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Twenty years ago, Dr. Frangois A. Auger, the founder of the Laboratory of Experimental Organogenesis (LOEX), introduced the
self-assembly technique. This innovative technique relies on the ability of dermal fibroblasts to produce and assemble their own
extracellular matrix, differing from all other tissue-engineering techniques that use preformed synthetic scaffolds. Nevertheless,
the use of the self-assembly technique was limited for a long time due to its main drawbacks: time and cost. Recent scientific
breakthroughs have addressed these limitations. New protocol modifications that aim at increasing the rate of extracellular matrix
formation have been proposed to reduce the production costs and laboratory handling time of engineered tissues. Moreover, the
introduction of vascularization strategies in vitro permits the formation of capillary-like networks within reconstructed tissues.
These optimization strategies enable the large-scale production of inexpensive native-like substitutes using the self-assembly
technique. These substitutes can be used to reconstruct three-dimensional models free of exogenous materials for clinical and

fundamental applications.

1. Introduction

1.1. A Brief History of Tissue-Engineering Techniques. Through-
out history, as the lifestyle of hunters and gatherers shifted
towards a sedentary one, population demographics changed
drastically. These changes in lifestyle combined with rich
diets lead to an increased lifespan and the emergence of new
diseases. The ageing population correlates with an increase
in the prevalence of chronic disorders, which represent a
large burden on the healthcare system. Chronic disorders
can ultimately result in organ failure and may require organ
replacement. However, the waiting lists for organ transplan-
tation keep growing every year and the supply of organs
does not meet the existing demand. To circumvent this
extensive organ shortage, many efforts are being devoted to
the reconstruction of tissue-engineered organs [1].

Tissue engineering represents an interesting alternative
that aims at reconstructing biological substitutes for the
replacement of damaged tissues and organs. This emerging
discipline comprises several techniques, most of which use

biomaterials such as preformed scaffolds that mimic the mor-
phology of specific tissues and serve as an anchorage point
for cells. These scaffolds consist of synthetic or biological
materials [2]. Since the biomaterials used for scaffolds are
different from the original components of the extracellular
matrix (ECM) of the target organs, the differentiation of cells,
stem cells in particular, is often partial or inadequate. Also,
the use of biomaterials may trigger unknown side effects
upon implantation in the human body.

New techniques have recently been developed to improve
the functionality of biomaterials, such as the modification of
their surface compounds [3], the introduction of bioprinting
using bioink made of cells directly embedded in elements
of the ECM [4-7], the use of decellularized tissue [8], and,
finally, the reconstruction of autologous tissues using only
patients’ cells.

1.2. The Self-Assembly Technique. The self-assembly tech-
nique is a method used to reconstruct tissues free of exoge-
nous materials using only patients’ cells (Figure 1). The
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FIGURE I: Tissue-engineering strategies. The tissue-engineering strategies are mainly based on cell population extraction from patient’s
biopsies followed by cell amplification with phenotype maintenance or adequate differentiation. Cells are then seeded on preformed scaffolds,
made of synthetic or biologic (including decellularized tissue) biomaterials, and cultivated until grafting. Alternatively, mesenchymal cells
can be plated on culture dishes and cultivated in the presence of ascorbate to form their own stroma which could be seeded with epithelial
cells. The reconstructed tissue could also serve as accurate models for the study of a wide panel of pathologies.

self-assembly technique relies on the ability of mesenchy-
mal cells to secrete and assemble their own ECM. This
approach originates from two main discoveries. Firstly, in
1972 ascorbate, an enzymatic cofactor of lysyl- and prolyl-
hydroxylase, was shown to stimulate the production of type
I collagen by human dermal fibroblasts [9]. Secondly, a
key experiment followed in 1989 that demonstrated that
fibroblasts can deposit enough ECM within few days to
create a three-dimensional (3D) stromal sheet [10]. The
stromal sheets can then be stacked or rolled in order to
create a 3D organ substitute [11-13]. In the process of tissue
reconstruction, cells are extracted from a patient’s biopsy and
the stroma and the epithelium are enzymatically separated
using thermolysin. Mesenchymal cells are extracted from the
stroma using collagenase, while epithelial cells are extracted
from the epithelium using trypsin. Mesenchymal cells are
supplemented with 50 yg/ml of ascorbic acid throughout the
cell culture time to enhance the formation of stromal sheets
[11]. These newly formed stromal sheets can be easily peeled
from the culture dish and stacked to create a cellularized
scaffold. The assembled stroma is kept in culture for an
additional week to allow further cell-matrix reorganization
and layer fusion. Then, epithelial cells are seeded on the
top of the construct and the culture is continued for an
additional week in order to sustain epithelial cell proliferation
and to obtain a full epithelial coverage of the apical surface.
Thereafter, the equivalent is maintained for 21 days at an air-
liquid interface to induce the maturation of the epithelium
[12,14] (Figure 2). Many different tissues have been produced

using this technique such as skin, blood vessel, heart valve,
cornea, adipose tissue, urologic tissue, and vaginal mucosa.

1.2.1. Skin. Reconstructed human skin substitutes produced
by the self-assembly technique are clinically used for wound
healing and burn treatments [15, 16]. The use of reconstructed
autologous skin substitutes prevents graft rejection by the
immune system. These engineered skin substitutes present
a near-to-native architecture and show an adequately dif-
ferentiated epidermis that is histologically and functionally
similar to human skin [12, 17, 18]. Dermal fibroblasts and
keratinocytes proliferate in vitro as some progenitor stem cells
remain present amongst these cell populations [19].

In addition to the clinical potential of the skin substitutes
reconstructed by the self-assembly technique, several other
fundamental applications have been developed. Engineered
substitutes of diseased skin have been produced using cells
derived from patients with psoriasis [20]. These constructs
can serve as a model for the study of the disease. Accord-
ingly, reconstructed skin made using cells from patients
with psoriasis has shown excessive growth and the aberrant
differentiation of keratinocytes.

Since the cells used to reconstruct a tissue can be from
either a healthy or a diseased donor, the effect of the different
cell populations can be investigated individually to assess
their effects on disease evolution [20, 21]. Furthermore, the
skin substitutes produced with the self-assembly approach
have been used to characterize cellular and molecular events
involved in the pathogenesis of fibrotic diseases such as



BioMed Research International 3

Epithelial cell
—> seeding

Mesenchyma
cell seeding
@ > >
1

Mesenchyma
Reseeding self-assembly technique Epithelial cell

cell seedmg
Mesenchymal seeding
cell seeding
~
> N N

- Surgical sponge

ﬁ Inoxydable heavy metal ingots

% Air/liquid support

FIGURE 2: Schema for the production of the “flat” model by the self-assembly technique. Upper panel: classic self-assembly technique. (1)
Mesenchymal cells are seeded into 3 cell culture dishes and cultivated for 28 days in the presence of ascorbate. (2) The 3 stromal sheets are
peeled from the dish and (3) they are stacked to form a thicker tissue. (4) To ensure fusion of the 3 sheets, a mechanical load is applied on the
stacked sheets for a variable time. (5) Then, epithelial cells are seeded on the top of the construct and culture continued for 7 days before (6)
tissues are placed at the air/liquid interface for 21 days in order to obtain a mature epithelium. Middle panel: reseeding self-assembly technique.
Mesenchymal cells are seeded into cell culture dishes and cultivated for 14 days in the presence of ascorbate before (2) a second seeding of
mesenchymal cells on the top of the first stromal sheet. After another 14 days, (3) epithelial cells are seeded on the top of the construct and
culture continued for 7 days before (6) tissues are placed at the air/liquid interface for 21 days in order to obtain a mature epithelium. Lower
panel: tools required to produce tissue by the self-assembly technique. The anchoring paper is used to limit the contraction of the tissue by
the mesenchymal cells and to help in manipulation. The metal weights help to stabilize the anchoring paper during the different cell culture
steps. The surgical Ligaclips eliminate the movement of stromal sheets during the fusion step. The surgical sponge is needed to avoid the
direct contact between the heavy metal weights and the tissue, and these weights are responsible for the mechanical load favoring the stroma
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sheet fusion. Finally the air/liquid support maintains the epithelium in contact with the air and the stroma in the cell culture medium.

hypertrophic scars and scleroderma [22-24]. Also, in the
early stage of amyotrophic lateral sclerosis (ALS), patients
present with skin alterations. Reconstructed skin substitutes
made using the biopsies of ALS patients have been used
to identify disease-specific biomarkers which could serve
as early diagnostic tools to monitor disease progression
[25]. Hence, engineered skin substitutes represent a good
alternative to the use of animal models for drug testing and
disease modeling [20, 21, 26-28].

1.2.2. Blood Vessels. The self-assembly technique has also
been applied to engineered human blood vessels [11, 29]. In
order to reproduce the tubular shape of blood vessels, the
flat stromal sheets produced by the self-assembly technique
have been rolled around a cylindrical mandrel. To imitate
the physiological layers of blood vessels, a stromal sheet
composed of smooth muscle cells was rolled first, followed by
a sheet produced by dermal fibroblasts [11, 30, 31] (Figure 3).

1.2.3. Heart Valves. Cardiovascular diseases represent an
important problematic in developed countries and their
treatment may necessitate heart valve replacement surgery.
Rather than replacing a defective or diseased heart valve
with a mechanical, cadaver, or animal valve, a lot of effort
is being invested in the reconstruction of autologous tissue-
engineered heart valves. Although this remains challeng-
ing work, heart valves produced using the self-assembly
technique have been designed. These stentless bioprosthetic
valves could offer a new alternative to artificial valves [32, 33].

1.2.4. Ocular Tissues. Corneal tissue engineering was devel-
oped in an attempt to cure corneal opacity. The self-assembly
technique has also been applied to the generation of corneal
substitutes [34]. These reconstructed substitutes have near-
to-native stromal, endothelial, and epithelial histology. The
differentiated epithelial layer has well defined basal and
wing cells that expressed Na*/K* ATPase al protein, keratin
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FIGURE 3: Schema of the production of the “tubular” model by the self-assembly technique. Upper panel: classic tubular self-assembly
technique. (1) Mesenchymal cells are seeded in a cell culture plate coated with gelatin. They are cultivated for 28 days in the presence of
ascorbate. One plate is seeded with smooth muscle cells (SMC) (in the case of blood vessels) and another with dermal fibroblasts. (2) Then
the stromal sheet formed by the SMC is tightly rolled around a cylindrical mandrel followed by (3) the stromal sheet formed by the dermal
fibroblasts. (4) The resulting construct is cultivated for a variable time in order to ensure fusion of the rolled sheets. When fusion has been
achieved, the mandrel can be removed and the tubular structure could be perfused to be seeded with endothelial cells and allowed to mature.
Middle panel: Hybrid tubular self-assembly technique. (1) Instead of using two cell culture plates, each one seeded with a different type of
cell population, the plate is separated in two halves with a cell separator. Then each compartment is seeded with one type of cell population:
SMC in one part and dermal fibroblasts in the other. (2) After cell adhesion, the separator is removed and cells are cultivated for 28 days in
the presence of ascorbate. (3) The stromal sheet is then tightly rolled around the cylindrical mandrel. (4) The resulting construct is cultivated
for a variable time in order to ensure fusion of the rolled sheets. When fusion has been achieved, the mandrel can be removed and the tubular
structure could be perfused to be seeded with endothelial cells and allowed to mature. Lower panel: tools required to produce tissue by the
tubular self-assembly technique. Heavy weights are used to block contraction of the stromal sheets by mesenchymal cells, especially SMC. A
cylindrical mandrel is used to create the lumen of the blood vessel. A cell separator divides the cell culture plate in order to create two cellular
compartments.

3/12, and basic keratins [34]. The pattern of MMP gene
expression involved in corneal wound healing has also
been studied using this model [35]. Also, in an attempt to
reconstruct intraocular lenses for the management of ocular
diseases, recent studies have emerged that used epithelial
cells derived from mouse lenses to generate 3D lentoids in
culture [36, 37]. These engineered hollow spheroids pro-
duced using gelatin microbeads mimic the 3D microstructure
and illustrate the possibility of engineering 3D organoids
[36, 37].

1.2.5. Adipose Tissues. Adipose tissues can be produced
with the self-assembly technique using adipose-derived
stem/stromal cells (ASCs). Cell cultures supplemented with
ascorbic acid and adipogenic differentiation factors generate
substitutes that share many features with native adipose tissue
[38].

1.2.6. Urologic Tissues. The reconstruction of bladder substi-
tutes using the self-assembly technique has been inspired by
the skin model, whereas ureter and urethra reconstruction
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has been based on tubular blood vessel models. Initially,
bladder substitutes were produced using a porcine biopsy
[39]. The bladder model was later enhanced by combining
human dermal fibroblasts with porcine urothelial cells [40].
Substitutes were matured in a bioreactor in order to mimic
the filling and voiding cycles of the bladder [41]. As human
bladder biopsies became more easily available, similar tech-
niques were used to produce human cell-derived substitutes
[42, 43]. Furthermore, urethral substitutes were produced
by seeding urothelial cells inside a tubular structure made
of dermal stromal sheets [44]. To mimic the in vivo tissue
architecture, the engineered constructs were perfused in a
bioreactor [45]. Moreover, endothelial cells (EC) were also
added to these models to reconstruct prevascularized models
[46, 47]. These reconstructed urological tissues demonstrate
histological and molecular similarities to native tissue. For
example, the urothelium expresses uroplakins and zonula-
occludens-1 in the epithelial superficial layer. These surface
proteins are essential for tissue function as they act as a
barrier to prevent urine leakage. These reconstructed urologic
substitutes can also serve as invaluable tools for disease
modeling. For instance, the bladder model has been used
to study the effect of ketamine, a drug that is excreted in
the urine. Ketamine was originally used as a medication for
anesthesia and chronic pain management. However, the use
of ketamine as a recreational drug can cause urinary tract side
effects such as cystitis and urinary tract dysfunction [48]. The
exposure of the 3D bladder model to ketamine has produced
urothelium damage due to induced cell apoptosis [49].

1.2.7. Vaginal Mucosa. The tissue engineering of autologous
vaginal mucosa opens the door to new surgical applications
for vaginal reconstruction in paediatric patients with congen-
ital urogenital abnormalities such as Miillerian agenesis, also
known as the Mayer-Rokitansky-Kiister-Hauser syndrome. A
new human vaginal mucosa model using the self-assembly
technique was recently introduced. This model is derived
from human vaginal fibroblasts and epithelial cells, which
were extracted from the vaginal biopsies of healthy donors
[50]. Cell cultures were supplemented with 17-f estradiol
in order to reproduce a hormone-responsive setting. The
reconstructed tissues showed histological features that were
similar to near-native tissue including a fully differentiated
stratified squamous vaginal epithelium. Furthermore, vaginal
epithelial cells expressed specific markers such as estrogen-f3
receptor and mucin-1. Also, the intermediate epithelial cell
layers were filled with polysaccharides such as glycogen. The
glycogen content of vaginal epithelial cells is metabolized
by lactobacilli, a dominant bacteria of the normal vaginal
microbiota that secretes lactic acid.

1.2.8. Bone. The self-assembly technique has recently been
used to produce a thin bone substitute from ASCs that
were differentiated into osteoblasts. In these tissues, alkaline
phosphatase was homogeneously distributed and the sub-
stitutes showed a very low contractile capacity. Osteocalcin
and hydroxyapatite were found in higher levels within the
reconstructed bone from ASC than in non-osteogenically
induced tissues [51].

2. Improving Stromal Thickness
and the Mechanical Properties of
Reconstructed Tissues

Although the self-assembly approach is suitable for clinical
applications, the time and expenditure required for tissue
reconstruction limit its wider use. To circumvent these major
drawbacks, new strategies, aimed at increasing the ECM
deposition rate and reorganization, have been proposed.
In addition to reducing time and costs, these strategies
also increase stromal thickness and improve mechanical
properties.

2.1. Mechanical Stimulation. Major biological modifications
in the organization of the cell cytoskeleton and the ECM
composition can be induced by mechanical stimuli [52, 53].
For example, blood flow induces the realignment of collagen
fibers, which, in turn, strengthens the tissue [54, 55]. These
changes are induced by the activation of mechanoreceptors
such as the ones containing the arginyl-glycyl-aspartic acid
(RGD) integrin binding sites [56]. The signaling pathways
of the extracellular signal-regulated kinase, ERK, and the c-
Jun N-terminal kinase, c-JNK, are often activated to regulate
cellular adaptation to these new environmental conditions
[56]. In some studies, G-proteins also seem to be involved
in molecular signaling [57]. Cellular responses to mechanical
stimuli include the secretion of growth factors such as trans-
forming growth factor-beta (TGF-p) [58], which is known
to enhance ECM production and reduce matrix metallopro-
teinase (MMP) secretion and activation. Nevertheless, latent
MMPs and other proteases can also be secreted or activated
following mechanical stimuli [59, 60]. Fine-tuning is required
to tightly control the balance between the synthesis of ECM
elements and their degradation. As fibrosis has been observed
in a mechanical overstimulation setting, the rate of collagen
deposition needs to be controlled to prevent irreversible
changes and fibrosis [61].

2.1.1. Cell Cultures in Dynamic Conditions. An appropriate
laminar/cyclic flow in a bioreactor improves the quality
of tubular constructs as demonstrated in the urethra [44]
and blood vessel substitutes [62]. In order to evaluate the
effect of dynamic culture conditions on tissue thickness,
reconstructed connective substitutes generated with dermal
fibroblasts or ASCs were subjected to static or dynamic
conditions using a 3D shaker platform (gyrotwister) [63].
Dynamic culture conditions caused a 1.5- to 2-fold increase
in the tissue thickness of the substitutes derived from ASCs
when compared to static conditions. However, these results
did not apply to stromal tissues made of dermal fibroblasts.
Hence, it is not possible to conclude that dynamic conditions
favor mechanical properties, as they have not yet been
extensively measured.

2.1.2. Fiber Alignment within Engineered Tissues. Tissue func-
tion can be improved by using microstructured surfaces that
control the interactions between cells and the ECM. The
surface topography of an elastomeric material can cause a
change in the orientation of fibers within multiple cell layers.



Here the cell culture surface not only oriented the first cell
layer, but also influenced the second cell layer. The latter took
on a physiological alignment mimicking the native tissue. As
the secreted ECM fibers align according to the orientation
of the cells, well-structured stromal sheets can be obtained
for cornea, vascular structures, and dermis [64]. Recently, a
protocol adapted from the self-assembly technique allowed
an easier production of tissues with horizontally aligned
collagen fibers, which could be useful for cancer and ageing
studies [65].

2.2. Enzymatic Reactions and Chemical Stimulation. ECM
production can be increased by the supplementation of
chemical inhibitors of MMP in cell cultures. The addition of
galardin (GM-6001) during the production of skin substitutes
significantly increased the thickness of reconstructed tissues
[23]. Nevertheless, the use of galardin in the self-assembly
technique is restricted because of its high price and its
potential impact on the ECM. Galardin acts on the MMPs
and could potentially modify the organization of the ECM
and, consequently, affect the outcome of the reconstructed
tissues.

Furthermore, proline is an important amino acid that is
metabolized during collagen synthesis. Its metabolic precur-
sor L-arginine (L-Arg) is converted into ornithine followed
by glutamine semialdehyde and finally proline. An L-Arg
enriched diet gave significant results in the treatment of
wounds in vivo [66]. Hence, the effect of L-Arg supplemen-
tation on stroma formation was investigated. Although a
20% increase in type I collagen synthesis and secretion was
observed, collagen deposition remained unchanged when
compared to controls [47]. A plausible explanation for these
results could be that the enzymes involved in collagen
maturation were not sufficient to process the surplus of this
protein in vitro.

2.3. Biological Stimulation. Biological stimulation of the
ECM deposition is a challenge due to the pleiotropic roles
of the usable bioactive agents and their subtle effects, which
could have a long-term outcome (e.g., after tissue implan-
tation). While experiments using monolayer culture rarely
exceed days, studies using the self-assembly technique can
last for months, especially if tissues are implanted in vivo.
Many proteins, peptides, and lipids that are used to stimulate
collagen synthesis and deposition must be carefully used to
avoid the induction of a pathological situation such as fibrosis
or cancer.

2.3.1. Polysaccharides. Beta-glucans, a family of carbohy-
drates, induce collagen production by fibroblasts [67, 68].
The supplementation of dermal fibroblast cultures with lami-
naran, which is derived from Saccharina longicruris seaweed,
increases collagen secretion [69]. Tissues produced using
the self-assembly technique with the addition of laminaran
showed an increase in collagen synthesis and secretion with-
out inducing a fibrotic phenotype. This results in a thicker
stroma without a significant increase in cell proliferation
nor in the alpha-smooth muscle actin content [70]. The
mechanisms underlying the effect of laminaran could be
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due to its aggregation properties which could trigger a net
increase in collagen secretion [70, 71].

Advanced glycation end-products (AGE) are derived
from glucose metabolism and are found within the tissues of
elderly or diabetic patients [72]. In cell culture, glucose is the
primary source of energy for mesenchymal cells and provides
the energy required to sustain ECM production. However,
the glucose concentration used in the self-assembly protocol
is 4.5-fold higher than normal glycaemia. Consequently,
AGE can form within the produced tissues. Also, AGE are
involved in the process of skin ageing and have an impact on
mechanical and biological parameters [73]. New approaches
that circumvent this issue, using glucose-free medium, are
currently being developed and should generate promising
alternatives [Chabaud et al. unpublished data].

2.3.2. Insulin. Insulin has been used for a long time to safely
control the glycaemia of diabetic patients. In addition to its
mediating role in glucose entry in cells, insulin also plays
an active role in collagen synthesis and deposition [74].
Collagen fiber density in diabetic mouse models can be
increased by the use of hydrogels containing microencapsu-
lated insulin-secreting cells [75]. The implantation of PLGA
alginate structures that release insulin in rats has also been
shown to increase collagen deposition and maturation [76].
Furthermore, wound healing represents a clinical issue for
diabetic patients, due in part to the alteration of their insulin
metabolism.

2.3.3. Hypoxia. Diabetes is associated with tissue damage
such as hypoxia and vascular disease. Evidence suggests that
diabetes causes EC loss and that the tissues surrounding
capillaries undergo hypoxia. Damaged EC release factors
which may induce fibrosis [77]; however other unknown
mechanisms also contribute to this change in cell phenotype
[74, 78]. Insulin and hypoxia exert a synergic effect on tissues
produced by the self-assembly technique. They increase
collagen deposition in human and animal cell cultures [79]
[Chabaud et al. unpublished data]. Nevertheless, the long-
term effect of hypoxia exposure (more than 2 weeks) induced
significant acidification of the cell culture medium, even
when buffered solutions were used, and resulted in a decrease
in tissue thickness [80]. Hence, cyclic hypoxia seems to be
a better alternative than constitutive hypoxia as it produces
thicker engineered tissues.

2.3.4. Adenosine. Adenosine and other derivatives have been
used to enhance the rate of wound healing [81]. Their recep-
tors were also found to be involved in fibrosis. An increase
in collagen synthesis and a decrease in MMP-9 activity
were observed when A,;-adenosine receptors (A,, AR) were
activated [82, 83]. The production of rabbit tissues by the self-
assembly approach in the presence of adenosine resulted in a
net collagen content increase and in stromal thickening [79].
The effects of adenosine on human cell cultures remain to be
evaluated.

2.3.5. Lysophosphatidic Acid. Lysophosphatidic acid (LPA) is
a bioactive lipid present in human blood. LPA expression has
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been found to be upregulated in fibrosis and cancer [84, 85].
LPA binds to its receptors at the surface of many cells and
activates pathways leading to proliferation, migration, and
the secretion of cytokines. The culture of dermal fibroblasts
with LPA resulted in a dose-dependent increase in type I
collagen and fibronectin deposition that could be completely
reversed. The addition of LPA to cell cultures did not have
any adverse effects on the reconstructed substitutes nor did
it influence cell proliferation [42]. The addition of LPA to cell
cultures could reduce culture time by up to 25% as it enhances
the rate of collagen deposition [42].

2.3.6. The Potential of Adult Stem Cells for Self-Assembly Tissue
Engineering. Virtually all primary cell populations contain
stem cells or at least potential progenitors [86]. For example,
ASC can increase the amount of deposited ECM and, con-
sequently, increase tissue thickness [63]. These cells can also
secrete many proangiogenic and immunomodulatory factors
[87]. The addition of a stromal sheet made of ASC to the
bilayered reconstructed skin could possibly benefit in graft
take and subsequent patient management.

Skin reconstruction could also benefit from another kind
of adult stem cell, the sox10+ cells. Sox10" adult stem cells
are found in the stroma of subcutaneous loose connective
tissues. They can differentiate into fibroblasts and myofi-
broblasts. Myofibroblasts secrete transitory ECM and are
eliminated by apoptosis during the resolution phase of wound
healing. However, these cells could induce fibrosis of the
dermis, resulting in hypertrophic scarring characterized by
excessive deposition of the ECM by persistent myofibroblasts
[88]. A coculture of endothelial cells and Sox10" stem cells
resulted in the differentiation of Sox10* stem cells into
perivascular cells that stabilized the newly formed capillary-
like network [89]. Although the use of Sox10" stem cells
requires a tight control of cell differentiation, they can be
beneficial for ECM deposition and for capillary-like structure
stabilization.

3. Other Improvements of Tissues Produced
by the Self-Assembly Technique

3.1. Reseeding Self-Assembly Technique. In the original self-
assembly technique protocols, several stromal sheets are
stacked together to generate a construct with adequate
mechanical strength. The mesenchymal cells are seeded on
a cell culture compatible surface such as plastic or a gelatin-
coated plastic. After cell confluence is reached, fibroblasts
begin to deposit ECM. As cells are attached to the plastic
surface of the bottom of the wells, the ECM is deposited above
them. Thus the cells remain confined at the bottom of the
wells and are only partially embedded in the ECM.
Although the steps of sheet stacking and fusion induce
ECM remodelling, alternating layers of cells and ECM are
visible at the sites of sheet stacking across the constructs. The
addition of epithelial cells reduces the demarcation between
sheets; however it remains visible in 3D tissues. These visible
cell layers do not reflect native stroma architecture and could
cause delamination [43, 47, 63, 90]. Changes in protocol
(Figure 2) were proposed to ensure a more homogenous

distribution of cells throughout the tissue and prevent delam-
ination [47] (Figure 4(a)).

3.1.1. The Rationale of Reseeding. When fibroblasts reach
confluence, they begin to secrete and deposit collagen to
form the ECM. Collagen synthesis reaches a plateau after
two weeks because of the inability of fibroblasts to physically
assemble collagen fibers [47]. This plateau in the collagen
deposition rate also correlates with the achievement of maxi-
mal tissue thickness [63]. Hence the idea is that the reseeding
of mesenchymal cells on a quiescent 2-week-old stromal sheet
would allow the restoration of the rate of collagen deposition
and result in the production of thicker tissues.

3.1.2. Reseeding Self-Assembly Approach. The second layer
of fibroblasts seeded onto the first sheet concomitantly
induces a transitory peak of MMP activity and a boost
in collagen deposition (Figure 4(b)). The fibroblasts within
the first sheet layer play a role in the ECM remodelling
process. Decellularization of this initial fibroblast layer prior
to reseeding has shown a decrease in tissue thickness. The
transitory peak of MMP activity observed after the reseeding
step could partially contribute to the migration of fibroblasts
from the plastic surface, where they were initially seeded, to
the interior of the tissue and explain the better distribution
of cells amongst the tissues generated using reseeding. After
two additional weeks of culture, the single stroma sheets
that had undergone reseeding had the same thickness as
those that were produced by the sheet stacking method
(Figure 4(a)). Furthermore, the reseeded tissues supported
the maturation of a fully differentiated epithelium [47]. The
reseeding technique offers an alternative to the classical self-
assembly protocol which is easier to set up and reduces the
costs associated with extensive culture medium consumption
[47] as well as required incubator space (Figure 5). This new
protocol paves the way to the automation process of the
production of tissues by the self-assembly technique as it is
expected to reduce costs and generate improved substitutes
with optimized quality consistency.

3.2. Improvement of Blood Vessel Production. To improve the
production of tissue-engineered blood vessels, fibroblasts and
SMC were separately cultured in the same flask. Each cell
population was grown in its respective half of the flask to
generate a construct that was half stroma and half muscle.
The sheet was later rolled around a cylindrical stent in such
a way that the muscle half formed the interior of the vessel,
while the other stroma half formed the external layers of
the blood vessel construct (Figure 3). This strategy ensures
better fusion between the layers and generates vascular
substitutes that have a high-grade mechanical strength to
sustain compatibility with engraftment [91-93].

3.3. Organ-Specific Stroma. As the interaction between dif-
ferent cell populations is important for tissue homeostasis,
the origins of these cells greatly influence mesenchymal-
epithelial interactions. The self-assembly technique depends
on the ability of mesenchymal cells to secrete the ECM
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FIGURE 4: Reseeding self-assembly technique. (a) Photographs of slices of tissue reconstructed by the classic self-assembly technique (left)
or the reseeding self-assembly technique (right), stained with Masson’s trichrome. Cells are in red/purple and ECM in blue. (b) Graph
summarizing the balance between ECM production and its degradation during the production of a stroma by the self-assembly reseeding
technique. Collagen deposition was measured by immunoblotting extracts from tissues produced until the indicated time. MMP activity
was measured using tissue culture medium harvested at the indicated time using a fluorometric test. (c) (1) Phase contrast photograph of a
coculture of endothelial cells and dermal fibroblasts (14 days after seeding). (2), (3), and (4) Photographs of slices of tissue reconstructed by
the reseeding self-assembly technique, stained with Masson’s trichrome. Three-dimensional capillary-like structures are clearly visible. (5)
Photograph of a slice of tissue produced by the reseeding self-assembly technique immunostained using antibodies raised against CD-31.

that serves as a scaffold for epithelial cells. Organ-specific
cells, which correspond to mesenchymal and epithelial cells
derived from the same organ, exhibit specific cell behav-
ior that affects the quality of reconstructed tissues. For
example, reconstructed human cornea substitutes showed
macroscopic and histological differences depending on the
source of mesenchymal cells used: dermal fibroblasts or
corneal keratocytes, which are a mesenchymal cell population
specific to the cornea [94]. Engineered tissues made with der-
mal fibroblasts were less transparent and lacked ultraviolet-
absorption capability as compared to cornea produced using
keratocytes [94]. If mesenchymal cells are important for
adequate epithelial differentiation, epithelial cell origin is also
important for obtaining an appropriate stroma organization
[35].

The use of organ-specific mesenchymal cells instead of
dermal fibroblasts to produce bladder mucosa substitutes
ensures a better urothelial maturation as there is no expres-
sion of cytokeratin-14, a marker absent in native urothelium
but present in epidermis, and which causes a significant
decrease in ERK phosphorylation, a marker of cell prolifer-
ation [95].

The study of organ-specific models can also be applied
in the context of disease modeling to identify the effect of
the mesenchymal cells on epithelium differentiation. This
has been elegantly illustrated with the creation of hybrid
psoriasis models using a combination of healthy or psoriatic
dermal fibroblasts with healthy or psoriatic keratinocytes.
The combination of a stroma derived from psoriatic cells
with healthy epithelial cells resulted in an altered epidermis,
whereas the combination of a stroma derived from healthy
cells with psoriatic epithelial cells resulted in an attenuated
epithelial phenotype [20]. Hence, this model has given new
insights into the partial effect of mesenchymal cells in the
molecular processes involved in psoriasis [20].

4. Tissue Engineering with
Serum-Free Medium

To this day, most laboratories still use animal serum for cell
culture. Although the risks of using animal products have
been long discussed, recent emerging pathologies point out
that species barriers to the transmission of diseases are not
fully supported by scientific arguments. This debate raised
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FIGURE 5: Advantages of the reseeding self-assembly technique as compared to the classic technique. The reseeding self-assembly technique
allows a reduction in the costs of the reconstructed stroma by 87.5%, a reduction of the labor time needed for technicians by 75.1%, and a
reduction of the volume occupied inside cell culture incubators of 65.9%.

concerns about the use of animal products, including serum,
to generate implantable devices or organs [96]. The use
of animal serum in tissue-engineered organs produced by
the self-assembly technique represents a critical issue that
impedes clinical translation.

Serum use can impair cell differentiation and cause
discrepancies in tissue quality from lot to lot [97, 98]. Human
dermal equivalents have been produced by the self-assembly
technique using a serum-free medium [99-103]. The resulting
tissues presented a similar thickness or even a better one
compared to those produced using fetal calf serum, and its
organization was characterized at the molecular level. The
horizontal development of epidermis was also demonstrated
in the absence of serum [104].

5. Vascular and Lymphatic Endothelialization
of Substitutes Reconstructed by
the Self-Assembly Technique

5.1. The Endothelialization of Tissues Produced with the Self-
Assembly Technique Accelerates Graft Perfusion. The com-
promised vascularization of reconstructed substitutes upon

implantation represents an important cause of graft failure.
To prevent graft necrosis, prevascularization strategies were
proposed for the reconstructed tissues prior to implantation.
The addition of EC to cell culture is a promising solution
as EC have the ability to assemble and form capillary-like
networks in vitro. Human endothelialized reconstructed skin
constructs were generated by adapting the self-assembly
technique. After four weeks of culture, EC were seeded on
the surface of two stromal sheets. Later, these endothelialized
stromal sheets were stacked together with an additional
nonendothelialized stromal sheet placed at the apical surface
of the new construct [105]. The human endothelialized
reconstructed skin showed early signs of vascularization after
implantation in mice as compared to the nonendothelial-
ized controls. Vascularization in the endothelialized human
skin constructs occurred within four days following tissue
implantation, whereas it took 14 days in the controls [106].
The colocalization of human and host mouse EC inside a
human capillary within the graft suggested the formation of
chimeric microvessels and confirmed inosculation between
both microvascular networks. Similar results were obtained
after the implantation of endothelialized tubular urethral
substitutes in mice [46].
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5.2. The Improvement of Capillary-Like Network Distribu-
tion and Maturation. Although the technique previously
described for the generation of endothelialized constructs
allows the formation of a capillary-like network within
the reconstructed tissues, EC remain confined between the
stacked cell sheets and form a two-dimensional (2D) vas-
cular network rather than a 3D one. In order to obtain
an optimal 3D capillary network, EC were coseeded with
dermal fibroblasts [47] (Figure 4(c)). The incorporation of
EC in the reconstructed dermis also resulted in an increase
in tissue elasticity and mechanical strength. As fibroblasts
were seeded at high density, the ECM was quickly generated
and rapidly embedded EC inside the stroma [47]. This new
endothelialized stroma showed pericyte-like cells surround-
ing the capillary-like structures that expressed a neuron-glial
2 (NG2) marker.

5.3. Formation of a Lymphatic Microvascular Network. In
recent studies, a lymphatic capillary network was formed
within a dermal construct using the classic self-assembly
approach [107, 108]. The integration of such a network can
be important in order to rapidly restore lymphatic function
within the graft.

6. Conclusion

The self-assembly approach has been used to generate several
tissues for fundamental and clinical research applications.
Over the years, substantial concomitant mechanical and
biological improvements of the bioengineered substitutes
have been achieved with protocol modifications. For instance,
the use of organ-specific mesenchymal cells to produce
stroma is associated with better epithelial differentiation.
Despite the challenges regarding production costs and time,
many strategies have been proposed in order to increase the
rate of ECM production and decrease culture time. Finally,
the endothelialization of engineered tissues represents a
major optimization that could significantly contribute to graft
survival.
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