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“Start by doing what’s necessary;
Then do what’s possible;

And suddenly you are doing the impossible”

Saint Francis of Assisi
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Abstract

Organ and tissue decellularization has been widely explored as a strategy to produce
extracellular matrix (ECM) biologic scaffolds for tissue engineering. Currently, different
types of decellularized tissues/organs are being applied as scaffolds, both in in vitro
cell culture studies and in different clinical applications for tissue repair.

Human placentas are widely available, can be harvested without harm to the donor and
are commonly discarded as biological waste after delivery. Moreover, placental tissue
contains abundant amounts of ECM components and important growth factors, thus
providing a very appealing source for tissue decellularization. Through various
treatments, effective ECM decellularization can be accomplished, but the original
composition and structure might be affected to some extent. These effects are highly
dependent on the decellularization agents used, and can be attenuated by optimizing
protocols to each specific organ or tissue.

In this context, the aim of this work was the development and characterization of
placenta-derived hydrogels, using optimized protocols for tissue decellularization and
solubilization, and their evaluation as 3D matrices for in vitro culture of stromal cells.

Placental maternal villous samples were successfully decellularized following a 5-days
protocol with SDS and DNAse treatments, adapted from a previous work. Histological
analyses of decellularized tissue showed high removal of cellular/nuclear contents and
adequate preservation of ECM components. Decellularized ECM (dECM) was
solubilized through acid-pepsin digestion. In some samples, sterilization using
supercritical CO2 was also tested. This methodology allowed the successful production
of hydrogels. These were characterized in terms of gelation kinetics and viscoelastic
properties, which varied with the concentration of dECM and the sterilization.
Biochemical analysis showed the presence of high amounts of total protein and
glycosaminoglycans. Fibroblasts and mesenchymal stem cells (MSC) were cultured
on-top of dECM hydrogel discs for 7 days, and cell viability, metabolic activity and
morphology were assessed at different time points. Overall, although results showed
some inconsistences, dECM hydrogels appear to provide favourable
microenvironments for cell culture, supporting cell adhesion, viability and proliferation.

Taken together, these results show that protocols for decellularization/solubilization of
placental maternal villous were successfully established, allowing the formation of
hydrogels that show promise as human-derived matrices for cell culture. In the future it
will be important to repeat and validate these experiments, specially using placentas
from different donors to minimize tissue variability, which will be key for the future
application of these materials.
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Introduction

1. Extracellular Matrix

The extracellular matrix (ECM) is a non-cellular component present in all tissues and
organs, secreted and remodelled by cells. It plays a crucial role in the cellular
microenvironment, providing structural and physical support for cells to attach, migrate
and grow, and also acts as a reservoir of biochemical components that mediate cellular
activities. [1], [2] In concert with soluble signals, ECM cues coordinate processes like
differentiation, proliferation, survival and migration of cells, among others. Through
matrix-bond growth factors and interaction with receptors, the ECM directly regulates
signal transduction and gene transcription. [1] Although its basic composition is
fundamentally water, proteins and polysaccharides, the characteristics of the ECM vary
from tissue to tissue. [3] During development, biochemical and biophysical cues dictate
tissue-dependent ECM specificities. [2] Besides that, its structure and composition are
highly dynamic, as it undergoes constant remodelling, and can also be significantly
altered under pathological contexts. The final characteristics of ECM dictate the

biochemical and mechanical properties of each tissue and organ. [1]-[3]

The major components of ECM are structural proteins, including collagens and elastin,
more specialized proteins like laminins and fibronectin, and glycosaminoglycans (GAG)
in free (hyaluronic acid) or protein-conjugated (proteoglycans and glycoproteins) forms.
The collagenous proteins can be divided into fibril (type I, Il and Ill, for example) or
network (type IV, for example) forming collagens and are responsible for tissue
architecture, shape and organization, providing tensile strength. [2], [4] Laminins are
often linked to type IV collagen networks and are crucial in embryonic development and
organogenesis. [5] Fibronectin, secreted as dimers, has several important binding
sites, namely to collagen, heparin and cell surface integrin receptors, and plays an
important role in the attachment and migration of cells, among other cellular activities.
[2] The negatively charged GAG lead to the sequestering of water and divalent cations,
providing space-filling and lubrication functions to the ECM. Proteoglycans have a core
protein to which GAG side chains are attached to. They have a wide range of
molecular diversity, which results in a great variety of biological functions, such as
elasticity, resistance to pressure and also cell signalling, through interactions with
growth factors and their receptors, participating in important biological processes. [2],
[4] Figure 1 shows a schematic drawing of ECM organization, with its major

components. [6]
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Figure 1 — Extracellular Matrix schematic organization. 1: Nucleus; 2: Hyaladherin; 3:
Hyaluronic acid (HA); 4: Glycoprotein; 5: Integrin; 6: Syndecan; 7: Elastane; 8: Collagen; 9:
Fibronectin; 10: Laminin; 11: Nidogen; 12: Gel-forming polysaccharides; 13: Small soluble
proteoglycan. Adapted from [7]

1.1. ECM inspired materials

Although the human body has the ability to regenerate, this process only occurs in
some tissues/organs, and in small defects. If there is a large defect or a severe injurie,
healing is compromised or, in the worst case, does not occur. To overcome these
situations, research has been focused on developing regenerative strategies in order to
replace and regenerate the damaged tissues or to induce the body’s self-healing
capacity. These strategies often include the seeding of specific cell types in three-
dimensional (3D) scaffolds, to recreate the natural 3D environment where cells reside

in native tissues, the ECM, and their posterior implantation into patients. [8], [9]

Scaffolding biomaterials should ideally mimic the properties of the natural ECM.
However, recreating the structural and functional properties of a specific tissue is a
challenging task. [10] Different types of biomaterials can be used to produce ECM-like
3D scaffolds. Among those, hydrogels emerged as attractive candidates due to their
inherent ability to closely mimic key features of the native ECM. Hydrogels are 3D
networks that can often be formed under cytocompatible conditions, making them ideal
for cell entrapment. In addition, they exhibit high water content and permeability,
promoting efficient exchange of nutrients, oxygen and metabolites with the extracellular
milieu. Being compliant structures, hydrogel-based matrices provide cells with

adequate mechanical microenvironments, whose properties can be tuned to match
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those of a variety of native tissues.[11] Both natural and synthetic hydrogels can be
used, depending on the desired characteristics, namely in terms of mechanical support,
biocompatibility and stability, among others. [12]. Currently available hydrogels can be
broadly divided into two categories, according to the type of interactions they can
establish with cells, namely bioactive and bioinert hydrogels. Bioactive hydrogels
comprise those whose building blocks naturally possess direct (e.g. integrin-binding)
and/or indirect (e.g. enzyme-susceptible domains) cell-interactive cues, being
inherently cell instructive and/or responsive. On their turn, bioinert hydrogels comprise
the ones that lack any type of cell-interactive domains. Both types of hydrogels can be
chemically modified for inclusion of additional/new bioactive domains. [12] In both
cases, these materials can be used as artificial ECMs and designed to recreate some

of its functions and/or provide a 3D environment to cells. [13]

1.2. ECM derived biomaterials

ECM inspired biomaterials have shown great results, but also some weaknesses in
what concerns biocompatibility and/or interaction with cells. Also, replicating the
complex, and dynamic, nature of the ECM remains one major challenge in the design
of ECM mimics. [14] In alternative, research has focused on ECM decellularization.
One of the first reports on the use of decellularized tissue involved the culture of human
keratinocytes and fibroblast on human decellularized skin, which was transplanted into
a mouse model. [15] Several other works has been reported, using different types of
decellularized ECM (dECM), from small intestinal submucosa [16], heart tissue [17],

and esophagus [18], among others.

The principal aim of ECM decellularization processes is to remove all cellular
components from a tissue or organ, namely to avoid strong immunological reactions
upon implantation, but without compromising or damaging ECM components and
structure. Different approaches have been used to achieve decellularization, some of
which will be discussed herein. Once the process is completed, an ECM-derived 3D
structure is obtained, with its composition varying depending on the method used and
on the specific tissue/organ that was decellularized. Although the process might
damage, to some extent, some structural tissue elements, such as elastic fibers or
proteoglycans, one of the unique characteristics of decellularized ECM biomaterials is
that they preserve specific biochemical/biophysical features of the tissue of interest.
[12], [19]

Currently, different types of decellularized tissues are available in the market, with

clinical success in several applications, such as burn wound healing and plastic
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surgery, among others. However, there are also cases of failure, with host rejection to
the tissue, due to immunogenicity of some dECM components. [20] The
standardization of protocols is one of the main difficulties to overcome, since every
tissue has its own ECM composition/structure. Therefore, the efficacy of a certain
protocol varies with the type of tissue/organ. [12], [19]-[22] Another major challenge is
to reduce donor-to-donor variability of dECM, which often requires pooling tissues from

different donors.

2. Biomaterials from decellularized ECMs

As already pointed out, the intent of a tissue/organ decellularization process is to
remove cellular components, while minimizing ECM disruption and maintaining its
native biologic functions and physical proprieties. To achieve full decellularization,
several approaches have been used, since parameters such as cell and/or ECM
density and structural features depend on the type of tissue/organ. Decellularization
processes may encompass different types of treatments: physical, enzymatic and
chemical. Since each of them present advantages and disadvantages, and not all
methods work efficiently in every case, a combination of approaches is generally used.
An overview of the different decellularization methodologies, in terms of type of agent

and technique (immersion vs. perfusion), is presented along the next sections.

2.1. Decellularization agents
2.1.1. Physical treatments

Physical treatments can be used to disrupt cell membranes, releasing cell contents and
facilitating the removal of cells from the ECM. They can include agitation, sonication,
mechanical pressure, freeze-thawing cycles or usage of supercritical fluids. All

treatments are summarized in Table 1.

Mechanical agitation, using orbital shakers or magnetic stirring plates, as well as
sonication are often used in combination with chemical procedures, to facilitate cell
lysis and removal of cell debris. Protocols should be optimized, in terms of the speed of
agitation, treatment length and volume of reagent, for each type of tissue, given its

specific composition, density and volume. [23], [24]

In case of whole organs, the application of mechanical pressure gradients can be
achieved through perfusion, for example. Perfusion (discussed in more detail on
section 2.1.2.) can accelerate and improve the delivery of decellularization agents to

the tissue, and may facilitate cell lysis, but it is not applicable in all cases. In fact, this
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procedure showed efficacy, with minimal disruption to the 3D ECM architecture, only in
tissues and organs that do not have a densely organized ECM (e.g. liver, lung, etc.).
The application of pressure is reported to lead to a reduction in the exposure time to
chemical agents during the experimental protocol. [23], [24].

Table 1. Examples of physical methods for decellularization of tissues/organs.

Physical

Mechanism of Action Effects on ECM Ref.
Method
Mechanical Causes cell lysis. Facilitates e aa e TG
agltatlon_and chemical exposure and cell lead to ECM disruption [23]-[25]
sonication content removal
Mechanical E il cel:ls and ECM can be damaged [23], [24],
forces y removing tissue, cells are due to mechanical forces [26]
removed
Freeze-thawing Ice crystals disrupt cell EfM cané)z Gl gt dor [23], [24],
les membranes ractured during rapi (27], (28]
e freezing '
Supercritical Critical fluids lead to cell Minimal alteration in ECM
. ; : [24], [29]
fluids removal mechanical properties

Freeze-thawing cycles allow the formation of intracellular ice crystals that can disrupt
cellular membrane, resulting in cell lysis. Temperature rates should be controlled in
order to avoid ECM disruption, although some studies ([30], [31]) have stated that
mechanical properties are not significantly alter during these cycles. Besides that, to
minimize adverse effects, the use of cryo-protectants, such as trehalose, has been
suggested. [32] Overall, these cycles can minimize the amount of chemical treatments

needed afterwards. [24]

Extraction with supercritical fluids has recently been described as another alternative
method to accomplish tissue decellularization, due to their low viscosity and high
transport characteristics, allowing the establishment of simple and short protocols. It
uses inert substances, like carbon dioxide that forms a critical fluid under a temperature
of 32°C and a pressure of 7.4 MPa (moderate conditions), to remove cells, while
minimally altering ECM properties. At the end of the process, the decellularized tissue
is already in a dry form, avoiding lyophilization steps that are often needed for long-
term storage. The application of supercritical fluids for tissue decellularization remains
largely unexplored, but it has been recently used in a number of studies, for example in

aortic tissue, which was decellularized after 15 minutes. [24], [29]
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All these procedures are usually combined with washing steps, however they are
generally insufficient for complete decellularization of the tissue, and combination with
other agents is typically needed. [12] [23]

2.1.2. Enzymatic treatments

Enzymatic treatments have been used in several tissues, due to their specificity for
biologic substrates, and commonly employ proteases (trypsin, dispases),
phospholipases, esterases and nucleases. The mechanism of action and effects of

some of these enzymes are summarized in Table 2. [12], [24], [33]

Trypsin cleaves peptide bonds, with high specificity for cell adherent proteins,
detaching cells from the tissue surface. This protein shows maximal activity at 37°C
and at pH=8. [23] However, prolonged treatment may have an adverse effect upon
ECM components. For example, treatment with trypsin in pulmonary valve resulted in a
disruption of ECM structures, reduction in protein content (as laminin and fibronectin)
and GAGs content, as well as a decrease in tensile strength. [25] Despite that, the
remaining ECM still supported endothelial cell growth. Overall, the exposure to trypsin
should be keep to a minimum, to guarantee minimal disruptive effects on ECM

structure and composition. [22], [31], [32]

Among dispases, dispase Il is useful to separate epithelial cells from the substratum
since it selectively cleaves fibronectin and collagen IV. This enzyme is mainly used in
the first stages of decellularization, and requires combination with other
decellularization agents. Dispases have also been typically combined with trypsin to
improve cell removal in thicker tissues. [24], [34], [35]

Nucleases, as RNAse and DNAse, can catalyze hydrolysis of interior or terminal
bounds in RNA and DNA (respectively), leading to their degradation. [23] However,
residual cellular material may remain and some ECM components, such as fibronectin,
can be reduced. [33] Phospholipase A2 is also used for hydrolization of phospholipids
in the tissue, without damaging collagen structure and proteoglycans, but reducing
GAGs content. [24], [33]

It is relevant to mention that proteases inhibitors may also play an important role in
decellularization processes. On one hand, they are often used to protect ECM against
proteases that might be released from disrupted cells. [24] The addition of aprotinin or
leupeptin, for example, to the solutions in which the tissue is decellularized can provide
such protection. On the other hand, the action of enzymatic agents can be hindered by

natural inhibitors present in tissues, and the protocols should be planned to take this
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into account. For example, decellularization studies using trypsin showed a decrease in
its activity after 12h of treatment, due to natural protease inhibition. [36] Although
enzymes provide removal of cell residues with high specificity, treatment with this
agents alone is not enough to achieve complete cell removal. Therefore, they should
be combined with other treatments for efficient decellularization.

Table 2. Examples of enzymatic methods for decellularization of tissues/organs.

Enzyme Mechanism of Action Effects on ECM Ref.

Long incubation can

Cleenes perpien ok, reduce ECM components

Proteases detachlggbcstilgt;rom the content and can disrupt [23], [33]
ECM ultrastructure
Catalyse the hydrolysis  Not all content is removed.
Nucleases of bonds in RNA and Can lead to [23], [24], [33],
. . oy [37]
DNA chains. Immunogenicity.
Phospholipases Hydrolisation of Reduction in GAGs [33]

phospholipids content

2.1.3. Chemical treatments

Chemical treatments can disrupt intercellular and extracellular bonds, which is
important to allow sufficient exposure of cells to the chemical agents. The mechanism

of action and effects of different types of chemical agents are summarized in Table 3.

Alkaline and acids treatments are often used to remove nucleic acids and solubilize the
cytoplasm, by disrupting cell membranes and intracellular organelles. Acetic acid,
peracetic acid (PAA), hydrochloric acid, sulfuric acid, sodium sulphide, calcium
hydroxide are some examples of chemicals commonly used in decellularization
protocols. [23], [38] Alkaline treatments have been used in decellularization of dense
tissues, such, as dermis, but degradation/elimination of ECM components, such as
collagens and growth factors have been reported. [34] Acids can dissociate DNA from
the ECM but can also denature ECM proteins, reducing the construct strength, so there

is the need to balance the doses and exposure time. [24], [36], [39], [40]

Non-ionic detergents have also been used to disrupt lipid-lipid and lipid-protein
interactions, without damaging protein-protein interactions, leaving proteins in a
functional conformation after treatment. [41] Triton X-100 is one of the mostly used
non-ionic detergents, with times of exposure that can range from hours to weeks. [24],
[42], [43] Depending on the tissue, this detergent showed different results. In the
decellularization of a heart valve, for example, complete removal of nuclear material

was achieved in the valvular structure, but not in the aortic wall. Regarding the ECM, a
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loss of GAGs, laminin and fibronectin content was verified, as well as the formation of a
less dense collagen network. [44], [45] Although efficient, Triton X-100 shows
significant differences in its effects depending on tissues and on the other steps of the
protocol, suggesting that adaptations of protocols should be done, taking into account
the tissue density and cellularity. [23], [24]

lonic detergents can also solubilize cell membranes, but they can disrupt protein-
protein interactions, and may lead to denaturation of proteins. Sodium dodecy! sulfate
(SDS) is the ionic detergent most commonly used. It shows a high efficiency in
removing cellular components, with a better yield when compared to other detergents
(such as sodium deoxycholate or Triton X-100, for example). [26], [43] In terms of
ECM, SDS disrupts the native tissue structure and reduces the GAG content, but
without removing collagen. To minimize these effects, SDS is ideally used in multiple
washes with low concentrations of detergents for a short period of time. [46] Sodium
deoxycholate is also efficient in removing cellular components, but has a more
disrupted effect in the ECM, when compared to SDS. However, it has also been stated
that SDS can be difficult to remove after treatment, possibly increasing cytotoxicity [23],
[24], [34]. As with non-ionic detergents, the effect of ionic detergents varies with
exposure time and with the organ or tissue under decellularization. [34], [47]—-[49]
Comparing SDS with Triton X-100, the first one appears to be more effective to achieve
decellularization in dense tissues and organs, without affecting tissue mechanic

characteristics.

Chemical treatments can also include zwitterionic detergents, which exhibit some of the
properties of non-ionic and ionic detergents, having a higher tendency to denature
proteins than non-ionic. 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS), sulfobetaine-10 (SB-10) and sulfobetaine-16 (SB-16) are some examples of
this type of detergents that have been used in decellularization protocols. [50]-[52]
Protocols with CHAPS resulted in decellularized tissue with no difference in collagen
content or histological features, but with impaired mechanical properties. However, this
reduction is comparable to that obtained with Triton X-100 treatment. [23] CHAPS is
most effective in thinner tissues and might be ineffective in thicker tissues, even when
combined with SDS. [53], [54] SB-10 and SB-16 show better results in terms of ECM

preservation, as well as better cell removal compared to non-ionic detergents. [24], [51]

Tri(n-butyl)phosphate (TBP) is an organic solvent that has been recently used as a
chaotropic agent for decellularization, disrupting protein-protein interactions and

removing nuclear remnants, but not completely. [42] The tensile strength of collagen
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fibers and other biomechanical properties may be preserved, but a decrease in
collagen content can be observed. [43] For dense tissues, decellularization using TBP
appears to lead to better results than Triton X-100 and SDS, with a variation on the
reported effects in terms of ECM constitution and properties. [21], [22], [32], [54]

Cycles with hypotonic and hypertonic solutions have also been used, which cause an
osmotic shock and therefore result on cell lysis. [34] lonic strength solution or deionized
water are often used for this purpose, but they do not promote the removal of the

cellular remnants resulting from cell lysis, needing an additional treatment. Minimal

changes in ECM components and architecture are observed. [23], [50], [57]

Table 3. Chemical methods for decellularization of tissues/organs.

Chemical

Mechanism of Action Effects on ECM Ref.
Method
Degradation of ECM
Disruption of nucleic acids SITUEILIE] GRmEenEs, £
Alkaline P e collagens, elimination of
. and solubilization of [23], [24], [34]
and Acids cvionlasm ECM growth factors and
ytop denaturation of ECM
proteins
Disruption of lipid-lipid and
Non-ionic lipid-protein interactions, Loss of GAGs and laminin [23], [24], [41],
detergents without damaging protein- and fibronectin content [44], [45]
protein interactions
Solubilization of membranes, Disruption of the native
lonic disrupting protein-protein tissue structure and [23], [24], [34]
detergents interactions and fully reduction the GAG content T
denaturing proteins. without removing collagen.
TP Similar to non-ionic N .
%]W;ttenontlc detergents, but denaturing Reductlorrélr;mgghamcal [23], [24]
etergents proteins. prop
Disruption of protein-protein Loss of collagen, with
TBP pHio pre P minimal changes in [23], [24], [34]
interactions . .
mechanical properties
Hypotonic
and . Cellular remnants not
Hypertonic Osmotic shock to lyse cells removed [23], [34], [50]
Solutions
Alterations in collagen
Alcohols Cell lysis structure and tissue [23], [24], [55]
stiffness
: Used in combination with
Chelat;ng Disrupt cell adhesion trypsin, only synergetic [23], [34]
agents effects known
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Several types of alcohols, such as ethanol, isopropanol or methanol, may be used in
decellularization protocols, with different consequences. For instance, they can lyse
cells by replacing the intracellular water, and are often used as final wash in order to
remove the residual nucleic acids from the tissue. [23], [24] They can also dissolve
lipids due to their nonpolar nature, and there are studies showing that alcohols are
more effective in removing lipids than lipases. [56]-[58]. Concerning the ECM, some
studies showed alterations in collagen structure and tissue stiffness, when

decellularization included ethanol or ethanol/acetone treatments. [55], [61]

Chelating agents as EDTA (typically used combined with trypsin) and EGTA can
disrupt cell adhesions to the ECM and facilitate the removal of cellular material from the

tissue, as a step during decellularization protocols. [23], [34]

2.2. Decellularization techniques: perfusion and immersion

Depending on the tissue/organ and final application, different decellularization
technique can be adopted. Whole organ perfusion has been used in decellularization
protocols that aim at preserving the 3D architecture and specific structures of the
organ. Perfusion is done through the vasculature of the organ and it shows great
efficiency in delivering the decellularization agents directly to cells and, inversely, in
transporting cellular remnants out from the tissues. [24] As mentioned before, a
pressure gradient can be applied during decellularization by perfusion, to obtain better
results in terms of treatment length and preservation of ultrastructure. With a pressure
gradient, decellularization agents are forced through dense tissues, allowing better cell
removal from the ECM, while retaining collagens, laminin and GAGs. [34], [36], [59]

Different protocols have resulted in different 3D scaffolds with the geometry of native
organs such as the heart, where the increase of pressure at which perfusion was
performed showed to decrease the exposure time to the treatment, possibly due to a
dilation of the vessels. [62], [63] Perfusion has also been used to decellularize lungs,
showing that ECM major components and general structure could be maintained,
allowing repopulation with cells. [53], [64]-[66] Liver and kidney have also been
decellularized through perfusion, resulting in complete cell removal and maintenance of
intact vasculature. [46], [67] In some studies, ECM analysis showed retention of laminin
and collagen IV and capacity to support repopulation with specific tissue cells in both
cases. [20], [68], [69]

However, perfusion systems require specific and expensive equipment, large quantities

of solutions and can lead to an over-decellularization. In tissues whose vasculature is
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not compatible with this technique, or is compromised, perfusion techniques may not
be applied. [70] In some cases, maintaining the original 3D structure is not even a
requisite. Under these circumstances, decellularization can be attained by chopping
tissues into small fragments, to increase the area of contact, and immerse them in
decellularization agents, under agitation for variable periods of time. This technique has
been applied in different studies, using heart valves, spinal cord, cartilage, esophagus
and dermis, among others. [39], [47], [71]-[76] Again, depending on the agitation
speed and time, some ECM constituents can be lost or damaged, highlighting the need

for optimizating each protocol depending on the tissue or organ characteristics.

Different studies with decellularized tissue/organs have been described, and Table 4

summarizes some of them.

The heart was the first organ to be successfully decellularized. Initially, the process
was performed through perfusion of the aorta, with 1% SDS and 1% Triton X-100
treatment, with water washes between steps. [62], [77] Other protocols were tested
afterwards, such as perfusion treatment with Trypsin and EDTA and with glycerol,
NaNsz and EDTA, for example. [63],[78] Similar treatments were adapted to immersion
and agitation protocols, instead of perfusion techniques. [79]

Lung decellularization has also been performed, using rat organs. One of the first
protocols to be published was based on 8 mM CHAPS protocol, while others used
treatment with 0,1% SDS and Triton X-100, both using perfusion techniques. [53], [64]
In fact, in this case, the decellularization time can be reduced using the trachea as a
delivery method. [80]

Liver decellularization was first reported with a perfusion treatment combining SDS and
Triton X-100, and followed by other protocols using trypsin/EDTA. Both used the tissue
vascularization as a method for decellularization agents delivery and preserving its

architecture and vascular network. [67], [80], [81]

Similar to what has been described with the liver, also kidney decellularization through
perfusion has been studied and performed, preserving the vascular network of the
organ. Most published protocols are based on SDS and Triton X-100 treatment, with

the inclusion of a DNAse step in some cases. [20], [69], [77], [80]

Decellularization has been done in bone tissue (after demineralization), with enzymatic
treatments in distilled water. [25], [82]. Also, decellularization of adipose tissue has

been reported, for example, with isopropanol and SDS treatments. [79]
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Table 4. Examples of decellularization protocols of various tissues/organs.

Organftissue Technique Solutions Sterilization Ref.
0.5, 3, 6, 10% Triton X-100, 5
mM calcium chloride
. ) 5 mM magnesium sulfate
Kidney FEIEIT 1M sodium chloride i [69]
deionized water

0.0025% DNAse |

. Heparinized PBS, 0.1%SDS,
Lung Perfusion 1% Triton X-100, PBS - [64]

PBS, 1%, 2% and 3% Triton

Liver Perfusion X-100, 0.1% SDS - [67]
0.02% trypsin/0.05% EGTA, 0.1% (viv)
Liver Perfusion Deionized water, PBS, 3% peracetic acid [81]
Triton X-100/0.05% EGTA 4% EtOH
. 0.1% (v/v)
0, 0 = . .
Heart mmersion  1#SPS 0 INONXA00 peraceticacid  [79]
4% EtOH
0, i 0
Bone tissue Immersion 0.05% trypsgléos.ozm EDTA, - [82]
Adl ose 0.1% (V/V)
tiszue Immersion 0.5% SDS, isopropanol, PBS peracetic acid [79]

4% EtOH

2.3. Sterilization after decellularization

Prior to use decellularized tissues/organ in vitro or in vivo these need to be sterilized to
eliminate eventual microbial agents that might lead to undesirable contamination, when
in contact with cells, or immunological reaction upon implantation. Different treatments
can be used, such as incubation in acids or solvents, ethylene oxide exposure or
gamma and electron beam irradiation, but it is important to evaluate the additional

effects of these processes on the tissues. [24], [34]

Treatment with PAA has already been reported as a means to disinfect decellularized
materials. While this treatment can was shown to preserve ECM structure and function
of several growth factors, it might show insufficient penetration into the tissue for a
successful sterilization. [16], [24], [83]-[88]

Exposure to ethylene oxide can overcame the problem of tissue penetration, but on the
other hand it may lead to significantly changes in ECM ultrastructure and properties.
[89] Besides that, residues of ethylene oxide, classified as a being mutagenic and
carcinogenic, can remain in the sample after treatment, potentially resulting in

cytotoxicity and undesirable host responses. [90]
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Gamma irradiation and electron beam irradiation often result in ECM degradation,
mainly due to denaturation of key structural proteins. [91], [92]. The effect of low doses
of these types of radiation is not well defined, with Crapo et al. stating that even with
low doses the negative effects remain, and Keane et al. asserting that low dosages can
increase the strength and modulus of the ECM scaffold. [24], [34] Lipid cytotoxicity and
enzymatic degradation acceleration have been reported in processes with gamma
irradiation, as well as a negative effects on the subsequent attachment of cells to the
dECM. [91]

Supercritical carbon dioxide has recently been used in the process of sterilization,
showing to decrease bacterial and viral contents, with minimal damage to ECM
properties, when compared to the other processes, as seen for dermal dECM. It is
compatible with biological materials, leaving no toxic residues in the material after
treatment. [93] Amniotic membranes, lungs and bladder are some examples of
decellularized tissues that have been sterilized with supercritical carbon dioxide. [89],
[94], [95]

2.4. Hydrogels from decellularized ECM

As already discussed, preserving the native 3D architecture of tissues/organs is not
relevant or even desirable for some applications, and the dECM can be further
processed into different shapes including patches, sheets, microparticles and
hydrogels. In the case of hydrogels, the ability to form them and the crosslinking
kinetics is highly dependent on the biochemical profile of the tissue, namely on the

remaining collagenous proteins after the decellularization process. [3]

There are two key procedures to achieve the formation of a hydrogel: initially, the ECM
material is solubilized and then neutralized. Examples of conditions used for digesting

decellularized tissues are presented in Table 5.

Tissue solubilization is often done via pepsin digestion. This enzyme acts through
cleavage of non-helical telopeptide bonds of collagen structures, revealing the collagen
fibril aggregates and has been used in the past decades to solubilize acid-insoluble
collagen. [102]-[104] This digestion can be done following two different reported
methods — “Freytes method”[97] and “Voytik-Harbin method”[105] — both relying on the
use of an acid as a medium for pepsin digestion. Hydrochloric acid is used in the first
method, while the second uses acetic acid, to achieve a pH in the optimal range for

pepsin activity: 1.0-4.0. At pH 1.5 the enzyme shows 90% of maximum activity, at pH
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Organf/tissue Digestion Gel Formation Final ECM Ref.
Conditions Conditions concentration
Heart, 0.5M acetic acid pH adjustment 30 mg/mL [79]
cartilage, 10 mg pepsin to 100 10M NaOH
adipose tissue mg ECM
Liver 0.1M hydrochloric acid pH adjustment 10 and 20 [96]
10 mg pepsin to 100 0.5N NaOH mg/mL
mg ECM
48 h, RT 30’ at 37°C
Bladder 0.01M hydrochloric pH adjustment 10 mg/mL [97]
acid 10 mg pepsin to 0.1N NaOH
100 mg ECM 10xPBS
48 h, RT
37°C
Bone 0.01N hydrochloric pH adjustment 3 and 6 mg/mL [82]
acid 10 mg pepsin to 1/10 0.1 N NaOH,
100 mg ECM 1/9 10xPBS
96 h
1l hat37°C
Brain and 0.01N hydrochloric pH adjustment 10 mg/mL [98]
Spinal Cord acid 10 mg pepsin to 0.1N NaOH
100 mg ECM
48 h, RT 370C
Myocardium 0.1M hydrochloric acid pH adjustment 6 mg/mL [99]
10 mg pepsin to 100 NaOH
mg ECM
48 h 2-4 h at 37°C
Heart 0.5M acetic acid pH adjustment 20 mg/mL [100]
10 mg pepsin to 100 NaOH
mg ECM 10xPBS
48 h, RT
37°C
Umbilical Cord 0.01N hydrochloric pH adjustment 8 mg/mL [101]
acid 10 mg pepsin to 0.1N NaOH
100 mg ECM 10x PBS
4h RT

45 min at 37°C

4.5 it shows 35 % of maximum activity and at pH 7 or above it is irreversibly denatured.
[106], [107] Regarding temperature conditions, at 25°C pepsin has approximately 40%
of activity, while at 37°C it has above 90% of activity. [108] Although different times of
ECM solubilization have been reported, varying from 48 to 96 hours, the solubilization
should be considered as completed once there are no visible particles in suspension.
[97] After the first step is finished, the solubilized ECM is neutralized to physiologic pH,

forming a hydrogel when transferred to 37°C. In practice, if not used immediately for
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hydrogel formation, the solubilized and neutralized ECM should be kept at a low

temperature, until further use at 37°C, to assure a temperature-controlled gelation. [3]

2.5. Cell culture in decellularized ECM hydrogels

Native ECM represents the cell microenvironment, modelling cell behaviour, through
physical and mechanical properties. Upon solubilization and hydrogel formation, the
native 3D structure of the tissues is obviously lost, but important ECM characteristics
and biologic activities are preserved, which make such hydrogels attractive matrices for
3D cell culture. [3], [98]

Different cell types, including cell lines, primary and stem cells have been used to test
ECM hydrogels as 3D substrates for cell culture, which in many cases showed better
outcomes than the traditionally used collagen type | hydrogels. For example, N1E-115
cell were cultured in brain dECM hydrogel, and neurite extensions were evaluated
showing an increase in neurite length, possibly in response to the bioactivity of the
scaffold. [98] In another study, hepatocyte cultured in a liver dECM hydrogel and aortic
smooth muscle cells cultured in a dECM hydrogel showed better results in terms of cell
viability. [97],[]96] Moreover, calvarial cells cultured in bone dECM hydrogel, exhibited
higher proliferation. [82]

Besides being used as matrices for 3D culture, dECM hydrogels can also be applied as
surface coatings or gel layers for on-top cell culture. Matrigel™ is frequently used for
these applications. Briefly, it consists on a solubilized basement membrane
preparation, containing a mixture of insoluble proteins and growth factors secreted by
Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells. It has been widely used for
culturing different cell types, particularly in vascular research for analysing the
tubulogenic ability of endothelial cells, and in invasion assays, among others. However,
its composition is not well defined, and the type and amount of proteins and growth
factors may vary. [109] There is variability from lot-to-lot, which can lead to inconsistent
experimental results and misreading conclusion, as it is impossible to discriminate the
effect of a given component in cell behaviour. [110] Several studies comparing dECM
hydrogels with commercially available ECM-derived Matrigel™ have been reported. For
example, rat pre-adipocytes were cultured on the surface of adipose ECM hydrogels
and formed bigger colonies when compared to the same conditions with Matrigel™,
after 7 days of culture. [111] Thus, human-derived dECM hydrogels might provide an
interesting alternative to Matrigel™, if pooled from different donors and produced under

high quality standards to decrease compositional variability.
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2. Decellularized placenta-derived biomaterials

3.1. Placenta: structural and biofunctional properties

The placenta is the fetal organ responsible for assuring the interchange of different
substances between mother and fetus during pregnancy. This temporary organ
provides to the fetus different functions that are performed, in adulthood, by several
organs. It supports the nutritive, endocrine, respiratory and excretory functions and
needs of the fetus during development, assuming a central role in this process. [112]
[113]

Depending on the species, placentas show different characteristics, such as the
method of uterine attachment, the number of tissue layers between the maternal and
fetal circulations and the mechanism of substances transference. In humans, there are
no layers separating the maternal blood from the fetal tissue. In other species, those
components are separated, which translates to a significant difference in the molecules
transferred between the mother and the fetus. All of this diversity results in a greater
difficulty on the extrapolation of results from animal to human experiments. [114][115].
Besides the differences between species, within the same species, the collected
placentas may exhibit some variability, depending on different factors, such as the
intrinsic characteristics of the donor (age, health condition), the time and mode of
delivery, the clamping of the umbilical cord and the collection method, among others.
[116], [117]

3.1.1. Placenta Anatomy

A full-term human placenta has a diameter of about 22 cm, a central thickness of 2.5
cm, and an average weight of 470 g. The macroscopy anatomy of this organ can be
divided into fetal or maternal surface, which will be briefly described herein. An
additional section concerning the amniotic cavity membranes is also included. Figure 2
shows a schematic representation of placenta anatomy and vascular composition.
[116], [118]

Fetal surface. The fetal surface is essentially represented by the chorionic plate,
composed by the amnion and the chorion. The chorionic mesenchyme contains the
chorionic vessels which continue into the vessels of the umbilical cord, inserted into the
chorionic plate. The two umbilical arteries transport the fetal blood towards the placenta
and divide into the chorionic arteries branch that supplies the villous trees, in the
maternal surface. They further subdivide into thirdorder vessels terminal arterioles and,
finally, capillary loops. It is within these loops that an optimal exchange between the
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mother and fetus is accomplished, since there is a large endothelial surface area and
connective tissue is nearly absent. [115], [116], [119], [120] The venus end of the
capillaries return to the collecting venules, which form larger veins in the villous trees.
These trees will drain to a large vein that becomes a chorionic vein since it perforates
the chorionic plate. Finally, they continue into the umbilical vein and deliver the blood to
the fetus. [115], [116]

Maternal surface. The maternal surface represents the basal of the placenta. It
contains multiple cell types, including fetal extravillous trophoblasts and different
maternal cells namely decidual stroma cells, natural killer cells, macrophages and other
immune cells. [121] It also contains large amounts of ECM and is subdivided into 10—
40 slightly elevated regions, the so-called lobes. These lobes show a good spatial
correspondence with the position of the villous trees that arise from the chorionic plate.
In terms of numbers, it is expected that in a full-term placenta, 60—70 villous trees arise
from the chorionic plate, meaning that each maternal lobe is nhormally occupied by one
to four lobules. [120], [122]

Membranes. The amniotic cavity is constituted by the amnion and the chorion, called
together as ‘reflected membranes’. The amnion is continuous with the umbilical cord
and composed by a single layered epithelium on a thin layer of avascular connective
tissue — the amnionic mesenchyme. This avascular tissue is not completely fused to
the chorionic mesenchyme, which allows to easily separate both tissues when
processing the placenta. The chorionic membrane is composed of connective tissue

and, at pregnancy term, it might also include remains of fetal blood vessels. [113], [116]

Maternal blood
Uterine artery supply in
Chorionic villi  and vein intervillus space

N

_— Placenta

— Yolk sack
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— Uterus

—— Uterus

[ Chorion —_

I~ Umbilical cord <

™~ Amnion = N (AN
Umbilical Umbilical Placenta
vein artery

Figure 2 — Human placenta anatomy. Download for free at http://cnx.org/contents/14fb4ad7-
39al-4eee-abbe-3ef2482e3e22@9.1
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In a mature placenta, the intervillous space, although with highly branched villous trees,
can accommodate approximately 350 mL of maternal blood.[123] The chorionic and
the basal plates merge and form the smooth chorion, the fetal membranes and the
chorion laeve, which is composed of three layers: the amnion, the chorion and the
decidua capsularis. [116][120]

3.1.2 Placental extracellular matrix

The villous stroma of the placenta, among other functions, provides the environment for
placental vascular development. [122] In the stroma of chorionic villi, the ECM, is
mainly composed by collagens, laminins and fibronectin, as well as fibrillin I,
thrombospondin | and tenascin C. [124][125]-[131] An analysis of ECM gene
expression in human placenta showed genes of over 20 collagen chains, 50 non-
collagenous glycoproteins and 20 proteoglycans. [124] Considering the collagen
genes, both fibrilar (types I, Il, 1ll, V and XI) and non-fibrilar types (types IV, VI, VII, IX,
XIV, XV, XVI, XVII, XVIIl, XIX and XXI) are present. The distribution of ECM
components in different locations changes along the pregnancy, such as, for example,
collagen | and fibrillin I, representative of a major interstitial fibrillar species and a
microfibrillar component, respectively. While some components exhibit a similar
expression in both first trimester and term time points, others are more expressed on a
term placenta than in the beginning of the pregnancy. For example, collagen | and IV
are present in the stroma and vessels, both in first trimester and term placentas but, on
the other hand, laminin and fibrilin, present in the stroma and vessels, are more

expressed in the end of the pregnancy. [124], [125]

3.2. Decellularized placental tissues

Placentas are rich in ECM and other bioactive components, and are traditionally
discarded as biological waste, thus providing a very appealing source for tissue
decellularization. After delivery, they are among the most easily accessible human
tissue Therefore, placental-based dECM biomaterials might have great potential in

bioengineering applications and regenerative therapies [113], [132].

3.2.1. Decellularization placental protocols and applications

Some studies on the decellularization of amnion and chorion membranes, and of
maternal villous have been described. The respective protocols will be briefly described

below and are summarized in Table 6.
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Table 6. Examples of protocols for placenta decellularization.

P'*’?‘Ce”ta' Technique Solutions Ref.
tissue
. . 0.5 M NaOH, 0.2%EDTA, 5%
ST Immersion ammonium chloride, PBS [155]
. . PBS, 10 mM Tris and 0.1% EDTA,
Amnion Immersion 0.5% SDS, PBS [134]
: : distilled water, 0.5% SDS, DNAse [132]
Maternal Villous Immersion and RNAse
Chorionic Plate Immersion distilled water, 2% N-lauryl sarcosine [135]
- hypertonic and hypotonic solutions,
(i/hggl‘éc Perfusion 1% Triton X-100 and 0.02% EDTA, [136]

DNAse

Different applications of decellularized placenta have been reported. For instance,

amniotic membranes, native and decellularized, have been used for burn injuries

treatment, where amniotic sheets are placed in the wounds [133], [137], [138], and also

used for ophthalmologic treatments and postinfarct ventricular treatments [134], [139].

Similar to the amnion, the decellularized maternal villous has been used to develop

ECM sheets to apply in skin treatments. [132]. In terms of chorionic components,

decellularized chorionic vessels have been explored as small-diameter vascular grafts

for endothelial cell culture, while decellularized chorionic plate has been digested in

order to form a hydrogel where cardiomyocytes, adipose stem cells and endothelial
cells were cultured. [135], [136]
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Materials and methods

1.1. Placenta tissue decellularization

Placentas were obtained from 4 women with normal pregnancies undergoing a term
(38-40 weeks of gestation) scheduled cesarean section. Samples were obtained from
Hospital S&o Jo&o, with informed consent from patients and after ethical approval from
Ethics Committee for Health from the referred hospital. Placentas (figure 3 1) were
processed within a maximum of 2 hours after delivery. Samples were immediately
placed in PBS 1x (Phosphate-buffered saline, pH=7.4). The maternal villous region
(figure 3 11I) was separated from the chorionic plate (figure 3 1l) and cut into fragments
of around 1 cm3. Membranes were also separated (figure 3 1V) and cut into sheets of

around 5 cm?. All material was stored at -80°C until further use.

Figure 3 — Placenta dissection: I) Placenta after delivery; 1) Chorionic plate and umbilical cord;
I1I) Maternal villous; 1V) Membranes separation.

Placenta decellularization was performed following a protocol adapted from Choi et al.
[132] Samples were placed in spinner flasks (figure 4, 1) and kept under magnetic
agitation at 100 rpm (figure 4, 1ll). First, several washes with distilled water with 0.01
wt.% NaNs (Acros Organic) were done to remove blood. The tissue was subsequently
treated with 0.5% v/v SDS (Sigma-Aldrich) for 30 min, at room temperature (RT). To
remove residual SDS, placenta samples were washed for 48 h with distilled water with
0.01 wt.% NaNs.

Afterwards, samples were treated with 50U/mL DNAse (Panreac Applichem) in 10 mM
Tris (VWR) and 2 mM MgCl, (pH=7.8), for 24 h at 37°C, and then washed in distilled
water with 0.01% NaNs during 24 h at RT. Control samples were treated only with
distilled water with 0.01% NaNs during 5 days. All tissues were frozen, lyophilized and
stored at -20°C until further use.
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Figure 4 — Schematic representation of decellularization protocol: 1) Spinner flask; IlI) Native
maternal villous; III) Decellularization exemplification, with agitation; 1) Decellularized tissue.

1.2. Histological and immunohistochemical analysis

Native, control and decellularized tissues were fixed in 4% v/v paraformaldehyde (PFA)
for 16 h and embedded in paraffin in an automatic rotational tissue processor (STP-
120-1, MICROTOM). Tissue processing was set to graded series of 1 h each, starting
by sequential immersion in ethanol (EtOH) solutions of increasing concentrations (70%,
90%, 98% and 100%), followed by immersion in ClearRite and finally immersion in
preheated paraffin. Paraffin blocks were sectioned (3 um) using a microtome (Leica
RM2255). Paraffin-embedded sections were mounted on (3-
aminopropyl)triethoxysilane (APES) coated glass slides, dried overnight (ON) at 37°C
and then kept at RT until use. All slides were deparaffinised in xylene and dehydrated

using an ethanol gradient before stained.

Hematoxylin and Eosin (H&E) staining was used to evaluate the presence of nucleated
cells and cellular components, while Masson’s Trichrome (MT) staining was used to
detect collagen fibbers. Images we obtained with a Zeiss Axioscop 2 microscope and

processed using Fiji Imaging Software.

For immunohistochemistry, 10 mM citrate buffer (pH=6) and TE buffer (10 mM Tris, 1
mM EDTA, pH=9) were prepared. Slides were placed with the respective buffer (citrate
buffer for fibronectin staining and TE buffer for collagen type-I and type-IV staining) in a
water bath, at 90°C for 20 min, and then washed in PBS for 20 min, extracted with
0.25% v/v Triton X-100 (Sigma-Aldrich) for 10 min under agitation and washed with
PBS for 15 min. After, samples were blocked with 10% v/v fetal bovine serum (FBS) in
PBS for 1 h at RT, and primary antibody solution with 5% FBS was added and
incubated ON at 4°C. Slides were treated with primary antibodies against fibronectin
(1:200 dilution, F3648 Sigma-Aldrich) and human collagen type-lI (1:100 dilution,
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Rockland, reference 009-001-103)). Slides were then washed in PBS for 15 min, and
incubated in secondary antibody solution (1:500 dilution) in 5% FBS (Alexa Fluor ® 488
goat anti rabbit, from Life Technologies; Alexa Fluor ® 594 goat anti rabbit, both from
Life Technologies, respectively), for 1 h, at RT, protected from the light. In the end of
the protocol, samples were mounted in vectashield with DAPI (for nuclear staining)
medium (Vector Laboratories), and kept at 4°C until analysis. Images were acquired
using a confocal laser scanning microscope (Leica SP2 AOBS SE) and processed

using Fiji Imaging Software.

1.3. Sterilization with supercritical CO>

Lyophilized decellularized samples were sterilized using supercritical CO,. The
equipment (Parr Instruments series 4540 high pressure reactor, with 1200mL volume)
is shown in figure 5A. Hydrogen peroxide (H202) was the solvent used in the process,
which was performed at 140 bar, 40°C, 600 rpm, for 6 h. The samples were sealed and
then attached to the equipment using Teflon stripes, as depicted in figure 5B and 5C.
Bacillus pumilus (Sigma) samples were also submitted to the process as a control
group for the sterilization and cultured for 21 days in TrypticSoyBroth medium, at 37°C,

under aerobic conditions. Medium turbidity was assed to evaluate sterilization efficacy.

L
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Figure 5 — Supercritical CO; sterilization. A: Sterilization equipment, before starting the
process; B: Control samples attached to the equipment; C: All samples ready to be submitted to
the process.
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1.4. DNA quantification

DNA from native and decellularized tissues (control and test samples) was extracted
and quantified using Maxwell ® 16 Tissue DNA Purification Kit (Promega), according to
manufacturer’s instructions. Briefly, 50 mg of tissue were placed in 200uL of Lysis
Buffer and loaded into Maxwell ® 16 Instrument with 300pL elution buffer, following the
Tissue DNA protocol. DNA content was measured on a spectrophotometer by
absorption at 260nm (NanoDrop 1000, Thermo Fisher Scientific).

1.5. Solubilization of decellularized tissue

After being decellularized, lyophilized and/or sterilized, maternal tissue samples were
minced into small pieces of around 5 mm3. Tissue solubilization was performed through
digestion with pepsin (Sigma) in 0.5 M acetic acid solution, at a ratio of 10 mg pepsin to
100 mg of ECM (dry weight), and a final ECM concentration of 40 mg/mL and 30

mg/mL. Samples were maintained under magnetic stirring, for 48 h at 37°C.

1.6. dECM hydrogel formation

Solubilized samples were neutralized to pH 7.4 using 1M NaOH and 0.5M HCI and
stored at 4°C (pre-gel) until further use. With the pH adjustment, dECM concentrations
diminished to 30 mg ECM/mL or 20 mg ECM/mL (from the initial 40 mg ECM/mL and
30 mg ECM/mL, respectively). Three different pre-gel solutions were obtained and
used in the following tests: non-sterile 30 mg ECM per mL (3 wt.%), non-sterile 20 mg
ECM per mL (2 wt.%) and sterile 30 mg ECM per mL (3 wt.%). To trigger gelation, pre-
gel solutions were incubated at 37°C for a minimum of 3 h. In order to form discs, 20 pL
of pre-gel solution were placed between Teflon plates, with 1 mm spacers, and only
then incubated for 3 h at 37°C. For quantifications purposes, pre-gel was lyophilized a
second time after neutralization and then reconstituted with water, at the desire

concentration, based on the dry tissue weight.

1.7. Biochemical analyses of solubilized tissue

Total protein was quantified using the BCA Protein Assay kit (Pierce™, Thermo
Scientific). The following samples were analysed: i) solubilized samples, consisting on
pre-gel solutions of sterile, non-sterile and control tissue diluted to 2 mg/mL, and ii)
reconstituted samples, consisting on lyophilized pre-gels (sterile, non sterile and

control) reconstituted at a concentration of 2 mg dry tissue/mL. The protein content was
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analysed following the manufacturer protocol. Briefly, a standard curve was generated
using BSA, in a range concentrations from 0 mg/mL to 2 mg/mL. Samples and
standards were incubated for 30 min at 37°C with BCA working reagent and

absorbance was measured at 570 nm in a microplate reader (Synergy™ Mx, BioTek).

Dimethylmethylene blue (DMMB) assay was used to measure the content of
glycosaminoglycans (GAG) in the same solubilizes and reconstituted samples, also at
2 mg dry weight/mL. Following the manufacturer protocol, a standard curve was
generated using chondroitin sulphate solution, in a range of concentrations from 0
pg/mL to 160 pg/mL. Samples and standards were incubated in DMMB reagent
solution (40 mM NacCl, 40 mM glycine, 46 uM 1,9-bimethyl-methylene blue zinc chloride
double salt, pH 3.0), and absorbance was read immediately after at 525 nm in a

microplate reader (Synergy™ Mx, BioTek).

1.8. Rheological studies

Rheological properties of dECM hydrogels (non sterile ECM at 2 wt.% and 3 wt.%,
sterile ECM at 3 wt.%) and Matrigel™ (Corning) were evaluated using a Kinexus Pro
rheometer (Malvern Instruments, Malvern). The storage and loss modulus (G’ and G”,
respectively) of the different hydrogel formulations were recorded as a function of time
and temperature, and their crossing point was defined as the gelation time [140]. The
pre-gel solution (at 4°C) was placed between 20 mm parallel plates with a 0.5 mm gap,
at 37°C for 14 h, at constant frequency (0.1 Hz) and strain (1%).

1.9. Cell culture

Human Dermal Neonatal Fibroblasts were purchased from ZenBio and mesenchymal
stem cells were purchased from Lonza. Cells were thawed and maintained in culture at
37°C in a humidified atmosphere with 5% v/v CO; in air, cultured in Dermal Fibroblast
Culture Medium (DMEM, Invitrogen) with 10% v/v FBS, 1% v/v Penicillin/Streptomycin
(P/S) and 1% v/v Amphotericin B or in DMEM with 10% FBS and 1% P/S, respectively.
Cells were trypsinized when confluence was reached. For on-top culture, cells were
seeded at a concentration of 1x10* cells per disc (non sterile 3%, sterile 3% and
Matrigel) in samples pre-incubated in culture medium to allow swelling. For 3D culture,
cells were combined with pre-gel solution at a 1x107 cells per mL, and the mixture was
allowed to gelify for 2 h at 37°C to allow gelification. In both cases, 500uL of the
respective cell culture medium was added to each well and samples were incubated for

different periods of time.
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1.10. Viability assay

Viability was evaluated through Live/Dead Assay, using Ethidium homodimer-1
(Invitrogen) and Calcein-AM (Invitrogen) dissolved in DMEM without phenol red (2.5puL
Ethidium and 2uL Calcein per mL of medium) and kept protected from light. The assay
was performed at days 1, 3, and 7. Briefly, media was removed, samples were washed
with DMEM without phenol red and then incubated in the Ethidium/Calcein solution for
45 min, at 37°C. This solution was then replaced by DMEM without phenol red, and
samples were imaged under a Zeiss inverted fluorescent microscope (Zeiss Axiovert
200, Carl Zeiss International). After acquisition, all images were processed using Fiji

Imaging Software.

1.11. Metabolic activity

Metabolic activity was measured in all cell samples at days 1, 3, and 7. Briefly, a
solution of 20% v/v resazurin (0.1 mg/mL; Sigma-Aldrich) in DMEM without phenol red
was prepared and 400 pL were added to each sample. One well containing only
resazurin solution was used as control. After an incubation of 4 h at 37°C, fluorescence
was excited at 530nm and read at 590nm, with a sensitivity of 70%, in a fluorimeter

(Synergy Mx; Biotek).

1.12. Immunofluorescence imaging

At days 1, 3, and 7, immunocytochemistry was performed to evaluate cell culture in the
hydrogel. Discs were washed in Hank’s Balanced Salt Solution (HBSS; Alfagene) for
15 min, fixed in with 4% v/v PFA for 30 min, washed in HBSS for another 15 min and
permeabilized with 0.1% v/v Triton X-100, in HBSS. Following, samples were incubated
for 1 h in 1% BSA (Sigma Aldrich), washed in HBSS and incubated ON, at RT with
agitation, with phalloidin (Alexa Fluor ® 488 Phalloidin; Invitrogen), diluted 1:40 in 1%
BSA. Next day, discs were washed in HBSS, counterstained with DAPI for 10 min and
washed again in HBSS. All samples were observed in confocal laser scanning
microscope (Leica SP2 AOBS SE). After acquisition, all images were processed using

Fiji Imaging Software.
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1.13. Statistical analysis

Statistical analyses were performed using GraphPad Prism 7.04 software. For the
quantification data and metabolic activity measurements, the non-parametric Mann—

Whitney test was used. All tests were performed using a 95% confidence interval.
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Results and Discussion

1.1. Human Placenta Histology

After dissection, paraffin-embedded placental tissue was stained with H&E and MT to
evaluate ECM abundance and distribution in different placenta components. Figure 6
shows both stainings in maternal villous, as well as a DAPI staining for nuclei
identification. The maternal villous has a high nuclear content and is extremely
irrigated, resulting in a large amount of blood accumulated within the tissue, as seen
with detail in figure 6D. Vessels are surrounded by abundant collagenous ECM, as

seen in figure 6B/E.
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Figure 6 — Placenta maternal villous histology and nuclear content evaluation. A: H&E; B: MT;
C: DAPI. Scale bar: 50 ym. D: Hematoxylin and Eosin; E: Masson’s Trichrome; F: DAPI. Scale
bar: 25 pm

Both amnion and chorion membranes are histological different from maternal villous,
with a reduced cellular and ECM content. Amniotic membrane (figure 7 A/D) has a
single layer of nucleated cells at the surface of the membrane and a connective tissue
layer underneath, with presence of collagen, as seen in figure 7D. The chorion (figure 7

B/E) has a higher cellular content, being also richer in muscle fibres and collagen,
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when compared to the amnion. Figure 7 C/F shows the amnion and chorion together,
where it is possible to see that both membranes are fused, a phenomena that happens
during early stages of embryonic development, and does not allow the establishment of

a defined boundary between both membranes. [141]

Figure 7 — Placenta membranes histology. A: H&E staining of amnion (arrow); B: H&E staining
of chorion; C: H&E staining of amnion/chorion. D: MT staining of amnion; E: MT staining of
chorion; F: MT staining of amnion/chorion. Scale bar 25 pm.

Considering that the main goal of this work was to achieve a hydrogel derived from
decellularized placenta ECM, it was important to use a tissue rich in ECM proteins,
namely collagen, as this would increase the chance of obtaining an hydrogel after
solubilization [82], [142]. Comparing the different placental tissues analysed, the
maternal villous was the one that better fulfilled this requisite. In addition to have a
reduced content of ECM proteins, the use of each type of membrane, individually,
could lead to some inconsistency between experiments. As mentioned, the separation
between amnion and chorion is not well defined, and might differ from dissection to
dissection, leading to some variability on the final composition of each membrane.

Therefore, maternal villous was selected for subsequent decellularization.
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1.2. Preparation of decellularized human placental maternal villous

Maternal villous tissue was fragmented into uniform pieces and decellularized following
an optimization of a protocol reported in a previous work [132]. The original protocol
consisted on an initial washing step in water to remove blood components, a SDS
treatment followed by 4-days wash in water, and finally a DNAse/RNAse treatment (10
min, 37°C) followed by 2-days wash in water. In the present work, an optimization is
presented, where, after the initial washing step, tissue was submitted to a SDS
treatment followed by 2-days wash in water, and a DNAse treatment (24 h, 37°C)
followed by 1-day wash in water. This way, the length of the decellularization protocol
was reduced from 8 to 5 days. Another important alteration consisted on the use of
spinner-flasks throughout the process, which presumable improved the efficacy of each
step. A control group was also prepared, which was only submitted to water washing
during the whole length of the protocol. Once the protocol was finished, tissue samples
were frozen at -80°C, lyophilized and stored at -20°C. Figure 8 summarizes the key
steps of the protocol, showing visual differences in the tissue samples along the five
days treatment. A full detailed photographic report of all the decellularization steps is

presented in Supplementary figure S1.

Figure 8 — Principal steps of decellularization protocol. I: Beginning of the protocol, with the
tissue immersed in water; II: end of the first day; Ill: end of the second day; 1V: end of the third

day; V: onset of DNAse treatment; VI: end of the protocol. In all images, spinner flasks on the
left represents control group.

The proposed protocol optimization was evaluated by comparing the decellularized
samples from the 8-days original protocol (Supplementary figure S2A/B) and the 5-
days protocol previously described (Supplementary figure S2C/D). The H&E and MT
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staining of decellularized samples from both protocols, showed absence of cellular
components and collagen maintenance after the processes are completed. This
suggests that there are not any significant differences between protocols in terms of
the final outcome, validating the optimization. Importantly, by the end of the 8-day
protocol, tissue was already deteriorating, and some amount was being lost during
solutions changes. This resulted in a lower yield of decellularized tissues, as compared
to the original tissue. With the suggested protocol optimization, that disadvantage was

overcome, avoiding the loss of material, while guarantying complete cell removal.

The DNAse / RNAse treatment suggested by Choi, J. S. et al., involved a 10 min
exposure to the solution. When optimizing the protocol, based on the high cell content
of present in native tissue (figure 6C/F), we decided to extend this treatment. Several
DNAse exposure times have been reported in the literature, with different lengths, such
as 4 h, 6 h, 16 h and 24 h [79], [143]-[147]. Here, to ensure total cell removal, the
optimization protocol included a 24 h step of DNAse treatment. Some assays were run
to test the effect of lower exposure times on nuclear components removal. Samples
were taken from decellularized tissue at O h, 1 h and 3 h of DNAse treatment, and the
remaining protocol was followed as described until completion. Samples were stained
with DAPI and at all the three time points there were still nuclear components present
in the tissue (Supplementary Figure S3). Although there was a significant reduction
after 1 and 3 h, it did not lead to a complete nuclear removal, justifying a longer DNAse

treatment.

1.3. Histological and immunohistochemical analysis of dECM

The effective removal of cellular and nuclear components from the tissue was
confirmed by H&E and DAPI staining, while the preservation of ECM proteins was
evaluated with MT, in control and decellularized samples. Results are shown in figure
9. Both control and decellularized samples showed the presence of collagen as seen in
figure 9A. Although the control group exhibited less nuclear components than the
native tissue (figure 6A/D), the control protocol was not sufficient to remove all the cells
(figure 9A/C), as it would be expected. In contrast, SDS and DNAse treatments allowed
full elimination of cellular components from the tissue, and significant reduction of
nuclear materials, as seen with DAPI staining (figure 9F). However, the optimized
protocol apparently did not significantly affect the structure and collagenous content of

ECM, as suggested by the MT stainings in figure 6 B/E and figure 9 D.
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Figure 9 — Validation of decellularization protocol. A: H&E staining of control group; B: MT
staining of control group; C: DAPI staining of control group; D- H&E staining of decellularized
sample; E: MT staining of decellularized sample; F: DAPI staining of control group Scale bar: 50

pm.

Immunostainings for Fibronectin, Collagen type | and DAPI were also perfomed, for a
better assessment of the differences between native, control and decellularized tissue,
in terms of ECM changes in content and/or organization. A difference in fibronectin
organization was observed between the native tissue and decellularized tissues
submitted to both treatments (figure 10). This was somehow unexpected, since we
found no reports stating that treatments similar to the ones used in the proposed
protocol would damage fibronectin, contrary to enzymatic treatments with trypsin and
dispase. [23] Nevertheless, the protein is still substantially present in the decellularized
tissue, as seen in figure 10, suggesting that the apparent alteration might be more
associated with structural features. This was not considered a major issue in the
present work, given that the main goal was the posterior tissue solubilization for
hydrogel formation.

On the other hand, the structure and content of collagen type | seemed to be well
preserved (figure 11), both in control and decellularized tissue. This was expected,

since previous studies reported that SDS might disrupt the native tissue structure but
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without significantly removing collagen.[46] Decellularized samples exhibit a high

abundance in collagenous tissue, as desired.

In both cases, the pattern of DAPI staining confirmed previous histological conclusions.
The control group exhibited reduced nuclear content, as compared to native maternal
villous, while the decellularized tissue was almost nuclei free, as seen in figure 10 and
11.
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Figure 10 — Validation of decellularization protocol. Immunostaining for Fibronectin and DAPI
staining in native, control and decellularized sample. Scale bar: 100 pm
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Figure 11 — Validation of decellularization protocol. Immunostaining for Collagen type-l and
DAPI staining in native, control and decellularized sample. Scale bar: 100 um

1.4. Placenta dECM sterilization

After lyophilization, samples were sterilized using supercritical CO,, for 6 h. After
treatment, samples remained dry. Bacillus pumilus were cultured for 21 days at 37°C,
under aerobic conditions. Medium turbidity was evaluated and results showed that
those organisms did not survive to the sterilization and, therefore, ensured that
placental tissue samples were sterilized. Biochemical and mechanical characteristics of

the sterile sample will be evaluated further.
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1.5. DNA quantification

DNA from native, control and decellularized tissue was quantified. As concluded before
with histological and DAPI staining, an effective nuclear removal was only
accomplished with the decellularization protocol. As depicted in figure 12, there was a
slight reduction on DNA content from the native tissue (2749.48 + 552.63 ng/mg tissue)
to the control group (1064.71 + 153.98 ng/mg tissue), which significantly decreased on
decellularized samples (4.95 + 3.62 ng/mg tissue, p value<0,05), resulting in a 99.9%
reduction from native to decellularized tissue. Original 8-days protocol showed a
smaller decrease in DNA content from native tissue (772.0 + 224.04 ng/mg placenta) to
decellularized tissue (34.3 + 13.2 ng/mg placenta). [132] Comparing DNA quantification

from both protocols, 5-days treatment resulted in a more efficient DNA tissue removal.
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Figure 12 —DNA quantification in native, control and decellularized tissue (n=3).

1.6. Placenta dECM solubilization and gel formation

Lyophilized decellularized samples (sterile and non sterile) were solubilized through
pepsin digestion in acetic acid, for 4h under magnetic agitation, at 37°C at a
concentration of 40 mg of dry ECM per mL of solution. In the end of the treatment, a

viscous solution was obtained (figure 13A).

To inhibit the action of pepsin, pH was adjusted to 7.4, using NaOH and HCI (figure
13B). This adjustment increased the solution volume, consequently decreasing the final
ECM concentration to 30 mg dry ECM/mL solution. To investigate the gel-forming
ability of the solubilized ECM (pre-gel), a sample was taken, incubated ON at 37°C and
evaluated afterwards (figure 13C). The remaining pre-gel was kept at 4°C until further

use.
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Figure 13 — Formation of placenta dECM hydrogel. A: Solution after solubilization; B: pH
adjustment; C: Hydrogel formed after overnight incubation at 37°C.

1.7. Biochemical characterization of solubilized dECM

Decellularized ECM was characterized in terms of total protein and GAGs content, in
order to evaluate the effects of the proposed protocol and of the sterilization process on
its major components. Two types of samples per condition (control, non sterile and
sterile samples) were evaluated: pre-gel solubilized ECM and reconstituted ECM,
(which after solubilization and neutralization was lyophilized, stored and finally

reconstituted with water). All results are presented in figure 14.
1.7.1. Total protein quantification

Total protein was assed using BCA quantification kit. Results are shown in figure 14B.
Concerning both types of samples, control group shows the lower concentration of
protein per mg of dry ECM. While this was unexpected, it may eventually result from an
artefact in the calculations. In fact, since control group is not fully decellularized, there
are still cellular components left (as seen, for example, in section 1.5.) which contribute
to the total mass of dried tissue that was originally weighted, solubilized, lyophilised
and reconstituted for analysis. Therefore, when calculating the amount of protein per
dry weight, we are in fact normalizing samples with respect to different things. This
might possibly explain the apparently lower percentage of protein in the control tissue
(0.36 £ 0.00 mg/mg dry ECM). An analogous conclusion can be taken when looking at
results from non-sterile and sterile samples. During sterilization, other tissue
components might have possibly been eluted, resulting in a higher concentration of
proteins per mg of dry ECM (0.71 = 0.08 mg/mg), as compared to non-sterile samples
(0.49 + 0.03 mg/mg).

Comparing solubilized and reconstituted samples, protein concentration in control
samples showed no significant difference between both conditions (0.36 + 0.00 vs 0.41

+ 0.05 mg/mg, solubilized and reconstituted, respectively). However, in sterile and non-

37
Ana Luisa Filipe Castro



Integrated Masters in Bioengineering, June 2018

sterile conditions there were relevant changes in protein concentration. In non sterile
samples, there was a significantly increase of protein concentration per mg of dry ECM
after reconstitution (0.49 £ 0.03 vs 0.71 + 0.05 mg/mg, p value<0.05, solubilized and
reconstituted, respectively), while in sterile samples this protein concentration
decreased after reconstitution (0.71 + 0.09 vs 0.55 + 0.02 mg/mg, solubilized and
reconstituted, respectively). Such inconsistent differences between solubilized and
reconstituted samples might again be related with the composition of the “dry tissue”
that is weighted and used for normalization. In the case of the reconstituted samples,
besides the dECM, the lyophilisation product also contains pepsin and salts from the
digestion/solubilization process, which amount is difficult to control/quantify, that also

contribute to the total weight.

1.7.2. GAGs gquantification

GAGs content was measured in the same samples described above (figure 14C).
Similar to what was described for the protein quantification, control samples exhibit the
lower GAGs content, and no significant difference between solubilized and
reconstituted samples (18.37 + 1.26 vs 11.74 + 4.69 pg/mg, respectively). Non-sterile
samples show a significant reduction in GAGs content, when comparing solubilized to
reconstituted samples (26.70 + 0.52 vs 17.62 = 3.72 pug/mg, pvalue<0.05 respectively),
and the same for the sterile samples (30.51 + 3.38 vs 24.27 £+ 3.33 mg/mg, solubilized
and reconstituted, respectively). A reduction in GAGs content as a consequence of the
decellularization protocol was expected, since, as it was previously described, SDS
treatment has been reported to damage GAGs, thus reduction their content. [46] Here,
the reduced time of SDS treatment, and the several washes that followed it to
completely remove all SDS, might have been contributed to the preservation of GAGs
in the final samples. The inconsistencies found when comparing some of the conditions

are likely to be related with the same issues described above for the protein content.
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Figure 14 — Total protein (A) and GAGs (B) quantification in control, non-sterile and sterile
samples (solubilized and reconstituted) (n=3)
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In future studies, these issues should be taken into account, and a better way of
normalizing results must be found. Nevertheless, taken together results from protein
and GAG quantification suggest that the proposed protocols did not lead to a significant
reduction of their contents, even after sterilization, which can be considered as a good

outcome.

1.8. Rheological characterization

Rheological properties of neutralized dECM pre-gels were determined with a
rheometer. Gelation kinetics was measured in three different types of samples: non-

sterile (at 2 and 3 wt%) and sterile (at 3 wt%). Matrigel™ was used for comparison.

1.8.1. Gelation kinetics

To analyze the gelation kinetics of dECM hydrogels, pre-gel solutions (stored at 4°C)
were placed in the rheometer at 37°C to induce gelation and submitted to a time sweep
of nearly 14 h (1 h in the case of Matrigel™). Frequency and amplitude conditions were
determined based on Matrigel™ linear-viscoelastic regime, stated in literature. [148]
For all samples, in the end of the process, a thin disc (0.5 mm height, correspondent to
the selected gap) was obtained, with a regular shape and uniform appearance. The
crossover between storage and loss modulus (G’ and G”, respectively) indicates the
gelation time of the solution. Results of time sweep of analysis are shown in figure 15.
The crossover for the 3 wt.% non-sterile hydrogel occurred almost immediately after
the beginning of the assay (at t=5 min, G’= 3.62 + 2.52 Pa and G”=2.73 + 1.46 Pa).
However, as seen in figure 15A, the parameters only stabilized after 2 to 3 h, at G'=
382.30 + 80.68 Pa and G”=45.85 + 8.39 Pa , remaining stable until the end of the test.
The dECM hydrogel with lower concentration (2 wt.% non-sterile, figure 15B) was also
formed almost immediately when at 37°C (at t=5min, G’= 126.74 + 89.49 Pa and
G”=28.06 + 20.00 Pa) reaching stability within approximately 2 h, at values of G'=
98.64 + 16.06 Pa and G”=15.9 + 1.99 Pa. The effect of sterilization was evaluated
using sterile pre-gel at 3 wt.%. After t=5min, analogous to the other samples, the
hydrogel was already formed, with G’= 5.17 £ 6.31 Pa and G”=3.82 + 4.30 Pa, and G’
and G” stabilized after 1 to 2 h (53.85 £ 2.52 Pa and 6.44 + 1.46 Pa, respectively).
Matrigel™ gelation was evaluated along 1 h, based on literature studies that state that
30 min is enough to guarantee that the formed hydrogel reaches stable modulus
values. In this test, the plate was previously set to 4°C, to avoid Matrigel™ gelation
before the beginning of the time sweep assay. In the first minutes recorded,
temperature was still rising and it was under those conditions that hydrogel formation

occurred. As seen in figure 15D, at t=2min and T=32°C the recorded values were G’=
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8.81 + 3.53 Pa and G”=4.36 * 0.82 Pa; and after 5 to 10 min both modulus had
stabilized (G'= 73.95+ 24.75 Pa and G”=7.77 + 2.04 Pa).

Taken together, results show that while G’ and G” crossover occurs within a short time
frame, solubilized dECM requires some additional time form a stable gel. These results
were corroborated by another experiment (data not shown), where pre-gel solutions
were placed in Teflon molds to form discs and left at 37°C for 2h. After that time, while
the pre-gel exhibited a more solid-like behaviour, hydrogel discs were not formed.
However, when left overnight at 37°C the same samples were able to form discs with
sufficient integrity, indicating that a longer period of time is needed for the formation of

a stable, solid hydrogel.
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Figure 15 — Rheological properties of dECM — gelation kinetics. A: 3% Non sterile; B: 2% Non
sterile; C: 3% sterile; D: Matrigel (n=3).

Matrigel™ exhibited a different behaviour from that of dECM hydrogels, rapidly
changing from a viscous-like to a solid-like behaviour as the temperature increased,
and attaining stabilization of viscoelastic properties within a few minutes. Also, while
pre-gel sterile (3 wt.%) and non-sterile (2 wt.%) dECM samples present G’ values in
the same range of Matrigel™, the non-sterile dECM at 3 wt.% presented a G’ value
that was nearly 3x higher than that of Matrigel™. These differences may have major

implications for cell culture

Concerning the non-sterile samples tested, results demonstrate that the stiffness of the

final hydrogel could be tuned by adjusting the ECM concentration in the pre-gel
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solution. This was expected, and similar conclusions have been reported in several
studies. [79], [82], [96], [142] On the other hand, when comparing sterile with not-sterile
samples at the same concentration (3 wt.%), the former resulted in softer hydrogels.
Therefore, although we cannot give any valid explanation for this effect at this time,
results suggest that the sterilization process impaired the hydrogel-forming ability of
solubilized dECM.

1.9. Cell culture in dECM hydrogel

Fibroblasts and MSC were cultured on-top of pre-formed dECM hydrogel discs (3 wt.
%, sterile and non-sterile), pre-equilibrated in culture medium. Fibroblasts were also
cultured under 3D conditions (embedded) in dECM hydrogels (3 wt.%, non-sterile). In
some assays, both types of cells and culture conditions were tested using Matrigel™

as control hydrogel.

1.9.1. Cell viability and metabolic activity

Metabolic activity of cells cultured on-top of hydrogel discs was measured using
resazurin assay at day 1 and 7 (figure 16A/B). Fibroblasts showed an increase from
day 1 to day 7, in both type of hydrogels, with better results being obtained with non-
sterile samples. The trend observed for the metabolic activity of MSCs in sterile
hydrogels was similar to the one observed for fibroblasts, with an increase throughout
time. Unexpectedly for the non-sterile hydrogel, there was a significantly decrease in
the fluorescence measured at day 7, as compared to day 1. However, as discussed

later, these results were not corroborated by the live dead assay.

Live dead assays were performed at day 1, 3 and 7. Fibroblasts cultured on-top
presented high viability at all time points (figure 16C), and were able to spread in both
types of hydrogels (sterile and non-sterile) from day 1. Cell density increased along the
time of culture, and cells became more aligned, but no significant differences were
observed between non-sterile and sterile hydrogels. MSCs also remained alive at all
time points (figure 16D). At day 1, some cells were already spread, while others still
exhibited a more round shape. From day 1 to 3, an increase on cellular density was
observed, but no major differences were detected at day 7. Also, there were no
significant differences between both hydrogel types. It is important to highlight,
however, that this is not a quantitative assay, nor an adequate assay to take valid

conclusions in terms of morphology.
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For 3D culture, only fibroblasts were embedded in non-sterile hydrogel, but
unfortunately at day 1 cells did not showed metabolic activity. Live dead staining
revealed that they were mostly dead, while actin staining showed that cells were mostly
in a round shape. (Supplementary figure S4). Since the pre-gel solution required some
time to form stable hydrogel discs at 37°C, cells were kept without medium for a rather
extensive period of time (3 h were used in this assay). This might explain the high
percentage of cells death. In the future, it will be important to improve the properties of
the hydrogel (possibly by increasing the dECM concentration) in order to try to reduce
the gelling time, as this is a clear requisite for successful cell embedding and posterior

3D culture using these materials.
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Figure 17 — Morphology of fibroblasts cultured on dECM hydrogel (non sterile, sterile) and on
Matrigel™ day 1 with f-actin and DAPI staining. Scale bar: 200 pm
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1.9.2. Morphological characterization
Cellular morphology was evaluated through f-actin staining, at day 1, 3 and 7, for both

cell types and hydrogel conditions.

At day 1, similar results were obtained for fibroblasts (figure 17) and MSC (figure 18) in
both types of hydrogels. Cells were able to spread and acquired a spindle-shape
(fibroblasts) or flattened (MSC) morphology on both substrates. A higher cell density
was detected in sterile hydrogels, where cell formed dense networks in some regions,

as compared to non-sterile hydrogels, where there were fewer adherent cells.

These results are inconsistent with those of the resazurin assay, where both fibroblasts
and MSC showed higher metabolic activity on non-sterile hydrogels at day 1, as
compared to sterile hydrogels, but we are unable to explain such differences at this
stage.

NON STERILE
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=

Figure 18 — Morphology of MSCs culture on dECM hydrogel (non sterile, sterile) and on
Matrigel™ day 1, with f-actin and DAPI staining. Scale bar: 200 pm.
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NON STERILE

STERILE

Figure 19 — Fibroblasts morphology at day 3 and 7, in both non sterile and sterile dECM
hydrogels, with f-actin and DAPI staining. Scale bar: 200 pm.

Both cell types adhered poorly to Matrigel™, and the few adherent cells did not spread.
Some of those cells aggregated, forming small multicellular clusters. It was not possible
to obtain results with Matrigel™ discs for the other time points, due to loss of structural

integrity, which resulted in difficult handling.
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NON STERILE

STERILE

Figure 20 — MSC morphology at day 3 and 7, in both non sterile and sterile hydrogels, with f-
actin and DAPI staining. Scale bar: 200 pum.

In accordance to that suggested by the viability assay (figure 16C), fibroblasts were
able to proliferate on both hydrogels, with a visible increase on total cell numbers from
day 1 (figure 17) to day 3, and from day 3 to day 7 (figure 19). At day 7, a high cell

density was observed in the two types of hydrogels, which is in accordance with the
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resazurin assay, where fibroblast showed high levels of metabolic activity, in both

substrates, and also a significant increase in relation to day 1.

In what concerns MSC culture, fewer cells were detected in non-sterile samples, with
no significant differences being observed on cellular density along the time, which is
somehow in accordance with the viability and metabolic activity assays.

In sterile hydrogels, the amount of adherent was always higher than that detected on
non-sterile hydrogels. Cell density was already at day 1, and differences along the time

were more difficult do perceive.

Taking into account results from all time points, fibroblast response to dECM hydrogels
showed no significant differences between non-sterile and sterile conditions (figure 19).
This suggests that the reported alteration on the hydrogel stiffness and composition did
not have a significant effect of fibroblastic cells behaviour. The same was not observed
for MSC, where some differences were detected (figure 20). Yet, these results are
difficult to interpret, at this stage, since besides differences in their mechanical
properties the two types of hydrogels may also differ in their composition. So, any valid
conclusions would require a much deeper characterization of sterile vs. non-sterile
samples, namely in terms of the presence of growth factors and other bioactive

components.

During the assays with both cell types, the size of hydrogel discs considerably
decreased along the time of culture, and samples at day 7 were much smaller than at
day 1. This may have resulted from cellular activity, which resulted on hydrogel
contraction, a phenomenon widely described in the literatures for fibroblasts in floating
collagen hydrogels. [149], [150] It may also be associated to some hydrogel
degradation of the under culture conditions. Interestingly, although the non-sterile
hydrogel samples were not subjected to any sterilization treatment, no contamination

was detected along the culture.

Importantly, although the results have shown some inconsistencies that require assays
to be repeated in the future for validation, dECM hydrogels appear to provide a
microenvironment favourable to cell culture, supporting cell adhesion, viability and

proliferation.
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Conclusions and Future work

Decellularization of placental maternal villous tissue was successfully achieved, with
preservation of ECM proteins and GAGs within the tissue. Cellular and nuclear
components removal was nearly fully accomplished, as shown by histological analysis
and DNA quantification. This validates the proposed decellularization protocol, which
represents an optimization from a previously reported protocol, promoting faster and

less destructive decellularization.

Sterilization of tissue samples using supercritical fluids, a promising but still largely
unexplored technology, was also explored, as successful sterilization dECM is a key
requirement for future application of these materials. While the process was efficient in
removing pathogens, alterations in the rheological properties of subsequently formed
hydrogels, were verified. Sterile hydrogels presented lower stiffness than non sterile
ones, which, among other things, might have implications on their performance as
matrices for 3D cell culture. In the futures, it will be important to adjust some
parameters of the sterilization process, namely decreasing its overall the length.

Alterative sterilization technigues could also be tested.

Importantly, using an optimized solubilization process, it was possible to obtain
hydrogels from a specific region of the human placenta, maternal villous tissue, which
had never been reported. Rheological experiments showed that the formation of stable
hydrogels at 37°C required some time in contrast to Matrigel™, which rapidly solidifies,
as the temperature increases from 4°C to 37°C. They can be however manipulated at
RT, contrary to Matrigel™ which demands strict maintenance of low temperature during
handling to avoid triggering premature gelation. Hydrogels at higher dECM
concentration presented higher stiffness, as expected, and rheological properties were
affected by sterilization as mentioned before. Studies of frequency and amplitude
sweep are still needed; to validate the gelation kinetics studies. Future rheological
studies should also address the analysis of hydrogel at concentrations higher than the
ones tested here. Increasing the concentration of dECM may lead to a decrease in the
gelation time, which will be relevant for successfully establishing 3D cell culture with
gel-embedded cells. It would also be interesting to monitor the alterations of hydrogel
mechanical properties along culture, since cells were able to significantly contract the

hydrogel discs.

The biochemical analysis of solubilized dECM showed unexpected results in terms of

protein and GAGs content, among different samples. We hypothesised that such
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differences might be explained by miscalculations associated with the difficulties in
correctly quantifying the amount of dry ECM weight in the different samples, which was
used for normalizing the results. Experiments should be redesigned in order to
overcome this issue and get more accurate results. We decided to also prepare and
test reconstituted dECM (which was Iyophilized after solubilization and then
reconstituted), because the possibility of having a ready-to-use lyophilized material is
appealing for future applications, namely in terms of storage. Unfortunately,
reconstituted dECM did not lead to hydrogel formation (data not shown), so further

optimizations of the process are still needed.

Cell culture experiments showed that both type of cells, fibroblasts and MSCs, were
able to adhere and spread in the hydrogels (sterile and non-sterile), retaining high
viability. However, some contradictory results were obtained and experiments need to
be repeated to check for consistency. Concerning on-top cell culture, longer period of
culture should be evaluated to better understand cell behaviour, namely to analyse if
cells have the ability to migrate through the hydrogel or remain only at the surface.
Also, it would be interesting to investigate if cells are able to produce endogenous ECM
when cultured on these materials. Cell embedding for “true 3D” culture was not
successfully achieved, resulting in high percentage of cell death from day 1. Future
work should include two different approaches to understand and try to overcome this
situation. On one hand, lower incubation time during gel formation should be tested, as
maintaining the cells without medium for 3 h was probably too aggressive. On the other

hand, gels at high dECM concentration should also be tested, as already discussed.

Overall, all the experiments should be repeated using placentas from larger numbers of
donors, to understand how donor variability might influence the obtained results.
Ideally, pools of placentas from a number of donors should be used, as this would
certainly contribute to reduce variability. This would be an essential step towards
standardization, and would constitute an important advantage of these hydrogels as

compared to Matrigel™.
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Supplementary Data

Figure S1 — Full decellularization protocol. A) Spinner flasks; B) day 1 before immersion; C) day
1 before agitaton; D) day 1 after water wash; E) day 1 after water wash F) day 1 before SDS; G)
day 1, after SDS; H) day 1, end of the day; I) day 2, after overnight wash; J) day 2, water wash;
K) eay 2, water wash; L)day 2, end of the day; M) day 3 after overnight wash; N) day 3 after
water wash; O) day 3 after wash; P) day 3 beggining of DNAse treatment; Q) day 4 after DNAse
treatment; R) day 4, end of the day; S) day 5, end of the day.
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Figure S2 — Protocol validation. A: H&E staining of 8-day protocol decellularized sample; B: TM
staining of 8-day protocol decellularized sample; C: H&E staining of 5-day protocol
decellularized sample; D: TM staining of 8-day 5-day protocol decellularized sample. Scale bar:
100 pm.

Figure S3 — DNAse treatment evaluation, with DAPI staining. A: 0 h treatment; B: 1 h treatment;
C: 3 h treatment. Scale bar: 50 um
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Figure S4 — Fibroblast embedding on 3% non-sterile dECM hydrogel: A — Live Dead staining; B
— Actin and DAPI staining. Scale bar: 1000 um
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