanthamoeba keratitis is doubtful since 
hyphae and cysts are very resistant to treatment and are known to persist in the 
stroma from early stages [ 2 ]. A major advantage of performing amniotic mem-
brane grafting in cases of severe ulcerative keratitis is that it may help avoid an 
emergency keratoplasty and improves the prognosis of a posterior elective kera-
toplasty [ 20 ].   

    Painful Bullous Keratopathy 

 A healthy, properly functioning corneal endothelium is crucial to maintain cor-
neal deturgescence and ensure good vision. If it is compromised, then excessive 
corneal hydration ensues and epithelial bullae form. The spontaneous rupture of 
these bullae can be very painful. The defi nite treatment is corneal transplant. 
Placing an amniotic membrane graft after epithelial debridement promotes the 
formation of a stable epithelium [ 21 ]. That is useful as a temporary measure to 
relieve symptoms until the transplant is done or as a permanent treatment in eyes 
with no visual potential. Epithelial healing is usually complete 2–3 weeks after 
surgery. Long-term success in pain relief ranges between 82.5 and 95.3 % 
[ 2 ,  22 – 28 ].  
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    Limbal Stem Cell Defi ciency (Acute or Chronic) 

 Human amniotic membrane has been used to modulate the infl ammatory reaction, 
prevent tissue necrosis and minimize late sequelae (corneal and conjunctival 
 scarring, vascularization, opacifi cation and conjunctivalization of the cornea, 
 recurrent and persistent epithelial defects) in the acute stage of infl ammatory 
 conditions that involve the ocular surface [ 2 ,  29 ]. These include chemical and ther-
mal burns and toxic epidermal necrolysis/Stevens-Johnson syndrome [ 6 ]. 

 Eventually, these diseases can lead to a state of chronic limbal stem cell defi -
ciency that can present with variable degrees of severity. Mild cases are amenable to 
conservative measures. Severe cases usually require a limbal transplant to restore 
the limbal niche and a corneal transplant to restore corneal clarity. In this context, 
human amniotic membrane has been used as an adjunctive therapy to limbal and 
corneal grafts and as a substrate for ex vivo stem cell culture and subsequent 
 transplantation [ 29 ]. 

 Several case reports and clinical series have pointed out the benefi cial effects of 
amniotic membrane transplantation (AMT) in the acute stage of ocular burns, espe-
cially when performed in the fi rst 7–10 days [ 1 ,  2 ,  5 – 7 ,  12 ]. It has been suggested 
as a fi rst-line therapeutic option, along with medical management [ 1 ]. Greater ben-
efi ts were achieved in mild and moderate cases. AMT did not prevent late-onset 
complications in severe cases [ 12 ]. However, a recent meta-analysis on randomized 
trials comparing AMT with medical therapy alone failed to show defi nite evidence 
supporting its use [ 30 ]. This does not necessarily mean that AMT is devoid of inter-
est. Heterogeneity in disease presentation, treatment, outcome measures and suc-
cess defi nition probably affected the search for clear evidence regarding this 
treatment [ 30 ]. 

 Encouraging results have been reported for amniotic membrane transplantation 
in the acute phase of Stevens-Johnson syndrome [ 31 ]. Despite the small number of 
treated eyes, AMT in conjunction with medical treatment seems to be effective in 
preserving an intact ocular surface with good visual outcomes in mid-to-long-term 
follow-up [ 31 – 42 ]. A case-control study of fi fty-eight eyes concluded that AMT 
performed in the fi rst 2 weeks was superior to medical management alone (success 
of 95.7 % versus 65.2 %, respectively), in moderate and severe cases [ 40 ]. The 
sutureless application of an amniotic membrane around a conformer or other medi-
cal device seems to be a good alternative, provided that the entire ocular surface is 
covered [ 37 ,  38 ,  42 ]. 

 The treatment of established chronic limbal cell defi ciency is challenging. 
Several therapeutic options are available and a treatment algorithm was proposed in 
accordance with disease severity and extent [ 29 ]. Amniotic membrane transplanta-
tion is useful as an adjunct to sequential sectoral epitheliectomy in partial limbal 
insuffi ciency and in limbal grafts since it promotes epithelial healing and acts as a 
bandage (Fig.  6.2 ) [ 5 ,  29 ]. The success of the treatment depends largely on the 
underlying pathology [ 5 ]. Chronic progressive diseases such as Stevens-Johnson 
syndrome and ocular cicatricial pemphygoid have a poor prognosis [ 5 ]. The success 
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also differs according to the type of limbal transplant. Autologous grafts usually do 
better than allografts, but the availability of autologous tissue is conditioned by the 
extent of the disease and allogenic transplants are the only option for total bilateral 
defi cient patients. Moreover, these procedures require large amounts of keratolim-
bal tissue and that can lead to iatrogenic limbal defi ciency in living donors [ 12 ]. The 
advent of ex vivo limbal stem cell culture has enabled more patients to be treated 
with autologous tissue, since only a 1 mm 2  biopsy is required. In this case, amniotic 
membrane is used as a substrate for limbal epithelial precursors in ex vivo culture. 
When the culture has reached confl uence, the cell sheet is grafted in the eye, together 
with the underlying amniotic membrane (Fig.  6.3 ).    

    Band Keratopathy 

 Band keratopathy is a chronic corneal degeneration characterized by the presence of 
calcium deposits throughout the epithelium, basement membrane, Bowman’s layer 

  Fig. 6.2    Application of an 
amniotic membrane patch as 
an adjunct to keratolimbal 
allograft       

a b

  Fig. 6.3    Confl uent sheet of ex vivo cultured limbal epithelial cells ( a  – inverted phase micros-
copy). In histology ( b ), amniotic membrane is seen underneath the multilayered epithelium       
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and superfi cial stroma. It may be associated with systemic conditions such as 
 sarcoidosis and chronic renal failure or with chronic ocular infl ammations [ 43 ]. 
The whitish deposits cause vision loss and epithelial instability, leading to pain and 
photophobia. Treatment involves calcium removal but recurrence is common. 

 Amniotic membrane can be transplanted after surgical removal of calcifi c 
 deposits, to promote epithelial healing. Superfi cial keratectomy can be aided by 
chemical chelation with ethylene-diamine-tetra acetic acid [ 44 – 47 ]. Alternatively, 
the deposits can be removed with excimer laser (phototherapeutic keratectomy) 
[ 43 ,  47 ]. The use of adjunctive amniotic membrane should be compared with kera-
tectomy alone. Potential benefi ts seem to be limited to faster epithelialization, since 
it does not prevent recurrence of calcium deposition [ 6 ].   

6.3.2     Conjunctival Applications 

    Pterygium 

 Human amniotic membrane is an alternative to conjunctival or limbal grafting 
 associated with pterygium excision. It is usually considered when autografts are not 
feasible, such as in the presence of a fi ltering bleb, extensive areas of subconjuncti-
val fi brosis and/or symblepharon, or when glaucoma surgery is likely. Also when 
large dissections are required, as in recurrent pterygia, there is not enough conjunc-
tiva left to cover the defect and human amniotic membrane is an option [ 2 ,  13 ]. 

 Reported recurrence rates after pterygium excision combined with amniotic 
grafts are higher than with conjunctival grafts [ 48 ,  49 ]. They range between 3.0 % 
40.9 % for primary and 9.5 % 52.6 % for recurrent pterygia [ 50 – 56 ]. The superior-
ity of conjunctival and limbal grafts in primary pterygia was demonstrated in a 
recent meta-analysis [ 48 ]. In recurrent pterygia, the study was inconclusive due to 
the reduced number of cases [ 48 ].  

   Symblepharon 

 Symblepharon is usually the result of an infl ammatory process of the ocular surface. 
The aggression can be self-limited, such as an ocular burn, or chronically relapsing, 
such as Stevens-Johnson syndrome. 

 Amniotic membrane is useful both in symblepharon prevention and its treat-
ment. A patch of amniotic membrane placed in the acute phase helps restrain the 
infl ammatory reaction and may prevent the formation of adhesions. In general, self- 
limited conditions have a better prognosis [ 5 ,  57 ]. Once symblepharon is estab-
lished, the treatment involves the lysis of the adhesions and placing a graft to 
reconstruct the conjuntiva. Otherwise, the adhesions would reform. Depending on 
the severity of the disease, symblepharon lysis can be associated with amniotic 
membrane alone or in combination with intraoperative mitomycin C and/or oral 
mucosal and conjunctival autografts [ 58 – 63 ]. Successful outcomes have been 
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reported in 53.8–100 % of treated eyes [ 16 ,  62 – 64 ]. In chronic relapsing conditions, 
such as ocular cicatricial pemphigoid, initial effectiveness deteriorates slightly over 
time [ 65 ].  

   Conjunctival Reconstruction 

 Amniotic membrane has been used in ocular surface reconstruction after the exci-
sion of conjunctival tumors and other lesions [ 6 ,  66 – 70 ]. It is more cosmetically 
acceptable than mucosal grafts and its translucency allows post-operative tumor 
monitoring [ 2 ,  6 ,  12 ]. 

 Amniotic membrane can be used as a substitute for tarsal conjunctiva after giant 
papillae resection and in the correction of cicatricial entropion, to help reepithelial-
ization of the tarsal plate [ 2 ,  6 ,  7 ].   

6.3.3     Glaucoma Surgery 

 Amniotic membrane’s anti-scarring properties and its ability to act as a surrogate 
for conjunctiva have prompted its use in glaucoma surgery as an adjunct in trabecu-
lectomy and in the treatment of bleb leakage [ 2 ,  6 ]. 

 Attempts have been made to prevent fi brosis and failure of drainage proce-
dures by placing amniotic membrane beneath the scleral fl ap [ 71 ,  72 ], between 
the fl ap and overlying conjunctiva [ 73 – 76 ] or simultaneously under and over the 
fl ap [ 77 ,  78 ]. 

 Placing human amniotic membrane under the fl ap is associated with higher suc-
cess rates, better intra-ocular pressure control and lower complication rates in pri-
mary trabeculectomies [ 72 ] and in refractory cases [ 71 ]. 

 Amniotic membrane-shielded blebs showed favorable effects on wound healing 
and bleb survival, but there were no signifi cant improvements compared with 
 standard trabeculectomy [ 73 – 75 ]. In refractory cases, amniotic membrane over the 
fl ap also failed to improve the results obtained with trabeculectomy plus intra-oper-
ative mitomycin C [ 76 ]. 

 Placing amniotic membrane under and over the scleral fl ap might be a useful 
option in refractory glaucoma, either isolated [ 78 ] or associated with intra-operative 
mitomycin C [ 77 ]. In these cases, glaucoma shunt surgery with adjunctive amniotic 
membrane may prove useful, as it seems to reduce the risk of bleb encapsulation 
[ 79 ]. Bleb leakage is a possible complication after glaucoma surgery and is usually 
addressed by conjunctival advancement. Amniotic membrane transplantation has 
been suggested as an alternative [ 80 – 84 ], but it seems prone to early releakage [ 82 ]. 
The single trial that compared the two surgical procedures demonstrated the superi-
ority of conjunctival advancement [ 82 – 84 ]. A patch of hyperdry amniotic mem-
brane using a tissue adhesive has been reported to successfully treat bleb leaks in 
two eyes [ 85 ].  
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6.3.4     Strabismus, Orbit and Oculoplastic Surgery 

 Amniotic membrane has been reported to be a useful adjunct in the management of 
restrictive strabismus by preventing the formation of adhesions [ 86 – 88 ], and in ocu-
loplastic and orbital surgery, particularly in forniceal reconstruction, socket recon-
struction for prosthetic fi tting [ 5 ] and as a cover for extruded prosthesis [ 6 ,  89 ].  

6.3.5     Scleral Melt 

 There are few reports on the use of amniotic membrane in the treatment of scleral 
ischaemia, melting and perforation. It has been applied as a patch to reduce scleral 
melting and infl ammation and promote conjunctival healing [ 90 ] and as a multilay-
ered graft to fi ll in scleral defects [ 91 ]. In addition, amniotic membrane can be 
combined with tenonplasty to promote revascularization of the ischemic areas 
[ 67 ,  92 ,  93 ], and with a tectonic corneal or scleral graft in cases of melting or per-
foration [ 90 ,  93 ,  94 ].   

6.4     Surgical Technique 

 Depending on the desired therapeutic purpose, amniotic membrane can be placed as 
a graft (inlay) or as a patch (onlay or overlay) [ 5 ,  12 ,  13 ]. 

 When human amniotic membrane is intended to act as a basement membrane 
for epithelial regeneration, it is placed as a graft within the limits of the diseased 
area, basement membrane side up. Epithelium will grow over it and the graft will 
become incorporated into the host tissue. The cellular debris and exudates within 
the defect must be removed, along with the epithelium from its borders [ 2 ], so 
that stromal surface of the human amniotic membrane adheres to the ulcer bed 
and the neighboring epithelium grows over the membrane [ 12 ,  15 ]. A lamellar 
pocket can be created around the corneal ulcer with a crescent blade to allow the 
insertion of the membrane and ensure the epithelium does not proliferate under-
neath the membrane [ 13 ]. A similar technique can be used in conjunctival recon-
struction by overlapping the edges of the membrane with the recessed and 
peritomized conjunctiva [ 6 ]. 

 The layered or fi ll in technique is a variation of the graft technique and is used to 
repair a deep corneal ulcer. It involves placing several layers of human amniotic 
membrane to fi ll in the entire depth of the defect. Either multiple individual layers 
or a folded human amniotic membrane can be used: the “blanket-fold” or “fl uffed-
 up” technique [ 1 ]. In this case, the orientation of the bottom layers of human amni-
otic membrane is not important [ 1 ,  2 ,  13 ]. The most superfi cial one must be sutured 
with the basement membrane side up [ 2 ,  13 ]. 
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 Amniotic membrane can also be placed as a patch to cover the ocular surface. 
The membrane will protect the underlying healing epithelium but not become 
 incorporated into the host tissue, and it will fall off or can be removed after few days 
[ 5 ,  13 ]. In this case, human amniotic membrane is placed stromal side up and 
 leaving the basement membrane face down to stimulate epithelial growth. Depending 
on the disease extent, it can cover the entire ocular surface (cornea, bulbar, forniceal 
and palpebral conjunctiva) or just a part of it [ 6 ]. Graft and patch techniques are 
often used simultaneously [ 2 ]. 

 The size of the membrane should be slightly larger than the tissue defect (around 
1 mm). It should be spread over the surface, taking care to ensure there is no blood 
or fl uid underneath, and the visual axis should be avoided, if possible [ 2 ]. 

 Human amniotic membrane must be correctly oriented, so the ophthalmic sur-
geon must be able to recognize the two surfaces. Before cryopreservation, human 
amniotic membrane is fl attened onto nitrocellulose paper, with the epithelium/base-
ment membrane side up [ 2 ,  6 ]. Additionally, a suture can be placed, so that the knot 
marks the basement membrane surface [ 2 ]. Even so, the orientation can be lost 
 during surgery. Intra-operatively, the stromal (mesenchymal) side is easily recog-
nized since it sticks to a surgical sponge [ 2 ,  6 ,  13 ]. 

 Amniotic membrane is usually kept in place with sutures. Non absorbable, 10-0 
nylon sutures are generally used to anchor the human amniotic membrane onto the 
cornea [ 13 ]. This prevents premature detachment and allows a more controlled 
removal [ 1 ]. Interrupted or running sutures can be used as the surgeon prefers. We 
fi nd it very useful to place one or two perpendicular crossed sutures from limbus to 
limbus to prevent the patch of human amniotic membrane from detaching (Fig.  6.4 ). 
Absorbable sutures are preferred for conjunctiva, such as 8-0 vicryl [ 2 ]. Trans- 
palpebral double-armed non-absorbable 4-0 silk sutures can be used to secure 
human amniotic membrane in the fornices, passing through the eyelid and exiting in 
the eyelid skin [ 1 ,  13 ]. This action is particularly important in diseases where fornix 
obliteration can develop.  

 More recently, sutureless alternatives of securing amniotic membrane have been 
introduced. human amniotic membrane can be kept in place with a tissue adhesive 
or mounted on a plastic structure. These techniques present several advantages 

  Fig. 6.4    Crossed sutures 
from limbus to limbus       
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 inasmuch as they can be performed under topical anesthesia, surgery time is shorter 
and there are no suture-related complications. 

 Fibrin glue is a biological product composed of thrombin and fi brinogen. Once 
in contact, thrombin converts fi brinogen into fi brin and a fi brin clot forms within 
few seconds. Fibrin glue is effective in securing a graft of human amniotic mem-
brane to the corneal or conjunctival surface [ 13 ]. 

 Prokera® (Bio-tissue Inc, Miami, FL, USA) is a commercially available medical 
device that acts as a sutureless biological bandage. It is made of a cryopreserved 
amniotic membrane clipped into a termoplastic ring set and can be easily inserted 
with topical anesthesia [ 5 ,  13 ]. Suturing amniotic membrane around a conformer is 
another method of placing a patch of human amniotic membrane onto the ocular 
surface that is inexpensive, simple and easily accessible [ 5 ].  

6.5     The Fate of Human Amniotic Membrane Grafted 
in the Eye 

 Histological and cytological fi ndings, in vivo confocal microscopy and anterior 
 segment optical coherence tomography (AS-OCT) studies have helped shed light on 
the fate of human amniotic membrane transplanted to the human eye. The clinical, 
subjective impressions have been objectively documented with in vivo and ex vivo 
imaging techniques [ 15 ,  21 ,  66 ]. 

 As previously mentioned, an amniotic membrane patch usually degrades or falls 
off after 1–4 weeks [ 15 ]. It protects the underlying healing epithelium from the 
eyelid friction and retains some infl ammatory cells that would compromise the 
regenerating process. If the ocular surface is heavily infl amed, the membrane disin-
tegrates faster and should be replaced until the infl ammation subsides [ 2 ,  13 ]. 

 A graft of amniotic membrane, however, is incorporated into the host tissue (cor-
nea and conjunctiva) [ 5 ]. An epithelial sheet originating in the host cells forms over 
the membrane and, in the cornea, is complete after 2 weeks, on average [ 6 ,  15 ,  21 , 
 95 – 97 ]. Newly formed corneal epithelium is thinner, with lower cell density and 
larger cells [ 15 ]. Over the course of a month it gradually acquires a mature appear-
ance: polarized, four to fi ve layer structure, with columnar cells on the basal aspect, 
wing cells suprabasally and fl at squamous cells on the surface [ 15 ,  21 ]. It exhibits 
well-defi ned desmosomes and hemidesmosomes [ 21 ,  96 ]. The formation of an epi-
thelial layer is critical, since failure of proper epithelialization precludes graft inte-
gration [ 15 ]. 

 When used as a substrate for conjunctival regeneration, amniotic membrane 
becomes covered with epithelium of normal conjunctival phenotype. Impression 
cytology shows uniformly smaller nongoblet epithelial cells with twice the cell den-
sity of normal control eyes. The goblet cell density was almost ten times higher [ 66 ]. 

 In addition to acting as a basal membrane for epithelial cells, human amniotic 
membrane can be used as a surrogate for corneal stroma [ 21 ]. Multilayered grafts 
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are incorporated into the corneal stroma and are invaded by presumed corneal 
stroma derived cells (CSDC) in areas of Bowman’s zone rupture [ 15 ,  21 ]. These 
cells synthesize collagen, but its irregularly arranged fi bers preclude the formation 
of a transparent medium [ 21 ]. Hence, amniotic stroma provides a scaffold for meta-
bolically active CSDC that can help rebuild stromal tissue, thereby strengthening 
the damaged area [ 21 ]. 

 The use of corneal confocal microscopy and AS-OCT allowed in vivo observa-
tion of transplanted amniotic tissue over time. This is particularly valuable for amni-
otic grafts that become integrated and undergo progressive modifi cations. By the 
end of the fi rst month, multilayered grafts become more homogenous and lose 
amniotic epithelial cells. After around 3 months, CSDC can be seen in the amniotic 
stroma and their density increases as time passes. Amniotic membrane grafts con-
tract over time anteroposteriorly [ 15 ] and centripetally [ 21 ] and its thickness stabi-
lizes after 6 months. The graft tends to clear over time, but a residual opacity always 
remains and limits potential visual benefi ts [ 15 ].  

6.6     Limitations 

 Amniotic membrane has been used in a growing number of ocular pathologies. 
However, evidence supporting its use remains limited [ 5 ,  7 ]. Despite the reported 
success in case reports and small case series, the heterogeneity in clinical presenta-
tion, severity, concomitant treatments and success criteria makes it diffi cult to draw 
conclusions and ascertain its true role [ 5 ]. 

 The amniotic membrane’s mechanism of action is not completely understood. 
However, we must keep in mind that it does not replace tissue, but promotes tissue 
repair, and that its success relies on the presence of healthy host cells capable of 
regeneration. Therefore, amniotic membrane as an isolated therapy won’t succeed 
in cases of severe limbal insuffi ciency or extensive conjunctival scarring [ 2 ,  13 ]. Its 
effi cacy is also compromised in the presence of palpebral abnormalities, dry eye 
and uncontrolled ocular surface infl ammation [ 1 ,  2 ,  13 ]. These problems must be 
investigated and addressed prior to amniotic membrane transplantation [ 1 ]. 

 The fact that amniotic membrane is a biological product raises a number of ques-
tions. Intra- and inter-donor variations make it a non-standardized product and that 
certainly affects its performance [ 5 ]. Variables include maternal health, age, race 
and diet, and also fetal sex, gestational age and health [ 5 ]. Despite serological test-
ing and observation of a quarantine period, the risk of infectious disease transmis-
sion cannot be completely eliminated [ 5 ]. There is also a risk of microbial 
contamination during processing since the membrane cannot be sterilized [ 13 ]. 
Therefore, regular microbiologic testing is mandatory. 

 The processing and preservation method used and the storage time can also alter 
the amniotic membrane composition and further infl uence its biological properties 
and its clinical effect [ 5 ]. 
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 Finally, its lack of transparency often precludes the adequate visualization of the 
cornea and intra-ocular structures. That is not a concern in conjunctival 
 reconstruction, since its translucency is similar to conjunctiva and provides a better 
visualization than alternative mucosal grafts.  

6.7     Conclusions 

 Amniotic membrane is a useful adjunct in several ocular conditions. However, its 
effi cacy should be compared with the standard treatment in randomized clinical 
 trials, so that its role can be ascertained for each individual disease and its indica-
tions clearly defi ned. For that purpose, it is mandatory to establish criteria for 
 disease severity, treatment protocol, outcomes and success, so that comparisons can 
be made within homogenous groups. 

 The biological heterogeneity of amniotic membrane introduces a bias that is very 
diffi cult, if not impossible, to eliminate. Each membrane is unique and its composi-
tion varies during storage time. The creation of a standardized product would give 
outcomes that are more predictable and eliminate this confusing factor. Building a 
synthetic membrane embedded with growth factors, cytokines, antibiotics and other 
molecules with specifi c functions may overcome this problem in the near future.     
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    Chapter 7   
 Amniotic Membrane in the Treatment 
of Burns 

             Ahmad     Sukari     Halim     ,     Ehfa     Bujang-Safawi    , and     Arman     Zaharil     Mat     Saad   

    Abstract     Burn wound dressing represents an important aspect of burn care. 
The various inherent features of amniotic membrane proved to be useful as it 
 contributes towards the attributes of an ideal dressing. This biological dressing is 
inexpensive, able to enhance re-epithelialization, readily available and stored, hence 
rendering it suitable for a wide range of burn wound treatment. The different 
 preparations of amniotic membrane provide additional benefi t whereby clinicians 
can have a range of product to choose from. Pain relief, good wound adherence and 
conformability further increase the importance of amnion as burn wound dressing. 
The versatility and effi cacy of the amnion makes it an attractive option despite of the 
enormous range commercially available wound management products in the mar-
ket. This chapter presents a review of the various aspects of amniotic membrane for 
burn wound treatment.  

  Keywords     Amnion   •   Burns   •   Wound healing   •   Wound dressing   •   Biological 
dressing  

7.1         Introduction 

 The skin is the largest organ in the body and plays a crucial role in body 
 homeostasis, fl uid and electrolyte balance, thermoregulatory function, vitamin 
production, providing a physical barrier to external threats, sensory function and 
personal beauty. 

        A.  S.   Halim      (*) •    A.  Z.  M.   Saad    
  Department of Reconstructive Sciences, School of Medical Sciences , 
 Health Campus, Universiti Sains Malaysia ,   Kubang Kerian ,  Kelantan ,  Malaysia   
 e-mail: ashalim@usm.my   

    E.   Bujang-Safawi    
  Department of Surgery ,  Universiti Malaysia Sarawak ,   Kuching ,  Sarawak ,  Malaysia    

mailto:ashalim@usm.my


124

 Burn injuries can occur through several mechanisms. Typically, such injuries will 
affect the skin in a superfi cial to deep order, except for electrical burns, where the tissue 
damage internally may be worse than the apparent skin surface damage. Based on this 
common pattern of injury, burn wounds can be classifi ed according to their depth and 
according to the total body surface area (TBSA) recorded as percentages. 

 Superfi cial burns (fi rst degree) are the mildest form of burns. First-degree burns 
are characterized by pink discoloration of the skin and dry with no blister formation, 
but the injury is very painful. This type of burn involves the epidermis only and 
heals in a matter of a few days. 

 Partial-thickness burns (second degree) can be further subdivided into superfi cial 
dermal and deep dermal burns. Superfi cial dermal burns may involve the formation 
of small blisters, pinkness, slight wetness and the presence of capillary refi ll, along 
with extreme pain. These burns typically have good potential for spontaneous heal-
ing in 5–10 days. With deep dermal burns, large blisters may form, the skin may 
appear red or pale with fi xed staining, thick edema is present, impaired capillary 
refi ll may occur and sensation loss may occur. These types of wounds take more 
than 2 weeks to heal by re-epithelialization of the residual dermal appendages. 

 Full-thickness burns (third degree) involve the full thickness of the epidermis 
and dermis. The burn will appear white, pale or black and leathery. There will be an 
absence of blisters, no capillary refi ll and no sensation, which may give a false sense 
of security to the patients, as they do not feel the pain. 

 When burn injury occurs and disrupts the skin physiological barrier, the injured 
portions can no longer adequately perform their functions. Therefore, it is extremely 
important to restore skin integrity as soon as possible. Failure to correct this prob-
lem will result in continuous plasma or fl uid leakage through the burn wound, burn 
edema, impaired thermoregulation, potential microbial invasion and potentially 
fatal consequences such as burn shock and multi-organ dysfunction. 

 According to the World Health Organization (W.H.O.), almost 200,000 deaths 
occur annually due to fl ame burns alone, and more than half of these burns occur in 
low- and middle-income countries. Non-fatal burns injuries are a major source of 
morbidity [ 1 ]. It is estimated that in 2012 around 450,000 burn injuries received 
medical attention in the United States, with 3,400 fatalities and 40,000 hospitaliza-
tions (30,000 admissions to burn centers). These injuries represent a serious fi nan-
cial and manpower burden to the healthcare system. It is estimated that burn injuries 
cost healthcare providers around USD2 billion each year, and this amount is esti-
mated to be increasing [ 2 ].  

7.2     Historical Perspective: Amnion for Burns 

 Human amnion has been used for centuries as a biological wound dressing. In China 
and Japan, amnion is considered a potent medication for the treatment of many 
diseases and is believed to impart the ‘magical strength of youth’ (quoted by 
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Tyszkiewicz et al.) [ 3 ]. In western medicine, John Staige Davis introduced the use 
of fetal membrane as a permanent skin transplant at the beginning of the last  century. 
William Thornton, a fi nal-year medical student at Johns Hopkins Hospital in 1910, 
suggested this concept. However, it soon became clear that amnion could only be 
used as a temporary biological wound dressing [ 4 ]. 

 Human amnion was fi rst used as a biological burn dressing by Sabella and Stem 
in 1913 [ 5 ]. Since then, amnion has been widely used to treat superfi cial and partial- 
thickness burns at many centers worldwide [ 5 ]. The versatility and reliability of 
human amnion as a biological dressing resulted in the extension of its application to 
various clinical conditions in the plastic surgery fi eld. 

 Ward et al. [ 6 ] used this biological dressing in the treatment of chronic ulcers and 
pressure sores. Moreover, skin graft donor sites can be effectively treated using 
human amniotic membrane. Recently, radiation-induced ulcers have been  effectively 
treated using human amniotic membrane as shown by Gajiwala and Sharma [ 7 ]. 
Thus, human amnion has the potential to become an attractive biomaterial that is 
cheap and widely available.  

7.3     Types of Amnion Preparation 

 Amniotic membrane has been used mainly in the developing world due to its low 
cost and availability [ 5 ,  8 ,  9 ], and fresh amnion is mostly used in clinical applica-
tions. The use of different preparation of amnion such as dried [ 10 ], frozen [ 11 ], 
irradiated [ 10 ], lyophilized [ 12 ] and glycerol-preserved [ 8 ] preparations are based 
on clinical indications and availability in the clinical setting. 

 Though several preparation and preservation methods are available, dried amnion 
is the easiest to prepare and store. Gamma-irradiation can be used to further elimi-
nate the risk of microbial contamination from the source [ 10 ]. Gamma irradiation at 
25 kGy will assure complete bacterial, fungal and viral sterilization (HIV is inacti-
vated at 20 kGy) [ 13 ]. Singh and Chacharkar demonstrated using infrared spectral 
scanning that there is no degradation or changes in the quality and characteristics 
when using this type of preparation even after long storage periods of up to 5 years. 
This type of amnion preservation is relatively cheap and does not require special 
storage. The clinical effi cacy of the material is also maintained, as was demon-
strated by a series of patient with superfi cial and partial-thickness burns [ 14 ]. The 
process of lyophilization (freeze drying to only 5 % water content) can also reduce 
the risk of infection transmission from the amniotic membrane when it is used 
 clinically [ 13 ]. 

 Glycerolization is another cost-effective way to preserve and store the amniotic 
membrane as demonstrated and suggested by Ravishanker et al. This method 
requires the storage of amnion in the refrigerator at 4 °C and can last for up to 
5 years. Ravishanker et al. also suggested that amnion banks be set up for the 
retrieval, processing and storage of the amniotic membrane [ 8 ].  
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7.4     An Ideal Burn-Dressing Material 

 There are multitudes of burn wound dressings available on the market. This variety 
indicates that none of the individual dressings are perfect for all wound conditions 
at all times. An ideal wound dressing should be readily available, cheap/economi-
cal, easy to apply, able to provide good pain relief, able to protect the wound from 
infection, promote healing, prevent heat and fl uid loss, elastic, adhere well to the 
wound, robust, able to withstand shear force, durable and non-antigenic. Currently, 
there is no ideal dressing material available that meets all these criteria [ 15 ]. 

 A biological dressing may be used temporarily to replace some of the skin func-
tion lost due to burn injury until a permanent cover is provided or healing is com-
pleted by epithelialization, as a biological dressing may provide a closed resemblance 
to the skin. Unfortunately, biological dressings may create fi nancial burden for 
healthcare providers, hence their limited availability. However, a naturally occur-
ring product – the amniotic membrane – is readily available worldwide and is inex-
pensive. This material is almost always discarded despite its proven effi cacy as a 
true biological dressing [ 16 ,  17 ]. Amnion appears to satisfy most of the criteria for 
an ideal biological dressing (see Table  7.1 ). It is thin, elastic, adheres to the wound 
surface well and, at the same time, it provides an effective vapor barrier, a durable 
cover for the raw surface, and substantial pain relief with potential bacteriostatic 
properties. In addition, it facilitates rapid re-epithelization [ 10 ,  11 ,  18 ,  19 ].

7.5        Amnion for Burn Wound Care 

7.5.1     Superfi cial (Dermal) Partial-Thickness Burn 

 Superfi cial (dermal) partial-thickness burns usually heal within 5–10 days. 
Therefore, the main principles of management of this type of burn are pain control, 
infection prevention and rapid healing promotion. In addition, repetitive trauma to 

  Table 7.1    The biological 
functions and benefi ts of 
amnion as a wound dressing  

 Reduction of fl uid loss 
 Decrease bacterial count in wound 
 Stimulation of neovascularization 
 Decrease in physiological stress for the patient – pain 
 Promotion of wound healing 
 Protection of growing epithelium 
 Tight adherence to the wound surface, increased mobility, and 
diminished pain 
 Preparation of skin defects for closure 
 Immune privileged tissue with no rejection phenomenon 
 Better scar formation 
 Ease of application 
 Readily available 
 Cost effective 
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the burn surface must be minimized, as this may injure the damaged epithelium and 
convert the burn to a deeper depth injury [ 9 ]. Human amnion is a near ideal 
 temporary biological dressing for these types of burns. It can easily be applied to the 
surface of the burn wound due to its thinness, pliability and good adherence. 

 Using aseptic technique, the recipient wound is thoroughly and gently cleansed 
with normal saline or 0.05 % aqueous chlorhexidine to remove all the debris and 
dead skin. The amniotic membrane is then applied with the glistening side against 
the wound surface. All air bubbles and excess fl uid should be smoothed out to 
ensure good contact. Typically, the amniotic membrane adheres immediately, thus 
preventing excessive loss of fl uids and electrolytes. Being semi permeable in nature, 
it allows exchange of gases and liquids across the membrane. 

 After application of the amniotic membrane, the recipient wound will epithelial-
ize below the membrane. The amniotic membrane remains attached to the burn 
wound until the wound has completely healed. Within a week or so, the desiccated 
membrane will fl ake off, resulting in a shiny scar. Therefore, if the amniotic mem-
brane remains well adhered to the wound surface, this indicates that the wound has 
not completely epithelialized. Membrane that is stuck to the burn wound surface 
should be left alone, and the edge of the amnion that has peeled off should be 
trimmed using scissors. 

 However, the amniotic membrane can be changed whenever necessary, espe-
cially if the amnion does not ‘take.’ If there is any sign of infection, if the patient is 
febrile, or if there is fl uid or pus collection below the amniotic membrane, then the 
burn wound needs to be thoroughly and gently washed and re-dressed. The use of 
antibiotic cream is not necessary and not advisable. Systemic antibiotics should be 
given only when indicated. 

 It is not necessary to apply another dressing overlying the membrane, although a 
light gauze dressing can be applied to ensure the amniotic membrane remains in 
place.  

7.5.2     Deep (Dermal) Partial-Thickness 
and Full-Thickness Burns  

 The principles of management for deep (dermal) partial-thickness and full- thickness 
burns include removing the burn tissue/eschar by tangential excision and replacing 
the missing skin with autologous skin as soon as possible. In major burns, where 
there is limited availability of donor autograft skin, the debrided burn wound can be 
dressed with amniotic membrane. The membrane can be used as a temporary skin 
replacement until the donor autograft site is ready to be harvested again. 

 However, in this case, frequent changing of the amniotic membrane is necessary 
as the membrane may occasionally dissolve. In addition, its biological value has 
been determined to be inferior to that of skin allografts. The latter is not always an 
option due to fi nancial constraints, infrastructure limitations, religion or poor soci-
etal acceptance. In this modern era, advancements in synthetic dressings with anti- 
bacterial properties and bio-engineered skin substitutes have limited the use of 
amniotic membrane as a temporary skin replacement for excised burn wounds. 
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However, these modern dressings have the drawbacks of limited availability, limited 
quantity and cost. 

 Mohammadi et al. [ 9 ], in a randomized controlled trial of 211 patients    with vary-
ing degree of burn depth, observed that the application of amniotic membrane accel-
erated the separation of necrotic tissue/burn eschar in deep partial-thickness burns 
(second degree) and full-thickness burns without the need to surgically excise the 
burn eschar as compared with conventional silver sulfadiazine dressing. They also 
noted that the appearance of granulation tissue was faster in the amniotic membrane 
group and confi rmed the fi ndings of other studies that frequent application of amni-
otic membrane is required for these types of burns. Another interesting fi nding from 
their study was that the repeated frequent dressing changes in the silver sulfadiazine 
group could eventually convert the superfi cial burns to a deeper wound due to dam-
age and trauma to the fragile surface of the wound. On the other hand, the amniotic 
membrane adhered well to the wound surface and did not need to be removed. A 
new membrane could be applied over it when necessary to cover the exposed area. 

 Therefore, amniotic membrane, with its high tolerability and its ability to reduce 
pain, remains a useful biological dressing material for the treatment of burn patients, 
especially in settings where fi nancial resources are limited.  

7.5.3     Hand and Facial Burns 

 The management of hand and facial burns remains one of the greatest challenges in 
burn care. Historically, superfi cial (dermal) partial-thickness burns to these areas 
were treated conservatively by debriding the blisters, daily washing, and the appli-
cation of new bandages with topical medications two to four times a day. These 
procedures cause excruciating pain and anxiety in patients. 

 A number of skin substitutes have been developed in recent years to overcome 
these problems. However, the contours and continued movement of the face has, in 
the past, limited the use of skin substitutes. Moreover, burn wounds to the hands 
covered with skin substitutes are usually bandaged heavily, leading to stiffness. 
Thus, the standard care of facial burns remains an open technique using topical 
antibiotics, whereas hand burns are commonly placed in a plastic bag following 
application of 1 % silver sulfadiazine cream. 

 As the amniotic membrane is thin and pliable, it conforms well to these special 
areas. These unique properties allow the simple and easy application of amniotic 
membranes. No additional dressings are needed, as amniotic membrane adheres 
well to the wound surface. This open dressing technique allows monitoring of the 
wound without the need for dressing change and free movements of the fi ngers, 
which thus prevents joint stiffness. Amniotic membrane has been reported to be a 
better treatment option compared to 1 % silver sulfadiazine because the use of the 
former reduces the length of hospital stay, reduces the number of dressing changes, 
and promotes earlier wound epithelialization [ 20 ]. 
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 At our center, superfi cial partial-thickness facial burns are treated with dried, 
irradiated human amnion. Application of human amnion to the wound surfaces is 
easy, simple and quick as the amniotic membranes are supported with cotton 
gauze (Fig.  7.1 ). In contrast, glycerol-preserved membranes have to be rinsed 
thoroughly before spreading over the wound surface. All air bubbles and excess 
fl uid have to be removed. Ravishanker et al. reported that it takes approximately 
1 hour for glycerol- preserved amniotic membrane to dry following application to 
wounds [ 8 ].  

 We conducted a 7-year review (2001–2008) that involved 33 patients with facial 
burns [ 21 ]. None of the patients developed infection, and 85 % of the patients 
needed only a single application of the dried amnion sheets. Patients with burns 
confi ned to the face and with easy access to the hospital were treated on an out-
patient basis. The average healing time was 5.4 days (range: 2–14 days). We dem-
onstrated that dried amnion sheets fulfi ll the qualities of an ideal biological dressing 
and are effective for the treatment of superfi cial partial-thickness facial burns.  

7.5.4     Amnion as a Graft Overlay 

 Amniotic membrane can also be used as an overlay for split-thickness skin grafts. 
Immediate adherence to the grafted area facilitates fi xation of the skin graft to the 
wound bed. This eliminates the need for using sutures or staples to anchor the skin 
graft thus avoiding painful suture or stapler removal. Traumatic graft loss induced 
by suture or staple removal can also be prevented [ 22 ]. Mohammadi et al. demon-
strated that the rate of graft take in extremity burns was higher in a group where the 
amniotic membrane was used as a dressing to cover the skin graft compared with a 
conventional graft fi xation and dressing group. These authors also noted that the 
mean duration of graft take was signifi cantly faster in the amnion group than in the 
control group [ 23 ].  

  Fig. 7.1    The dried, irradiated 
amnion sheet is packed in a 
transparent plastic bag, which 
minimizes storage space and 
distribution cost. The amnion 
is spread on a thin layer of 
cotton gauze, allowing easy 
handling and quick 
application to wounds. 
(Photo courtesy of USM 
Tissue Bank)       
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7.5.5     Amnion for Split-Skin Graft Donor Site Healing 

 The ideal split-thickness donor site should heal rapidly with minimal pain and 
 scarring. Hypopigmented, hyperpigmented or hypertrophic resulting scars are 
dreaded by patients. Various modalities have been developed. Accordingly, the pre-
ferred management strategy to achieve the optimal healing of a split-skin graft 
donor site remains rather controversial. Hydrocolloid, hydrofi ber, and silver-coated 
dressings, along with human recombinant growth hormone, have been demonstrated 
to produce improved quality scarring [ 24 – 26 ]. However, these modalities are costly 
and their availability is limited in developing countries. The amniotic membrane is 
an alternative that provides signifi cant benefi ts by increasing patient comfort via 
diminishing the number of dressing changes and facilitating the process of wound 
healing [ 27 ,  28 ].   

7.6     Advantages of Amnion in Burn Treatment 

7.6.1     Pain Reduction 

 Pain reduction in burn wounds is a well-recognized advantage of the amnion that 
has been observed by many researchers [ 5 ,  9 ,  17 ,  20 ,  29 – 31 ]. Application of amnion 
to burn surfaces can protect the exposed nerve endings from external irritants such 
as clothing and even those as soft as moving air [ 32 ]. Amnion has good adherence 
to wound surfaces and is able to maintain a moist environment, which contributes to 
this advantage. 

 Sharma et al., in their observation of patients with partial-thickness burns, dem-
onstrated that amnion application completely alleviated pain [ 33 ]. Ravishanker 
et al. used glycerol-preserved amniotic membrane and noted that it reduced the pain 
score in adults and quieted a distressed child [ 8 ].  

7.6.2     Good Wound Adherence 

 Amnion very fi rmly adheres to wound beds. The bonding that is established between 
the amnion and the wound surface is biological, not mechanical, and is considered to 
be due to the fi brin-elastin formation at the wound-dressing interface [ 34 ]. This prop-
erty, which is shared with other biological dressings, helps to protect the fragile tissue 
at the burn wound surface, especially the injured cells that have the potential either to 
recover or to be converted into a deeper burn depth. The strong bond and adherence 
can also maintain the moisture level over the wound surface, which can accelerate 
re-epithelialization and protect the newly formed thin epithelium from trauma. The 
amnion will become dry and readily peel off once the wound is completely healed.  
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7.6.3     Light, Thin and Transparent 

 Amniotic membrane is thin and lightweight, which makes it practical to apply. 
These characteristics, combined with its adherence properties, allow bulky dress-
ings to be avoided, resulting in the patient feeling more comfortable and providing 
better movement, which can prevent joint stiffness, particularly in the elderly, and 
avoid respiratory compromise due to restricted chest wall movement, particularly in 
children. The transparent nature of the membrane also allows visualization of the 
underlying wound bed without having to remove the membrane. Therefore, any col-
lection or wound surface is easily detectable if present.  

7.6.4     Minimizing Fluid/Water Loss 

 The amnion is made of fi ve distinctive layers: epithelial, basement membrane, con-
nective tissue, fi broblasts, and a spongy layer. This structure resembles the stratum 
corneum in the human skin epidermis, which is a natural vapor barrier [ 35 ]. By 
acting as a vapor barrier, the amnion can prevent excessive evaporation from the 
wound surface thus directly and markedly reducing the insensible fl uid loss, which, 
in turn, reduces the amount of replacement fl uid required for burn injuries [ 36 ]. It is 
worth to note that the membrane does not infl uence the fl uid shift from the plasma 
into the interstitial compartment in the extracellular space. An additional advantage 
of preventing evaporation of the wound is that the temperature regulation mecha-
nism is not overly affected and, in turn, the caloric requirements needed to maintain 
temperature are also reduced accordingly. 

 There are multiple lines of evidence in the literature that support the aforemen-
tioned properties of the amnion as a burn dressing. Unfortunately, there is still lack 
of level-I evidence supported by properly conducted randomized controlled trials. 
The evidence is confi ned to several poorly designed small studies with a small num-
ber of subjects [ 9 ,  20 ,  36 ,  37 ] and observational studies [ 14 ,  31 ,  33 ,  36 ,  38 ]. Sharma 
et al. used amniotic membrane in the treatment of partial-thickness burns and 
observed that it was associated with minimal oozing and that healing occurred with-
out the need for skin grafting [ 33 ]. Pigeon noted that the amniotic membrane was 
benefi cial in the early treatment of burns to prevent fl uid or plasma leakage. Its 
application to third-degree burns and granulated wound beds caused the membrane 
to disintegrate. Therefore, amnion is less effective for the treatment of third-degree 
burns as opposed to fi rst- and second-degree burns [ 31 ].  

7.6.5     Less Frequent Dressing 

 In a study comparing radiation-sterilized, oven-dried amniotic membrane against 
topical silver sulfadiazine for the treatment of second-degree burns, Mostaque and 
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Rahman [ 20 ] demonstrated that the amniotic membrane is a better treatment option 
because its use reduces the length of hospital stay and the number of required 
 dressing changes. Epithelialization of the wound is also quicker. The use of amni-
otic membrane is painless and odorless. The procedure is easy and comfortable for 
the doctor, and it is well accepted. Most of the patients remain ambulatory during 
treatment [ 8 ,  20 ].  

7.6.6     Faster Wound Healing 

 Anecdotally, amnion has been demonstrated to speed up the epithelialization 
 process, which results in faster wound healing in superfi cial and partial-thickness 
burns. For example, Miller et al. demonstrated that partial-thickness burn wounds 
healed faster than controls when protected by immediate allografting. However, 
the routine use of allografts is limited to special centers as it requires a well-
organized skin bank [ 39 ]. On the other hand, xenografts (e.g., porcine skin) are 
inferior to allografts, more expensive and not readily available in many countries 
[ 40 ]. Clinical trials and animal experiments have demonstrated that amnion is 
superior to both allograft and xenograft materials [ 11 ]. Sharma et al. [ 33 ] demon-
strated that amniotic membrane application to partial-thickness burns is associated 
with minimal oozing, and healing occurs without the need for autografting. 
The membrane promotes healing by accelerating the migration of fi broblasts and 
the development of collagen during the fi rst 6–8 days of repair [ 33 ,  41 ,  42 ]. The 
amniotic membrane can also provide a good moisture balance that allows rapid 
epithelialization to occur. One other suggested mechanism for the observed rapid 
healing is the inhibition of proteinase activity, which, in turn, reduces infl amma-
tory responses because of the decreased infi ltration of polymorphonuclear leuko-
cytes [ 43 ].  

7.6.7     Neovascularization 

 Human amnion has inherent angiogenic properties that increase the rate of healing 
and epithelialization. The vascular response of amnion on the wound bed has been 
extensively studied using standard histological and immunohistological staining 
techniques. In a study of the use of amnion in the treatment of chronic leg ulcers, 
Faulk et al. noted that the most striking effect of amnion was the development of 
new vessels. This was observed grossly, histopathologically, and immunohistologi-
cally [ 44 ]. Increased vascularity in the amniotic membrane-treated burn wound was 
also microscopically noted [ 30 ]. Burgos and Sergeant suggested that the proteins 
produced by amniotic epithelial cells have angiogenic effects, but the precise mode 
of action remains unknown [ 12 ].  
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7.6.8     Anti-bacterial Properties 

 Microbial invasion into the burn wound has been recognized as one of the most com-
mon obstacles in the recovery and healing process for burn injuries, especially major 
burns with a deeper burn thickness. The current strategy employed at most institutions 
is to maintain strict environmental control in the burn unit, early removal/debridement 
of dead/non-viable burn eschar and the use of topical antimicrobial agents. Human 
amniotic membrane can provide a mechanical barrier to microbial invasion, and when 
used, has produced a lower rate of burn wound infection compared with other types 
of dressings [ 14 ,  33 ,  37 ]. There are several possible mechanisms for the observed 
antibacterial effect of amniotic membranes. Many authors agree that amnion is an 
effective biological dressing, as it adheres intimately onto the contour of the wound 
and inevitably lies in close opposition to the wound surface [ 45 ,  46 ]. It has been noted 
that the degree of microbial or bacterial contamination is inversely proportional to the 
number of leucocytes beneath the membrane [ 46 ]. Saymen et al. observed that leuko-
cytes move toward the surface of a covered wound and away from an uncovered 
wound. Therefore, it is important to have a dressing that can be closely approximated 
to the wound surface with minimal dead space to gain this advantage. Amnion is bet-
ter than other biological dressings in this manner as it is thinner and more pliable. It 
has also been demonstrated that the surface pH falls after amniotic membrane appli-
cation and that the temperature of the underlying wound bed rises. Both of these 
changes promote phagocytosis and reduce the exudation of interstitial fl uid [ 47 ]. 

 Robson and Krizek reported that amniotic membrane is superior to allograft 
(homograft) and xenograft (heterograft) skin in the prevention of microbial infec-
tion. Amniotic membrane was as effective as autograft skin in lowering the bacterial 
count when applied to 20 % rat scalds topically inoculated with 108 Pseudomonas 
aeruginosa. The authors concluded that no antibacterial substance is produced in this 
context; however, a substance that enhances leukotaxis or angiogenesis, with subse-
quent leukotaxis and promotion of host defense mechanism, would be important to 
the observed effects [ 40 ]. At the same time, amnion is an immune privileged tissue 
with no rejection reaction, which permits continued close surface adherence, provid-
ing an additional antibacterial effect [ 48 ]. Burleson and Eiseman confi rmed that bio-
logical dressings that adhere to the wound surface and prevent the accumulation of 
pus on the granulation surface aid in the sterilization of the wound [ 34 ]. The pres-
ence of a weak antibiotic-like substance in amniotic fl uid has also been demon-
strated, and the possibility of its elaboration in the extra- embryonic membrane 
epithelium remains strong [ 48 – 50 ]. This antibacterial property is suggested to be the 
result of the lysozyme and progesterone content of the amniotic fl uid. The progester-
one is bacteriostatic to various Gram-positive organisms. 

 Singh and Chacharkar demonstrated that dried, irradiated amnion was imperme-
able to various strains of Gram-negative bacilli strains (E. Coli, Klebsiella, 
Pseudomonas) and Staphylococcus [ 14 ]. In a randomized controlled trial compar-
ing fresh amnion and a conventional antibiotic ointment dressing (nitrofurazone) in 
the treatment of partial-thickness burns, Ghalambor et al. observed that the amnion 
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group had a signifi cantly lower infection rate (2 % versus 17 %) and less need for 
surgical debridement of the burn wounds [ 37 ].  

7.6.9     No Rejection Phenomenon 

 Almost all biological dressings or skin substitutes are predisposed to early graft 
reaction with the amnion membrane tissue being the only exception. As human 
amniotic membrane is embryologically derived from fetal ectoderm, it carries the 
advantages of fetal skin allografts [ 48 ]. Therefore, it can fulfi ll some of the func-
tions of the skin that are destroyed in burn injuries; however, it is different than skin 
allografts, and the vascularization and rejection of the membrane does not occur 
when the amnion is directly placed over the wound surface [ 11 ]. Faulk associated 
the feto-maternal relationship of the fetus with the existence of a parasite that suc-
cessfully avoids host rejection [ 51 ]. Later, McIntyre and Faulk demonstrated that a 
glycoprotein that is found in trophoblasts and amniochorion is very important in 
suppressing the detection of the fetus as “foreign” to the mother by acting on mater-
nal lymphocytes and preventing rejection throughout pregnancy [ 52 ]. The lack of 
human leukocyte antigen (HLA) A, BC and DR surface antigens and beta-2- 
microglobulin expression in human amniotic epithelial cells could further contrib-
ute to the lower infl ammatory response and lack of rejection phenomenon observed 
in this type of allografting [ 53 ].  

7.6.10     Better Scarring 

 The use of amnion dressing in the treatment of superfi cial burns and superfi cial 
dermal burns has been observed to produce faster healing and superior cosmetic 
results for the resultant scars. Pigeon also noted that the use of amnion resulted in 
an absence of the abnormal pigmentation usually found with healed burn scars [ 31 ]. 

 An animal study investigating the resultant scarring from deep dermal burns 
demonstrated that amniotic membrane produces reduced scar tissue as compared 
with standard paraffi n tulle dressings when assessed histopathologically by signifi -
cantly inhibiting alpha smooth muscle actin (α-SMA). The amniotic membrane 
treatment led to a signifi cant reduction in the amount of scar tissue generated in 
response to an experimental burn compared with moist wound dressings [ 29 ].   

7.7     Disadvantage of Amniotic Membrane Application 
to Burns 

 The risk of disease transmission remains when amniotic membrane is used. An 
amicable understanding and agreement between the obstetrics and burn units is 
essential as screening for hepatitis, syphilis and HIV needs to be performed on the 
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donors. Consent needs to be obtained from the potential donors prior to the tests 
being conducted. Although the processing of amniotic membranes is conducted 
under aseptic conditions, the possibility of microbial contamination cannot be 
excluded [ 54 ]. Amniotic membranes irradiated at the recommended dose of 25 kGy 
have a high sterility assurance level and are microbiologically safe for clinical use 
[ 55 ]. However, gamma irradiation requires specialized and expensive equipment. 

 Amniotic dressings have a slightly unpleasant odor. This is a normal functional 
response of the amniotic membrane sloughing [ 37 ]. No major concerns among 
patients have been reported. This is not an issue when a dried amnion preparation is 
used [ 20 ].  

7.8     Conclusion 

 Amniotic membrane has the features of an ideal biological burn dressing. The vari-
ous preparation forms and the inherent properties as well as the outcome of clinical 
studies provide the evidence to support its use in burn care. Although it is available 
in various preparation forms, the inherent properties remain. Being thin and pliable, 
with good adherence properties, amnion is a good choice of dressing for burn wound 
management. In addition, amnion is inexpensive, readily available, easy to procure 
and process and offers indefi nite shelf life. Established advantages in burns usage 
include marked pain relief, enhanced wound epithelialization, excellent vapor bar-
rier, lack of antigenicity leading to no rejection, potent neovascularization stimu-
lant, and good antibacterial property. These properties make amnion effi cacious in 
burn wound irrespective of the depth, as well as skin graft donor sites. Therefore it 
is time for clinicians to consider the usage of amnion in the face of escalating cost 
in healthcare system, especially in burn management when there is abundance of 
evidence pointing to the superiority of amnion in burn management.     
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    Chapter 8   
 Amniotic Membrane in Cancer 

             Ana     Catarina     Mamede     ,     Ana     Salomé     Pires    , and     Ana     Filipa     Brito   

    Abstract     Cancer currently represents a public health problem. Despite scientifi c 
advances in the area of cancer treatment, particularly in the area of conventional 
therapies such as chemotherapy and radiotherapy, this disease continues to be 
responsible for a high rate of morbidity and mortality worldwide. For this reason, 
the emergence of new anti-cancer therapies in the medical and scientifi c community 
has been desired. The application of amniotic membrane in anti-cancer therapy is a 
recent idea. Since this tissue has anti-angiogenic, pro-apoptotic and immunoregula-
tory activities, several authors have pointed to a potential benefi t resulting from the 
application of amniotic membrane in cancer therapy. Furthermore, given the well 
documented stem properties of the cells derived from amniotic membrane, some 
authors have relied on these knowledge to support its application in cancer therapy. 
In fact, despite this being a new idea, several papers with promising results have 
been already published about this topic, all pointing to a potential benefi t of the use 
of amniotic membrane in the treatment of oncological disease.  
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8.1         The Cancer 

 Cancer is the second leading cause of death in developed countries, after cardiovas-
cular diseases. This fact is mainly due to the increase of risk behaviors that enhance 
the disease, as the adoption of sedentary lifestyles, poor and unbalanced diets, alco-
holism and tobacco [ 1 ]. 

 In 2008, it is estimated that about 12.7 million of people have developed cancer, 
and that this disease was the cause of death of about 7.6 million of people world-
wide. Among the values presented, it is estimated that 56 % of diagnosed cases and 
64 % of deaths occurred in developed countries [ 2 ]. 

 Cancer is typically characterized by an uncontrolled cell growth and division. 
However, cancer is not only a mass of cells with high proliferation index, but rather 
a complex tissue composed by several distinct types of cells that interact between 
them [ 3 ]. Several genetic mutations are associated with the origin of different types 
of cancer. These mutations lead to the development of cancer, by a process known 
as carcinogenesis (Fig.  8.1 ). Carcinogenesis is a sequence of processes that lead a 
cell from a healthy state to a precancerous state until the development of cancer [ 4 , 
 5 ]. On the other hand, the tumors formation is a process that occurs over the time in 
several stages involving progressively several metabolic pathways. This develop-
ment seems to be mainly characterized by a “somatic evolution”, which results in 
the development of new phenotypes that are generated continuously by changes in 
the expression or in the function of specifi c genes. These genetic and epigenetic 
changes are very important constituents in the development of specifi c characteris-
tics of premalignant lesions [ 3 ].  

 Such intracellular events are only one component of the Darwinian dynamics, 
which is based on the Darwin’s theory, who says that the effect of each phenotypic 
change on population dynamics is dependent on its interactions with identifi able 
environmental selection forces. Thus, the loss or maintenance of each genetically 
encoded phenotypic characteristic is dependent on its contribution to the genome 
overall constitution, which in turn is dependent on the selection forces present in the 
microenvironment of the cell in question [ 3 ]. Thus, now it is believed that the tumors 
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  Fig. 8.1    Sequence of processes and respective hallmarks that lead a cell from a healthy state to a 
precancerous state, until the development of cancer       
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are more than masses of proliferating cells, and in this context, during the last years, 
according to Hanahan and Weinberg it has been considered cancer as a consequence 
of six major changes in cell physiology, which determine the evolution of normal 
cell to tumor cell. These changes are related with the self-suffi ciency to growth fac-
tors, the insensitivity to inhibitory factors, the evasion of apoptosis, the metastasis 
and tissue invasion, the unlimited replicative potential and the sustained angiogen-
esis [ 6 ]. Subsequently, more recently, the same authors complemented this theory, 
and it is now known that tumors are complex systems with a wide variety of differ-
ent cell types. Thus, cells recruited by the tumor to form the tumor stroma will 
become active participants in tumorigenesis, rather than passive spectators. These 
stromal cells contribute to the development and expression of certain cancer charac-
teristics. Thus, and based on these considerations, the cancer biology can no longer 
be understood by the simply enumerating of tumor cells characteristics, but should 
include also the tumor microenvironment contributions in the carcinogenesis 
 process [ 7 ]. 

 Therefore, the six cancer characteristics initially described, distinct but comple-
mentary, that provide a solid basis for understanding the cancer biology, have resulted 
in more characteristics to be considered such as: the tumors capacity to modify or 
reprogram its metabolism in order to better withstand the tumor proliferation and the 
ability to evade to immune destruction. Furthermore, also the genomic instability 
associated to the subsequent mutagenicity allows the tumor genetic alterations that 
facilitate their proliferation. The associated infl ammatory process may also enhance 
the other characteristics already enumerated, and moreover the immune system plays 
an important role in the tumor development and progression [ 7 ]. 

 Thus, according to Hanahan and Weinberg, ten hallmarks of cancer must be con-
sidered: resisting cell death, inducing angiogenesis, enabling replicative immortal-
ity, activating invasion and metastasis, evading growth supressors, sustaining 
proliferative signaling, avoiding immune destruction, tumor-promoting infl amma-
tion, genome instability and mutation and deregulated cellular energetics [ 7 ]. 

 Given the tumors multiple characteristics, the majority of the anticancer thera-
pies currently used are not successful in many types of cancer. Solid tumors surgery, 
when applicable, is the most effective treatment. Complementarily to surgery or as 
a fi rst-line therapy, there are also commonly used chemotherapy and radiotherapy. 
However, these therapies are not always effective and have many adverse effects. 
For a long time, systemic therapy has been dominated by the use of cytotoxic agents, 
and most of these drugs are deoxyribonucleic acid (DNA)-damaging agents that are 
designed only to kill or inhibit cells with high proliferation rates [ 8 ,  9 ]. 

 In order to make the anti-cancer therapies more personalized, in the last few 
years new therapeutic approaches have been developed, that take into account all 
signaling networks that regulate cell proliferation and survival, as well as several 
specifi c features of each type of tumor. These new therapies are specifi c to new 
targets which include growth factors, molecules that promote angiogenesis, cell 
 cycle proteins, signaling molecules and modulators of apoptosis [ 9 ]. 
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 The hypothesis that inhibition of angiogenesis (anti-angiogenesis) would be an 
effective strategy to treat human cancer is one of the oldest, but it is still a valid 
theory, especially for highly vascularized tumors [ 9 ,  10 ]. The growth of new vessels 
from the pre-existing vasculature, called angiogenesis is a crucial event in solid 
tumors development. In particular, tumor expansion is dependent on this phenom-
enon allowing them to overcome starvation and hypoxia [ 9 ,  11 ,  12 ]. The angiogenic 
vasculature is also important in metastasis because cancer cells metastasize to the 
distant organs through this vasculature [ 9 ,  13 ]. 

 The resistance to cell death, and more specifi cally resistance to apoptosis (pro-
grammed cell death), is also one of the most known characteristics of tumor cells, 
and a major obstacle to the therapies commonly used for cancers. It is known, for 
example, that the majority of tumors have mutations in the TP53 tumor suppressor 
gene and also exhibit a deregulated expression of proteins belonging to the BCL-2 
family, namely an increased expression of anti-apoptotic proteins such as BAX and 
a decrease of anti-apoptotic proteins like BCL-2. These characteristics confer to the 
tumor cells an intrinsic resistance to therapies which often leads to disappointing 
clinical results [ 6 ,  7 ]. 

 The relationship between cancer and the immune system has been more recently 
discovered. However, it is a highly important topic. It is known that cells and tissues 
are constantly monitored by an ever-alert immune system, being the immune sur-
veillance responsible for the recognition and elimination of the vast majority of 
incipient tumor cells. However, some data indicate that tumors can in some way 
prevent detection by the immune system by limiting the immunological killing, 
thereby evading eradication [ 7 ].  

8.2     The Cancer and Amniotic Membrane: The Hypothesis 

 One of the promising ideas that emerged in recent years is the potential applica-
tion of amniotic membrane in cancer therapy. In fact, the publication of scientifi c 
papers in this area has grown. Currently, there are some data that prove, in vitro 
and in vivo, that this biological tissue can be useful in this area. However, there is 
still little information about the molecular mechanisms in which the anti-cancer 
effect of the amniotic membrane is based. In fact, researchers have been harvested 
the know- how obtained in other application areas, e.g. ophthalmology [ 14 – 19 ] or 
dermatology [ 20 – 22 ], and tried to explore the application of amniotic membrane 
in cancer therapy. Seo et al. [ 23 ] were the fi rst to introduce in the scientifi c commu-
nity the idea that amniotic membrane could possess anti-carcinogenic properties. 
The authors suggested that the anti-angiogenic, pro-apoptotic and immunoregula-
tory activity of amniotic membrane can contribute to the anti-cancer properties of 
this tissue (Fig.  8.2 ). These ideas were later reinforced by Niknejad and his team 
[ 24 – 26 ].  
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8.2.1     Anti-angiogenic Activity of Amniotic Membrane 
and the Tumor Biology 

    Concept 

 The formation of new blood vessels, or angiogenesis, promotes the infl ux of nutrients 
and oxygen to the primary tumor. Consequently, the tumor will grow and cells will 
migrate from the primary tumor site to other organs, leading to the process of metas-
tasis. Therefore, angiogenesis is an important control point in the cancer progression 
[ 27 ,  28 ]. In order to reduce local vascularization, and consequently tumor aggression 
and metastatic potential, new therapeutic strategies to inhibit angiogenesis has been 
investigated. Since amniotic membrane has anti-angiogenic features and acts as a 
potential physical barrier, this tissue can be potentially used in cancer therapy.  

    Basis of the Concept 

 The amniotic membrane expresses interleukin (IL)-1 antagonist receptor, all mem-
bers of the family of tissue inhibitors of metalloproteinases, collagen XVIII, IL-10, 
endostatin and thrombospondin-1, as well as several cytokines with anti-angiogenic 
effects [ 29 ]. The amniotic membrane also contains various matrix proteins, such as 
collagen α2 (IV), fi bronectin and collagen type VII, that are involved in the suppres-
sion of corneal vascularization [ 30 ]. Human amnion contains a large quantity of 
laminin isoforms (-2, -4, -5, -6, -7, -10, and -11) [ 31 ]. Through amniotic membrane 
proteomic analysis the expression of several proteins involved in the anti- angiogenic 
activity of this tissue were also confi rmed [ 32 ]. Shao et al. [ 33 ] also reported that 
inhibition of endothelial cell growth by the amniotic membrane and the consequent 
inhibition of corneal neovascularization is due to the pigment epithelium derived 
factor (PEDF). Kobayashi et al. [ 34 ] found that the supernatant from the cell culture 

Anti-angiogenic Pro-apoptotic No rejection

a b c

  Fig. 8.2    Amniotic membrane suggested properties that determine its anti-cancer potential: ( a ) 
anti-angiogenic, ( b ) pro-apoptotic, ( c ) immunoregulatory activity       
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of cells derived from the amniotic membrane also contains effective inhibitors of 
neovascularization. This author also argues that inhibition of growth and migration 
of vascular endothelial cells is due to the action of amniotic membrane as a physical 
barrier, preventing the diffusion of promoters of vascularization.   

8.2.2     Pro-apoptotic and Immunoregulatory Activity 
of Amniotic Membrane and the Tumor Biology 

    Concept 

 Apoptosis is closely involved in a variety of disorders, including cancer. Indeed, 
tumor cells have a high resistance to apoptosis, a characteristic that infl uences tumor 
aggressiveness, as well as the effi cacy of the treatments [ 35 – 38 ]. Although the 
apoptotic mechanism is complex, vast literature suggests that it is possible to model 
apoptosis in cancer [ 39 ]. Once the amniotic membrane transplantation is possible 
without any signs of rejection being observed, and since this tissue has the capacity 
to secrete factors with pro-apoptotic activity, it is expected that amniotic membrane 
can induce apoptosis in tumor cells.  

   Basis of the Concept 

 Li et al. [ 40 ] found that epithelial cells derived from amniotic membrane secrete 
soluble factors that inhibit the innate and adaptive system. In fact, the amniotic 
membrane is an immunologically privileged tissue as it contains an innumerable 
amount of immunoregulatory factors, such as human leukocyte antigen (HLA)-G 
and Fas ligand [ 41 ]. After transplantation of amniotic membrane in volunteers, any 
clinical sign of acute rejection has been shown [ 42 ]. On the other hand, the pro- 
apoptotic activity of the amniotic membrane is little explored but it is known that 
this tissue has the ability to secrete factors that has pro-apoptotic activity, such as 
interferon-γ. It is also known that apoptosis of interferon-γ activated macrophages 
promoted by amniotic membrane is not mediated directly by nitric oxide (NO) and 
tumor necrosis factor alpha (TNF-α). This effect is actually caused by interruption 
of survival pathways mediated by both nuclear factor kappa-light-chain-enhancer of 
activated B cells (NFκB) and Akt-FKHR. The amniotic membrane is also capable 
of stimulating polymorphonuclear neutrophil apoptosis [ 23 ,  26 ,  43 – 45 ].   

8.2.3     Stem Characteristics of Amniotic Membrane Cells: What 
Is Its Role in Cancer Therapy? 

 When delivered systemically, stem cells exhibit the capability to migrate and engraft 
into tumor sites. Until now, the mechanism behind this event is not totally under-
stood. The more acceptable theory is that damaged tissue expresses specifi c 
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receptors, or ligands, which enables adhesion and extravasation of stem cells to the 
site of damage and recruitment to infl ammation sites due to the release of chemotac-
tic gradients from the tumors (Fig.  8.3 ). In fact, stem cells can home and modulate 
to tumor microenvironment, therefore representing a potential delivery vehicle for 
anti-cancer agents [ 46 ].  

 Although a percentage of the scientifi c community believes in the potential anti-
cancer effect of stem cells, there is no real consensus about the potential benefi cial 
or mutually antagonistic relationship between cancer cells and stem cells. Indeed, 
therapy with stem cells as an alternative therapy in regenerative medicine and treat-
ment of various diseases, such as cancer, has been increasingly investigated 
[ 47 – 49 ]. 

 Once it has been already proved that the cells derived from the amniotic 
membrane have stem characteristics, research on the potential use of these cells 
in anti- cancer therapy has recently been initiated, showing positive results [ 26 , 
 50 – 52 ]. In fact, many of these articles were inspired by numerous previously 
published articles which proved that stem cells from different sources may have 
an anti-carcinogenic effect. Khakoo et al. [ 53 ] proved that human mesenchymal 
stem cells are able to exert anti-carcinogenic effects in a model of Kaposi’s sar-
coma. Le Blanc et al. [ 54 ] also proved that mesenchymal stem cells derived 
from bone marrow exert a potent immunosuppressive effect in vivo. Ehtesham 
et al. [ 55 ] also proved that neural stem cells can serve as carriers for targeted 
delivery of drugs for the treatment of intracranial glioma. It was also found that 
transplantation of nonmyeloablative allogeneic stem-cell induces regression of 
metastatic renal-cell carcinoma in patients who did not respond to conventional 
immunotherapy [ 56 ]. Belmar-Lopez et al. [ 46 ] revealed that mesenchymal stem 
cells from different sources, including amniotic membrane, are effi cient in cell-
based anti-tumor therapy. In fact, there are numerous articles in the literature 
with results that indicate a potential application of stem cells in cancer disease. 
It thus becomes important to determine whether the cells derived from the amni-
otic membrane, also with stem characteristics, may or may not present a poten-
tial anti-cancer effect.   

  Fig. 8.3    Stem cells tumor-homing. Tumoral tissue can express specifi c receptors that enable adhe-
sion of stem cells, which are able to modulate tumor microenvironment       
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8.3     Hypothesis and Proof: What We Know So Far? 

 While in 2008 the application of amniotic membrane in cancer therapy was no 
more than a hypothesis, in 2012 the fi rst evidence provided from results obtained 
in cellular and animal models begin to emerge. In fact, several studies using amni-
otic membrane isolated-cells have been recently conducted. Some of them sup-
port the idea that the administration of human amniotic membrane derived stem 
cells represents a potential route for the tumor growth reduction and apoptosis 
induction. 

 Jiao et al. evaluated the therapeutic effect of the human amniotic membrane 
derived-mesenchymal cells (hAMCs) on the glioma growth [ 51 ]. After isolation 
and propagation of hAMCs, the authors verifi ed that the administration of intratu-
moral single doses of hAMCs in glioma xenografts reduced signifi cantly the 
tumor volume in 30.9 %, being also obtained a reduction of 49.5 % of the tumor 
for animals receiving multiple doses. The data obtained after analyzing glioma 
cells of hAMCs-treated animals also revealed that hAMCs induced apoptosis by 
a caspase-3- mediated mechanism. The susceptibility of tumor cells to the induc-
tion of apoptosis can be controlled by the ratio between pro-apoptotic proteins, 
like BAX and BAD, and anti-apoptotic proteins, like BCL-2 [ 57 ]. Measurement 
of BAX and BCL-2 expression corroborated the apoptosis results, in that a single 
intratumoral dose of hAMCs induced an increase in BAX expression accompa-
nied by a decrease in BCL-2 expression in glioma cells [ 51 ]. Furthermore, it is 
also known that the principal players in apoptosis pathways are the caspases, a 
group of intracellular proteases accountable for the deliberated desintegration of 
cell, originating apoptotic bodies. Once activated, caspase-8 propagate the apop-
totic signal, inducing several morphological and biochemical changes that will 
lead to cell death [ 58 ,  59 ]. In glioma tumors treated with hAMCs, Jiao et al. veri-
fi ed that active caspase-8 and total and active caspase-3 expression was substan-
tially increased. These results, in addition to the above presented, suggest that 
hAMCs could, in vivo, induce apoptosis of glioma cells, revealing its potential as 
a new anti-cancer therapeutic agent [ 51 ]. 

 The effect of hAMCs was also studied in vitro in different haematopoietic and 
non-haematopoietic tumor cell lines. Magatti et al. demonstrated that hAMCs 
have inhibitory effects on cell proliferation, in both direct and indirect co-culture 
conditions, suggesting a possible release of unknown inhibitory soluble factors by 
these cells. In this case, cell proliferation was not mediated by apoptosis but it was 
related with cell cycle arrest [ 52 ]. Some authors advocate that cell cycle machin-
ery is a valid target and an alternative approach for cancer diagnostic and thera-
peutic applications, in that its deregulation plays a central role in the aberrant cell 
proliferation that is a guidemark of cancer and it also acts as an integration point 
for information transduced through oncogenic signaling networks [ 60 ]. Seven dif-
ferent cancer cell lines were cultured alone and co-cultured with hAMCs in two 
conditions: direct contact or with a physical separation with transwell chambers. 
Magatti et al. then evaluated cell proliferation and concluded that hAMCs reduce 

A.C. Mamede et al.



147

cell proliferative activity in a cell-dose-dependent way, being this effect verifi ed 
in all cell lines tested and not only when cells are cultured in cell-cell contact but 
also in transwell co- cultures. However, when cancer cells are co-cultured with 
bone marrow mesenchymal stem cells (BM-MSCs) an anti-proliferative effect is 
observed just in direct co-cultures, suggesting that the inhibitory effects induced 
by hAMCs on different cancer cell lines can be due to the release of yet-unknown 
soluble factors. Besides, the authors ascertained that hAMCs-induced cell prolif-
eration reduction was not mediated by promotion of cancer cell apoptosis but by 
cell cycle arrest. Experiments conducted in leukaemia and lymphoma cells cul-
tured alone and co-cultured with hAMCs revealed a cell cycle block in G0/G1 
phase accompanied by a decrease of the percentage of cells in the S phase. A 
subsequent analysis of the expression of a panel of genes related to cell cycle was 
consistent with the increase of cells in phase G0/G1 without progression to phase 
S. In the presence of hAMCs, several cyclins (cyclin D2, cyclin E1, cyclin H) and 
cyclin-dependent kinases (CDK4, CDK6 and CDK2) responsible for cell cycle 
progression were down-regulated, while negative regulators of cell cycle 
(CDKN1A or P21 and CDKN2B or P15) were up-regulated [ 52 ]. The authors 
clearly provide evidences of the benefi cial anti-cancer effects of amniotic mem-
brane-derived cells. 

 Meanwhile, also in 2012, a new strategy using human amniotic membrane- 
derived epithelial stem cells (hAECs) transplantation against breast cancer was 
proposed. Kang et al. [ 50 ] studied the effect of hAECs in an in vitro model using 
MDA-MB-231 cells and in a female BALB/c nude mouse xenograft model. First 
of all, they concluded that hAECs have an anti-proliferative effect in breast can-
cer cells, whereas these cells did not affect normal bovine fi broblast cells. It is 
known that cellular perturbations like infl ammation, infection and immunity 
induce the release of cytokines that can function to inhibit tumor development 
and progression [ 61 ]. So, hAECs inhibitory effect can be related with the expres-
sion and release of cytotoxic cytokines that were collected from the hAECs cul-
tures, such as transforming growth factor beta (TGF-β), tumor necrosis factor 
beta (TNF-β) and alpha (TNF-α), interferon gamma (IFN-γ), IL-1 and -8, and 
others [ 50 ]. The anti-cancer effect of hAECs was also obtained in vivo, since the 
circumtumoral injections of hAECs in a MDA-MB-231 cell xenograft model sig-
nifi cantly inhibited tumor growth and increased animal survival; however, it was 
not dependent on the number of injected cells. Interestingly, hAECs were found 
to be localized within the tumor tissue, possibly benefi ting hAECs transplanta-
tion therapy. Likewise, the authors performed a histological analysis of tumor 
and breast adjacent tissues, concluding that hAECs treatment not only suppress 
breast cancer infi ltration, but also help to maintain the original breast tissue 
structure and tumor targeting, while 5-FU provoked serious side-effects in adja-
cent tissues [ 50 ]. Although further studies have to be performed to determine the 
mechanism by which hAECs have their anti-cancer effect, it became clear that 
hAECs transplantation may be a new and effective approach to the treatment of 
breast cancer. 
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 Aiming to understand a little more about the anti-tumor mechanism of amni-
otic membrane, in 2013, Niknejad et al. carried out a study using amniotic 
membrane as whole tissue and amniotic epithelial cells. They hypothesized that 
amniotic membrane has anti-tumor effects through the induction of apoptosis 
and that hAECs are the key element of the amniotic membrane anti-tumor prop-
erties. Firstly, both supernatant of amniotic membrane tissue as hAECs 
decreased cell viability in a dose-dependent way, being this anti-cancer effect 
associated with the increase of caspase-3 and -8 expressions, as well as the 
increase of cell degradation and the reduction of cancer cell motility. The fact 
that results obtained for amniotic membrane tissue and hAECs were similar, led 
the authors to consider that hAECs could really be the source of the anti-cancer 
effect of amniotic membrane. So, they performed the aorta ring assay in order 
to assess the capillary formation with or without hAECs and/or hAMCs cells. In 
fact, they observed signs of angiogenesis even in the presence of the hAMCs, 
while in the presence of hAECs no capillary formation was observed. It was 
previously described that both hAECs and hAMCs express anti- angiogenic and 
anti-infl ammatory proteins [ 29 ]. Otherwise, hAMCs also revealed markedly up-
regulated expression of angiogenic factors [like epidermal growth factor (EGF), 
IL-8, EGF-1] and pro-angiogenic genes, vascular endothelial growth factor 
(VEGF) -A, angiopoietin 1 (Ang-1), hepatocyte growth factor (HGF), and fi bro-
blast growth factor (FGF)-2 [ 62 ,  63 ]. These reports corroborate the author’s 
hypothesis that hAECs confer to amniotic membrane its anti-angiogenic proper-
ties. Moreover, authors also defend that a possible mechanism through which 
amniotic membrane could induce apoptosis and inhibit angiogenesis and cell 
cycle arrest can be the heat shock protein 90 (HSP90) modulation. HSP90 is an 
adenosine triphosphate (ATP)-dependent molecular chaperone that is required 
for the function of some tumor-promoting client proteins (like signaling kinases 
and P53). Thus, HSP90 inhibitors could provide a new and targeted approach in 
the treatment of cancer [ 64 ,  65 ]. Niknejad et al. verifi ed that condition medium 
of amniotic membrane decrease the levels of some HSP90 client proteins in 
cancer cells, as well as, the amount of ATP-bound HSP90, suggesting that amni-
otic membrane interferes with the ability of HSP90 to bind to ATP [ 26 ]. 
Although further studies are needed, the issue that unknown substances released 
by amniotic membrane inhibit HSP90, thereafter revealing anti-proliferative, 
pro-apoptotic, anti-angiogenic properties remains unsolved. 

 In different studies conducted in different types of cancer, the anti-tumor 
effect of amniotic membrane begins to be documented (Table  8.1 ), pointing 
essentially to its anti-angiogenic and immunoregulatory properties as the source 
of this therapeutic effect. However, many questions regarding the use of amni-
otic membrane in cancer therapy remain unanswered, underlying the need for 
further research.
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    Chapter 9   
 Amniotic Membrane in Oral Medicine 

             Manuel     Marques     Ferreira      and     Eunice     Virgínia     Palmeirão     Carrilho   

    Abstract     It has been discovered that human amniotic membrane, have several 
properties which allow them to be applied in many medical fi elds, namely in the 
treatment of superfi cial wounds and burns. In dentistry, some surgical procedures 
results the exposure of bone surfaces to the oral cavity that is prone not only to 
infection but also to scar formation during secondary healing. The proper covering 
of the exposed periostium or bone surface is often needed to prevent these compli-
cations. Therefore, the use of amniotic membrane transplantation, to accelerate oral 
wound healing in humans, regardless of the genetic background, is promising. 
Regenerative endodontic procedure aims to provide a continuation of root develop-
ment. In this fi eld the use of amniotic membranes inside the root canals, after disin-
fection of the immature nonvital permanent teeth, is a promising method. This 
chapter will discuss the use of amniotic membranes in several fi elds of oral 
medicine.  

  Keywords     Amniotic membrane   •   Oroantral fi stula   •   Pulp regeneration   •   Periapical 
surgery   •   Oral surgery  

9.1         Introduction 

 Surgical procedures in the oral cavity that include vestibuloplasty for preprosthetic 
treatments and resection of broad mucosal lesions in the gingival and alveolar areas 
result in the exposure of bone surfaces to the oral cavity. These are prone not only 
to infection but also to scar formation during secondary healing. 

        M.  M.   Ferreira      (*) •    E.  V.  P.   Carrilho    
  Faculty of Medicine ,  University of Coimbra ,   Coimbra ,  Portugal   
 e-mail: mmferreira@fmed.uc.pt  

mailto:mmferreira@fmed.uc.pt


154

 A proper covering of the exposed periostium or bone surface is often needed to 
prevent these complications. 

 Mucosal and skin autografts have been used for this purpose and seem biologi-
cally ideal. However, these grafts require a separate surgical procedure and have 
other disadvantages, such as limited size of the donor mucosal graft and patient 
discomfort resulting from mismatching between the mucosa and the skin graft. 

 For these reasons, other biologic materials, such as bovine-derived collagen, 
chitin membranes, and human skin allografts, have been used to cover surgical 
defects, and the biocompatibility and availability of these materials have been 
investigated. 

 The human amniotic membrane, the innermost layer of the placenta, is a suitable 
tissue for allografts because of its low immunogenicity [ 1 ]. It also possesses anti- 
infl ammatory, wound-protecting, and scar reducing properties [ 2 ].  

9.2     Embryogenesis of the Mouth 

 The mouth is a cavity occupied by the tongue and teeth. It is limited in the front 
by the lips, behind by the jaws, above by the palate, below by the fl oor of the 
mouth and the tongue and laterally by the cheeks. At about the fourth week of 
gestation, the fi rst branquial arch establishes the maxillary and mandibular pro-
cess of the oral cavity. Thus the oral cavity is formed after development of the 
secondary palate, in the seventh and 8 weeks and is completed at the third month 
of gestation [ 3 ]. 

 The mandible is formed from the Merckel’s cartilage after condensation of ecto-
mesenchyme by endochondral and intramembranous ossifi cation. The maxilla 
develops from a center of ossifi cation of the maxillary process of the fi rst branchial 
arch by intramembranous ossifi cation [ 3 ]. Covering the bone tissue is the oral 
mucosa, which is divided into three categories: lining mucosa, masticatory mucosa 
and specialized mucosa [ 4 ]. The attached gingiva, bonded fi rmly to the bone, is 
continuous with alveolar mucosa. In the oral cavity the teeth are inside the bone 
with the periodontal ligament joining the tissues (Fig.  9.1 ). The tissues of the teeth 
are enamel, cementum and dentin recovering the pulp cavity (Fig.  9.2 ). The alveolar 
bone is a connective tissue with cells and extracellular matrix with 60 % mineral 
components, 20 % water and 20 % organic. The organic material components are 
80 % hydroxiapatite and cells which are mainly osteoblasts and osteoclasts [ 5 ].    

9.3     Regeneration in Periapical Surgery 

 Endodontic retreatment surgery is a therapeutic option in teeth with apical 
 periodontitis and may be indicated when there is failure in primary endodontic 
treatment or nonsurgical endodontic retreatment. Another indication is the 
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inability to perform nonsurgical retreatment or for excision of lesions for histo-
logical analysis [ 6 ,  7 ]. 

 Currently, this surgery is performed with the aid of a surgical microscope 
and with the use of ultrasound for preparation of a cavity in the root apex, 
which is sealed with cement-based mineral trióxide (MTA) [ 8 ]. The purpose of 
this treatment is to prevent the microleakage of bacteria and fluids into the 
dental canal and the periapical tissue, so that the residual bacteria don not feed 

  Fig. 9.1    Clinical case of the 
teeth ( T ) inside the alveolar 
bone ( AB )       

  Fig. 9.2    Detail of the 
marginal gingiva with oral 
gengival epithelium ( OGE ), 
marginal groove ( MG ), 
enamel ( EN ), cementum 
( CM ) and dentin ( DT ). 
Hematoxylin and eosin 
stain (×40)       
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and perpetuate the injury. This technique, known as microsurgery, now has a 
success rate of around 90 %, with values similar to those of primary endodontic 
treatment [ 9 ]. 

 These surgical procedures include several phases and concepts:

    (a)    Need for deep anesthesia and perfect hemostasis;   
   (b)    Manipulation of the soft tissues;   
   (c)    Manipulation of hard tissue, bone and tooth root;   
   (d)    Correct surgical access;   
   (e)    Surgical access to the apical region of the tooth;   
   (f)    Periradicular curettage, resection of the root apex of the tooth;   
   (g)    Preparation of the apical root recess;   
   (h)    Filling the cavity created in the apical portion of the root;   
   (i)    Repositioning and suturing of soft tissue;   
   (j)    Post-operative care.     

 After incision and detachment of the mucoperiosteum, the endodontist accesses 
the periapical lesion, and needs to gain surgical access with rotary instruments, 
through the cortical bone. This, however, may sometimes already destroyed by the 
injury, with fenestration of root dental organ. As a consequence of the cystic lesion, 
there is a signifi cant loss of bone structure, which needs local conditions to be cre-
ated leading to its healing. 

 This wound healing in the bone and dental tissues of the periodontal ligament 
can be made by repair or regeneration of lost tissue. 

 Repair occurs when the healing process with new tissue is formed in different 
cells and structures of the original fabric. 

 Regeneration occurs with the destruction of the original tissue disease process 
and it is substituted by a cellular fabric with a similar composition structure and 
ability to react [ 10 ]. 

 Repair or regeneration depends on the type of healing, the availability of undif-
ferentiated mesenchymal cells (stem cells), growth factors and cell differentiation 
and the local environment, such as the presence of adhesion molecules, extracellular 
matrix proteins and not collagens [ 11 ]. 

 Endodontic surgery is a clinical procedure of great dynamism and development 
and the – healing after periapical surgery, includes the regeneration of alveolar 
bone, periodontal ligament and cementum [ 11 ]. 

 However, it must be supported by quality scientifi c research and a constant 
update of new techniques and materials. It is obvious that the root end that was 
removed cannot be restored. 

 The regeneration of tissues after apical surgery means: (I) regeneration of alveo-
lar bone and peri-radicular tissues; (II) restoring periodontal ligament, to surround 
the surgically exposed root surface, and (III) the formation of new cementum on the 
sectioned root surface. 

 However, the nature of the periapical tissues regenerated after use in tissue 
regeneration of apical surgery remains unknown, although periapical radiographs 
reveal some evidence of the formation of new periodontal space (PDL). 
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 The techniques for tissue regeneration are based on cell differentiation in cell 
proliferation and the induction of tissue formation. 

 These effects are obtained with the various protocols used in clinical practice 
such as bone substitutes, barrier membranes, growth factors, or a combination of 
these agents and materials. 

 Guided tissue regeneration (GTR) is a therapeutic procedure which has been 
recommended by some authors in periapical surgery in order to promote healing of 
bone injury [ 12 ]. 

 GTR was introduced and used with great success in apical margin defects 
for periodontal regeneration. The placing of a physical barrier over the defect 
is to prevent bone growth and rapid proliferation of oral epithelium and gingi-
val connective tissue to bone lesion, allowing the stem cells of the periodontal 
ligament and bone to colonize the blood clot and thus permit regeneration of 
lost tissue [ 13 ]. 

 However, the use of these materials has some disadvantages such as high costs, 
the possibility of contamination and infection, as well as the diffi culty of bringing 
together the edges of the wound and complete coverage of the membrane [ 14 ]. 

 Some studies also report the risk of ankylosis that may occur with the use of 
membrane and tissue regeneration [ 15 ,  16 ]. 

 There are several local conditions that may be encountered during apical surgery. 
These include: (I) large apical cystic lesions, (II) lesions in bone tunnel and (III) 
apical margin lesions. 

 In large cystic lesions or lesions in bone tunnel, where there is destruction of 
bone from cortical bone to the palate, that it can interfere with bone growth, result-
ing in the formation of a fi brous scar tissue. 

 For didactic, surgical and therapeutic aspects, periapical lesions are classifi ed 
according to various authors [ 8 ,  17 ,  18 ]:

   Type I – Lesion is limited to the apical area.  
  Type II – Lesion with cortical bone destruction lingual/palatal (with or without ero-

sion of cortical bone), resulting in a failure of the tunnel.  
  Type III – Injury apical margin with complete exposure of the buccal surface of the 

root teeth.    

 Experimental animal studies and assessments of clinical cases are not unanimous 
as regards the use of membranes in periapical surgery. 

 Bernabe et al. [ 19 ] evaluated the healing of periapical tissues after the use of 
bone grafts, membrane, or combinations in guided tissue regeneration in apical sur-
gery, carried out on dogs. Histological evaluation and histomorphometry showed 
that the repair process was similar in all groups. 

 Taschieri et al. [ 20 ] assessed the outcome of large surgery apical lesions 
(>10 mm), with or without guided tissue regeneration. 

 After 1 year of follow-up, the success rates of the test sites (75.0 %) and control 
sites (61.5 %) did not differ signifi cantly. 

 In recent years, platelet-rich plasma (PRP) combined with graft materials has 
been used for the purpose of periodontal regeneration [ 21 ]. 
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 Platelet-rich plasma is rich in growth factors and target-specifi c polypeptides that 
play a role in cell proliferation and differentiation and can thus encourage wound repair. 

 PRP is a volume of autologous plasma that has a higher platelet concentration 
than baseline. 

 One histologic study comparing autologous platelet concentrate with a bioab-
sorbable membrane in periodontal defects found similar results between the two 
groups, suggesting that autologous platelet concentrate could be used in lieu of a 
membrane for periodontal GTR applications [ 22 ]. 

 However, in endodontics, no reports have been found comparing the effi cacy and 
equivalence of PRP with GTR membrane during the treatment of apical margin 
defects. 

 The application of PRP to apical margin defects, although the improvement reg-
istered over GTR is marginal, has emerged as an alternate route of treatment to the 
established practice of GTR membrane. 

 In conclusion and in resemblance to periodontally intrabony defects, it appears 
that GTR principles rather than the use of an osteoconductive biomaterial would be 
justifi ed to enhance the surgical endodontic outcome compared with the traditional 
approach [ 23 ]. 

 Published work suggests that human amniotic membrane, provides a source 
of undifferentiated cells with great potential that may be used in regenerative 
medicine [ 24 ]. 

 As the cells are derived from epiblastic amniotic membrane before the phase of 
gastrulation, they are considered a source of stem cells [ 25 ]. 

 Pre-clinical and clinical studies have shown the use of amniotic membrane stem 
cells for repairing tissues such as the cornea [ 26 ] or spinal cord injury [ 27 ], cerebral 
ischemia [ 28 ] and Parkinson’s disease [ 29 ]. 

 Despite amniotic membrane containing a large amount of undifferentiated cells 
that can be cryopreserved and stored as a useful potential source, fetal tissues are 
routinely rejected after childbirth [ 30 – 33 ]. 

 A major advantage of cells isolated from the human amniotic membrane is that 
they are harvested after birth and can be cryogenically stored to be available in a 
timely manner for patient therapy after being thawed and expanded for use in tissue 
engineering, cell transplantation and gene therapy. 

 Therefore, the human amniotic membrane represents a very useful source of 
progenitor cells for a variety of applications. 

 The ability of amniotic membrane to stimulate rapid production of collagen 
fi bres in the gingival wound has also suggested. This membrane contains transform-
ing growth factor beta (TGF-β) and tissue inhibitors of metalloproteinase polypep-
tides (TIMPs), which up-regulate the production of collagen fi bres by fi broblasts in 
wound healing [ 34 ,  35 ]. 

 Amniotic membrane contains growth factors, necessary for epithelialization, and 
provides substrates such as laminins for rapid epithelial cell attachment which, in 
turn, up-regulates the expression of growth factor receptors such as epidermal 
growth factor (EGF) receptor on epithelial cells [ 35 ,  36 ]. 
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 Therefore, one may assume that these growth factors might induce rapid gingival 
epithelial cell migration and attachment to the wound area, thereby stimulating 
rapid cell proliferation and differentiation. 

 Therefore, the use of amniotic membrane transplantation to accelerate gingival 
wound healing in humans, regardless of genetic background, is promising.  

9.4     Oroantral Fistula 

 The jaw bone is a pneumatic structure, which has inside the maxillary sinus and the 
paranasal sinus, bilaterally. 

 Because of the size of the sinus and because the proximity to the roots of some 
upper posterior teeth makes it easier, in some circumstances during dental extrac-
tions direct access is formed between this and the oral cavity, being termed or antral 
communication. 

 When this communication access between the oral cavity and sinus is lined with 
epithelial tissue, originating from the proliferation of tissues surrounding the com-
munication, it is designated and or antral fi stula [ 37 ]. 

 The etiology of this pathology are extractions of teeth with long roots that pro-
trude into the maxillary sinus. 

 A diagnosis of oroantral fi stulae involves clinical and radiographic procedures. 
Clinical signs reported by patients are continued passing of fl uid into the nose, nasal 
timbre, disorders in swallowing liquids and food, halitosis, runny nose, altered taste, 
unilateral nasal obstruction, facial pain or frontal headache (when acute maxillary 
sinusitis), unilateral nasal discharge and nocturnal cough due to drainage of exudate 
into the pharynx. The exudate swallowed may produce anorexia in the morning, as 
well as the patient suffering from epistaxis on the affected side and inability to blow 
or smoke. 

 One of the main complications of oroantral communications is acute or chronic 
maxillary sinusitis due to contamination of the maxillary sinus by the bacterial fl ora 
of the oral cavity. 

 Communications may be evidenced through periapical radiography where one 
observes the discontinuity of radiopaque line that delimits the maxillary sinus fl oor. 
Extraoral radiographs (panoramic and Incidence of Waters) are also limited with 
respect to small communications but may have great importance in the observation 
of the maxillary sinus involved, which may present a diffuse radiopacity (sinus 
opacifi cation) , compared with the opposite. 

 The patient with acute maxillary sinusitis may have swelling and redness in the 
area of the sinus and malar eminence, as well as pain in the eye. Palpation of the 
maxilla increases pain, and teeth with roots adjacent to the sinus will often present 
pain or be sensitive to percussion. The treatment of oroantral communications 
should be done immediately, so that the opening is created, or later, in cases of 
failed attempts at primary closure [ 38 ]. 
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 The closure of the fi stula can be made by a free tissue graft taken from the palate 
or via buccal fl ap. 

 The amniotic membrane possesses antibacterial, anti-tumor, anti-infl ammatory 
properties and promotes tissue healing. It also reduces pain, inhibits scarring, and 
shows little or no immunogenicity. These properties enable surgeons to apply the 
human amniotic membrane graft on various tissue surfaces without suturing. The 
low cost of human amniotic membrane graft preparation and the very good clinical 
results in different applications, have been relevant in proposing the amnion as an 
alternative to other natural and synthetic wound dressings. This application may be 
used in the closure of the oroantral fi stula.  

9.5     Apexogenesis 

 In developing teeth, root formation starts with the epithelial cells from the cervical 
loop that proliferate apically and infl uence the differentiation of odontoblasts from 
undifferentiated mesenchymal cells and cementoblasts from -mesenchymal folli-
cles [ 39 ]. 

 This apically extending two-layered epithelial wall (merging of the inner and 
outer enamel epithelium) forms Hertwig’s epithelial root sheath (HERS), which is 
responsible for determining the shape of the root(s) and forms cementum through 
epithelial-mesenchymal transition [ 40 ]. 

 It is known that dental papilla contributes to tooth formation and eventually con-
verts to pulp tissue [ 39 ,  41 ,  42 ]. 

 Cessation of root development caused by trauma or pulpal disease presents both 
an endodontic and restorative challenge. The divergent apical architecture makes 
complete debridement and control of obturation material nearly impossible [ 43 ]. 
Fragile root canal walls may be too weak to withstand the normal forces of mastica-
tion, becoming more prone to fracture [ 44 ]. 

 Pulp regeneration can be a form of therapy for resolving teeth with open apex 
and thin walls resulting from trauma, decay and iatrogenic procedures, leading to 
necrosis of the pulp and stopping tooth development. 

 Several published works refer to the use of paste consisting of three antibi-
otics (metronidazole, ciprofloxacin and minocycline), in order to eradicate all 
bacteria in the pulp space. After this procedure, the channel is irrigated with a 
solution of sodium hypochlorite (at a concentration of 2.5–5.25 %) to remove 
debris and organic waste [ 45 ]. It has been reported that the apical papilla har-
bours multipotent cells (MSCs) that express various MSC markers and that 
they are capable of forming odontoblast-like cells, produce dentin in vivo, 
and are likely to be the cell source of primary odontoblasts for root dentin 
 formation [ 46 ]. 

 In order for these cells to enter the pulp space, bleeding is induced in the periapi-
cal tissues vessel, so as to enter the canal and be a source of cells to complete root 
teeth development. 
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 After the formation of the clot within the pulp chamber, a bioactive cement 
(MTA) is placed over the clot, which will serve as a matrix for the fi lling of the root 
canal [ 45 ]. 

 Amniotic membrane contains growth factors, necessary for epithelialization, and 
provides substrates such as laminins for rapid epithelial cell attachment which, up- 
regulates the expression of growth factor receptors such as EGF receptor on epithe-
lial cells [ 35 ,  36 ]. 

 Therefore, one may assume that these growth factors might induce rapid cell 
migration and attachment to the wound area, by this means stimulating rapid cell 
proliferation and differentiation. 

 So, the use of amniotic membrane transplantation in the root canal may be prom-
ising as a scaffold to be used in apexogenesis therapy, instead of the use of a bioma-
terial as MTA.     
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    Chapter 10   
 Amniotic Membrane in Gynaecology 

             Maria     João     Carvalho    

    Abstract     The application of amniotic membrane (AM) in several areas of Medicine 
has been developed in recent decades. It harbors characteristics that promote a 
microenvironment favorable to tissue repair and regeneration possibly due to stem 
cell- like  properties. Considering gynaecological applications, there are in fact two 
fi elds in which it has been used, the Asherman Syndrome (intrauterine adhesions – 
IUA) and vaginoplasties. The principle for the application of AM on IUA is the use 
of a biologically active mechanical separator after hysteroscopic adhesiolysis. 
The reports are limited but point that amnion graft ameliorates the clinical outcome 
and the type of graft, fresh or dried, does not seem to infl uence the outcomes. The 
Mayer-Rokitansky-Küster-Hauser Syndrome (MRKH) can be categorized in type I, 
with isolated utero-vaginal aplasia and type II, an incomplete aplasia and/or asso-
ciation with other malformation. The application of AM in based on a metaplasia of 
amniotic epithelium into vaginal epithelium. It has been applied in techniques of 
vaginoplasty, is a safe and simple procedure with satisfactory functional results.  

  Keywords     Amniotic membrane   •   Histeroscopia adhesiolysis   •   Vaginoplasty  

10.1         Asherman Syndrome 

 Intrauterine adhesions were fi rst described in 1894 by Heinrich Fritsch but the com-
plete description was performed by Joseph Asherman, an Israeli gynecologist, and 
nowadays it is still recognized as Asherman syndrome (AS). The fi rst reports con-
cerned stenosis of cervical ostium and latter were published intrauterine adhesions 
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(IUA) that involved the cavity [ 1 ]. IUA are permanent adhesions to the uterine walls 
that obliterates partial or totally the uterine cavity after a trauma to the basalis endo-
metrial layer. The consequences of these adhesions include dysfunctional endome-
trium that can lead to infertility and altered menstrual pattern (amenorrhea and 
hypomenorrhea), depending on the degree and location in the uterine cavity. The 
origin of this adhesion include any type of uterine trauma either following a less 
invasive procedure or an aggressive curettage following a pregnancy complication. 
Clinically, the AS can be associated to infertility, miscarriage, impaired implanta-
tion after in-vitro fertilization and abnormal placentation [ 2 ]. The prevalence of 
IUA is around 1.5 % in infertile women and 7 % in women with secondary amenor-
rhea [ 3 ]. But it is recognizable that the presence of IUA can be associated with no 
symptoms. The introduction of hysteroscopy revealed a much more common dis-
ease. The main risk factor include abortions, genital tuberculosis and any other 
intervention to the uterine cavity. From the physiological point of view, some stud-
ies have pointed a modifi cation in endometrial vascularization that reduce endome-
trial receptivity and regeneration [ 4 ]. Probably there are a group of molecules 
involved in adhesion formation, as β-fi broblast growth factor, platelet derived 
growth factor and transforming growth factor type 1 [ 5 ]. The central role for this 
pathogenesis seems to be infl ammation, which produces release of factors that lead 
to fi brotic tissue after trauma combined with ischemia induced by a traumatic pro-
cedure. The most frequent risk factors include iatrogenic trauma to the endome-
trium, listed in Table  10.1 . In clinical practice there are cases that develop adhesions 
without any traumatic event associated.

   The hysterotomy approach is an open-surgery with a transfundal separation of 
the uterine cavity. It is a rare intervention due to the poor results and technical com-
plexity. The D&C is a blind intervention with risk of perforation and lacking pos-
sibility of defi nitive diagnosis. Finally, the hysteroscopy is the gold standard. It is a 
diagnostic and surgical procedure, possible in an offi ce setting, sometimes with just 
a tip of the hysteroscope and uterine distention. Surgical hysteroscopy is used for 
fi rm and dense adhesions, either with cold-knife or electric or laser surgery. Over 
the years were described several methods including myometrial scoring that con-
sists of incisions in the cavity that enlarge the uterus and recover unfunctional endo-
metrium [ 6 ]. The results after hysteroscopic treatment depend on the severity of 
adhesions and recurrence. Usually the menstrual pattern recover but the fertility 
success is more variable. 

 For the prevention of the adhesions were described several strategies. The recur-
rence rate can range 3.1–23.5 % [ 1 ]. The purely cervicoisthmic adhesions have a 
good prognosis. The intrauterine device (IUD) was one of the fi rst procedures 
described, helping to separate the uterine walls. The results in literature are not 
precise, some reports refer that the size if the IUD is important and the usual 
T-shaped are too tiny. It was also mentioned that the infl ammation of the IUD could 
have a deleterious impact [ 7 ]. Others methods to prevent adhesion recurrence are 
intrauterine balloon stent, Foley catheter, hyaluronic acid (HA) and anti-adhesion 
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barriers [ 8 ,  9 ]. No randomized controlled trials are available to assure the best prac-
tice considering reduction of adhesion recurrence. 

 The medical treatment to restore functional endometrium is a consensual 
approach but the precise regimen is not defi ned. The aim is to promote a fast growth 
to prevent scar formation of the normal endometrium. The majority of the regimens 
include oestrogen-progestin treatment [ 1 ]. Sildenafi l citrate is also used to restore 
endometrial thickness in several clinical contexts due to its vasodilator effect [ 10 ]. 
Recently was reported the application of endometrial stem cells from autologous 
stem cells isolated from bone marrow in a patient with AS [ 11 ]. 

 The post-operative evaluation of the uterine cavity is recommended in order to 
access the restoration of endometrium and possible recurrences. The hysteroscopy 
is the most common used method in clinical practice. 

10.1.1     Rational for Amniotic Membrane Application 

 The principle for the application of amniotic membrane on IUA is the use of a 
biologically active mechanical separator after hysteroscopic adhesiolysis. In one 
hand it suppresses adhesion formation and on the other hand promotes epithelial 
healing. The human amnion cells (hAC) produces factors that create a microen-
vironment favorable for tissue repair and regeneration. One of the proposed 
mechanism is the stimulation of endogenous stem cells, a small population of 

  Table 10.1    Risk factors for 
intrauterine adhesions  

 Risk factors  Frequency 

 Miscarriage curettage  66.7 % 
 Postpartum curettage  21.5 % 
 Caesarean section  2 % 
 Trophobalstic disease evacuation  0.6 % 
 Mullerian duct malformation  16 % 
 Infection (genital tuberculosis)  4 % 
 Diagnostic curettage  1.6 % 
 Abdominal myomectomy  1.3 % 
 Uterine artery embolization  14 % 
 Hysteroscopic surgery 
   Metroplasty  6 % 
   Myomectomy (single myoma)  31.3 % 
   Myomectomy (multiple myomas)  45.5 % 
   Endometrial ablation  36.4 % 
 Insertion of intrauterine device (IUD)  0.2 % 
 Uterine compressive sutures for post-partum 
haemorrhage 

 18.5 % 

  Adapted from Conforti et al. [ 1 ]  
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quiescent cells with regenerative properties. The stroma expresses growth fac-
tors, natural inhibitors of proteases, antiangiogenic factors (inhibitors of metal-
loproteinases and nitric oxide synthase) and anti-infl ammatory proteins, 
interleukin (IL)-10 and IL-1-receptor antagonist that points it as an epithelializa-
tion promotion, infl ammation and fi brosis inhibition. The amniotic membrane 
can function as an anatomic barrier and have additional benefi ts as inhibition of 
infection, fi brosis and re-adhesions. The adhesiolysis may expose endometrial 
cavity to infection and amniotic membrane can suppress bacterial proliferation 
and the elimination of the dead space between graft and wound eliminates the 
exudates and anchorage for bacterial growth [ 12 ]. This mechanism can be 
explained by the trap of the bacteria between the thin fi brin matrix that links the 
collagen fi bers of the graft and the collagen of the wound. This fi brin matrix is 
the substrate for phagocytes migration. Amniotic membrane also downregulates 
the transforming growth factor-β pathway of myofi blroblastic cells that deposit 
collagen and leads to fi brosis [ 13 ]. The amniotic membrane also promotes epi-
thelialization as it facilitates the migration of epithelial cells, reinforces the adhe-
sion of epithelial cells and its differentiation and prevents apoptosis [ 12 ]. 
Concerning immunological benefi ts, the epithelial surface of the membrane lacks 
human leukocyte antigen (HLA) A, B, C, DR and β2-microglobulin. This per-
mits the utilization of different donor placenta. The risk of cross-infection is 
decrease using a membrane derived from elective cesarean section without 
meconium from a seronegative mother considering hepatite B, C, human immu-
nodefi ciency virus (HIV) and syphilis. The application of preserved membrane 
decreases the risk of cross-infection but the impact on epithelial cells viability 
and growth factors can be a question of debate. The lyophilized membrane can 
be convenient for transport, storage and sterilization [ 3 ]. Preservation of fresh 
membrane has been demonstrated for 21 days. There are reports that emphasize 
a limit of 7 days to keep the surface of the membrane apart [ 3 ].  

10.1.2     Reports Considering Amniotic Membrane Application 

 The reports of the application of amniotic membrane after intrauterine adhesyo-
lisis were performed after hysteroscopic procedures [ 3 ,  12 ], Table  10.2 . The hys-
teroscopy was performed with a rigid hysteroscope and simultaneously a 
laparoscopic visualization. The fresh membranes were obtained 1–6 days before 
de surgery from elective cesarean sections. The amniotic membrane with the 
corion were separated from the placenta, washed with a saline solution and stored 
at 4 °C with a 50,000 IU of crystalline penicillin. The membrane was then peeled 
free from the corion, obtaining the epithelial layer on the basement membrane 
with an underlying collagen matrix containing few fi broblasts. In one work the 
use of fresh membrane was compared with sterilized freeze-dried (lyophilized) 
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amnion grafts obtained from Atomic Energy Organization of Egypt [ 3 ]. The 
amniotic membrane was hydrated with a saline solution for 10 min before the 
procedure.

   The amnion was placed with the corion surface outside on the surface of a pedi-
atric Folly’s catheter number 10F. The catheter was then placed inside the uterine 
cavity and insuffl ate with 3.5–5 mL of saline solution. The balloon was removed 
2 weeks after the intervention. The patients took a hormonal treatment with estro-
gens or sequential administration f natural estrogens and progestogens. The uterine 
cavity was evaluated 2–4 months after intervention to assess the possible recurrence 
of adhesions and the endometrial regeneration. 

 The primary outcomes were menstrual restoration, uterine length and sound-
ing, improvement of adhesions, need to repeat treatment and complications 
rate. 

 The first report of Amer et al. [ 12 ] applied fresh membrane after the hys-
teroscopic adhesiolysis. The restoration of normal menstrual flow was achieved 
in 80 % of the patients (N = 25). The improvement in IUA was reported in 
100 % of patients with moderate disease but the group with severe disease, 
92 % had adhesions inside the uterine cavity but were minimal in the majority 
of the cases. In 2010, the investigators published a pilot randomized compara-
tive study with blinded independent evaluations. There were three groups 

   Table 10.2    Summary of publication using amniotic membrane in hysteroscopic adhesiolysis   

 Author  Year 
 Number 
of cases  Objectives 

 Material and 
methods 

 Results and 
conclusions 

 Amer 
et al. [ 12 ] 

 2006  25  Evaluate effi cacy 
of amnion graft 
after 
hysteroscopic 
lysis 

 Hysteroscopic 
adhesiolysis was 
followed by 
intrauterine 
application of a 
fresh amnion 
graft over an 
infl ated balloon of 
a Foley’s catheter 
for 2 week 

 No infections 
 Adhesion reformation 
after 4 months 48 %, 
all in the group of 
severe adhesions 

 Amer 
et al. [ 3 ] 

 2010  45  Evaluate effi cacy 
of fresh and dried 
amnion graft after 
hysteroscopic 
lysis of severe 
intrauterine 
adhesions in 
decreasing its 
recurrence and 
encouraging 
endometrial 
regeneration 

 Prospective 
randomized study, 
using intrauterine 
balloon only 
(group 1) or either 
fresh amnion 
graft (group 2) or 
dried amnion 
graft (group 3) for 
2 weeks 

 Improvement in 
adhesion grade with 
amnion graft vs 
intrauterine balloon 
alone. Improvement 
was greater with fresh 
amnion than with 
dried amnion 
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 compared, group one received amniotic balloon without amnion graft; group 
two received fresh amnion graft and group three received dried amnion. The 
increase in uterine length and menstrual cycle was reported in all groups, with-
out statistical differences. The adhesion grade was reduced in the amnion graft 
groups, reaching statistical significance (p = 0.003). The improvement of adhe-
sion grade, menstruation and uterine length was greater with fresh amnion than 
with dried amnion but the only parameter with statistical significance was 
adhesion grade (p = 0.01). The pregnancy rate was twice in the graft groups 
comparing with intrauterine balloon alone but without significance. These 
studies are composed by a restrict number of patients that limit valid conclu-
sions. The results point that amnion graft ameliorates the results and the type 
of graft, fresh or dried, does not seem to influence the endpoints. Due to the 
limited number of cases in a single center, a multicenter study may improve 
re-enforce the conclusions.   

10.2     Congenital Absence of the Vagina 

 The syndrome was described for the fi rst time by Mayer in 1829 and Rokitansky 
published a similar malformations, in 1910 Küster performed the fi rst review about 
the syndrome. Hauser and Schreiner called for the fi rst time Mayer-Rokitansky- 
Küster-Hauser Syndrome (MRKH) in 1961 [ 14 ]. The syndrome characterizes a nor-
mal female phenotype with Wolffi an (mesonefric) ducts regression and Müllerian 
(paramesonefric) ducts absent, due to failure of fusion before 12th week fetal devel-
opment. It represents an aplasia of the uterus, cervix and upper two-thirds of the 
vagina in a women with normal karyotype (46,XX). The incidence estimated is 1 in 
4,500 female births [ 15 ]. 

 The MRKH syndrome was considered a sporadic disease, the fi rst reports men-
tion a possible association with drugs that were after rejected [ 16 ]. The latest reports 
point a manifestation of a variably expressed genetic defects closely related to the 
embryogenesis. The genetic defect seems to be transmitted as an autosomal domi-
nant trait with incomplete penetrance and variable expressivity. The hypothesis of 
polygenic/multifactorial causes of the syndrome is gaining more conviction with the 
identifi cation of interstitial deletion in chromosome 22 and terminal deletion in 
chromosome 4 [ 17 ]. 

 The syndrome can be categorized in type I, with isolated utero-vaginal aplasia. 
The incomplete aplasia and/or association with other malformation is type II or 
MURCS association (Mülerian duct aplasia, renal dysplasia and cervical somite 
anomalies). The associated malformations include renal (unilateral agenesis,  ectopic 
kidney or horse-shoe kidney), skeletal and vertebral (Klippel-Feil anomaly, fused 
vertebrae mainly cervical, scoliosis), hearing defects and rare cardiac and digital 
anomalies (syndactyly, polydactyly) [ 14 ]. 
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 Usually the clinical presentation is primary amenorrhea in a normal female phe-
notype with normal ovarian function and without androgen excess. The secondary 
sexual characteristics developed normally as well as external genitaliae. The vaginal 
dimple has a variable deep (2–7 cm). The gynaecological examination should 
exclude transverse vaginal septum and imperforate hymen. The anatomic evaluation 
is performed to evaluate complete uterine aplasia with two rudimentary horns linked 
by peritoneal fold, that correspond to type I; or an hypoplasic uterus symmetric or 
assymetric, type II [ 18 ]. The imaging technique used are commonly ultrasound, 
Magnetic resonance imaging, celioscopy. The differential diagnosis includes other 
causes of primary amenorrhea with normal secondary sexual characteristics. The 
main exclusion diagnosis are gonadal dysgenesis, isolated vaginal atresia and 
androgen insensitivity. 

 The management should include an adequate counseling and support as it is a 
disorders that bring high anxiety for the patient and family. The creation of a 
neovagina must be offered to a patient who wishes to star sexual activity. There 
is no consensus regarding the ideal procedure. The differences between the pro-
cedures are access (laparoscopic, transabdominal, vaginal), type of tissue to 
cover neovaginal cavity (skin graft, peritoneal, intestinal tissue, amniotic mem-
brane and artifi cial material). The treatment options include the creation of a new 
cavity or a vaginal replacement. The nonsurgical creation of a neovagina is 
known as the Franck’s dilator method and is based on the application of vaginal 
dilators (Hegar candles). The surgical technique described is Abbe-McIndoe 
operation, that consists on the placement of a mold covered with skin, peritoneal, 
minora labia amniotic membranes or synthetic graft in vesicorectal space and 
subsequent dilatation [ 19 ]; Veccchietti operation, the neovagina is created with 
the association of dilation and traction using a device placed subperitoneally by 
abdominal approach (laparotomic or laparoscopic) [ 20 ]. Finally the sigmoidal 
colpoplasty uses a graft of a long sigmoid segment, with good results but pro-
longed care [ 21 ]. 

10.2.1     Rational for Amniotic Membrane Application 

 The first description of vaginal reconstruction with amniotic membrane was in 
1934 in the French-language literature. The application of amniotic membrane 
is limited [ 22 – 28 ]. The mature squamous epithelium indicates the metaplasia 
of amniotic epithelium into vaginal epithelium. The layers described in 
 histology are similar to normal vagina, with a superficial, intermediate and 
deep layers [ 22 ]. Amnion is available and does not require additional incisions 
as with skin grafts. Again, there are no problems with immune rejection, 
due to the lake of histocompatible antigens (HLA-A, -B, -C and DR or 
β2-microglobulin).  
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10.2.2     Reports Considering Amniotic Membrane Application 

 The technique reported used processed and sterilized freeze-dried human amni-
otic membranes from term gestations of healthy women. The surgery consists of 
a transverse incision in the vaginal dimple and was performed a dissection of vesi-
corectal cavity of 12 cm at the level of peritoneum [ 29 ]. After, a mold of glass 
covered by amniotic membranes was inserted and the labia minora were fi xed 
around the stent to prevent expulsion. The vagina is then tamponed in order to fi ll 
the neovaginal cavity with a sterile gauze with estriol creme (1 %) to promote 
epithelialization. The patients remained on bed rest during 5 days and then a soft 
silicon vaginal dilator replaced the mold with estriol creme. The dilator was used 
during 3–5 months to prevent vaginal retraction. The patients were encouraged to 
engage sexual activity 6–8 weeks after vaginoplasty. There are 75 reported 
patients with neovagina reconstruction with amniotic membrane. Only in four 
cases were reported rectal injury and the anatomic and functional results are 
satisfactory. 

 The latest report [ 29 ] using this technique encompasses seven patients with 
17–26 years old. The mean operating time ranged 20–33 min, with 8–14 days of 
hospitalization. In only one case was reported a urinary tract infection in the fi rst 
postoperative week, solved with antibiotic therapy. There was a case of infection an 
ulceration and was diagnosed a rectovaginal fi stula that required surgical repair and 
diverting loop ileostomy. The infection lead to a stricture and shortening vagina, 
leading to reconstruction in 4 months with sigmoid loop, complicated by peritonitis 
but fi nally with satisfying functional and anatomic results. In all patients, was 
described a neovagina length of 9 cm (range 9–12 cm) and the vaginal cavity had a 
diameter of two fi ngers. At 6 months, the neovagina was epithelized without stric-
ture formation or shortening. The mean time from surgery to vaginal intercourse 
was 5.28 months. There were no reports of dyspareunia or bleeding during inter-
courses. The functional satisfaction was similar to the matched healthy women con-
sidering Rosen Female Sexual Function Index (FSFI) questionnaire (around 30 
points) (Table  10.3 ).

   The ideal vaginoplasty technique depends on several factor, including patients’ 
preference, expectations and mainly surgeons’ experience. Patients should be aware 
of potential complications, long-term results and sexual function. The reconstruc-
tion with amniotic membrane is safe and simple, without major complications and 
satisfactory functional results.      
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Chapter 11
Amniotic Membrane and the Controlled  
Drug Release

Miklós D. Resch, László Marsovszky, Erzsébet Csányi, Mária Budai-Szűcs, 
and János Németh

Abstract In this chapter we give an overview on the factors affecting drug perme-
ability in the normal eye, and demonstrate the effect of amniotic membrane on the 
ocular surface on drug release. Furthermore we focus mainly on topical ocular drug 
administration with regards to ocular surface and amniotic membrane. Amniotic 
membrane can have various effects on drug permeability and can significantly alter 
bioavailability of the drugs used. Beyond several biochemical, biological and bio-
physical benefits of amniotic membrane transplantation, amniotic membrane serves 
a layer with a more stable drug concentration on the ocular surface. Amniotic mem-
brane has dual effect on drug penetration. First it acts as a barrier against drug 
 penetration, and it has also a drug release activity.

Keywords Pharmacology • Permeability • Drug penetration • Amniotic membrane
• Ocular surface

11.1  Routes of Drug Administration After Amniotic 
Membrane Transplantation

In ophthalmic pharmacotherapy, different drugs are being used. The delivery of 
these drugs to the eye can be made through topical, local or systemic administration. 
The most frequently exercised method of administration is through drops however 
subconjunctival, subtenon and intraocular administrations are still in use [1]. The 
rationale of topical route of application is that it maximizes anterior segment con-
centration and minimizing systemic toxicity. Topical administration is a relatively 
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easy way of drug delivery and it can be repeated several times. The most challeng-
ing feature of topical administration however, that the drug is in contact with the 
ocular surface for a relatively short time limiting its efficacy. As an additional layer, 
amniotic membrane alters the bioavailability of the drug being applied through topi-
cal administration.

In this chapter we give an overview on the factors affecting drug permeability in 
the normal eye, and then demonstrate the effect of amniotic membrane on the ocular 
surface on drug release. Furthermore we are going to focus mainly on topical 
administration with regards to ocular surface and amniotic membrane.

Most of the topically administered ocular therapeutics are simple aqueous solu-
tion eyedrops. The main drawbacks of aqueous eyedrops are their inability to
deliver lipophilic and insoluble molecules, their low retention time, and their lim-
ited ability to resist the washout effect of blinking and tears turnover. Amniotic
membrane can potentially serve as a drug reservoir in addition to its other benefi-
cial biochemical effects.

11.2  Barriers Affecting Drug Permeability 
in the Normal Eye

11.2.1  Tear Film

The very first contact in the interaction between drug and ocular surface is the tear 
film. The drug needs to penetrate the tear film layers in order to be absorbed. The 
capability of this transmission depends on the physiologic properties of the carrier 
molecules which subsequently alters the bioavailability of the drug used. One eye-
drop from a commercial dispenser comprises 50 μL. This volume is delivered to the
ocular surface during drop application and retains mainly in the lower conjunctival 
sac afterwards. The lower conjunctival sac is only 7–13 μL in volume in a blinking
eye of an upright patient, thus about 20 % of the administered drug remains in the 
conjunctival sac. This is further diluted by tear turnover and the effect of the tear 
drainage system due to blinking giving less than 10 % of the administered drug to
be present after a few minutes of instillation. This available drug then has to pass 
through the ocular permeation barriers such as the conjunctiva and cornea. 
Altogether it is estimated that only 1 % or less of the administered dose can pene-
trate the ocular surface [2, 3].
King-Smith et al. [4] and Azartash et al. [5] in a recent work evaluated the tear

film thickness and found it to be approximately 3.0 μm in the healthy human. The 
tear film structurally comprises three different layers, however novel studies indi-
cate that those layers are in dynamic balance in normal eyes rather than expressing 
a static noncommunicating nature. The tear film is a constantly changing layer 
which needs 5–7 s to build up and reach its highest regularity and optical quality [6]. 
The drug availability on the ocular surface greatly depends on the tear turnover 
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which can be highly elevated after drop instillation. Nonetheless, blinking rate has
also a significant impact on drug availability, as it increases tear turnover by moving 
the tear toward the canaliculi systems.

11.2.2  Conjunctiva

The conjunctiva is covering the eyeball (bulbar conjunctiva) and the inner surface of
the eyelids (tarsal conjunctiva), and these parts are connected by the upper and
lower fornices. The conjunctiva comprises 95 % of the ocular surface [7]. The most 
superficial layer of the conjunctiva is composed of squamous nonkeratinized cells
of two to four layers, which similarly to the cornea act as an obstacle against drug 
penetration. The conjunctival stroma contains elastic collagen fibres, which has low 
barrier effect. Conjunctiva covers the largest tear reservoir in the lower fornix, and 
in itself can serve as a drug reservoir after eyedrop administration.

Conjunctiva plays many roles including protection of ocular surface by acting as 
a passive physical barrier, production of lipids by its goblet cells and maintenance of 
tear film. It also acts as an active barrier in the interaction between the environment 
and the ocular surface rendering it a compliant frontliner of ocular surface immunol-
ogy. The conjunctiva, which is a moderately tight epithelium, endowed with various 
transport mechanism for different molecules including ions, solutes, and water to 
maintain homeostasis. As the conjunctiva expresses much larger surface area than 
that of cornea coupled with the expression of several key transport processes, this
renders it an attractive route for drug delivery toward the posterior portion of the eye. 
Not only the larger surface but the readily available reservoir function of the subcon-
junctival space makes this area feasible for subconjunctival injection of microparti-
cles and matrix materials. This allows sustained release to maintain reasonable 
intraocular levels of various drugs, perhaps attesting to the fact that conjunctiva per 
se may contribute as a part of multiple transport barrier(s) in ocular drug delivery.

11.2.3  Cornea

The cornea comprises only 5 % of the ocular surface, and its structure is more com-
pound compared to the conjunctiva. Cornea has five layers: an external hydrophobic 
epithelium about 50 μm thick, the Bowman’s layer which is the basement membrane
of the inner cuboid like epithelial cells, the hydrophilic stroma, Descemet’s mem-
brane (basal membrane of the endothelium) and the single layer of endothelium.
However cornea is devoid of blood and lymphatic vessels, – along with conjunctiva –
it is also endowed with resident immune cells regulating the local immune responses 
to external and internal stimuli in certain conditions [8]. The outermost two-to three 
layers of the corneal epithelial cells form a barrier by their tight intercellular 
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boundings called zonulae occludentes. The epithelium contains more lipid than the 
stroma, which provides a tissue reservoir for lipofil drugs. Corneal stroma comprised 
compact collagen fibers/lamellae organized to perfection in order to maintain the 
corneal transparency. The stroma represents the 80 % of the thickness of the cornea
and acts as a sceleton to provide corneal shape. The stroma is hydrophilic and also 
called the corneal collegenous shell. The endothelial cells are not connected by zonu-
lae occludentes subsequently exorting minimal barrier function, however by control-
ling the water content of the cornea, it has an indirect effect on the transcorneal 
penetration.

11.2.4  Sclera

When drug penetrates through the conjunctiva, it enters the subconjunctival space. 
To reach the intraocular receptors it needs to get through the sclera. Scleral stroma
consists of bundles of irregularly organized collagen which makes the skeleton of
the eyeball. The permeability of the sclera is approximately the same as the corneal 
stroma and sclera has been shown to be permeable to solutes up to 70 kDa in molec-
ular weight [9]. In conclusion, the epithelium of the conjunctiva and cornea have 
mainly barrier function against drug penetration. The stroma of the cornea and con-
junctiva have dual effect, barrier on one hand and drug reservoir on the other hand. 
The subconjunctival space is supposed to have drug reservoir function.

11.3  Factors Affecting Drug Permeability of the Eye After 
Amniotic Membrane Transplantation

Beyond the properties of the normal human eye found in different drug permeations 
and reservoir, one should calculate with the altering effect of amniotic membrane 
when choosing the dosing regime. Different aspects of the drug transport modifying
properties of amniotic membrane are summarized in the following sections.

11.3.1  Ocular Surface Disease

Amniotic membrane transplantation (AMT) is indicated in several ocular surface
diseases [10, 11] (see also Chap. 6), in a wide range of pathologies that could have 
altering effects on drug penetration. The average corneal thickness varies between
540 and 570 μm. Corneal thickness in ocular surface disease is rather variable. In
case of ulceration, significant thinning of the cornea can be present, whilst signifi-
cant corneal thickening is usually encountered in ophthalmic inflammatory condi-
tions. Alterations in corneal thickness like in persistent corneal epithelial defects
may give route to an increased permeation of drugs compared to normal corneas. 
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On the other hand, excessive presence of fibrotic tissues in cicatricial conditions like
ocular pemphigoid or in Stevens-Johnson syndrome may reduce the drug conduit
toward deeper ocular tissues.
As a surgical procedure, AMT requires antibiotic treatment during the first weeks

of postoperative period. Kim et al. [12] evaluated the effect of amniotic membrane 
on the permeation of ofloxacin into the cornea, its concentration in aqueous humor,
and tears in vivo on the rabbit cornea. They concluded that amniotic membrane 
transplantation interferes with the ocular penetration of topical ofloxacin in normal
rabbit corneas but enhances ofloxacin penetration in corneas with epithelial defects.
Several factors can have impact on transamniotic drug penetration. O’Brien et al.

[13] reported that inflammation after corneal deepithelialization enhances the ocu-
lar penetration of topical antibiotics. Healy et al. [14] and Robert and Adenis [15] 
showed that transcorneal penetration of most drugs, including the fluoroquinolones,
occur primarily by passive diffusion and is correlated in a positive manner with the 
drug’s aqueous solubility and degree of lipophilicity. The average corneal thickness
varies between 540 and 570 μm. Corneal thickness in ocular surface disease is
rather variable. In case of ulceration, significant thinning of the cornea can be pres-
ent, whilst significant corneal thickening is usually encountered in ophthalmic
inflammatory conditions.

Vascularization of the cornea may significantly alter drug absorption. Corneal 
neovascular vessels are usually fenestrated, thus more permeable to any agent, 
including drug molecules. In addition, neovascularization usually changes epithe-
lial structure, giving easier access for drug molecules to pass through into deeper 
parts of the eye. Angiogenesis and lymphangiogenesis of the cornea was demon-
strated by Cursiefen et al. [16] in certain ophthalmic inflammatory disorders. If a
neovascularized cornea is covered by amniotic membrane, increased blood flow
with elevated concentration of drug in the blood serum is expected. Furthermore, 
not only blood vessels, but lymphatic vessels are present in ocular surface diseases, 
rendering the process of drug penetration more complex.

11.3.2  Surgical Factor

The choice of operating technique for AMT is determined not only by the ocular 
surface pathology, but localization and etiology [17, 18]. Amniotic membrane pro-
motes the healing of the cornea, and conjunctival lesions not only by its natural 
remedial properties, but via exploiting the drug release capacity and barrier function 
of the amniotic membrane. Different techniques have been proposed over the years
and there have been contradictory reports concerning the proper placing of the amni-
otic membrane on the ocular surface. The dimensions of the amniotic membrane 
used in surgery renders the surgery to amniotic membrane grafting or patch tech-
nique procedure. Corneal amniotic membrane graft is covering the cornea only par-
tially while corneal patch is covering the cornea and limbus completely. One could
argue that the dimension of amniotic membrane used to cover the ocular surface 
would interfere with the drug penetration in a negatively correlated fashion. Giving 
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the complex nature of the amniotic membrane, the drug dynamics does not follow 
this role. In this chapter our intension is to examine this phenomen further and give 
an overview on the mechanisms operating in it. In case of sandwich technique, a 
combination of graft and patch techniques is used, meaning that several layers of 
amniotic membrane are being transplanted to the ocular surface. One could assume
that the pharmacological effect of AMT could be different, but no quantitative evi-
dence has been published yet (but comparative studies are yet to be carried out).

AMT is also used to substitute conjunctiva, when conjunctiva is partially miss-
ing, or degenerated and amniotic membrane is covering Tenon’s fascia or sclera, or
the complete fornix needs reconstruction in case of ocular pemhigoid [19].

The orientation of the amniotic membrane graft and patch can also have potential 
role in drug penetration. As described in Chap. 1, amniotic membrane consists of a 
single layer cuboid epithelium and a thick stroma. Amniotic membrane is usually
transplanted with the epithelial side up, but in some cases epithelial side down tech-
nique is recommended especially in cases of patch technique in persistent epithelial 
defects of the cornea.

Amniotic membrane can be fixed to the ocular surface in several ways. Fixation 
of amniotic membrane is usually performed by multiple interrupted sutures, but tis-
sue adhesives can also be used, or the combination of these techniques might also 
be reasonable [20, 21]. Sutures have angiogenetic effects, and mechanical irritation
can result in local enhancement of the inflammatory reaction and hyperaemia of the
conjunctiva and sclera. Tightness of sutures plays and important role in the fixation 
of grafts, and in preventing the corneal epithelium from growing underneath the 
amniotic membrane stroma. In multilayer graft transplantation the stromal defect is 
filled with multiple layers of amniotic membrane, but only the most superficial layer 
or/the uppermost layer is fixed by sutures. The number of applied layers is also very 
important, because corneal epithelium can grow between the amniotic membrane 
layers [22]. As shown above, epithelium acts as a barrier for drug penetration, thus 
if corneal epithelium grows between multi-layered amniotic membrane in the cor-
nea it can decrease its permeability. One interesting area that awaits for exploration
is the properties of deepithelialized amniotic membrane to drug permeation. It has 
been shown by Zhang et al. [23] that a de-epithelialized amniotic membrane could 
preserve the basement membrane integrity, extracellular matrix (ECM), and growth
factor composition if treated with urea. Theoretically the denuded amniotic mem-
brane would allow faster penetration into the cornea while preserving its drug res-
ervoir properties. This might have/bear a clinical significance on the wound healing 
of ulcerative corneal pathologies.

In order to quantify trans amniotic drug penetration, an in vitro model was devel-
oped [24, 25]. Experiments were performed with ofloxacin, a widely used topical anti-
biotic eyedrop. Amniotic membrane pieces were mounted in a vertical Franz- diffusion 
cell system (Fig. 11.1) equipped with an autosampler. In vitro release of 300 mg of 3 % 
commercially available ofloxacin ophthalmic solution was determined by quantitative
absorbance measurement carried out with an ultraviolet (UV) spectrophotometer
(wavelength, 287 nm). We found, that ofloxacin was detectable in the acceptor phase,
1 min after instillation, and a gradual increase of concentration was detected in a period 
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of 90 min. The in vitro model of the Franz-diffusion cell system was found to be appli-
cable for drug permeability studies of human amniotic membranes to water-based solu-
tions. The filter membrane and amniotic membrane were permeable to a water-based 
solution of ofloxacin. Significant barrier function of the amniotic membrane could be
measured in ofloxacin permeability.

The same method was used to demonstrate drug reservoir function of amniotic 
membrane. In those experiments, antibiotic solution was not added to the donor com-
partment, but the amniotic membrane itself was soaked in 3 % ofloxacin ophthalmic
solution. Ofloxacin was detectable in the acceptor phase 1 min after mounting in all
groups. Until 120 min, rapid increase of released ofloxacin could be observed. From
120 to 450 min amount of released ofloxacin showed a slower increasing pattern.
Significant ofloxacin reservoir capacity of a single human amniotic layer could be
demonstrated in vitro. Amniotic membrane acted as an ofloxacin slow release device
for up to 7 h in vitro, depending on the duration of pretreatment of amniotic mem-
brane. Individual pretreatment of amniotic membrane could increase beneficial 
effects of amniotic membrane transplantation especially in infectious keratitis.
Carrier molecules play an important role in drug delivery. Drug needs to be in

contact with the amniotic membrane surface to be able to penetrate. This bioavail-
ability of the drug has been discussed above. Those molecules that are ready to 
travel through the barriers must face further difficulties given the lipophilic property 
of amniotic membrane. Hydrophilic molecules are less capable to penetrate unless
disguise themselves in a lipophilic coat. This draw our attention to examine the drug 
penetration of diclofenac through amniotic membrane with and without  cyclodextrin 

AM

37 °C
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Fig. 11.1 Schematic drawing of amniotic membrane mounted in the Franz cell. The donor com-
partment (1) above contains the tested drug solution. The compartment below is the acceptor phase 
(2), from which samples are taken through the sampling port (3), to the acceptor phase replacing 
port (4). The acceptor compartment is surrounded with a water jacket kept at 37 °C. At the bottom
of the acceptor phase, a stir-bar (5) and a helix mixer (6) are rotated magnetically (With the permis-
sion of ARVO, originally published in Resch et al. [24])
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(CD). We found the latter in greater concentration at the acceptor phase which
should be taken into consideration on treatment choice and regime [24, 25].
Mayer and coauthors soaked amniotic membrane in solution of bevacizumab and

in their in-vitro setting effective vascular endothelial growth factor (VEGF)-
blockade could be demonstrated for up to 1 week, and stated, that amniotic mem-
brane might be potentially used as a carrier for drugs delivered to the cornea [26].

11.3.3  Microstructure of the Transplanted  
Amniotic Membrane

Biomicroscopically amniotic membrane remains on the ocular surface for shorter or 
longer time depending on the surgical technique, pathology, comorbidities and 
treatment [22]. Patch usually acts like a temporary contact lens and disappears
within 2 weeks. Grafts however can be integrated into the corneal tissue up to sev-
eral years [27].

Amniotic membrane can integrate into the host corneal tissue after AMT in 
intraepithelial, subepithelial, or intrastromal patterns, or may be localized on the 
corneal surface. The thicknesses of corneal epithelium and amniotic membrane are
extremely variable. The morphology of the individual pattern seems to depend on 
the ocular surface disorder, and the AMT technique.

The application technique of AMT seems to have a great impact on the morphol-
ogy of amniotic membrane integration. The surgical technique is dependent on the 
type and severity of ocular surface disease. In general, a patch disappears most often 
during the first 1 or 2 weeks after AMT without remnants. Using the sandwich tech-
nique the patch is typically lost very early after AMT (similar to single patch), but
all layers of grafts may be integrated into the corneal stroma and stay there for many 
months [22].

Type of preservation is certainly affecting the structure of amniotic membrane. 
Preservation of amniotic membrane is detailed in Chap. 13. Freshly prepared amni-
otic membrane (rarely used in ophthalmology) is supposed to have more intact
amniotic epithelial cells, than cryopreserved amniotic membrane, since cryopreser-
vation usually interferes with the survival rate of amniotic epithelial cells [28]. 
There are commercially available or dried amniotic membrane on the market, which
do not contain any viable amniotic epithelial cell or amniotic fibroblast (Ambiodry)
[29, 30]. It has not been measured before, but we suppose, that a pure stroma with-
out cells can serve as a good device for sustained drug release, because it lacks the
barrier function of the epithelial cells.

In case of integrated amniotic membrane, the type of the epithelium covering 
amniotic membrane can play a role in drug penetration. Amniotic epithelium is 
usually missing or non-viable after cryopreservation [31]. Tissue engineering 
enables us to modify the epithelial cells on the superficial layer of the amniotic 
membrane. Amniotic membrane transplantation effectively expands the remaining 
limbal epithelial stem cells in patients with partial limbal stem cell deficiency. 
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Corneal epithelial cells or limbal stem cells can be cultured on amniotic membrane 
ex vivo [32]. AMT is performed after ex vivo stem cell expansion, recovering not 
only the ocular surface, but the epithelial cell layer [33–37]. In contrast by denud-
ing amniotic membrane we can use the pure stroma of the amniotic membrane 
[38]. There is no sufficient information, but it is postulated, that the ultrastructure 
of the amniotic membrane can modify its drug penetration features [39]. 
Ultrastructural and immunohistochemical studies showed, that the basement mem-
brane of the amniotic membrane is very similar to the corneal epithelial basement 
membrane, which makes it a good niche to expand the corneal cells on [40].

11.3.4  Pharmacological Factors

Patients after AMT usually need prolonged and multiple topical pharmacotherapy. 
Several pharmacological factors are involved in the transcorneal and transconjunc-
tival drug penetration.

Effect of an ophthalmic solution can be described in several phases:

 1. Contact with the eye surface
2. Wetting and hydration of the dosage form (in case of solid or partially hydrated

formulations),
 3. Blending with tear film and spreading on it,
4. Drug release from the dosage form and diffusion into lacrimal fluid (liberation),
5. Drug permeation trough the cornea to the anterior ocular tissues (absorption)

Evolution of the first three steps strongly depends on ingredients, formulation 
and the dosage form, while in case of the latter steps physico-chemical characteris-
tics of the active substance come to the front. Beside the drainage of the formula-
tion, the tear turnover and the conjunctival absorption (mentioned earlier), there is
some other important factor in the precorneal area, which can decrease the amount 
of the active ingredient before the penetration. They are the protein binding and the 
metabolism, such as hydrolysis, oxidation or reduction. For the determination of  
the required amount of the drug these phenomena must also be taken into account.
The most important factors of the trans-corneal absortion are the contact time 
between the formulations and the eye surface, and the drug permeability in the cor-
nea. The contact time can be improved by special additives and formulation; these 
possibilities will be discussed in the next chapter. Drug absorption can take place
either by the way of passive diffusion, facilitated diffusion or by active transport. 
Passive diffusion do not require transporter proteins, but it is influenced by the
physico- chemical characteristics of the molecule such as lipophilicity, solubility, 
molecular size and shape, charge and degree of ionization. Formulation of an eye-
drop depends on its solubility: a drug with adequate solubility can be formulated in 
an aqueous solution, but drugs with poor solubility may need to be provided in a 
suspension. Suspensions may be more irritative to the ocular surface than solutions,
which can promote reflex tearing and further dilution of the drug.
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Viscosity is important, since it can prolong contact time of the drug with the 
ocular surface. Adding high viscosity substances to the solution increases drug 
retention in the inferior cul-de-sac, promoting drug penetration. Methylcellulose 
and polyvinyl alcohol are frequently used substances with high viscosity.

To traverse the cornea, a drug must pass sequentially through the lipophilic envi-
ronment of the epithelial cell membranes through the hydrophilic environment of 
the stroma, and finally through the lipid barrier at the endothelium. Drugs with
greater relative lipid solubility can better penetrate cellular membrane, however are 
poorly soluble in tear. Hydrophilic molecules are simple aqueous eyedrops, their
ocular penetration is critically limited by the intercellular zonulae occludentes and 
the hydrophobic nature of the epithelium cell membranes of the ocular surface. In 
contrast, lipophilic molecules can penetrate through cell membranes of the ocular 
surface epithelium but their formulation for topical ocular administration is com-
plex because they are insoluble in simple aqueous solutions.
Small (molecular weight (MW) <500) non ionizable hydrophilic molecules are

able to penetrate through intercellular spaces in the corneal epithelium, while these 
types of lipophilic molecules can go directly through the cells. Contrarily molecule 
with MW of 5 × 105 or over can diffuse easily through the stroma. The barrier func-
tion of the endothelium is not as remarkable as that of epithelium, because its per-
meability is 200-fold weaker than that of the latter. Both the epithelium and the
stroma have a reservoir function; the hydrophilic stroma serves as a depot for water- 
soluble molecules whereas the epithelium is the main depot for lipophilic ones [41].

For the optimal corneal penetration it was found that the ideal lipophilicity cor-
responds to logp (lipid/water partition coefficient) values of 2–3. The drugs with
higher lipophilicity (logp>3) have showed lower permeability, because they cumu-
late and move slower from the lipophilic epithelial to the hydrophilic stroma [42]. 
For ionisable drugs, the unionized form is preferred to penetrate the epithelium and 
endothelium, while the ionized form is desirable to stromal transition. On basis of
the Henderson-Hasselbach equation:

 

pH pKa log
A
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= +
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−

 

(11.1)

where, [HA] is the molar concentration of the undissociated weak acid, [A−] is the 
molar concentration of this acid’s conjugate base and pKa is – log(Ka) where Ka is
the acid dissociation constant – in case of weak acid or a weak base the pH of the
ophthalmic drug delivery will determine the ratios of the ionized and un-ionized 
species of the molecule [43]. In the case of ionized molecules, over the degree of 
ionization the charge of the molecule also affect the cornea penetration [44]. 
The cornea epithelium is negatively charged above its isoelectric point, from this 
reason hydrophilic charged cationic molecules permeate easier through the cornea 
than anionic molecules. Below the isoelectric point, the cornea is permeable to neg-
atively charged molecules, however, this acidic field strongly irritates the eye and 
triggers an increased lacrimation [45].
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Not only drugs, but additional compounds of the eyedrops affect drug penetration.
Preservatives (benzalkonium chloride, tiomersal) are applied frequently in commer-
cially available eyedrops, which prevent bacterial contamination, alter structure of the 
corneal and conjunctival epithelial cell membranes. Disruption of the epithelial cell
wall reduce the barrier effect of the corneal surface and increase drug permeability. 
Application of ointments increase the contact time of ocular medications. Ingredients 
of the ointments are lipophilic thus most water-soluble medications are insoluble in the 
ointments and are present as microcrystals. In this formulations slow release can be 
provided on the ocular surface, but penetration is usually very limited.

Tear film alterations are not rare comorbidities in cases after AMT. Excessive tear-
ing is encountered in the first few days after AMT causing significantly reduced bio-
availability of the drugs on the ocular surface. On the other hand local or systemic
pathologies resulting in dry eye also bear a considerable impact on drug availability 
and penetration. Either dry eye or excessive tearing can be present in patients after 
AMT. Systemic autoimmune disease in the background of ocular surface disease usu-
ally reduce tear volume and ingredients of the tear film also change. Meibomian gland 
dysfunction determines the lipid content of the tear film. The synchronized movement 
of the eyelids can be limited in ocular surface disease needing AMT, thus the spread-
ing of the precorneal tearfilm is damaged. In ocular pemhigoid not only the lipid 
content, but the mucin layer of the tear film is pathologic.

11.4  Enhancements in Topical Ocular Drug Delivery 
Systems (DDS)

As the eye is an organ with special anatomy, physiology and biochemistry, the improve-
ment of bioavailability and extension of the residence time of drugs administrated on 
eye is one of themost interesting and challenging problems in the past decades. Despite
that many different ophthalmic drug delivery strategies have been published, the con-
ventional ocular dosage forms dominate the clinical therapy [46]. The strategies to 
improve the bioavailability of ocular drug can be divided into two groups:

• Improving residence time on the eye surface
• Enhancing corneal permeability
• Enhancing site specificity [47]

11.4.1  Improved Corneal Permeability

For enhancement of corneal drug permeability, there are two main possibilities. The first 
one is to modify the physico-chemical characteristics of the drug and the second 
approach is a temporary modification of the integrity of the corneal epithelium [48]. 
Prodrugs are derivatives of drugs which are chemically or enzymatically converted to 
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their active parent drugs. These prodrugs have adequate lipophilicity, solubility and pKa 
for the corneal penetration and modify to parent drug in the tissue of the eye. Recently
the concept of double prodrug (prodrug of prodrug) is also gaining importance [47].
Cyclodextrins (CDs) are cyclic oligosacharide and can improve the physico-

chemical characteristics of drugs forming complexes with them. They are often 
used to increase the solubility and the dissolution rate of the active agent. Moreover 
CDs can adhere to the biological membrane [49].

In the early studies chelating agents, preservatives, surfactants and bile salts were 
used as penetration enhancers. Nowadays these substances are less favourable due
to the local toxicity associated with them and new types of penetration enhancer 
molecule are on the focus of the innovators, such as chitosan, poly-L-arginine, ami-
nated gelatin and many types of thiolated polymers. The permeation enhancing 
activity of these polymers can be explained by opening the thigh junction by inhibit-
ing the activity of P-gp on the epithelial cells.
Drug loaded nanoparticles are particles with 1–1,000 (500) nm size. They con-

tribute to the drugs attaching to a nanoparticle matrix, or dissolved, encapsulated 
and entrapped in that. The nanoparticle are able to carry the drug through the barri-
ers (enhancing the corneal penetration of drugs) or target them to the specific site of
action [50]. Beyond that -depending on the formulation and ingredients- modified 
drug release can also be achieved.

11.4.2  Improvement of Retention of the DDS

The most commonly used ocular formulations are solutions and aqueous suspen-
sions. They are well tolerated and effective systems but their bioavailabilities are 
limited. have low bioavailability. To overcome these mishaps, viscous formulations 
(ointments) or viscosity enhancing agents (polymers) are mainly used in the prepa-
rations. Since increased viscosity can causes the sticky foreign body sensation and
blurred vision, it is important to determine an optimal viscosity range. The topically 
applied hydrogels can be divided into preformed (classical) and in situ forming gel.
Whereas performing hydrogels are highly viscous systems with complicated admin-
istration, the in situ forming gels are low viscous liquids which upon exposure to 
physiological conditions of the ocular surface/exposure to ocular surface Ph. trans-
forms to a gel phase [51, 52]. From this reason these systems can be easily installed 
as a drop overcoming the problem of repeated administration. The sol-gel transition 
can be induced by the ion strength (gellan gum) [53], alginates [54], pH (latex) and
the temperature (poloxamers) [55] of the biological environment.

The last decade has seen a move forward in the formulation of topically 
administrated DDSs bioadhesive preparations. They gained interest lately and
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have come into highlights. Another approach to improve the residence time of 
the ocular dosage form was the implementation of the mucoadhesive concept. In 
many papers interactions of different polymers with mucins were evaluated. 
Cellulose derivatives, acrylates, alginates, hyaluronan, polysaccharides, chitosan 
and the new type of mucoadhesives such as thiomers were defined as good bio-
adhesive polymers.

There are several potencial techniques that can enhance topical drug delivery. 
One group of these techniques is the polymeric drug delivery system. Nanoparticles
and nanocapsules offer more possibilities for controlled drug release. Particulate 
systems are more stable than other colloidal systems, and long term storage is pos-
sible after freeze drying. Nowadays, carriers are nontoxic, nonimmunogenic, bio-
compatible, uniform and biodegradable. Nanoparticles are able to protect the
delivered molecules while interacting with the ocular surface. Nanocapsules are
colloid systems with an oil core and polymeric coating, which is planned to further 
improve ocular bioavailability. Nanocapsules present an advantage over nanoparti-
cles as carriers for lipophilic drugs, as they can incorporate within their core oil 
phase marked amounts of lipophilic drugs.

Micelles are amphiphilic molecules, thus surfactants, which form nanoscopic 
supramolecular structures with a hydrophobic core and a hydrophilic shell. 
Liposomes are vesicles consisting of an aqueous compartment core surrounded by
a lipid bilayer that mimics a cell membrane. The topical ophthalmic use of lipo-
philic or macromolecular therapeutic substances has been limited clinically because 
of their poor ocular bioavailability.
Several pharmaceutical developments have been made in delivery systems, but a

very simple method can be applied: amniotic membrane extraction solutions [56]. 
Amniotic membrane extract is produced by lyophilized preparation. In amniotic 
membrane extract all biologically active components are readily available (growth
factors, neutrophins, interleukins, receptors, fibronectins and different types of col-
lagen) for the treatment of corneal surface defects [57]. It is also possible to add 
drugs to amniotic membrane extract in order to combine biological and pharmaco-
logical effects. Ha [58] and coworkers further demonstrated, that amniotic mem-
brane extract is beneficial in alkali burns whereas Jiang et al. [59] provided evidence 
on the antiangiogenic effects of amniotic membrane extract.

Mencucci et al. [60] soaked amniotic membrane in acyclovir or trifluridine and
put on cell cultures. They have noted, that a sustained release of antiviral drug was 
possible by amniotic membrane, since it inhibited the reproduction of herpes sim-
plex virus significantly in cell cultures.
Further evidence have been presented by Singh et al. [61] who developed the 

silver-impregnated amniotic membranes, which provided an effective barrier to 
bacterial penetration, and they have demonstrated the ability of silver-impregnated 
amniotic membrane to combat microbial infection and its ideal physical character-
istics for clinical use as a burn wound dressing.
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11.5  Conclusions

Amniotic membrane can have various effects on drug permeability and can signifi-
cantly alter bioavailability of the drugs used. Beyond several biochemical, biologi-
cal and biophysical benefits of amniotic membrane transplantation, amniotic 
membrane serves a layer with a more stable drug concentration on the ocular sur-
face. If we could achieve exact knowledge of the pharmakokinetics of amniotic
membrane, an individual treatment of patients needing AMT could be the future 
therapeutical option.
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    Chapter 12   
 Isolation and Characterization 
of Mesenchymal Stem Cells from 
Amniotic Membrane 

             Ana     Lopes    ,     Mário     Grãos    , and     Artur     Paiva    

    Abstract     Placenta and amniotic membrane emerge as important sources of stem 
cells, since it is possible to perform their study with non-invasive methods. Also, is 
possible to obtain higher numbers of stem cells from these tissues compared with 
other sources. Several studies have reported that multipotent adult stem cells rep-
resent an attractive stem cell source for regenerative medicine and transplantation 
therapy, since these cells have a high degree of plasticity and multi-lineage differ-
entiation potential. Among adult stem cells, mesenchymal stem cells (MSC) arise 
since they are able of both supporting hematopoiesis and differentiating into meso-
derm, endoderm and ectoderm cells and are known to be weakly immunogenic and 
to exhibit immunomodulatory properties, which is important to escape to the 
immunological defence mechanisms and to suppress several functions. Diverse 
studies associated the MSC heterogeneity with their differential potential. MSC 
have different characteristics related to the source of isolation, therefore they can 
differ, not only, in terms of phenotype, but also morphology, ultrastructure and 
even function. Although MSC phenotype is well described in the literature, the 
absence of a single marker expressed only by this cell type could be a problem for 
the isolation of a homogeneous stem cell population and for the identifi cation of 
their therapeutic potential. In this sense, recent efforts have been made in order to 
isolate more homogeneous cell populations, avoiding contamination by other 
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 cellular types, and to develop a set of markers for the characterization of this stem 
cell type. In this context, this chapter gives an overview of protocols for isolation, 
a proposal for their characterization, and differentiation of mesenchymal stem cells 
from human amniotic membrane (hAMSC) in order to potentiate its application to 
clinical practice.  

  Keywords     Amniotic membrane   •   Mesenchymal stem cell   •   Immunophenotype   • 
  Cell sorting   •   Gene expression   •   Differentiation  

12.1         Amniotic Membrane-Derived Cells 

 In the search for other potential sources of adult stem cells, placenta and amni-
otic fl uid have clearly been in focus. Cells from the mesenchymal and epithelial 
regions of the amnion can be isolated by mechanical separation. Epithelial cells 
can be isolated after digestion with trypsin or dispase and mesenchymal stem 
cells from human amniotic membrane (hAMSC) after digestion with collage-
nase. MSC have important applications in the fi eld of regenerative medicine for 
therapeutic purposes due to their high degree of plasticity and also, based on 
their immunomodulatory properties, may contribute to the maintenance of feto-
maternal tolerance, to reverse acute graft  versus  host disease (GVHD) refracted 
to conventional therapy as well as lupus nephritis in systemic lupus erithemato-
sous. Another advantage for the use of placental derived cells is related to the 
ethical problems, which could be avoided since these tissues are generally dis-
carded [ 1 ]. Accordingly, they can be useful for understanding general cellular 
processes like embryogenesis, organogenesis, cancer or ageing [ 2 ]. Regarding 
their multipotent properties, these cells are an attractive source in the transplan-
tation fi eld [ 3 ]. 

 Regardless of MSC type has not a specifi c phenotypic marker that allows direct 
identifi cation, diverse laboratorial procedures and strategies have been developed 
for MSC processing [ 4 ]. For example, several groups still perform isolation of this 
cellular type only by plastic adherence, although this method does not provide a 
purifi ed cell population, once monocytes also have adherence for the plastic [ 5 ]. 
Moreover, the culture conditions are not consensual too. Therefore there is no stan-
dard protocol for MSC proceedings and the comparisons between the results can be 
compromised.   To overcome these limitations, several strategies have been devel-
oped to facilitate the prospective isolation and characterization of MSC based on the 
selective expression or absence of surface markers [ 6 ]. 

 In this chapter, we aim to summarize different methods for the isolation of MSC 
from the amniotic membrane after caesarean; to establish a proposal for an exten-
sive immunophenotypic characterization of MSC, and also for their differentiation 
into diverse cell lineages under specifi c culture conditions.  
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12.2     Technical Proceedings/Methods and Technologies 

12.2.1     hAMSC Isolation and Culture 

 Placentas are harvested within 4 h of delivery after cesarean section. The fresh 
amnion should be mechanically separated from the chorion and washed extensively 
in phosphate-buffered saline (PBS) containing 100 U/ml penicillin and 100 μg/mL 
streptomycin in order to remove blood and cellular debris. The amnion should be 
cut into 2 × 2 cm pieces and incubated for 7 min at 37 °C in PBS containing 
2.4 U/mL dispase. Then, the pieces should be placed in Roswell Park Memorial 
Institute medium (RPMI) 1 640 medium, supplemented with 10 % heat-inactivated 
fetal bovine serum (FBS) and 2 mM L-glutamine at room temperature [ 7 ,  8 ]. 

 After a resting period (5–10 min) the fragments should be digested with 
0.75 mg/mL collagenase and 20 μg/mL DNAse for approximately 3 h at 
37 °C. Amnion fragments should be then removed and the cell suspension fi ltrated 
through a 100 μm cell strainer and the cells collected by centrifugation at 200× g 
for 10 min. The cells are cultured in mesenchymal stem cell growth medium 
(MSCGM) and, when plated at low density, formed distinct colonies that could be 
isolated using cloning rings and expanded for several passages. The culture 
medium should be changed once a week until fi broblast-like cells appeared and 
twice a week thereafter [ 7 ,  8 ]. 

 Several protocols have been reported to be useful for the isolation of different 
cell types from the amniotic membrane. In Table  12.1  are summarized some pro-
ceedings and different reagents used

12.2.2        hAMSC Characterization 

 Regardless of the source of MSC, they express several phenotypic markers, how-
ever none are specifi c for this cell population. It is generally accepted that MSC 
do not express the hematopoietic cell markers CD45, CD34, CD14, or CD11b. 
They also do not express the costimulatory molecules CD80, CD86, or CD40 or 
the adhesion molecules CD31 [platelet/endothelial cell adhesion molecule 
(PECAM)-1], CD18 [leukocyte function-associated antigen- 1 (LFA-1)], or 
CD56 (neuronal cell adhesion molecule-1), but they express CD105 (endoglin), 
CD73 (ecto-5′-nucleotidase), CD90 (Thy-1), CD13 (aminopeptidase N) and 
CD29 (integrin β1). Also, there are conditions that MSC can express CD271 
[nerve growth factor receptor (NGFR)], CD44 (glycoprotein), CD71 [transferrin 
receptor protein 1 (TfR1)] and Stro-1, as well as the adhesion molecules CD106 
[vascular cell adhesion molecule (VCAM])-1], CD166 [activated leukocyte cell 
adhesion molecule (ALCAM)], CD54 [intercellular adhesion molecule (ICAM)-
1] [ 13 – 15 ]. 
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    Immunophenotyping 

 The International Society of Cellular Therapy has identifi ed a set of criteria to defi ne 
human MSC that included the phenotypic analyses, simultaneous positively expres-
sion of CD105, CD73 and CD90 in the absence of hematopoietic markers expres-
sion as previously referred. 

 Multiparameter fl ow cytometry arises as a powerful technology that represents a 
great technical advantage, since it allows the individual measurement of physical 
and chemical characteristics using an extended panel of markers as cells pass one by 
one through a laser [ 16 ]. This technique is capable of rapid and highly quantitative 
identifi cation of individual cells for the presence or absence of a wide range of fl uo-
rescence and light scattering signals that correlate to cell morphology, surface and 
intracellular protein expression, gene expression, and cellular physiology [ 17 ]. The 
increased sensitivity of fl ow cytometry allows a direct identifi cation and measure-
ment of multiple antigens at a single cell level that is useful for accurate MSC 
identifi cation. 

 The composition of the following proposed antibody panel was drawn based on 
the International Society for Cellular Therapy criteria [ 4 ] and improved by testing 
the various combinations of fl uorochrome-conjugated antibody clones according to 
our experience and based on EuroFlow methodology [ 18 ]. 

 The application of this eight-color staining protocol for MSC characterization 
enables the analyses of different proteins (17) in one single fi le; applying the merge 
and calculate tools it is possible to integrate information from different tubes or 
conjugated with the same fl uorochrome into the same data fi le with a new statistical 
approach that may be used for the automated generation of fl ow cytometry data fi les 
containing information on single events about a virtually infi nite number of param-
eters [ 19 ,  20 ]. 

 The immunophenotypic characterization of hAMSC can be performed directly 
(e.g. in amniotic fl uid) and also after enzymatic treatment (e.g. with tryptase and 
accutase) for detachment and isolation, however a wash procedure using PBS and 
centrifugation is required. These cells are stained for surface cell markers using a 
stain-wash direct immunofl uorescence procedure. 2 × 10 5  hAMSC are distributed in 
different tubes and stained with the following combinations of monoclonal antibod-
ies (Table  12.2 ).

   Cells can be incubated for 15 min at room temperature in the dark. The isotype 
control for each antibody/fl uorochrome should be used to exclude nonspecifi c bind-
ing and a non-stained sample also should be used as negative control. After the 
incubation period, a wash protocol should be followed: 2 mL of PBS was added, 
mixed and then centrifuged at 1500 rpm for 5 min. Cells were resuspended in 
0.5 mL of PBS before acquisition in the fl ow cytometer [ 21 ]. 

 Dead cells and cell debris could be excluded by forward scatter area (FSC-A) 
and side scatter area (SSC-A), while doublets are excluded by FSC-A versus for-
ward scatter height (FSC-H). The analysis might be performed in Infi nicyt Software 
(Cytognos, Salamanca, Spain) (Fig.  12.1 ).  

12 Isolation and Characterization of Mesenchymal Stem Cells from Amniotic Membrane
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 The combination of cell sorting capability to fl ow cytometry makes possible 
the isolation of populations based on their phenotypic heterogeneity in different 
conditions; after isolation, cell culture and also after in vitro differentiation, 
through electronic Fluorescence-Activated Cell Sorting (FACS). FACS is an 
important technology, as heterogeneous cell suspensions can be purifi ed into 
fractions containing a single cell type based upon virtually unlimited combina-
tions of user- defi ned parameters. Beyond the exceptionally accurate and analyti-
cal nature, sorting function is non-destructive to the cells being processed, with 
little to no effect on cell viability or function [ 22 ]. This methodology also allows 
to sort, under aseptic conditions, cell populations for expansion in culture. 
Therefore, the cell sorter becomes a starting point for boundless cellular and 
molecular investigations [ 16 ]. 

 One of the important points to the success of sorting is almost entirely due to the 
preparation and the state of the samples. It is a prerequisite that cells must be in a 
suspension, hence the diffi culty arises when using cells from adherent cultures or 
cells from solid tissues. Another point to take into account is the cell sorter ade-
quacy to the samples. Cells should be no more than one fi fth the diameter of the 
nozzle – small cells such as lymphocytes require a 70-μm nozzle -, whereas many 
cultured adherent cells require a 100-μm nozzle. However, there are several well 
established methods for preparing samples for fl ow sorting. 
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  Fig. 12.1    Immunophenotypic characteristics of mesenchymal stem cells from human amniotic 
membrane ( blue ). Cells represented as  grey  are the hAMSC without staining (negative 
control)       
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 It is recommended that cells before sorting should be washed in cell culture 
medium or in PBS with 1 % bovine serum albumin and then staining for sur-
face markers using a stain-wash direct immunofluorescence procedure, mono-
clonal antibodies should be incubating for 15 min at room temperature in the 
dark. After this incubation period, a wash protocol should be followed: 2 mL 
of PBS should be added to the cells, the samples should be mixed and then 
centrifuged. Then, cells should be resuspended in a small volume of medium 
and aspirated up and down through a pipet several times to help disaggregate 
clumps. Normally, adherent cells tend to be larger and are recommended to be 
resuspended at a lower density. It is always better to keep the density high prior 
to sorting and dilute to an appropriate concentration immediately prior to 
 sorting [ 16 ].  

    Immunocytochemistry Assay 

 Immunocytochemistry is a procedure that allows the correlation between precise 
localization of a specifi c protein or antigen and tissue morphology in fi xed cells on 
slides and tissue sections by binding a specifi c secondary antibody conjugated with 
a fl uorescent dye and the results could be obtained using a fl uorescence or confocal 
microscope. 

 Cells should be seeded on glass coverslips coated with an appropriate cell- 
binding protein or peptide (e.g.: poly-D-Lysine) at 2 × 10 3  cells/cm 2 . For the main-
tenance of cytoskeleton integrity cells were rinsed at 37 °C with a cytoskeleton 
buffer, namely PBS and then fi xed with 3 % formaldehyde in citrate buffer (CB) 
solution for 15 min at 37 °C. After that cells should be washed with CB and the 
membrane is permeabilized with 0.1 % Triton X-100 CB solution for 5 min. 
Coverslips were blocked with 0.5 % fi sh skin gelatin in PBS for 20 min at room 
temperature and incubated overnight at 4 °C with a specifi c antibody. For example, 
antibody anti- L-alkaline phosphatase, collagen type I, II, IV and XII, fi bronectin, 
desmin, fi broblast surface protein (FSP), Nanog, Sox-2, Oct-3/4, GFAP, Neuro-D, 
SSEA-3, SSEA-4, HLA-ABC, CD105, CD29, CD31, CD44, CD54, CD106. Then, 
the samples were rinsed in PBS and incubated with the secondary antibody (the 
time and conditions of incubation were related with the manufacturer’s instruc-
tions). The slides could be assembled with VECTASHIELD® Mounting Media 
that contains 4′,6-diamidino-2-phenylindole (DAPI) and then analysed in a confo-
cal microscope [ 9 ,  12 ]. 

 The main characteristics of hAMSC are their multipotency and self-renewal 
capacity. These features seem to be related to the presence of some transcription 
factors, including Oct-4, SOX-2 and Nanog (with an important role in self-renewal 
function, however their expression in hAMSC is controversial) [ 23 ] and SSEA-4 
and L-alkaline phosphatase, expressed in early embryonic development and impli-
cated in the maintenance of the non-differentiation state of these cells. Hence, 
immunocytochemistry arises as an important additional procedure for the character-
ization of hAMSC (Fig.  12.2 ) [ 24 ,  25 ].   
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    Molecular Assays 

 Although some hAMSC features are well-know, their genetic profi le is not clear yet. 
Recent reports referenced that the expression of some specifi c genes is related to 
their multipotency and differentiation potential [ 26 ]. Therefore, it is important to 
perform a detailed molecular characterization of these cells that allows the distinc-
tion of various subpopulations. 

 Several procedures may be used to understand the molecular mechanisms of 
hAMSC. In Table  12.3  are described several markers that can be studied using 
global methodologies, like transcriptomics, proteomics, real time polymerase chain 
reaction and others, for molecular characterization of these cells.

   The analysis of signature genes of hAMSC revealed that many of them seem to be 
involved in cellular immune functions, namely tolerance, in biological processes like 
cell survival and limitation of hAMSC differentiation. The genes that appear to be 
involved in immune adaptation at the maternoplacental interface are summarized in 
Table  12.3A . Genes presented in Table  12.3C  are associated with the differentiation 
process. In the case of REX-1, its expression could block MSC differentiation. 

 The combination between different phenotypes, the successful sorting of hetero-
geneous populations and the knowledge of the genetic patterns expressed by these 
cells, can give new insights into the characterization of hAMSC and the understand-
ing of their function. All this information is advantageous for the isolation of the 
specifi c cell types, since it is possible to choose which cells are more appropriate for 
specifi c therapeutic approaches.    

  Fig. 12.2    Analysis of Nestin expression by immunocytochemistry of human umbilical cord 
matrix mesenchymal stem cells. Nestin is stained in  green  and nuclei are counterstained with DAPI 
(in  blue )       

 

12 Isolation and Characterization of Mesenchymal Stem Cells from Amniotic Membrane



204

12.3     hAMSC Differentiation Potential 

 Recently, experiments with hAMSC cultures were performed in order to evaluate 
their multilineage differentiation potential, since they seem to have the ability to 
differentiate into cell type’s characteristic of all the three germ layers. However, 

     Table 12.3    Description of some important markers identifi ed in mesenchymal stem cells from 
human amniotic membrane   

 A – Transcriptomics [ 27 ,  28 ] 
 SPON2  Spondin 2, extracellular matrix protein 
 IFI27  Interferon α-inducible protein 27 
 BDBKRB1  Bradykinin receptor B1 
 SCYB5  Small inducible cytokine subfamily B member 5 
 SCYB6  Small inducible cytokine subfamily B member 6 
 FOXF1  Forkhead box F1 
 HAND2  Heart and neural crest derivates expressed 2 
 TCF21  Transcription factor 21 
 DPP6  Dipeptidyl aminopeptidase-like protein 6 
 TDO2  Tryptophan 2,3-dioxygenase 
 STs  Steroid sulfatase 
 B – Proteomics [ 27 ,  29 ,  30 ] 
 OGN  Osteoglycin 
 βIG-H3  Transforming growth factor-beta-induced protein ig-h3 
 THBS1  Thrombospondin 1 
 COL  Colagen 
 TGM2A  Transglutaminase 2 isoform A 
 ACTB  Beta-actin 
 FGB  Fibrinogen beta chain 
 NID2  Nidogen 2 
 HSPA5  70 kD heat shock protein 5 
 C – Gene expression [ 27 ] 
 Oct-3  Octamer-binding protein 3 
 Oct-4  Octamer-binding protein 4 
 Rex-1  Reduced expression 1 
 SCF  Stem cell factor protein 
 NCAM  Neural cell adhesion molecule 
 NES  Nestin 
 BMP-4  Bone morphogenetic protein 4 
 GATA-4  GATA binding protein 4 
 HNF-4α  Hepatocyte nuclear factor 4α 
 FGF5  Fibroblast growth factor 5 
 PAX6  Paired box protein 6 
 BMP-2  Bone morphogenetic protein 2 
 Nanog  Homebox transcription factor Nanog 
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more studies in vivo need to be made to document the spectrum of their multilin-
eage differentiation [ 27 ]. The differentiation process can be confi rmed by immu-
nocytochemistry, gene expression and functional analyses [ 31 ]. hAMSC from 0 
to 4 passages can be used for differentiation assays, after being detached and 
seeded at a density of 1.5 × 10 5 /cm 2  in glass chamber slides for all differentiation 
studies. 

12.3.1     Osteogenic Differentiation 

 Osteogenesis was induced by culturing cells in Bulletkit Osteogenic 
Differentiation Medium or in Bullekit Osteogenic Differentiation Medium 
(Lonza) or in NH OsteoDiff Medium for up to 3 weeks at 37 °C with 5 % CO 2 . 
The culture medium need s  to be changed every 2–3 days. To demonstrate osteo-
genic differentiation, cultures were fi xed and osteoblasts could be identifi ed by 
immunocytochemical staining of alkaline phosphatase. Calcium deposits, char-
acteristic of osteogenic differentiation, could be visualized by alizarin red stain-
ing or von Kossa [ 7 ,  10 ,  32 ].  

12.3.2     Adipogenic Differentiation 

 To evaluate adipogenic differentiation, cells were allowed to become nearly confl u-
ent and then cultured for 3 weeks in Bulletkit Adipogenic Differentiation Medium 
according to the manufacturer’s instructions. Cytoplasmic inclusions of neutral lip-
ids were then stained with fresh Oil Red O [ 7 ,  32 ].  

12.3.3     Chondrogenic Differentiation 

 hAMSC (5 × 10 5  cells/cm 2 ) from passages P0 to P4 were detached using trypsin- 
EDTA and centrifuged at 300 g for 10 min. The resulting pellet should be cultured 
in chondrogenic differentiation medium, DMEM with 15 % FBS. The medium was 
supplemented with 5 mg/mL ascorbic acid (AA), 1/1,000 monotioglycerol and 
1 % P/E during the fi rst 2 days to promote the induction of chondrogenesis. The 
medium should then be replaced by DMEM with 15 % knockout serum, 1 % P/E 
and supplemented with 1 μl/ml AA, 10 μM dexamethasone, 6 μl/mL transferrin, 
1 × 10 7  M retinoic acid and 1 ng/mL of recombinant human transforming growth 
factor-b3 (rHuTGF-b3) for 21 days. The medium should be changed every 2–3 days 
[ 33 ]. The presence of metachromatic matrix could be demonstrated by toluidine 
blue staining [ 7 ,  32 ].  
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12.3.4     Neural-Like Differentiation 

 Neural-like differentiation could be induced with the DMEM supplemented with 
20 % FBS and 0.05 mg/mL NGF over 21 days, and the cultures were maintained in 
this medium for 15 days. The neural-like morphology may be evaluated by light 
microscopy, cells were more elongated and in confl uence zones displayed refractile 
soma and neurite-like processes. Similarly, it is also possible to determine neural- 
like phenotype by confocal fl uorescence microscopy and western blotting to detect 
GFAP and NEURO-D proteins [ 12 ].      
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    Chapter 13   
 Preservation of Amniotic Membrane 

             Mafalda     Laranjo    

    Abstract     Human amniotic membrane is an important biomaterial in medicine, it 
has virtually unlimited availability and low processing cost. Preservation of human 
amniotic membrane is essential to guarantee a continuous supply in the clinical set-
ting. The establishment of standardized protocols for collecting and preserving 
human amniotic membrane worldwide is crucial to ensure best quality tissue, 
according to each application, and safety for the patients. Nowadays preservation of 
amnion relies on several methodologies, namely, hypothermic storage at 4 °C, usu-
ally referred simply as fresh storage, cryopreservation, freeze drying, air-drying and 
others. Every method used in the processing and preservation of human amniotic 
membrane affects the properties of the biological material. However the mainte-
nance of some characteristics might be important for each application. Thus, stor-
age conditions should be thought to support the integrity of structures that might 
infl uence clinical outcome, like the basement membrane or the extracellular matrix. 
Within human amniotic membrane preservation methods, each procedure presents 
advantages and disadvantages. The contraindicated, for safety issues, fresh human 
amniotic membrane is a ready to use biomaterial. Cryopreservation at −80 °C allows 
conservation for long periods of time in appropriate cryoprotectant media. 
Lyophilized human amniotic membrane can be stored at room temperature making 
its transport simpler. In this chapter, the main issues about human amniotic mem-
brane collection and preservation are reviewed and discussed.  
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13.1         Introduction 

 Human amniotic membrane has many benefi cial properties that are extensively 
detailed throughout this book, being the mostly referred, its antimicrobial activity, 
antiangiogenic properties, infl ammation suppression plus no immunogenicity, pain 
relief, scarring inhibition, wound healing and epithelialization [ 1 – 4 ], and anti- 
tumorigenic properties [ 1 ,  5 ]. Besides these characteristics, human amniotic mem-
brane acts as an anatomical and vapor barrier [ 1 ,  3 ], being able to preserve a moist 
atmosphere that promotes healing [ 6 ]. It has the ability to maintain the epithelial 
stem cell niche thus being useful in ocular surface diseases [ 7 ]. Furthermore, human 
amniotic membrane cells are multipotent and may differentiate into several types of 
cells, namely neurons, hepatocytes, cardiomyocytes, pancreatic cells and chondro-
cytes [ 3 ]. This unique combination of characteristics that is not found in other natu-
ral or synthetic biocompatible materials [ 1 ], justifi es the use of human amniotic 
membrane in various clinical conditions: in ophthalmic treatment, in partial thick-
ness burn, as a temporary biological dressing, as a cover for microskin grafts, as an 
epidermal substitute [ 2 ,  6 ], as a substrate for chondrocytes for human articular car-
tilage repair [ 1 ] and as a substrate for the  ex vivo  expansion of limbal epithelial cells 
used to treat corneal epithelial stem cell defi ciency in humans [ 6 ,  8 ,  9 ]. 

 Moreover, its virtually unlimited availability and low processing cost makes it an 
important biomaterial in medicine. Therefore, the establishment of standardized 
protocols for collecting and preserving human amniotic membrane worldwide is 
crucial to ensure best quality tissue, according to each application, and safety for the 
patients. In this chapter, the main issues about human amniotic membrane collec-
tion and preservation are reviewed and discussed.  

13.2     Amniotic Membrane Collection 

 The standards of quality and safety for donation, procurement, testing, processing, 
preservation, storage and distribution of human tissues and cells in Europe are under 
the regulation of Directive 2004/23/EC and the laws of each country for tissue trans-
plantation. In order to comply with these regulations different protocols for preser-
vation, testing and storage might be required [ 10 ]. 

 Directive 2004/23/EC demands all safety measures, including in the prevention of 
the transmission of infectious diseases, are accomplished in donation, procurement, 
testing, processing, preservation, storage, distribution and use of human tissues and 
cells, in order to protect public health (Directive 2004/23/EC). To ensure the highest 
quality and, more important, safety, of tissue, human amniotic membrane collection 
is recommended after caesarian sections under sterile conditions through approved 
protocols [ 2 ,  11 ]. However, both C-sections and vaginal delivery human amniotic 
membrane might have bacterial contamination [ 2 ,  12 ], therefore adequate steriliza-
tion procedures are mandatory. 
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 Pregnant women with a social and clinical history compatible with a healthy 
donor are asked to give their placenta and if informed consent is obtained the screen-
ing for diseases is performed. Usually women with history of drugs, alcohol abuse 
and multiple sexual partners are excluded [ 2 ]. The screening for serological dis-
eases must include human immunodefi ciency virus (HIV), hepatitis B and C, syphi-
lis, cytomegaly virus and Toxoplasma gondii [ 2 ,  11 ]. The serological tests are 
carried out in the third trimester, close to the date of caesarean section, and repeated 
6 months after delivery [ 2 ], in order to avoid false negatives consequent of the “win-
dow period” of infection [ 11 ]. If both tests are negative and non-reactive, tissue 
might be used in surgery [ 2 ]. 

 There are reports on the use of fresh human amniotic membrane [ 11 ,  13 ], however 
there is a potential risk of disease transmission associated with this procedure. The 
death of a recipient of an allograft contaminated with  Clostridium spp . proved that 
tissue transplantation can transmit virus or bacteria [ 10 ]. Furthermore, if we think 
that the human amniotic membrane from a single donor has enough biomaterial to be 
used in several patients the potential danger of spreading a disease is substantial [ 14 ]. 
To prevent situations like this and to comply regulations long-time storage, and 
appropriate sterilization, of tissue is mandatory; once human amniotic membrane 
must be quarantined until the results of both serological tests are negative [ 11 ].  

13.3     Amniotic Membrane Processing 

 There is no single protocol to the human amniotic membrane processing. The most 
popular method was suggested Tseng and co-workers, who re-introduced the use of 
amnion in ophthalmology [ 15 – 17 ]. Usually the placenta is received intact from the 
maternity hospital in a container appropriate to continue processing under sterile con-
ditions, under a lamellar-fl ow hood. The placenta is washed from blood clots with 
saline, usually with antibiotics. Usually an antibiotics combination that covers Gram-
negative, Gram-positive bacteria and fungi is included in washing and storage solu-
tions. Tseng  et al . [ 16 ] used 1,000 U/mL penicillin, 20 mg/mL streptomycin, and 
2.5 mcg/mL amphotericin B. But, in other procedures other reagents were used, for 
example: 0.5 % silver nitrate and 0.025 % sodium hypochlorite solution [ 2 ]. 

 The human amniotic membrane is stripped from the placenta, commonly by blunt 
dissection, and fl attened, epithelial surface up (mesenchymal side under), into nitro-
cellulose paper sheets [ 16 ,  17 ]. Human amniotic membrane is cut into pieces of 
appropriate size the samples are stocked individually in sterile vials with the selected 
preservative media and stored. As previously stated, the grafts should be quarantined 
until the results of the serological and bacteriological tests are available. 

 A matter that recently gained some concern is interdonor variation. Human 
amniotic membrane is a dynamic tissue that varies during pregnancy to adapt to 
fetal necessities and to maintain fetal membranes integrity [ 18 ]. Furthermore, 
amnion composition, including growth factors, and characteristics, like thickness 
and histology, varies in different donors [ 18 ,  19 ]. Concerning biochemical 
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composition, there are variations in the concentration of epidermal growth factor 
(EGF), basic fi broblast growth factor (bFGF), keratinocyte growth factor (KGF), 
transforming growth factor (TFG) -α and -β1, nerve growth factor (NGF) and pig-
ment epithelium derived factor (PDEF) levels [ 18 ]. It was also found that cytokines 
like tumor necrosis factor (TNF), interleukin (IL) 6 and 8 vary in amniotic fl uid of 
african americans and caucasians [ 18 ]. Additionally, Lopez-Valladares and co-
workers [ 18 ] verifi ed age infl uence on human amniotic membrane growth factors, 
bFGF, KGF, TGF-β1 and hepatocyte growth factor (HGF), content and protein con-
centrations, being both lower in donors with higher gestational ages and donor ages. 
Thereby, human amniotic membrane from 38 to 39-week pregnancies and from 
under 35 years donors has higher growth factor levels [ 18 ]. In human amniotic 
membrane transplantation the biochemical composition of the graft infl uences ther-
apeutic effects. Therefore the possibility of considering parameters like donor age, 
gestational age and race should be taken into account in donor selection process or 
might be registered in collection procedure.  

13.4     Amniotic Membrane Preservation Procedures 

 Preservation of human amniotic membrane is essential to guarantee a continuous 
supply in the clinical setting [ 6 ]. Preservation of amnion relies on several method-
ologies, namely, hypothermic storage at 4 °C, usually referred simply as fresh stor-
age, freezing, freeze drying, air-drying and others [ 3 ,  20 ]. Every method used in the 
processing and preservation of human amniotic membrane affects the properties of 
the biological material [ 2 ,  10 ]. However the maintenance of some characteristics 
might be important for each application. Thus, storage conditions should be thought 
to support the integrity of structures that might infl uence clinical outcome, like the 
basement membrane or the stromal matrix. 

 Within human amniotic membrane preservation methods, each procedure pres-
ents advantages and disadvantages. The contraindicated, for safety issues, fresh 
human amniotic membrane is a ready to use biomaterial that could be prepared in 
hospitals to fulfi ll its own requirements. However, the risk of widespreading sero-
logical diseases makes the preservation methods essential. Cryopreservation at 
−80 °C allows conservation for long periods of time in appropriate cryoprotectant 
media. Lyophilized human amniotic membrane can be stored at room temperature 
making its transport simpler [ 21 ]. Other preservation protocols will also be reviewed. 

13.4.1     Cryopreservation in Glycerol 

 Cryopreservation of fetal membranes was fi rst suggested by Tseng and colleagues 
in the 1990s, when they reintroduced human amniotic membrane in ocular surface 
reconstruction. The processed samples of human amniotic membrane were 
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preserved at −80 °C in glycerol: Dulbecco’s Modifi ed Eagle Medium (DMEM) 
(1:1) [ 16 ,  17 ]. This procedure was recommended by Food and Drug Administration 
as a reliable preservation method and continues to be the most used method for 
human amniotic membrane long-term storage [ 8 ,  11 ,  22 – 24 ]. The fact that it has 
been extensively used in experimental and clinical studies confi rms the safety and 
effectiveness this procedure [ 8 ,  25 ]. 

 The human amniotic membrane can be cryopreserved in glycerol at −80 °C for 
several months [ 8 ] and there are reports that tissue has been stored at −80 °C up to 
2 years [ 2 ]. Several advantages of the use of glycerol as a cryoprotectant in preservative 
media have been reported. Storage in glycerol dehydrates the tissues by replacing most 
of the intracellular water without altering osmotic concentration, preserving cell integ-
rity [ 26 ]. Glycerol-preserved human amniotic membrane biological constitution and 
structure is similar to non-preserved human amniotic membrane [ 8 ]. Many works 
showed that, mostly, human amniotic membrane cells do not survive cryopreservation 
in glycerol at −80 °C [ 8 ]. Cryopreserved human amniotic membrane cells, when 
removed enzymatically, do not survive in culture [ 27 ]. Vital staining and ultrastructural 
analysis also proved no cell viability after cryopreservation in glycerol [ 27 ]. However 
maintenance of human amniotic membrane properties while epithelial cells loose via-
bility is considered one of the advantages of cryopreservation in glycerol, thus human 
amniotic membrane becomes non immunogenic and safe for clinical practice [ 11 ,  17 ]. 

 Glycerol has antiviral and antibacterial properties, dependent on concentration, time 
and temperature [ 2 ,  26 ,  28 ]. It was shown that HIV-1 positive cadaver skin preserved in 
glycerol 85 % at 4 °C resulted in virus inactivation after 5 days [ 28 ]. However preserva-
tion in glycerol  per se  is not a guarantee of sterility even after several months [ 8 ]. 

 The limitations of this preservation procedure is the need of a deep-freeze facil-
ity that is expensive and unavailable particularly in underdeveloped countries and 
the consequent diffi culties for transportation in appropriate temperature [ 8 ]. 

 In the literature, one can fi nd several variations to Tseng and colleagues [ 15 ,  17 ] 
procedure. Although the majority of protocols uses 50 % glycerol in cell culture 
media like DMEM [ 16 ,  17 ] or Minimum Essential Medium (MEM) [ 14 ], other 
formulations were reported. Adds and colleagues, frozen the tissue in a 50 % glyc-
erol-Hanks’s balanced salts solution at −80 °C [ 12 ]. Niknejad  et al . [ 21 ] cryopre-
served the samples in 40 % DMEM/F12, 10 % FBS and 50 % glycerol. 

 The company Bio-Tissue, Inc, founded by Scheffer Tseng commercializes sev-
eral products based on glycerol cryopreserved human amniotic membrane to be 
used in ocular surface applications. AmnioGraft®, an allograft 50–100 μm thick 
available in various sizes to fi t any ocular defect; AmnioGuardTM, a ticker allograft 
(300–400 μm) appropriate for glaucoma; and PROKERA®, a class II medical 
device composed of human amniotic membrane thermoplastic ring which is a 
treatment option for ocular surface and corneal wound healing. All these products 
are based on human amniotic membrane obtained, under informed consent, from 
donors who underwent elective caesarian section delivery and performed serologi-
cal testing. The products are preserved at −80 °C in DMEM:glycerol (1:1) with 
antibiotics. Shipping is made in NanoCoolTM systems that maintain temperature 
under −21 °C until 72 h [ 29 ].  
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13.4.2     Cryopreservation in Other Media 

 Also in the 1990, Tsubota’s group popularized a different cryopreservation proce-
dure that has been used alternatively to glycerol:DMEM preservation [ 2 ]. In this 
procedure rinsing of the human amniotic membrane with antibiotics in saline is 
replaced by increasing concentrations of dimethyl sulphoxide (DMSO). According 
to Tsubota’s procedure, pieces of amnion, cut into squares of 10 cm, are rinsed dur-
ing 5 min in solutions of DMSO in phosphate buffered saline, PBS, 0.5 M (4 %w/v), 
1.0 M (8 %w/v). 1.5 M (12 % w/v). Then, the samples are placed in appropriate 
sterile containers and preserved at −80 °C until use. Preoperatively, the vessel is 
thawed at room temperature. The amnion is rinsed, saline containing 100 mg of 
dibekacin sulphate was suggested, and the amniotic membrane is separated from the 
underlying chorion with forceps [ 30 ]. The samples can be maintained, with concen-
trations of DMSO about 10 % or 0.15 M, at −80 °C during several months [ 8 ]. 

 Díaz-Prado  et al . [ 1 ] also used medium with 10 % DMSO as cryoprotectant and 
a strict protocol of temperature decreasing until −150 °C. Cryopreserved human 
amniotic membrane was successfully used as a system to proliferate human chon-
drocytes for cell therapy in human articular cartilage repair [ 1 ]. Hennerbichler and 
colleagues proposed a glycerol-free preservation whose main feature of the proce-
dure is the retention of 13–18 % of cell viability [ 3 ]. 

 There are a few reports on the clinical use of DMSO cryopreserved human amni-
otic membrane for ocular surface reconstruction [ 8 ,  31 ,  32 ]. Azurara-Blanco used 
human amniotic membrane preserved in medium with 10 % DMSO and the treat-
ment was effective in promoting corneal healing [ 31 ]. Rama and colleagues also 
preserved human amniotic membrane in 10 % DMSO in RPMI, at −80 °C and then 
at −140 °C, for transplantation in ocular surface diseases [ 33 ]. The antiinfl amma-
tory effects of human amniotic membrane transplantation in ocular surface disor-
ders, that showed tissue affi nity for antiinfl ammatory cells, was also performed in 
grafts preserved at −80 °C in DMSO solutions until use [ 34 ].  

13.4.3     Lyophilization 

 Lyophilization or freeze-drying is the removal of all the water from the tissue by 
sublimation [ 8 ,  21 ]. Concerning structure, physical and biological properties, irre-
versible alterations occur. Nevertheless, it results in inhibition of destructive chemi-
cal reactions that lead to tissue alteration; therefore, the samples can be long-term 
stored at room temperature without deterioration. Transportation is simple, on the 
contrary of cryopreserved human amniotic membrane [ 8 ,  19 ]. Indeed, freeze-drying 
represents a cheaper method for preserving amniotic membranes once the costs of 
storage and shipment are reduced [ 35 ]. 

 Nakamura and colleagues [ 7 ,  20 ] reported human amniotic membrane freeze- 
drying. Human amniotic membrane is washed in saline with antibiotics (penicillin, 
10,000 U/mL; streptomycin, 10,000 μg/mL; and amphotericin B, 25 μg/mL) and cut 
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into 4 × 4 cm pieces. The samples are treated with 0.02 % ethylene diamine tetraace-
tic acid (EDTA) at 37 °C for 2 h with the purpose of removing epithelial cells. At 
this point the samples are freeze-dried and packed in vacuum to be radiation steril-
ized with 25 Gy [ 7 ,  20 ]. 

 In the case of lyophilization there are also several procedures described. Niknejad 
 et al . [ 21 ] prefrozen the human amniotic membrane and lyophilized, in a freeze 
dryer, at −55 °C for 24 h. The samples were rehydrated in PBS during 30 min prior 
use [ 21 ]. 

 Freeze-dried and air-dryed human amniotic membrane are already available 
commercially from different companies, however there is few data describing its 
clinical outcome [ 25 ].  

13.4.4     Fresh Amniotic Membrane 

 Despite the already mentioned risk of transmission of HIV, Hepatitis C or other, 
there are some reports on the use of fresh human amniotic membrane for clinical 
practice [ 2 ,  13 ,  36 ,  37 ]. Besides the safety issue, Adds and colleagues [ 12 ] recalled 
practical disadvantages to the use of fresh human amniotic membrane compared 
with frozen material. The most important is the risk of disease transmission, but also 
the viability of fi nding a suitable donor, allowing processing and testing, at the 
moment of surgery, and also the fact that the major part of the human amniotic 
membrane is discarded in this condition [ 12 ]. 

 Some authors debate about some theoretical advantages of the use of fresh 
human amniotic membrane, for instance, the intact epithelial cell layer which is the 
source of important cytokines and growth factors that are pointed as responsible for 
the characteristics of even, the mechanisms of action, of this tissue. However many 
studies have been showing that fresh human amniotic membrane does not carry 
advantages towards preserved human amniotic membrane [ 12 ]. 

 Short-term preservation for research or clinical use and is mainly performed 
under 0 °C [ 3 ,  13 ,  36 ]. Fresh amnion can be maintain in viable conditions up to 
6 weeks if properly stored at 4 °C in silver nitrate solution, in 20 % glycerin solu-
tion, or in sterile saline after passage through one rinse of 0.025 % sodium hypo-
chlorite solution [ 26 ]. Samples preserved fresh, at 4 °C, in 85 % glycerol remain 
intact for over 1 year [ 2 ].  

13.4.5     Trehalose 

 Trehalose, C 12 H 22 O 11 , a natural occurring disaccharide, confers resistance to desic-
cation in several biologic systems, being found in organism capable of tolerate high 
levels of dehydration. Furthermore, it is being currently used in an eye drop solution 
for dry-eye syndrome [ 8 ,  38 ]. Once lyophilization affects the physical and 
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biological structure of human amniotic membrane, mainly due to water loss, and 
trehalose can replace some water content in the cells, it might have a positive effect 
in terms of stabilization of proteins and other components. In order to improve the 
quality of sterilized freeze-dried human amniotic membrane, pre-treatment with tre-
halose was proposed. The procedure starts with washing the human amniotic mem-
brane in saline with antibiotics and antimycotics and cut into pieces. The samples 
were decellularized and incubated in 10 % trehalose during 2 h at 37 °C. Then the 
procedure of freeze-drying and sterilization by irradiation was performed. Trehalose 
treated lyophilized human amniotic membrane is superior to trehalose non treated 
human amniotic membrane, having collagen types I, III, IV, V and VII, fi bronectin, 
and laminin-5 in its structure. Moreover, trehalose proved effective in retaining the 
characteristics of native human amniotic membrane in terms of adaptability, ultra-
structure, physical and biological properties [ 38 ]. 

 Although this procedure has not been used in the clinics,  in vivo  pre-clinical 
studies are promising; corneal surface reconstruction of rabbit eye showed improved 
clarity, no neovascularization and superior epithelialization rate [ 8 ].  

13.4.6     Other Preservation Procedures 

 Other procedures for processing and storing human amniotic membrane were used 
in ophthalmology and for other purposes. These include air drying, hyper-drying, 
and other methodologies based on chemical solutions [ 2 ,  11 ]. 

 Air drying preservation technique, considering its lower cost and simpler stor-
age, may be set for applications like wound dressing [ 6 ]. Sigh  et al . applied air-dried 
gamma irradiation sterilized human amniotic membrane to wounds of 22 patients 
and had excellent results with complete reepithelialization of the wound in 
15–25 days [ 39 ]. In alternative, dehydration over silica gel with further sterilization 
of human amniotic membrane was reported. The authors referred the advantage of 
drying the human amniotic membrane without being fi xed to nitrocellulose paper 
and considered the results comparable to fresh human amniotic membrane in the 
treatment of ocular severe chemical and thermal burns [ 40 ]. 

 Hyper-drying of human amniotic membrane under far-infrared rays and micro-
waves was suggested to be used instead of freeze-drying. The human amniotic 
membrane is washed and dried under far-infrared rays and microwaves at tempera-
tures inferior to 60 °C by using a hyper-drying device. Then, sterilization is per-
formed 25 kGy gamma radiation [ 11 ]. 

 Human amniotic membrane crosslinking by chemical means, by treatment with 
glutaraldehyde, or by radiation, with gamma-ray and electron beam was also 
described. Comparison of both methods showed that radiation cross-linked human 
amniotic membrane degraded faster than chemically cross-linked ones. 
Glutaraldehyde cross-linked human amniotic membrane showed interesting physi-
cal properties, with no alteration of tensile strength, water content and permeation 
properties [ 41 ]. Superior resistance to enzymatic digestion associated to better 
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transparency and less wrinkling was also reported, with preservation during 90 days 
in opposition to fresh or cryopreserved human amniotic membrane that are dis-
solved within 7 days [ 42 ]. Human amniotic membrane cross-linking with glutaral-
dehyde was used in therapy for corneal perforations. In this case, cryopreserved 
human amniotic membrane was used, cross-linked and then hyper-dried. This bio-
material was used in three patients and the corneal perforations were repaired within 
28 days [ 43 ]. 

 Other reagents were also proposed for cross-linking. It is the case of carbodi-
imide hydrochloride/N- hydroxysuccinimide. This biomaterial was thought to over-
come human amniotic membrane limited biomechanical strength and rapid 
biodegradation and proved to be able to maintain limbal epithelial cell culture 
 in vitro  and  in vivo  [ 44 ]. In the same direction, aluminium sulfate [Al 2 (SO 4 ) 3]  was 
used and superior mechanical properties, like 125 % increase of tensile strength and 
capacity to support limbal epithelial cell cultures, were reported [ 45 ]. In a study to 
evaluate human amniotic membrane transplantation in the management of bullous 
keropathy, Georgiadis  et al . referred storage in absolute alcohol at 4 °C, as an alter-
native protocol used in the local eye bank [ 23 ].   

13.5     Amniotic Membrane Sterilization Procedures 

13.5.1     Microbiological Quality Control 

 A good practice in human amniotic membrane processing and storage is to perform 
microbiological quality control. When human amniotic membrane is stored in pre-
servative media simple procedures can be performed. 

 Qureshi and colleagues [ 14 ] described the microbiological quality control per-
formed at the Al-Shifa Trust Eye Hospital (Rawalpindi, Pakistan). After human 
amniotic membrane processing for cryopreservation in glycerol, a random bottle 
from the batch is left for 1 h at room temperature. Then 5 mL of cryopreservation 
media is inoculated in 100 mL of brain heart infusion medium and 100 mL of thio-
glycolate broth medium. The media are incubated for 21 days, and if there is no 
growth of bacteria or fungi, the batch is considered free of microbiological contami-
nation. Despite this control, the human amniotic membrane batch is used only after 
3–4 months when the second serological control was performed to the donor [ 14 ].  

13.5.2     Gamma Irradiation 

 Ionizing radiation might be used to sterilize preserved membrane attaining a level 
of biological contamination safe for clinical usage [ 6 ]. Ionizing radiation is used 
worldwide for sterilization of medical products. Its penetrating nature and negligi-
ble temperature rise make it suitable for pre-packaged material [ 46 ]. Radiation 
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eliminates bacteria, viruses and fungy. Sterility assurance level, equivalent to 10 -6  is 
achieved with 25 kGy [ 6 ,  8 ]. Gama radiation was considered the most reliable and 
effective method for sterilization of tissue allografts [ 39 ] with many advantages 
over processes as heating and chemicals. However, radiation also has some effects 
in biological properties and tissue integrity [ 8 ]. 

 Sterilization by gamma irradiation is usually performed after lyophilization. This 
procedure was introduced by the International Atomic Energy Agency with the pur-
pose to establish a system with quality guidelines to retrieve, process human amni-
otic membrane and distribute donor tissue [ 11 ]. The procedure was described as 
follows: the human amniotic membrane is washed, pasteurized at 60 °C, treated 
with 70 % ethanol, washed thoroughly and freeze-dried. Packed and sealed samples 
of human amniotic membrane are sterilized by 25 kGy gamma radiation of cobalt 
60 in an appropriate ISO certifi ed facility. The tissue can be stored at room tempera-
ture, protected from light until 6 months [ 47 ]. 

 Djefal and colleagues maked efforts to validate a dose for sterilizing lyophilized 
human amniotic membrane and also substantiated 25 kGy [ 46 ]. Nakamura  et al . also 
irradiated lyophilized human amniotic membrane with 25 kGy to sterilize it [ 7 ,  20 ]. 

 The use of freeze-dried and gamma sterilized human amniotic membrane for 
the treatment of burns was reported in a few studies that proved the safety of the 
procedure [ 11 ]. 

 Gamma irradiation infl uence in glycerol preserved human amniotic membrane 
was evaluated. The tissue was submitted to increasing concentrations of glycerol 
until 87 % and placed in an appropriate bag to be irradiated. Glycerol protects tissue 
from indirect effects of ionizing radiation, limiting free radical formation. Structure 
of glycerol preserved human amniotic membrane was similar to fresh human amni-
otic membrane until 25 kGy [ 6 ].  

13.5.3     Chemical Solutions 

 Paracetic acid is a standard sterilizing agent highly effective against bacteria, 
viruses, and spores due to its high oxidizing potential. It is appropriate to be used in 
biomaterials because it breaks into two non-toxic residues: acetic acid and oxygen 
peroxide [ 8 ]. The structure of paracetic acid treated human amniotic membrane is 
satisfactorily preserved [ 10 ] with retention of basement membrane components like 
collagen type IV, fi bronectin and laminin. Also, collagen types I and III are more 
abundant than in gamma sterilized human amniotic membrane. Paracetic acid treat-
ment does not induce signifi cant reduction in human amniotic membrane tensile 
strength and elasticity [ 8 ]. 

 Reports of clinical application of paracetic acid sterilized human amniotic mem-
brane are not known. However,  ex vivo  expansion of limbal epithelial cells under 
paracetic acid sterilized decellularized human amniotic membrane was performed 
and compared with non-sterilized decellularized human amniotic membrane. Cell 
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proliferation rate and morphology are similar, as well as, the number of cells 
expressing protein 63 isoform delta-Np63-alpha (ΔNp63α) and protein ATP- 
binding cassette sub-family G member 2 (ABCG2), putative markers of limbal stem 
cells [ 4 ]. Therefore, once paracetic acid destroys all contaminants, in opposition to 
disinfectants, like antibiotics, it might be a good option. 

 Paracetic acid/ethanol sterilization was also used by Pruss  et al . in a strenuous 
procedure that must be performed under negative pressure and permanent stirring to 
avoid air bubbles. Paracetic acid/ethanol sterilization inactivates bacteria, fungi and 
viruses. However it may contribute to changes in basement membrane and denatur-
ation of the soluble growth factors/cytokines, as a consequence of protein denatur-
ation [ 25 ]. Ethylene oxide was proposed to sterilize human amniotic membrane 
after lyophilization [ 11 ].   

13.6     Amniotic Membrane Deepithelization 

 As previously presented in this book, human amniotic membrane is composed of a 
single layer of columnar epithelial cells that rest under a basement membrane com-
posed mainly of collagen IV and VII, laminin and fi bronectin. The underlying 
matrix includes collagen type I, III and V, interspersed with fi broblast mesenchymal 
cells. Epithelial cells are adhered by desmosomes and hemi-desmosomes. These 
cells are responsible by producing important human amniotic membrane cytokines 
and growth factors that contribute to properties like proper growth of ocular surface 
cells or wound healing. 

 Several methodologies and reagents were described to remove the layer of epi-
thelial cells from human amniotic membrane and mostly are performed to use it as 
a substrate for cell growth. As a matter of fact, there is no consensus if this proce-
dure is benefi cial or not. There are arguments that intact human amniotic membrane 
is benefi cial because of higher concentration of citokines and growth factors [ 8 ] and 
that cultivated stem cells retain their function longer with less differentiation [ 48 ]. 
However, deepithelialized human amniotic membrane promotes better cell prolif-
eration and differentiation and more uniform cell growth while intact human amni-
otic membrane retards migration and differentiation of cultivated cells [ 8 ,  49 ]. In 
fact, for corneal epithelial cell culture denuded human amniotic membrane seems to 
be the preferred choice [ 8 ,  9 ]. The methodology used to denude human amniotic 
membrane should maintain its structural integrity as well as its biological function 
[ 8 ,  48 ] which is, indeed, a signifi cant limitation of this procedure independently of 
using enzymatic means, dispase, trypsin, thermolysin, or chemical reagents, EDTA, 
urea, ethanol. 

 Dispase is an enzyme, crystallized from cultures of  Bacillus polymyxa , that has 
proteolytic activity under basement membrane components like laminin, collagens 
and fi bronectin [ 8 ,  49 ]. Therefore, there are irreversible physical and biological 
damage results of its action. Prolonged incubation results in signifi cant alterations 
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in ultrastructure of human amniotic membrane, particularly basement membrane. 
Treatment with dispase digests proteins like collagen IV, fi bronectin and laminin, 
and growth factors, namely TGF-α, TGF-β1, transforming growth factor β2 recep-
tor (TGF-β2R), platelet-derived growth factor subunit A (PDGF-A), vascular endo-
thelial growth factor (VEGF), and epidermal growth factor receptor (EGFR) [ 49 , 
 50 ]. There are reports of the use of 1.2 U/mL Dispase II, at room temperature, from 
5 min to 2 h, to remove the epithelial cells from human amniotic membrane [ 8 ]. 
This procedure was successfully used for corneal surface reconstruction [ 8 ,  51 ]. 
However Hopkinson  et al . stated it was not possible to identify the basement mem-
brane components after only after 10 min of incubation. 

 Trypsin, mainly used combined with EDTA, is commonly used in cell culture to 
detach cells from growing substrates, commonly fl asks or plates. It has been widely 
used do denude human amniotic membrane in concentrations from 0.1 to 0.25 % at 
37 °C for 30 min [ 9 ,  52 ]. It was reported that this procedure maintains basement 
membrane components however extracellular matrix, including growth factors, is 
compromised [ 8 ,  50 ]. 

 Thermolysin is a heat-stable metalloproteinase, isolated from  Bacillus stearo-
thermophilus  [ 49 ], that was also used to obtain denude human amniotic membrane 
resulting in intact basal lamina. Thermolysin seems to act specifi cally at hemides-
mosome complex, being a more specifi c reagent. Treatment consisted of 125 μg/mL 
for 9 min [ 8 ,  51 ]. 

 Ethylene diamine tetraacetic acid (EDTA) is a chelating agent that contributes 
for the disruption of calcium dependent adhesions. EDTA was used from 0.02 to 
0.25 %, 10 min to 2 h at 37 °C, followed by scrapping. 90–100 % of the cells were 
removed by EDTA resulting in the disaggregation and some destruction of the basal 
membrane structure and molecular composition [ 7 ,  8 ,  20 ,  51 ]. Zhang and colleagues 
showed that EDTA denuded human amniotic membrane had intact basal lamina and 
smooth basement membrane surface shown under transmission and scanning elec-
tron microscopy [ 50 ]. 

 Urea, a denaturant protein frequently used in labs to solubilize proteins was also 
reported as a reagent to deepithelize human amniotic membrane. It is advantageous 
because only 5 min 5M ice-cold urea for and gentle scraping are suffi cient to remove 
cells, it is a easily available reagent and basement membrane components, collagens 
I, II, IV, VI and VII, laminin-5, fi bronectin, elastin and thrombospondin, as well as 
growth factors, TGF-α, -β1 and – β2 receptor, EGFR, KGF, bFGF, VEGF, and 
PDGF remained present [ 8 ,  50 ]. Plus, human limbal epithelial cells showed high 
adherence and proliferation [ 50 ]. 

 Ethanol 20–30 s, followed by scrapping was also used. It is also a quick method 
with an easily available reagent that maintains basement membrane and extracellular 
matrix components [ 8 ]. However epithelial cell remains are observed after the proce-
dure [ 50 ]. 

 ACELAGRAFT TM  is a deepithelized dehydrated human amniotic membrane, 
whose cells and associated growth factors were removed, produced for commercial 
use. ACELAGRAFT TM  can be stored at room temperature; therefore, transport and 
shipment are simple. Studies showed the potential of this product in wound healing 
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and other applications are under investigation. For preparation of this product, 
human amniotic membrane previously removed from placentas and properly 
washed, is denuded. Epithelial cell removal is performed by incubation with deoxy-
cholic acid. Then tissue is dried using a gel dryer [ 22 ]. This product is commercial-
ized in the USA, with Food and Drug administration approval, from the company 
Celgene Corporation.  

13.7     Features of Preservation Methods 

 Different preservatives and storage temperatures have an impact on the membrane 
structure. As discussed, the benefi cial effects of human amniotic membrane were 
hypothesized, usually taking into account the presence of some components [ 2 ], 
however, the mechanism of action may vary according to the preservation proce-
dure used. 

13.7.1     Epithelial Cells Viability 

 In the majority of the protocols performed, for example, glycerol-preserving, lyoph-
ilizing or air-drying the viability of human amniotic membrane epithelial cells is 
lost [ 3 ,  15 ,  17 ,  20 ,  35 ,  39 ]. However, some procedures, like tissue culturing, refrig-
erating or cryopreserving with DMSO, may, in certain conditions, maintain cell 
viability variable between 40 and 90 % [ 2 ,  3 ,  35 ]. It was demonstrated that cryo-
preservation signifi cantly reduced cell viability and the properties of human amni-
otic membrane are provided by itself as a matrix or scaffold, not by proliferative 
cells [ 2 ,  53 ]. Adds  et al . [ 12 ] confi rmed this and showed that epithelial cells are 
non-viable in cryopreserved samples (50 % glycerol in Hanks’s balanced salts solu-
tion at −80 °C) and also in fresh hypothermically stored (CPTES – corneal- 
potassium tris-EDTA solution, containing 2.5 % chondroitin sulphate at 4 °C) 
human amniotic membrane. 

 Kubo and colleagues shown that 50 % of the amniotic cells are viable and prolif-
erative after 2 months of cryopreservation in media with DMSO, however viability 
was not appreciated after 18 months [ 54 ]. 

 In an attempt to clarify how the temperature and preservative media infl uences 
viability of amnion cells Hennerbichler and colleagues, in 2007, evaluated several 
human amniotic membrane storage conditions. They confi rmed that cell viability 
decreases during storage. Samples kept above 0 °C last 28 days have a remaining 
viability of 15–35 %. However storage in glycerol at 4 °C induced immediate cell 
death. Moreover, freezing reduces viability to 13–18 % with no infl uence of preser-
vation media [ 3 ]. 

 Up to this time, human amniotic membrane is mainly used as a biomaterial 
devoid of epithelial cells as consequence of processing and preservation, like cryo-
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preserved in glycerol, or as a decellularized matrix. However, as discussed, some 
studies demonstrated that human amniotic membrane cell viability can be retained 
under certain conditions. Epithelial human amniotic membrane cells, as we know, 
bear some interesting characteristics like stem cell characteristics, expression of 
growth factors, increased immunogenicity [ 53 ]. Accordingly, preservation methods, 
which partly retain cell viability in human amniotic membrane might be benefi cial 
in some applications, like for research of the improvement of amnion as a viable 
biomaterial in wound healing, or in future  in vivo  skin models [ 3 ]. Human amniotic 
membrane has important characteristics, namely good adherence to wound, no 
immunological reaction, benefi cial bacteriostatic properties, acts as a barrier that 
prevents water and protein loss, that make it an appropriate skin substitute [ 6 ,  19 ].  

13.7.2     Histological and Biophysical Properties 

 As we know, human amniotic membrane favors the healing processes but also 
diminishes the levels of pain and discomfort. Once it was previously proved the 
application of amniotic fl uid to augment corneal sensitivity and nerve regeneration, 
Dua and colleagues stated this might be due to a mechanical or physical effect [ 2 ]. 
Hence, maintenance of structural, biophysical and histological properties in human 
amniotic membrane preservation is very important. Microscopy studies revealed 
that the protocols used for processing and preserving human amniotic membrane 
infl uences its histological and biophysical properties [ 6 ,  10 ,  39 ]. Preservation pro-
cesses like cryopreservation, lyophilization or air-drying cause protein loss and 
damage therefore affect human amniotic membrane structure and morphology. 

 In ophthalmology, although cell viability is not a requirement, human amniotic 
membrane structure is particularly important [ 2 ,  6 ], maintenance of basement 
 membrane and stromal matrix integrity seems crucial to promote rapid reepithelial-
ization [ 12 ], therefore, storage conditions are thought to keep these structures intact. 

 Scanning electron microscopy studies of human amniotic membrane preserved 
by air-drying and cryopreserved in glycerol showed air dried human amniotic mem-
brane presents big alterations in histology and biophysical properties, with conden-
sation of microvilli and of intercellular channels, while glycerol preserved human 
amniotic membrane structure remains similar to the fresh. Glycerol prevents loss of 
fl uid, proteins and electrolytes. It is also considered radioprotective being able to 
minimize the indirect effects of radiation once it removes water, the target of radi-
olysis [ 6 ]. However, the use of doses inferior to 25 kGy is being considered in tissue 
banking in order to minimize damage. Ab Hamid and  colleagues [ 6 ] confi rmed that 
radiation damage might be prevented by the use of glycerol as a preservative until 
35 kGy while cell morphology of air dried amnion changed at 25 kGy. Radiation at 
15 kGy did not affect the surface morphology in air dried and the glycerol preserved 
amnions [ 6 ]. 

 Concerning adherence, folding and structural maintenance glycerol preserved is 
comparable to fresh human amniotic membrane in case of both non-irradiated and 
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irradiated glycerol amnions [ 6 ]. For some applications, like vascular tissue engi-
neering, it is important that human amniotic membrane is still suturable after pres-
ervation. It was reported that even lyophilized human amniotic membrane became 
fl exible after rehydration being possible to suture. However neither lyophilized nor 
cryopreserved human amniotic membrane maintained the same suture retention 
strength than fresh amnion [ 21 ]. 

 Maral and co-workers compared human amniotic membrane long-term storage 
in 85 % glycerol, 4 °C, with fresh human amniotic membrane and with glycerol 
preserved skin has a wound dressing. The authors concluded that glycerol-preserved 
human amniotic membrane effi ciency, in terms of adherence, structural mainte-
nance and duration of action was comparable to fresh amnion on rat wounds. 
Therefore, human amniotic membrane undergone conservation procedures retains 
its structural properties and effectiveness as a biologic dressing [ 26 ]. Storage time 
could infl uence the histological and physical properties of human amniotic mem-
brane, however, the basement membranes kept the same distribution of collagen IV, 
collagen VII, laminin, laminin 5, and fi bronectin up to 2 years when cryopreserved 
in 50 % glycerol [ 55 ]. 

 Glycerol:MEM (1:1) preserved human amniotic membrane was compared to 
DMSO preserved in terms of histology. Glycerol:MEM human amniotic membrane 
presented similar appearance to fresh, with superior integrity of basement mem-
brane but epithelial cells were higher. DMSO preserved human amniotic membrane 
had reduced intercellular junctions and detachment of epithelial cells [ 28 ]. 

 Nakamura and colleagues elaborated a series of papers on the improvement of 
human amniotic membrane preparation and storage [ 7 ,  20 ,  38 ]. The use of human 
amniotic membrane still concerns a few problems, namely, cryopreservation pro-
cedure, dependent on several washing with antibiotics in saline, do not guaranties 
complete sterilization, and requires expensive and space consuming −80 °C freez-
ers that limits its transport and storage particularly in developing countries [ 20 ]. 
The possibility of storing human amniotic membrane at room temperature led the 
authors to evaluate the use of sterilized freeze-dried human amniotic membrane as 
substrate for cultivating autologous corneal epithelial cells for ocular surface 
reconstruction. The sterilized, freeze-dried human amniotic membrane retains the 
characteristics of the cryopreserved, namely physical, biological, and morpho-
logic, being appropriate for ocular surface reconstruction [ 20 ]. It can be stored at 
room temperature, being easily transported and stored, is easily re-hydrated before 
use and is contamination free [ 7 ]. The sterilized, freeze-dried amniotic membrane 
transplantation adapted well to the sclera of patients submitted to pterygium sur-
gery and complete epithelialization was achieved within 2 weeks, similarly to use 
of cryopreserved human amniotic membrane. Once the freeze-drying process 
affects in some extent the physical and biological characteristics of human amni-
otic membrane further improvements in the procedure are needed to adapt the 
amnion for various applications [ 38 ]. 

 Macroscopically lyophilized human amniotic membrane is thinner and weakest 
than cryopreserved [ 8 ]. Light and electron microscopy showed both freeze-dried 
and cryopreserved human amniotic membrane basement membrane, which is 
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essential for ocular reconstruction procedures, remains intact [ 19 ]. Freeze-dried 
human amniotic membrane shows tissue typical structure with amniotic epithelium, 
basement membrane, compact and fi broblast layer. However in some areas structure 
was disrupted and epithelial cell layer was loss. Cryopreserved human amniotic 
membrane do not maintain epithelial cell viability, however epithelial layer remained 
intact [ 21 ]. Gamma radiation sterilization does not alter signifi cantly the structure 
of lyophilized human amniotic membrane [ 8 ]. Lyophilized human amniotic mem-
brane basement membrane, as well as, extracellular matrix, comprising collagen 
types I, III, IV, V and VII, fi bronectin and laminin-5 do not show signifi cant differ-
ences comparing 25 kGy irradiated lyophilized human amniotic membrane versus 
cryopreserved [ 8 ]. Lyophilized human amniotic membrane is also associated with 
epithelial vacuolar degeneration and fl attening of the epithelial surface, likewise 
cryopreservation induces some vacuolar degeneration and stromal oedema [ 18 ]. 
Although, lyophilization diminishes the total amount of protein and specifi c growth 
factors, it maintains the histological structure of human amniotic membrane. Hence, 
lyophilized human amniotic membrane, considered not such a good method as 
cryopreserved, also maintains the most important characteristics of the tissue pos-
sibly it could be considered when deep-freeze facilities are not available for storage 
or transportation. 

 Procedures like acid pretreatment and subsequent air drying, on the contrary of 
cryopreservation, leads to complete loss of biological properties, thus theoretically 
effi cacy in clinical application is limited. Air-dried human amniotic membrane was 
already used as dressing in burn wound care and its biophysical characteristics were 
evaluated. Fluid handling capacity (3.79–4.2 g/10 cm 2 /24 h) is of particular impor-
tance to deal with the exudates production of a wound and is in accordance with the 
water loss reported from burns (5 g/10 cm 2 /24 h). In terms of infrared spectra there 
are no signifi cant changes even after 2 or 5 years of storage, neither in terms of 
impermeability to bacteria [ 39 ]. Collagen IV, Collagen VII, laminins including 
 laminin 5 and fi bronectin form a continuous layer below the epithelium in cryopre-
served human amniotic membrane. In air-dried human amniotic membrane colla-
gen VII and laminin 5, are not detectable, therefore structure is highly altered as a 
result of preservation [ 25 ]. 

 The properties of decellularized and dehydrated human amniotic membrane were 
compared with cryopreserved human amniotic membrane. Histology and ultrastruc-
ture showed signifi cant differences like disruption of the trilaminar structure of base-
ment membrane, loss of components like collagen IV and VII, laminin, and fi bronectin 
and lower levels of growth factors in decellularized and dehydrated human amniotic 
membrane. However, a case report showed that clinical transplant of decellularized 
and dehydrated human amniotic membrane was successful with complete corneal 
epithelialization 3–4 weeks after procedure. Therefore, the authors emphasized the 
practical advantages of the decellularized and dehydrated human amniotic membrane; 
it is simple to preserve once it can be maintained at room temperature and rehydrated 
before use, sterility is assured. Therefore it can be an appropriate option for smaller 
centers, where the cost of purchasing and maintaining cryopreservation might be an 
obstacle, or even for tertiary centers in situations of donor shortage [ 24 ].  
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13.7.3     Scaffold for Cell Proliferation 

 Human amniotic membrane is a biomaterial used in several clinical applications. 
The possibility of using it as a chondrocyte substrate/carrier for cartilage therapy 
and transplantation was evaluated. Therefore air dried and freeze dried human 
amniotic membrane were used in comparison to chondrocytes grown in plastic 
dishes. Both procedures of human amniotic membrane preservation provided chon-
drocyte proliferation, glycosaminoglycan expression and attachment. Cells 
implanted on human amniotic membrane revealed superior capacity to produce 
extracellular matrix independently of the number of cells present. There is also a 
superior expression of glycosaminoglycan per cell production in cells grown on 
human amniotic membrane, what could be explained by the alteration of conforma-
tion consequent of drying. Hence, human amniotic membrane could potentially be 
used has a chondrocyte carrier, increasing cell proliferation and extracellular matrix 
production [ 56 ]. 

 Niknejad and colleagues aimed to verify if preservation methods infl uence 
human amniotic membrane performance as a substrate for  ex vivo  endothelial cell 
expansion. An issue on the preservation procedures of human amniotic membrane 
is the alterations of the extracellular matrix that might infl uence the attachment of 
cells when human amniotic membrane is used as expansion substrate [ 21 ]. 
Cryopreserved and lyophilized human amniotic membrane was compared to fresh 
human amniotic membrane and all groups had similar extracellular matrix compo-
nents. Still, lyophilization induced alterations in terms of histology, thickness, 
strength, elongation at break and suture retention. Lyophilized human amniotic 
membrane becomes thinner, probably due to loss of water, while cryopreserved 
becomes thicker, probably due to the incorporation of glycerol in the tissue that 
promotes swelling. Despite this, cells grown on lyophilized human amniotic mem-
brane showed superior attachment to the basement membrane and retained endothe-
lial characteristics like cytoplasm with Weibel–Palade bodies, possibly due to the 
direct contact with basement membrane exposed during the process of lyophiliza-
tion [ 21 ]. Therefore, lyophilization seems to be a superior technique when the pur-
pose is culturing endothelial cells [ 21 ]. 

 Human limbal epithelial cells expanded  in vitro  under human amniotic membrane 
achieved appreciable success rate in ocular surface reconstruction and visual out-
come [ 9 ], therefore, it is one of the most popular uses of human amniotic membrane 
as a scaffold for cell proliferation. Although the majority of the reports employ 50 % 
glycerol preserved denuded human amniotic membrane several authors verifi ed the 
infl uence of human amniotic membrane preservation methods on its performance as 
a substrate for  ex vivo  human limbal epithelial cells expansion. Thomasen and col-
leagues evaluated air-dried human amniotic membrane for the expansion of limbal 
epithelial cells and verifi ed that cell proliferation is signifi cantly higher in cryopre-
served than air-dried human amniotic membrane. Possibly alterations in basement 
membrane composition, loss of collagen VII and laminin 5, plus loss of soluble fac-
tors might explain the limited growth of limbal epithelial cells [ 25 ]. Shortt  et al . [ 4 ] 
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performed an interesting study that brought some relevant questions. Removal of 
human amniotic membrane epithelial cells prior seeding limbal epithelial cells 
resulted in a higher percentage of confl uence and lower cell density than intact 
human amniotic membrane; therefore the authors proposed possibly denuded human 
amniotic membrane not increase proliferation, but rather facilitates cell migration 
resulting in larger cells. Although, small cell size is considered an indicator of stem 
cells. However, human amniotic membrane epithelial cell removal did not affect the 
percentage of cells expressing the putative limbal stem cells markers, ΔNp63α, ≤4 % 
and ABCG2, ≤3 %. The most surprising result from this work was that glycerol 
cryopreservation of human amniotic membrane (glycerol:HBSS, 1:1) resulted in 
poor morphology and a low proportion of cells expressing ΔNp63α (≤6 %) and 
ABCG2 (≤8 %) compared to human amniotic membrane frozen at −80 °C in HBSS, 
where excellent morphology and high levels of ΔNp63α (≤68 %) and ABCG2 
(≤68 %) expression were observed (p < 0.001). This study suggests that intact (non-
decellularized) human amniotic membrane frozen in HBSS alone is the best expan-
sion of limbal epithelial cells [ 4 ]. 

 As discussed, human amniotic membrane can be used epithelized or denuded 
and the type of preparation appropriate depends on the type of cells to be expanded. 
It is known that the presence of epithelial human amniotic membrane cells may 
interfere with cells attachment. Basement membrane reinforces cell attachment, 
facilitates migration and may promote differentiation of epithelial cells [ 14 ]. There 
are various methods to denude human amniotic membrane with different structural 
effects. It would be important to develop methodologies that maintain basement 
membrane architecture.  

13.7.4     Molecular Features 

 The need of storing human amniotic membrane during at least 6 months in order to 
comply with serologic control brings issues regarding the maintenance of molecules 
important on amnion properties. There are several molecules showed to be kept on 
human amniotic membrane preserved at −80 °C [ 2 ]. Is it the case of EGF, TGF- α, KGF, 
HGF, bFGF, TGF-β1, and – β2, TGF- β3, keratinocyte growth factor receptor (KGFR) 
and hepatocyte growth factor receptor (HGFR) [ 14 ,  57 ]. Both glycerol:MEM (1:1) and 
DMSO cryopreserved human amniotic membrane present the most of the cytokines and 
growth factors present in fresh amnions. Differences were registered only for fi broblast 
growth factor 4 (FGF-4), bFGF, prostaglandin E2 (PGE2) e KGF [ 28 ]. 

 Total protein of tissue-suspensions obtained from fresh, cryopreserved and 
lyophilized human amniotic membrane was quantifi ed. Cryopreserved human 
amniotic membrane show higher liberation of proteins and specifi c growth to the 
suspension correlated with freeze-dried [ 57 ]. Intact human amniotic membrane 
presents higher level of growth factors than deepithelialized suggesting its epithelial 
origin [ 58 ]. Although lyophilization leads to loss of protein content, composition in 
growth factors is similar to cryopreserved human amniotic membrane [ 19 ]. 
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Sterilization of human amniotic membrane; with gamma radiation, was reported not 
to alter signifi cantly the content of growth factors [ 39 ]. 

 Human amniotic membrane release soluble proteins, growth factors and  cytokines, 
with benefi cial effects in wound healing, infl ammation and anti- neovascularization 
however, this condition might be altered according to preservation methodology. 
Koh and colleagues [ 59 ] investigated the alteration of the tissue inhibitor of metal-
loproteinase (TIMP) in cryopreserved and freeze-dried human amniotic membrane. 
TIMPs have a role in the modulation of matrix metalloproteinases relevant in the 
transplantation of infl ammatory cornea. TIMP was expressed in cryopreserved 
human amniotic membrane until 12 months in comparative amount of the fresh 
human amniotic membrane and TIMP-1 expression tend to decrease in freeze-dried 
[ 59 ]. Storage time might infl uence human amniotic membrane characteristics but 
proteins TIMP-1 and interleukin 1 receptor antagonist (IL-1ra) were present in the 
samples of human amniotic membrane stored until 2 years [ 25 ]. TIMP-1, IL-1ra and 
TGF-β1 were detected in conditioned media of cryopreserved human amniotic mem-
brane, while only IL-1ra was detected in air-dried human amniotic membrane condi-
tioned media [ 25 ]. 

 Trefoil factor family (TFF) peptide 3 is a protein involved in ocular surface res-
titution after corneal injury and wound healing. This peptide is produced by con-
junctival goblet cells and is present in human amniotic membrane. Cryopreservation 
has no infl uence in its secretion rate [ 60 ]. 

 Concerning infl ammation and complement Fust and colleagues investigated the 
expression of CD59 and demonstrated its presence on the surface of fresh and −80 
cryopreserved non-viable cells. Therefore, cryopreserved human amniotic mem-
brane cells keep complement inhibiting ability during storage [ 27 ]. 

 Concerning angiogenic factor, release of relevant proteins is dependent largely on 
the storage procedure and is related with maintenance of cell viability. Fresh human 
amniotic membrane secretes high levels of angiogenin, growth related oncogene 
(GRO), IL-6, IL-8, TIMP-1, TIMP-2 and monocyte chemoattractant protein-1 (MCP-1) 
and low levels of EGF, interferon-γ, insulin like growth factor-I (IGF-I), leptin, TGF-
β1 and thrombopoietin. Although DMSO cryopreserved human amniotic membrane 
levels of GRO, TIMP-1 and TIMP-2 are intermediate, levels of angiogenin, 
interferon-γ, IL-6 and MCP-1 are low and EGF, IGF-1, leptin, TGFβ1 and thrombo-
poietin are not detectable. Glycerol preserved at 4 °C human amniotic membrane 
releases only TIMP-1 and -2. Therefore, these data should be considered for selection 
of an amniotic membrane product for a specifi c clinical application [ 61 ].   

13.8     Conclusion 

 To our knowledge the best method of preservation of human amniotic membrane 
is not selected yet and the way storage infl uences the mechanisms of action of this 
tissue is far from understood. Probably there is no gold standard for preservation 
media, temperature, sterilization procedures whose choice might depend on each 
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application. Knowledge of the human amniotic membrane mechanisms of action, 
which is incompletely explored, could also be useful in the selection of preserva-
tion procedures. By now, there is good knowledge of the physical, histological and 
biochemical consequences on human amniotic membrane of the commonly used 
preservation methods. In this regard it is important to stimulate clinicians 
and researchers to continue investigation on human amniotic membrane pathways 
and applications. Moreover, it is important to take into account that human amni-
otic membrane preparation in a laboratory requires expertise in preparation of 
media and solutions as well as good laboratory practice of sterilization and preser-
vation of  biological materials. Establishment and commercialization of products 
like AmnioGraft®, ACELAGRAFT TM  or PROKERA® confi rm the importance of 
human amniotic membrane therapies in clinical practice and contributes to make 
this biomaterial accessible. Due to the lack of uniformity in human amniotic mem-
brane procurement, another important feature of these products is standardization 
in tissue processing and preservation.     
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    Chapter 14   
 Ethical and Legal Concerns of the Use 
of Amniotic Membrane 

             Guilherme     de     Oliveira      and     André     Pereira   

    Abstract     In this chapter the legal issues concerning the use of amniotic membrane 
are analyzed, in particular the problems of informed consent, data protection, trans-
plantation of tissues, biomedical research, biobanks and the prohibition of fi nancial 
gain; the European Directives concerning technical quality and safety of human 
tissues and cells will also be briefl y presented.  

  Keywords     Legal issues   •   Protection of human tissues   •   Informed consent   • 
  Biobank   •   Data protection  

14.1         Amniotic Membrane as Human Tissue: The Protection 
of the Law 

 Since the beginning of the twentieth century, amniotic membrane has been used in 
several medical areas: from skin transplantation to surgery, including biological 
dressing for burned skin, skin wounds, and chronic ulcers of the leg or as an adjunc-
tive tissue in surgical reconstruction of artifi cial vagina, and for repairing omphalo-
celes. Since the 1940s its use in treating a variety of ocular surface disorders has 
been pointed out. Nowadays, this tissue is relevant since it was reintroduced to 
ophthalmologists. “Several studies have addressed this subject and the scope of the 
application of amniotic membrane transplantation (AMT) in the management of 
ocular surface disorders is ever increasing” [ 1 – 3 ]. 

 Amniotic membrane is human tissue; therefore ethical and legal issues concern-
ing the protection and respect for human tissue must be taken into consideration, as 
the principle of respect for the dignity of the human being indirectly applies to all 
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human material. That is, amniotic membrane is not a normal thing, a res. It is a res 
extra commercium, a thing that is outside the normal legal trade. 

 This special protection has two sources: a subjective or individual one, and an 
objective or collective one. Firstly, human tissue deserves legal protection since it is 
or it was part of a human body and the individual has the right to determine what 
shall be done with his body and parts of it and has the right to control the destination 
of her personal health information and genetic information. Secondly, human tissue 
shall be respected and protected as an indirect protection to the dignity of the human 
life and special respect for the human species. These principles are to be found, at 
least to a certain extent, in Article 1 of the Portuguese Constitution and Article 1 of 
the Convention on Human Rights and Biomedicine. 

 Human tissue has a limited protection, since it has been separated from the human 
body and neither human life nor physical integrity are being violated when it is used 
in research or transplantation. On the other hand, the respect for the will of the person 
and the respect for the dignity of the human body and parts of it require the respect 
for some material and procedural conditions. The scope of this chapter is to point out 
the relevant sources of law concerning the protection of tissues of human origin. 

 Biomedical use of human tissue has been subject to legal regulation at interna-
tional level: the World Health Organization (WHO) enacted the WHO Guiding 
Principles on Human Cell, Tissue and Organ Transplantation (WHO: 21 May 2010 – 
WHA63.22); the Council of Europe approved the Convention on Human Rights and 
Biomedicine, the Additional Protocol to the Convention on Human Rights and 
Biomedicine concerning Transplantation of Organs and Tissues of Human Origin 1  
and the Additional Protocol to the Convention on Human Rights and Biomedicine, 
concerning Biomedical Research. The European Union enacted three directives of 
great importance in this respect: Directive 2004/23/EC on setting the standards of 
quality and safety for the donation, procurement, testing, processing, preservation, 
storage and distribution of human tissues and cells “intended for human applications, 
in order to ensure a high level of protection of human health”; Commission Directive 
2006/17/EC of 8 February 2006 implementing Directive 2004/23/EC of the European 
Parliament and of the Council as regards certain technical requirements for the dona-
tion, procurement and testing of human tissues and cells intended for human applica-
tions; Commission Directive 2006/86/EC of 24 October 2006 implementing Directive 
2004/23/EC of the European Parliament and of the Council as regards traceability 
requirements, notifi cation of serious adverse reactions and events and certain techni-
cal requirements for the coding, processing, preservation, storage and distribution of 
human tissues and cells intended for human applications. These three directives, the 
fi rst European Union Tissue and Cells Directive and its two technical directives are 
concerned only with the quality and safety issues surrounding the medical use of 

1   Additional Protocol to the Convention on Human Rights and Biomedicine concerning 
Transplantation of Organs and Tissues of Human Origin, Strasbourg, 24.I.2002. This Protocol 
applies to the transplantation of organs and tissues of human origin carried out for therapeutic 
purposes. This protocol has already 12 ratifi cations/accessions and 9 other States have signed it but 
not yet ratifi ed (like Portugal). Entered into force in 1.5.2006. 
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human tissues and cells, not the ethical issues. The European Union Tissue and Cells 
Directives (EUTCD) set out to establish a harmonized approach to the regulation of 
tissues and cells across Europe for human applications. The Directives set a bench-
mark for the standards that must be met when carrying out any activity involving 
tissues and cells for human application (patient treatment). The Directives also 
require that systems be put in place to ensure that all tissues and cells used in human 
application are traceable from donor to recipient. 

 At European level, Portugal is among the fi rst countries concerning cornea, 
amniotic membrane and cardiac tissue procurement. In 2009 were performed, per 
million people, 5.6 amniotic membrane, higher than the EU average rate (4.73 pro-
curements) [ 4 ]. 

 Amniotic membranes are tissues of human origin, therefore Directive 2004/23/
EC of the European Parliament and of the Council of 31 March 2004 on setting 
standards of quality and safety for the donation, procurement, testing, processing, 
preservation, storage and distribution of human tissues and cells is applicable. The 
technical requirements are listed in Directive 2004/23/EC but described only in 
Directives 2006/17/EC and 2006/86/EC. 2  These Directives have been transposed 
into Portuguese law by Law no. 12/2009, of 26 March. 3   

14.2     Informed Consent 

 First of all, it must be stressed that whatever scope there is for the amniotic membranes, 
research, transplantation or other, the well-being of the woman and the foetus or the 
baby are the paramount concern of the medical and nursing team during delivery. 4  

 Secondly, information about research projects should also be separate from 
information about routine clinical care and the information for collection and its 
scope should be given before delivery, so that the woman has time to refl ect about 
the consent. 5  

2   See also Commission Decision of 3 August 2010 establishing guidelines concerning the condi-
tions of inspections and control measures, and on the training and qualifi cation of offi cials, in the 
fi eld of human tissues and cells provided for in Directive 2004/23/EC of the European Parliament 
and of the Council. 
3   Moreover, although not directly applicable to human tissues, one shall mention the Directive 
2010/53/EU of the European Parliament and of the Council of 7 July 2010 on standards of quality 
and safety of human organs intended for transplantation, implemented in Portugal by Law no. 
36/2013, 12 June. 
4   See Recommendation 4.1.1. of the National Statement on Ethical Conduct in Human Research, 
Australia, 2007 (Updated December 2013). 
5   See Recommendation 4.1.6. of the National Statement on Ethical Conduct in Human Research, 
Australia, 2007 (Updated December 2013). 
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14.2.1     Informed Consent to Remove the Amniotic Membrane 
for a Therapeutic Purpose, i.e., Transplantation 

 Wherever tissues are removed from human beings, and possibly transplanted into 
other human beings, the activities involved in the collection and use of such tissues 
are subject to ethical requirements intended to safeguard respect for human beings, 
their dignity and autonomy. As the issue of safety is vital, the protection must extend 
to tissue donors and recipients, and to all health care professionals – whose work 
involves collecting, manipulating and using human tissues. The removal of amniotic 
membrane can be considered as a removal of tissue from a living person. 

 This tissue has special characteristics since: (a) the “removal” is a natural phe-
nomenon that occurs during delivery; (b) this tissue is only to be found in women 
and (c), in general, it shall be collected only in living women. 

 Therefore, the requirements for the “removal” may be less demanding than any 
parts of the human body and the consent to remove and transplant post mortem do 
not have to be considered in this text. 

 Finally, it is the woman who shall be given adequate information in a comprehensible 
form and that information shall be documented. It shall be the woman (and not the cou-
ple) who has the right to be informed and to give consent, to refuse or to withdraw con-
sent, since the tissue was part of the woman’s body. In fact, even in case of foetal disputes, 
European Human Rights Law recognizes the woman shall have the right to decide. 6  

 The Additional Protocol on Transplantation states: “removal of organs or tissue 
from a living person may be carried out solely for the therapeutic benefi t of the 
recipient and where there is no suitable organ or tissue available from a deceased 
person and no other alternative therapeutic method of comparable effectiveness” 
(Article 9). Amniotic membrane is to be found in living and pregnant women and as 
long as there is no alternative method of comparable effectiveness, this tissue can be 
used for transplantation. Article 11 obliges the medical team to evaluate the risks for 
the donor and “the removal may not be carried out if there is a serious risk to the life 
or health of the donor.” In the case of amniotic membrane, generally there is no risk 
for the woman, since it is not an invasive procedure. However, the woman must be 
informed and give her consent not for the removal as such, but about the scope of 
the removal, be it for transplantation or for research. 7  

 In case the woman gives consent to use the amniotic membrane for research, but 
later doctors want to use if for a therapeutic procedure, Article 20 of the Additional 
Protocol on Transplantation states that “it may only be implanted if the conse-
quences and possible risks have been explained to that person and his/her informed 

6   See European Commission of Human Rights, Petition no. 8416/78 (W.P. vs. UK); in USA, see 
Planned Parenthood of SE Pennsylvania v Casey [1992] 112 S Ct 2791 (US Sup Ct). 
7   That is stated in Articles 12 and 13 of the Additional Protocol: “The donor (…) shall beforehand 
be given appropriate information as to the purpose and nature of the removal as well as on its con-
sequences and risks. (…).” “An organ or tissue may be removed from a living donor only after the 
person concerned has given free, informed and specifi c consent to it either in written form or 
before an offi cial body. The person concerned may freely withdraw consent at any time.” 
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consent, or appropriate authorization in the case of a person not able to consent, has 
been obtained”. 8  

 Moreover, the requisites of a valid consent are:

    1.    The consent of the donor and recipient must be free, enlightened, informed and 
unequivocal and the donor can identify the benefi ciary.   

   2.    The consent of the donor and the recipient is provided before:
    (a)    A physician designated by the medical director of the establishment where 

the procurement takes place in the case organ, tissue and regenerative cell 
transplantation;   

   (b)    A physician designated by the medical director of the establishment where 
the procurement takes place and not belonging the transplant team, in the 
case of transplantation organs, tissues or cells not regenerable. 9          

 These norms protect the personality right of the individuals to determine what 
shall be done with parts of their body, even after separation from the body and has 
its source in the dignity of the human life, the right to moral integrity of the person 
as well as the right to self-determination of personal information. 10   

14.2.2     Informed Consent and Ethical Assessment 
in Biomedical Research with Amniotic Membranes 

 Research with human beings, including human tissues and cells is regulated by 
the Convention on Human Rights and Biomedicine, Chapter V, namely articles 
15–17. 11  Moreover the Additional Protocol on Biomedical Research 12  also applies 

8   A similar norm is to be found in Article 22 of the Biomedicine Convention: “When in the course 
of an intervention any part of a human body is removed, it may be stored and used for a purpose 
other than that for which it was removed, only if this is done in conformity with appropriate infor-
mation and consent procedures.” See also Article 18 (5) of the Portuguese Law 12/2005: “The bio-
logical samples collected for a particular purpose should not be used for other health care or 
biomedical research purposes unless the person from whom it was collected gives consent to it 
(…).” 
9   See Article 24 of Portuguese Law 12/2009, of 26 March and Article 8 of Law 12/93, of 22 
April, changed by Law 22/2007, of 29 June. The problem of donation by minors or adults with 
diminished capacity due to metal illness is regulated in the following paragraphs. It allows 
donation of renewable tissues (that could the case of amniotic membranes) in the case of 
minors after parental authorization, in case of mental ill patients after court authorization (see 
also Annex IV of Law 12/2009). This Law Establishes the legal regime concerning the quality 
and safety the donation, procurement, testing, processing, preservation, storage, distribution 
and application of tissues and cells of human origin, transposing into national law Directive 
2004/23/EC of the European Parliament and of the Council of 31 March, Directive 2006/17/
EC, the Commission of 8 February and Directive 2006/86/EC, the Commission of 24 October. 
10   See Articles 1, 26 and 35 of the Portuguese Constitution. 
11   Article 18 of the Oviedo Convention is not important in this case, since the amniotic membrane 
tissue does not contain an embryo anymore. 
12   Additional Protocol to the Convention on Human Rights and Biomedicine, concerning 
Biomedical Research, Strasbourg, 25.I.2005. There were so far (28.12.2013) 9 ratifi cations/acces-
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in research with human tissue. Its scope includes the full range of research activities 
in the health fi eld involving interventions on human beings; the term “intervention” 
includes: (i) a physical intervention, and (ii) any other intervention in so far as it 
involves a risk to the psychological health of the person concerned.” Thus, the use of 
amniotic membranes for research my cause a risk to the psychological health of the 
woman concerned, therefore the conditions for research included in the Additional 
Protocol shall be respected. 

 Some documents of soft law are also very important to take into account, notably 
the Helsinki Declaration of the World Medical Association, 13  the UNESCO 
Universal Declaration on Bioethics and Human Rights (2005); the CIOMS/WHO 
(Council for International Organizations of Medical Sciences/World Health 
Organization) International Ethical Guidelines for Biomedical Research Involving 
Human Subjects (2002) as well as the abovementioned WHO Guiding Principles on 
Human Cell, Tissue and Organ Transplantation (WHO: 21 May 2010 – WHA63.22). 

 One of the main requisites for research with human tissues is Ethical assess-
ment. “Medical research involving human subjects may only be conducted if the 
importance of the objective outweighs the risks and burdens to the research sub-
jects” (Article 16 of the Helsinki Declaration). Before any research of clinical 
application, the ethical control and the positive opinion of the ethics committee is 
mandatory. 

 In Portugal, the Institutional Review Boards are regulated by Decree-Law n. 
97/95. The local Ethics Committee shall give a binding opinion concerning research 
protocols with human tissues. 

 In case there is a clinical trial on medicinal products for human use, Law 21/2014, 
of 16 April, applies. The Clinical Trials Act implemented the Directive 2001/20/EC 
of the European Parliament and of the Council of 4 April 2001 on the approxima-
tion of the laws, regulations and administrative provisions of the Member States 
relating to the implementation of good clinical practice in the conduct of clinical 
trials on medicinal products for human use. In this case the CEIC (Ethics Committee 
for Clinical Research): an independent body composed by health care professionals 
and others, with the aim of assuring the protection of rights, safety and well-being 
of participants in clinical trials and the public in general, and who shall, as a rule, 
give the single opinion. CEIC has the power to give the ethical and scientifi c 
Opinion, which is mandatory for the realization of clinical trials [ 5 ,  6 ]. 

 In case we are doing research with a medical device, Law 21/2014, of 16 April 
applies and requires the ethical approval of an independent Committee. 

 Ethical assessment together with quality assurance might be as important or even 
more important than informed consent, namely when we are dealing with detach-
able parts of detachable human body. 

sions and 13 signatures not followed by ratifi cation (the case of Portugal). It entered into force in 
1.9.2007. 
13   Last revision: 64th WMA General Assembly, Fortaleza, Brazil, October 2013. 
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 The Additional Protocol on Biomedical Research reinforces that “Research may 
only be undertaken if the research project has been approved by the competent body 
after independent examination of its scientifi c merit, including assessment of the 
importance of the aim of research, and multidisciplinary review of its ethical accept-
ability (Article 7).” 

 Ethical assessment is probably more important or even more important than 
informed consent. However, the later shall be carefully considered as well. After 
the removal of the amniotic membrane, there might be a legitimate interest to use 
that tissue for biomedical research. In that case, Chapter IV of the Additional 
Protocol about Biomedical Research provides detailed rules about information and 
consent. 

 In Portugal, Article 18 (4) of Law 12/2005 requires, as a rule, a specifi c consent 
for each research, as it states “the biological samples collected for a particular pur-
pose should not be used for other health care or biomedical research purposes unless 
the person from whom it was collected gives consent to it”. 14  

 However, it is possible to do research without informed consent for the specifi c 
purpose in the following cases: (1) after irreversible anonymisation 15 ; (2) in case of 
retrospective use of the samples, or in special situations in which it is not possible 
to obtain consent from the persons involved – due to the amount of data or of sub-
jects, to their age or other similar reason – the material and the data can only be 
processed for the purposes of scientifi c research or for collecting epidemiological or 
statistical data (Article 19 (6) of Law 12/2005) [ 7 ].  

14.2.3     Informed Consent to Store the Amniotic Membrane 
in a Biobank: The Portuguese Example 
(Law 12/2005, 26 January) 

 The collection biological products (v.g., amniotic membranes) is subject to separate 
informed consents for health care purposes and for biomedical research purposes. 16  
Moreover, the consent must include the purpose of the collection and the duration 
of storage of the samples and its by-products. The person to whom the biological 

14   In the international literature, some Authors defend the concept of broad consent, or an open 
consent for research with samples stored in a Biobank – see [ 8 ]. The model termed ‘broad consent’ 
has been adapted by many current Biobank projects, like UK Biobank, CARTaGENE (Montreal, 
QC, Canada) and the Norwegian HUNT study. 
15   Anonymisation is the process of turning data into a form, which does not identify individuals and 
where identifi cation is not likely to take place. This allows for a much wider use of the 
information. 
16   Zahid et al. [ 9 ] emphasize the main ethical aspects of Biobanks of human tissue as being confi -
dentiality, informed consent, organizational policies, and respect for scientifi c standards. 
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material belongs can withdraw, at any time, his/her consent or, in case of death or 
incapacity of the person in question, his/her relatives can withdraw it; if that is the 
case, the stored biological samples and its by-products must be destructed for good. 

 According to Article 19 (1) of the Portuguese Law 12/2005, “biological material 
databanks” are defi ned as any collection of biological samples or its by-products, 
with or without a storage time limit, previously accumulated or prospectively per-
formed, obtained through routine health care provision, whether in screening pro-
grams or for research purposes, and that includes samples that are identifi ed, 
identifi able, anonymised or anonym.” 

 There are several conditions to create and operate a Biobank, among which, 
according to Portuguese law:

    (a)    The need to obtain authorization from an entity accredited by the health author-
ities and by the National Data Protection Commission, if the Biobank is associ-
ated to personal information;   

   (b)    Biological material databanks should only be created for the purposes of pro-
viding health care services, including the diagnostic and the prevention of 
diseases, or for the purposes of basic or health related research;   

   (c)    Written informed consent is necessary to obtain and use material for a biologi-
cal material databank; the consent form should include information about the 
purposes of the databank, the person responsible for it, the types of research it 
performs, its potential risks and benefi ts, the conditions and duration of storage, 
the measures taken to guarantee the privacy and confi dentiality of the persons 
involved, as well as the prevision regarding the possible disclosure or not of the 
results obtained from the materials in question;   

   (d)    The privacy and confi dentiality must always be ensured – the storage of identi-
fi ed material should be avoided, the access to the collections of biological mate-
rial should be controlled, the number of persons authorized to access it should 
be restricted and its safety should be guaranteed, particularly in terms of losses, 
changes and destruction. 17        

14.3     Data Protection 

14.3.1     In Case of Transplant 

 In case of transplant of human tissue, e.g., amniotic membrane, following Directive 
2004/23/EC, Member States must take all necessary measures to ensure that all data 
collected and to which third parties have access are rendered anonymous. The 

17   In Portugal, the collection and storage of biological samples from the Biobank-IMM (Faculty of 
Medicine – University of Lisbon) are authorized by the Ethics Committee of the North Lisbon 
Hospital Centre – Hospital de Santa Maria. The collection and processing of clinical data associ-
ated to samples are authorized by the National Commission for Data Protection. 
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recipient’s identity must never be divulged to the donor or his or her family, or vice 
versa. To this end, measures must be adopted to ensure data security and prevent 
unauthorized modifi cations to fi les and records. As there is the demand for trace-
ability, the rules concerning data protection must be respected. 

 Under EU law, Directive 95/46/EC of the European Parliament and of the 
Council of 24 October 1995 on the protection of individuals with regard to the pro-
cessing of personal data and on the free movement of such data 18 , personal data can 
only be gathered legally under strict conditions, for a legitimate purpose. 
Furthermore, persons or organizations, which collect and manage your personal 
information must protect it from misuse and must respect certain rights of the data 
owners, which are guaranteed by EU law. 

 Common EU rules have been established to ensure that personal data enjoy a 
high standard of protection everywhere in the EU and the person has the right to 
complain and obtain redress if data is misused anywhere within the EU. 

 The EU’s Data Protection Directive also foresees specifi c rules for the transfer of 
personal data outside the EU to ensure the best possible protection of your data 
when it is exported abroad. 

 The respect for Data Protection Law means: respect for the safety rules, respect 
for the right to information, right to access, right to object and prohibition of auto-
mated decisions (Article 10–13 Data protection Act). 19  

 Three situations shall be distinguished:

    A.    If we are not using the amniotic membranes for transplantation, than the require-
ments of Art 7 (4) of Data Protection Act must be respected. That is, health 
information data is subject to special protection; therefore, processing of such 
data is only legal if (Article 7 of the Law 67/98):

    (i)    It is required for the purposes of preventive medicine, medical diagnosis, the 
provision of care or treatment or the management of health-care services, and   

   (ii)    Where those data are processed by a health professional subject under 
national law or rules established by national competent bodies to the 
 obligation of professional secrecy or by another person also subject to an 
equivalent obligation of secrecy;   

   (iii)    The data processing center shall be notifi ed to the Portuguese Data 
Protection Authority and   

   (iv)    To ensure the technical safety of its processing.     
 Thus, it is possible to process personal data in connection with trans-

plant of amniotic membranes, since it aims the provision of care or 
treatment.   

   B.    However, if the amniotic membranes will be transplanted to another person, 
than Article 23 of Law 12/2009 applies, which means there is an express legal 

18   Implemented in Portuguese Law by Law 67/98, of 26 October. 
19   See also Articles 12, 14 and 15 of Directive 95/46/EC of the European Parliament and of the 
Council of 24 October 1995 on the protection of individuals with regard to the processing of per-
sonal data and on the free movement of such data. 
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authorization to process personal data, as long as the requirements of Data pro-
tection Act are respected.   

   C.    If the amniotic membranes are stored in biobanks, than Article 19 of Law 
12/2005 applies and requires the respect for the rules of Data Protection Act. 
Accordingly, Portuguese law, in case of biomedical research with biobanks of 
human tissue or cells, demands anonymisation as a rule. Article 19 of Law 
12/2005 states: “9. Only anonym or irreversibly anonymised samples can be 
used”. Nevertheless, it accepts exceptions: “the use of identifi ed or identifi able 
samples should be limited to studies that cannot be conducted in any other 
way.” 20  However (11) “If there is an absolute need to use identifi ed or identifi -
able samples, these should be coded and the identifying codes must be kept 
separately, but always in a public institution”. 21  It shall be stressed that these 
norms refer to samples and not only to personal data.      

14.3.2     In Case of Research 

 The processing of personal data in connection with research is only possible, if 
there is consent of the person involved and safeguarding all other legal and technical 
conditions are met. 

 In the fi eld of research and the use of personal data, it is useful to mention the tax-
onomy of: (1) Identifi ed: The tissue source is known and the individual’s identity is tied 
to the sample; (2) Identifi able: The tissue source is tied to the specimen through the use 
of a link (e.g., a code number), but the identity of the source is not directly known with-
out tracing the link; (3) Anonymized: The tissue source’s identity is irrevocably unlinked 
from the specimen, so that the individual’s identity  cannot be discerned (i.e., the tissue 
is not identifi able); (4) Anonymous: The tissue source’s identity is never known, since 
the specimen is collected with no identifi ers at all (i.e., the sample is unidentifi ed). 

 Therefore, in general, in case of identifi ed and identifi able tissue, informed consent 
of the patient is mandatory and as Law 12/2009 does not expressly allows it, we advo-
cate that the authorization of the National Data Protection Authority shall be obtained in 
order to build a database with information about the tissues identifi ed or identifi able. 

 It shall be mentioned that in the near future, there might be some relevant 
changes. In fact, in 2012, the Commission proposed a major reform of the EU legal 
framework on the protection of personal data. The new proposals will strengthen 
individual rights and tackle the challenges of globalization and new technologies.   

20   The Helsinki Declaration states: “32. For medical research using identifi able human material or 
data, such as research on material or data contained in Biobanks or similar repositories, physicians 
must seek informed consent for its collection, storage and/or reuse. There may be exceptional situ-
ations where consent would be impossible or impracticable to obtain for such research. In such 
situations the research may be done only after consideration and approval of a research ethics 
committee.” 
21   Lowrance [ 10 ] argues for a change in European Data protection law, so that health research is 
fostered and, by the same token, confi dentiality of data is respected. 
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14.4     Prohibition of Financial Gain 

 The WHO Guiding Principles – Commentary to Principle 5 state: “Payment for 
cells, tissues and organs is likely to take unfair advantage of the poorest and most 
vulnerable groups, undermines altruistic donation, and leads to profi teering and 
human traffi cking. Such payment conveys the idea that some persons lack dignity, 
that they are mere objects to be used by others.” 

 U.S. federal law prohibits the buying and selling of human organs, it does allow 
fees for the recovering, processing and transporting of human tissue. 22  

 By the same path, prohibition of fi nancial gain is a paramount principle in 
European Bioethics, 23  consecrated in Article 3 of the European Charter on 
Fundamental Rights, in Article 21 of the Biomedicine Convention. The Additional 
Protocol on Transplant of organs and tissues states: Article 21 (1): “The human 
body and its parts shall not, as such, give rise to fi nancial gain or comparable advan-
tage.” However, it adds: “The aforementioned provision shall not prevent payments 
which do not constitute a fi nancial gain or a comparable advantage, in particular: – 
compensation of living donors for loss of earnings and any other justifi able expenses 
caused by the removal or by the related medical examinations; – payment of a jus-
tifi able fee for legitimate medical or related technical services rendered in connec-
tion with transplantation; – compensation in case of undue damage resulting from 
the removal of organs or tissues from living persons. 

 On the other hand, “advertising the need for, or availability of, organs or tissues, 
with a view to offering or seeking fi nancial gain or comparable advantage, shall be 
prohibited”. 

 Following Directive 2004/23/EC, Member States must encourage voluntary and 
unpaid donations of tissues and cells. However, donors may receive compensation 
strictly limited to making good the expenses and inconveniences related to the dona-
tion (e.g. travel expenses). No promotion and publicity activities are allowed in 
support of the donation of human tissues and cells with a view to offering or seeking 
fi nancial gain or comparable advantage. The general rule is that Member States 
must endeavor to ensure that the procurement of tissues and cells is carried out on a 
non-profi t basis. By the same path, article 22 of the Additional Protocol prohibits 
organ and tissue traffi cking. 

 In Portugal it is forbidden to give fi nancial compensation or remuneration of the 
donor. However, living donors may receive compensation strictly limited to reim-

22   National Organ Transplant Act: 42 U.S. CODE § 274E – Prohibition of Organ Purchases. 
23   Article 12 of the Directive 2004/23/CE is related to the principles governing tissues and cells 
donation. In its paragraph one establishes that “1. Member States shall endeavor to ensure volun-
tary and unpaid donation of tissues and cells. Donors may receive compensation, which is strictly 
limited to making good the expenses and inconveniences related to the donation. In that case, 
Member States defi ne the conditions under which compensation may be granted. Member States 
shall report to the Commission on these measures before 7 April 2006 and thereafter every three 
years. On the basis of these reports the Commission shall inform the European Parliament and the 
Council of any necessary further measures it intends to take at Community level”. 
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bursement of expenses incurred or losses immediately resultant from the donation 
(Article 22 (1) and (3) of Law 12/2009, of 26 March). The law specifi es that such 
compensation involves the right of the donor to have medical care until complete 
recovery and the right to be compensated for damages experienced in the process of 
organ donation and procurement (Article 9 of Law 12/93, of 22 April, amended by 
Law 22/2007, of 29 June, and Article 22 (3) of Law 12/2009). 

 Another relevant aspect is that the woman shall be informed about the possi-
ble commercial benefi ts of the use of the amniotic membranes in research or in 
transplantation, but that she shall not expect any fi nancial profi t from it. Article 
13 of the Biomedical Research Protocol indicates several issues that must be 
informed, including “vii. any foreseen potential further uses, including commer-
cial uses, of the research results, data or biological materials.” However, the 
fi nancial benefi t of the investigation is not to be shared with the subjects who 
consented to research. 24  

 On the other hand, Article 18 of Law 12/2005 states: “8. The commercial use, the 
patent registration or any type of fi nancial gains derived from biological samples, as 
such, is strictly forbidden.” 25   

14.5     Technical Quality and Safety of Human Tissues 
and Cells 

 In Portugal, the Authority for Blood Services and Transplantation must authorize 
banks of tissues and cells, with regard to the activities of procurement, testing, pro-
cessing, storage and distribution. Concerning the requirements for the procurement 
of tissue and cells of human origin, apart from all the requirements of the European 
Directives, Law n. 12/2009 added the following demand: “the encoded data should 
be entered in to a national register, held by the Blood and Transplantations Services 
Authority.” 

24   See Article 21 of the Biomedicine Convention and Article 3 Charter of Fundamental Rights of 
the European Union. In the USA, see the Moore v. Regents of the University of California (51 Cal. 
3d 120; 271 Cal. Rptr. 146; 793 P.2d 479) – this was a landmark Supreme Court of California deci-
sion fi led on July 9, 1990, which dealt with the issue of property rights in one’s own body parts. 
John Moore underwent treatment for hairy cell leukemia at the UCLA Medical Center. Moore’s 
cancer was later developed into a cell line that was commercialized. The California Supreme Court 
ruled that Moore had no right to any share of the profi ts realized from the commercialization of 
anything developed from his discarded body parts. See also Recommendation 4.1.20 (d) and (e) of 
the National Statement on Ethical Conduct in Human Research, Australia, 2007 (Updated 
December 2013) – “the woman shall be informed, “(d) whether there is potential for commercial 
application of outcomes of the research, including the development of cell lines; (e) that she will 
not be entitled to a share in the profi ts of any commercial applications.” 
25   See about the problem of patenting of human genes, the decision of the European Court of 
Justice, Case C-34/10 Oliver Brüstle v. Greenpeace e.V.; See the analysis of Pereira [ 11 ]. 
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14.5.1     Traceability 

 Article 8 of the Directive 2004/23/EC establishes that: “Member States shall 
ensure that all tissues and cells procured, processed, stored or distributed on their 
territory can be traced from the donor to the recipient and vice versa. This trace-
ability shall also apply to all relevant data relating to products and materials com-
ing into contact with these tissues and cells”. Article 9 of the Directive 2006/86/
CE establishes in this regard that: “1. Tissue establishments shall have effective 
and accurate systems to uniquely identify and label cells/tissues received and dis-
tributed. 2. Tissue establishments and organizations responsible for human appli-
cation shall retain the data set out in Annex VI for at least 30 years, in an 
appropriate and readable storage medium”. Moreover, Member States shall estab-
lish a system for the identifi cation of human tissues and cells, in order to ensure the 
traceability of all human tissues and cells pursuant to Article 8 and the Commission, 
in cooperation with the Member States, shall design a single European coding 
system to provide information on the main characteristics and properties of tis-
sues and cells (Article 25 Directive 2004/23/CE). In Portugal, Article 8 of Law 
12/2009 implement these norms.   

14.6     Import/Export Tissues Between EU Member States 
and Third Countries 

 According to Article 9 of the Directive 2004/23/EC, all imports of tissues and cells 
from third countries are undertaken by tissue establishments accredited, designated, 
authorized or licensed for the purpose of those activities, and that imported tissues 
and cells can be traced from the donor to the recipient and vice versa. Member 
States and tissues establishments that receive such imports from third countries 
shall ensure that they meet standards of quality and safety equivalent to the ones laid 
down in this Directive”. 

 Concerning the exports of tissues and cells to third countries, the Directive states 
that Member States shall take all necessary measures to ensure that all exports of 
tissues and cells to third countries are undertaken by tissue establishments accred-
ited, designated, authorized or licensed for the purpose of those activities. Those 
Member States that send such exports to third countries shall ensure that the exports 
comply with the requirements of this Directive”. 

 In Portugal, tissues can only be imported from third countries where they came 
from banks of tissues and cells allowed for these activities and meeting the stan-
dards of quality and traceability provided by Portuguese law, ensuring a system for 
the reporting of adverse reactions incidents equivalent the one provided by 
Portuguese law (Article 9 of Law 12/2009). 

 Imports/exports need to be authorized by the ASST. The export must be 
made through banks authorized for such activities. Applications for export need 
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to be authorized by ASST and only where there is suffi cient availability of tis-
sues and cells in tissues national banks or for justifi ed compatibility reasons. 
Requests for import shall refer to the original institution and are allowed only 
by Authority for Blood Services and Transplantation when: there is proven ben-
efi t in the use of tissues and cells, the purpose of tissues and cells is human use, 
there is no availability in tissue or cells national banks and compatibility grounds 
are justifi ed by a doctor. In emergency situations, imports/exports are autho-
rized directly by the Authority for Blood Services and Transplantation, pro-
vided that the supplier has the accreditation, designation or authorization 
according to Portuguese law or complies with standards of quality and safety 
equivalent to the Portuguese ones. 

 Concerning import/export and trade of human tissues, not only the rules of law 
12/2009 must be respected, but also Article 19 of Law 12/2005 shall be taken into 
consideration, as it states: (1) “Commercial entities cannot store or use human bio-
logical material that has not been anonymised” and (2) “The transfer of a large 
number of samples or of biological material collections to other national or foreign 
entities must always respect the purposes for which the bank was originally created 
and for which consent was obtained, and must also be approved by the responsible 
ethic commissions”.     
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