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Resumo

As doencas cardiovasculares sdo a principal causa de morte mundialmente. Quando as artérias
coronarias que fornecem o sangue ao coracao bloqueiam, o fluxo sanguineo é comprometido levando
a um enfarte do miocardio que tem uma taxa de mortalidade de ~30 %. Para restabelecer o fluxo
sanguineo, um do procedimentos possivéis € uma cirurgia de revascularizacdo do miocardio que requer
a utilizacao de enxertos autélogos, vasos recolhidos do paciente. No entanto, os enxertos autologos
nem sempre estao disponiveis, e alguns deles estao associados a elevadas taxas de mortalidade (até
50 %) devido a ocorréncia de trombose ou infecdo. Em caso de falha, os pacientes tém de efectuar
uma segunda intervencdo e/ou podem morrer. Assim, sao necessarias novas solucdes para substituir
os enxertos autélogos na revascularizacdo do miocardio. Abordagens de tecidos, que visam promover
a remodelacao dos enxertos, tém sido frequentemente adoptados para conceber enxertos vasculares
de pequeno diametro (SDVG). As matrizes descelularizadas representam uma scaffold de engenharia
de tecidos interessante para SDVGs, uma vez que a estrutura e a maioria das propriedades bioquimicas
do tecido original sao preservadas. Contudo, as matrizes obtidas apresentam fracas propriedades
mecanicas e baixa hemocompatibilidade. Assim, é importante afinar estas caracteristicas das
matrizes descelularizadas para se obter um desempenho semelhante ao do tecido original.

Uma das estratégias para melhorar estas propriedades é a utilizacdo de materiais a base de grafeno
(GBMs) nas diferentes matrizes descelularizadas. O grafeno é o material mais forte do mundo e tem
sido descrito como citocompativel e antimicrobiano, o que pode ser interessante para aplicacoes
biomédicas. No que diz respeito a hemocompatibilidade, estudos adicionais sobre o revestimento de
tecido descelularizado com 6xido de grafeno reduzido (rGO) e 6xido de grafeno (GO) ainda precisam
de ser realizados, uma vez que os resultados sdo contraditorios.

Neste trabalho de dissertacdo, foram propostas duas estratégias para desenvolver o SDVG: 1)
descelularizacdo da artéria do cordao umbilical (dArtery) e revestimento com GBMs no interior do
lumen, ja adquirindo scaffolds com geometria tubular, e 2) descelularizacédo e digestao de tecidos da
placenta humana e preparacao de um hidrogel derivado de matriz extracelular (ECM) com GO
incorporado, para uso futuro como bioink para produzir canais tubulares. Na primeira estratégia, a
descelularizacao das artérias do cordao umbilical foi realizada com a promocao de lise celular e
ruptura da membrana com ciclo de congelamento/descongelamento, pressao osmética e solucao de
1 % de Triton X-100 contendo acido etilenodiamino tetra-acético (EDTA) para enfraquecer a adesao

das células. Finalmente, a hidrélise do acido desoxirribonucleico (ADN) e a sua remocdo completa
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foram realizadas utilizando DNase. A eficiéncia do processo de descelularizacdo foi confirmada por
microscopia de fluorescéncia apds marcacéo de nlcleos celulares e por quantificacdo do ADN, obtendo
94.7 % de diminuicao na melhor condicao (DNase a 4 °C). A descelularizacao dos tecidos da placenta
humana: amnio e cério, foi realizada utilizando dois métodos diferentes, seja utilizando SDS ou de
forma semelhante a descrita para as dArteries, mas com 3 ciclos de 2 % de Triton X-100 e 1.2 % de
DNase ou 0.04 % de DNase. A quantificacdo do ADN confirmou uma maior eficiéncia (99.5 %) com
Triton X-100 e 1.2 % de DNase. A incorporacao GBMs nas diferentes matrizes descelularizadas foi entao
realizada. Foram incorporados diferentes tipos de GBMs, com tamanho lateral diferente, na dArtery
usando varias estratégias: perfusao, pressdo e pressao + perfusdao. Apesar da microscopia electronica
de varrimento ter confirmado um revestimento homogéneo do limen interno, nenhum GBM foi capaz
de melhorar as propriedades mecanicas das artérias descelularizadas. No que toca a
hemocompatibilidade das dArteries, o tempo de coagulacao foi avaliado adicionando plasma humano
recalcificado a dArteries ndo revestidas e revestidas com GO, com e sem heparinizacao prévia. A
heparinizacao parece ser necessaria para evitar a coagulacao do plasma, e tal como as dArteries sem
revestimentos heparinizadas, as dArteries revestidas com GO heparinizadas também nao induziram a
formacao de coagulos. Relativamente aos hidrogéis derivados de ECM, foram incorporados 1 % GO e
10 % GO, com a condicdo de 10 % GO levando a um reforco mecanico de 174 %, quando adicionado
apos a digestdo do hidrogel derivado de ECM. Em concluséo, este trabalho de dissertacao permitiu
obter artérias descelularizadas revestidas de GO hemocompativeis, apesar de nao mostrarem
melhoria das propriedades mecanicas, e hidrogéis derivados de ECM reforcados, contendo 10 % GO,
que podem ser uma matriz promissora para a producao de SDVGs ou para utilizacdo como hidrogéis

injectaveis onde os hidrogéis fortalecidos sdo uma vantagem.



Abstract

Cardiovascular diseases are the leading cause of death worldwide. When the coronary arteries that
supply the heart block, the blood flow is compromised leading to myocardial infarction, which has a
mortality rate of ~30 %. To re-establish the blood flow, a coronary artery bypass grafting surgery
(CABG) may be performed. The gold standard for this procedure requires the use of autologous
grafts, vessels harvested from the patient. However, autologous grafts are not always available, and
some of them are associated with high failure rates (up to 50 %) due to thrombosis or infection
occurrence. In case of failure, patients have to perform a second intervention and, in worst case
scenarios, die. Thus, new solutions are needed to replace autologous grafts in CABG. Tissue-
engineered approaches, which aim to promote graft remodelling, have been under investigation to
design small-diameter vascular grafts (SDVGs) for CABG. Decellularized matrices derived from
different sources are interesting tissue-engineered scaffolds for SDVGs, once they preserve the
structure and most of the biochemical properties of the original tissue. However, the matrices
obtained show poor mechanical properties and low hemocompatibility. Thus, it is important to tune
these characteristics of decellularized matrices to obtain a performance similar to that of the
original tissue.

One of the strategies to improve these properties is the use of graphene-based materials (GBMs) in
the different decellularized matrices. Graphene is the strongest material in the world and has been
described as cytocompatible and antimicrobial, which is crucial for biomedical applications.
Regarding the hemocompatibility, further studies on the coating of decellularized tissue with
reduced graphene oxide (rGO) and graphene oxide (GO) still need to be performed since the obtained
results until now are contradictory.

In this dissertation work, two strategies were proposed to develop SDVG: 1) decellularization of the
umbilical cord artery (dArtery) and coating of the inner lumen with GBMs, already obtaining scaffolds
with tubular geometry, and 2) decellularization and digestion of human placental tissues and
preparation of extracellular matrix (ECM)-derived hydrogels with incorporated GO, for future use as
bioink to produce tubular conduits. In the first strategy, the decellularization of the umbilical cord
arteries was performed with the promotion of cell lysis and membrane disruption with freeze/thaw
cycle, osmotic pressure and 1 % Triton X-100 solution containing Ethylene-Diamine-Tetra Acetic acid

(EDTA) to weaken cells adhesion. Finally, DeoxyriboNucleic Acid (DNA) hydrolysis and complete
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removal were performed using DNase. Efficiency of decellularization process was confirmed by
fluorescence microscopy after staining the cell nuclei and by DNA quantification, revealing 94.7 %
reduction in the best condition (DNase at 4 °C). The decellularization of human placental amnion
and chorion plate tissues were performed using two different methodologies, either using SDS or
similarly to the described for the dArteries, but with 3 cycles of 2 % Triton X-100 and 1.2 % DNase or
0.04 % DNase. DNA quantification confirmed higher efficiency (99.5 %) with Triton X-100 and 1.2 %
DNase. The incorporation of graphene-based materials (GBMs) in the different decellularized
matrices was then performed. Different types of GBMs varying in lateral size were incorporated in
the dArtery using several strategies: perfusion, pressure and pressure + perfusion. Despite scanning
electron microscopy confirmed a homogeneous coating of the inner lumen, none of the GBMs
improved the mechanical properties of the dArteries. For the hemocompatibility of the dArteries,
the clotting time was assessed by adding recalcified human plasma to uncoated and GO-coated
dArteries, with and without previous heparinization. Heparinization seemed to be necessary to
prevent plasma coagulation, and like heparinised uncoated dArteries, heparinised GO coated
dArteries did not induce clot formation. Concerning the ECM-derived hydrogels, 1 % GO and 10 % GO
were incorporated with 10 % GO leading to a mechanical reinforcement of 174 %, when added after
digestion of the ECM-derived hydrogel. In conclusion, this dissertation work allowed to obtain
hemocompatible GO-coated decellularized arteries despite not showing improvement of the
mechanical properties, and reinforced ECM-derived hydrogels containing 10 % GO, which can be a
promising matrix for the production of SDVGs or for use as injectable hydrogels where reinforced

hydrogels are an asset.
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Figure 16 - DNA quantification with two methods: Qubit before and after extraction and Nanodrop for the four
conditions: native, and decellularized at 4 2C, RT and RT with agitation. Each color represents a different
vessel and the bar the Mean ValUes. ..o e 35

Figure 17 - Scanning Electron Microscopy (SEM) of the native artery, dArteries uncoated and dArteries with the
different treatments: GO-coated, FLGO-coated, nGO-coated, uncoated-pressure, nGO-pressure and nGO-
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Figure 18 - Fmax of decellularized vessels before and after incorporation of GBMs: uncoated, GO-perfusion,
FLGO-perfusion, nGO-perfusion, uncoated pressure, nGO-pressure and nGO-perfusion-pressure. (Kruskall-
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sonication. Percentage of increase relatively to dECM is presented in the table. (One-Way ANOVA test, p <
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Figure 31 - Elastic component (G’) and viscous component (G”’) values after 30 min at 37 2C with the adjusted
LVE values from Table 3, for dECM with different concentrations of GO with or without sonication.
Percentage of increase relatively to dECM is presented in the table. (One-Way ANOVA test, p < 0.5); n = 3.
Figure 32 — Frequency and strain time sweeps performed for the 10 % GO hydrogels: fresh and stored for 2 weeks
(ol ] T L1 4o o TN TP PP PRSPPI 52
Figure 33 — Time Sweep with elastic component (G’) and viscous component (G”') values after 30 min at 37 2C,
for the 10 % GO hydrogels freshly prepared and stored for 2 weeks. Time sweep was performed with optimal

LVE obtained from Figure 33 and described in Table 3.........ooooiii i 53
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Chapter 1

Introduction

1.1 Motivation

Cardiovascular diseases are the leading cause of death worldwide. According to the world health
organization, every year, around 32.4 million myocardial infarctions and strokes occur, having a
mortality rate of 58 % [1]. Myocardial infarction happens when there is narrowing/blockage of the
coronary arteries that irrigate the heart, decreasing/inhibiting oxygen, and nutrient supply, which
irreversibly damage the heart muscle (Figure 1) [2, 3].

Heart

Coronary
arteries

Blocked blood flow

Figure 1 - Myocardium infarction - Formation of a clot in the coronary artery. Adapted from [2].

To reestablish the blood flow in the affected area, in some cases, a coronary artery bypass
grafting surgery (CABG) is performed, being needed small diameter vascular grafts (SDVGs) (<6 mm
inner diameter). The use of autologous grafts, which are vessels harvested from other places of the
patient, is the current gold standard in CABG [4, 5]. However, they are not always available, have
several comorbidities associated to their harvesting and some autologous vessels are associated with
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high failure rates (up to 50 % at 10 years after surgery) due to thrombosis or infection occurrence
(reviewed by [6]). The occurrence of a second occlusion leads to another myocardium infarction,
which may require a second intervention or, ultimately, in a worst-case scenario, the patient could
die [5, 7].

This raises the need for SDVGs that are always available and prevent thrombosis. Tissue-
engineered approaches, such as the use of natural polymers (collagen and fibrin), which aim to
promote graft remodeling by achieving a functional endothelium that prevents the thrombus
formation, are being described as a promising strategy to design SDVGs [8, 9]. Within this strategy,
the use of decellularized tissues as scaffold has been proposed in the literature, since they can
preserve the natural tissue architecture, and the motifs and growth factors, promoting cell
adhesion, colonization and proliferation (reviewed by [6]). Most times, the SDVGs are obtained from
tubular human or animal tissues, namely arteries or veins. However, extracellular matrices (ECM)
derived from 2D tissues can also present an interesting strategy to develop vascular grafts. Hydrogels
derived from decellularized matrices may be promising scaffolds once most of the microstructure’s
components like collagen and glycosaminoglycans (GAGs), and biochemical properties are preserved
[10, 11]. Unfortunately, both ECM derived scaffolds have limitations such as the lack of mechanical
properties and, for the tubular derived arteries or veins, there is high incidence of thrombosis and
infection due to collagen fibers exposure [12-14].

Graphene is the strongest material in the world [15] and is described as biocompatible and with
antimicrobial properties [16, 17]. As such, graphene and graphene-based materials (GBMs) appear
as interesting materials to enhance the mechanical and biological performance of decellularized
matrices and ECM-derived hydrogels.

For grafts derived from tubular tissues, a previous work from our group showed that GO coating
can increase the maximum force in 27 %, the burst pressure in 29 %, the strain in 25 %, and the
compliance in 10 % of umbilical cord decellularized arteries. Moreover, graphene oxide (GO) coating
did not compromise the endothelial cell adhesion and decreased platelet adhesion to decellularized
arteries. However, when their hemocompatibility was tested in vivo, GO-coated decellularized
arteries have a similar performance to uncoated, inducing the graft occlusion in the first 15 min.
Thus, although the potential of this strategy, further improvements are needed.

In ECM-derived hydrogels (from 2D tissues), their use as SDVG is not reported in the literature
which can be explained by the lack of mechanical properties. However, the incorporation of GBM is
poorly reported and may present a good strategy to improve the mechanical properties of the ECM-
derived hydrogel [15].

The source of the tissues used to obtain the decellularized matrices and gels is also important
to determine the approach success. In arterial tissues, the decellularized tissues derived from other
species (xenografts) have been described with higher immunogenicity than decellularized tissues
derived from same specie (allografts) [18]. The use of human placental tissues and umbilical cord
arteries present an interesting solution since these tissues are normally discarded after caesarean
section birth. Hence, they would be reused and would always be available since, there are more
than 30 000 births per year (2019) just in Portugal, from c-section [19].
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1.2 Goals

The ultimate goal of this dissertation work is to understand if GBM can be used to reinforce
placental decellularized matrices in order to develop a small-diameter vascular graft with similar or
superior performance to autologous grafts. To achieve this, two different strategies are proposed:
GBM incorporation in a) coating of decellularized umbilical cord arteries; b) ECM-derived hydrogels
from chorion and amnion placental tissues.

For both strategies it was defined the specific objective of remove efficiently the DNA from the
tissue (<10 % of initial) preserving as much as possible the microstructure of the native ECM. For this,
different decellularization methods were attempted combining different components capable of
promoting membrane disruption, weakening cell adhesion and hydrolyzing deoxyribonucleic acid
(DNA).

For the GBM-coated decellularized arteries (dArteries) strategy, 2 additional specific objectives
were defined, i) to achieve a higher improvement in the mechanical properties of decellularized
arteries than the previously reported by our group and ii) to improve the hemocompatibility of GO-
coated decellularized arteries. To enhance the mechanical properties, we hypothesized that a better
penetration of GBM in the decellularized matrix through its porous (0.88 pm) will result in a better
mechanical reinforcement. Nanosized GO (nGO) (~0.099 um) was combined for the first time with
decellularized arteries. Its smaller lateral size than the previously used GO (1.5 pm) could allow a
better penetration in the decellularized matrix porous (-~ 0.88 pm). Two different strategies for nGO
incorporation were adopted, one just by coating the lumen with a nGO suspension and another
inducing high pressure inside of the decellularized arteries to promote nGO particles penetration. To
improve the hemocompatibility of the GO-coated decellularized arteries (dArteries) it was proposed
their combination with an anticoagulant agent, heparin.

For the GBM reinforced ECM-derived hydrogel strategy, it was established the specific aim of
achieving a moldable ECM-derived hydrogel with suitable mechanical properties to apply as SDVGs.
For this, different amounts of GO were incorporated in ECM-derived hydrogels being the rheological
properties studied. In this approach GBMs could be an advantage since they also present antimicrobial
properties [16].

1.3 Dissertation Outline

Chapter 1 presents the motivation, main goals and the outline of this dissertation.

Chapter 2 contains an extensive literature revision of the topic of this dissertation. The first
section describes the different tissue’s decellularization methods: biological, chemical, and physical,
and the characteristics and composition of the resultant decellularized extracellular matrices (dECM),
being the end of this section dedicated to decellularization methods adopted in cannular tissues for
SDVG. Then, the following section focuses on GBMs and their mechanical and biological properties. In
the last section of chapter 2, it is described the interactions between GBMs and dECM for multiple
applications.

Chapter 3 investigates the use of GBM to reinforce decellularized arteries. The efficiency of
decellularization process was first evaluated. The effect of the use of GBMs differing in their lateral
size in the coating of decellularized arteries was explored. In the case of GBMs with nano lateral size
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(nGO), two different incorporation methods were tested: by perfusion and pressure of nGO dispersion.
The burst pressure, compliance, strain and maximal force of the dArteries coated with the different
GBMs were evaluated. Additionally, uncoated and GO-coated dArteries were combined with heparin
to improve their hemocompatibility and coagulation time evaluated.

Chapter 4 explores the incorporation of GO in the ECM-derived hydrogels obtained from human
placental tissues: amnion and chorion. Two different decellularization processes were explored to
obtain the ECM-derived hydrogels and different concentrations of GO were incorporated before and
after tissue digestion. The rheological properties of obtained hydrogels were evaluated.

Chapter 5 comprises the general discussion for the previous two chapters 3 and 4 in order to
correlate them and compare the obtained results.

Chapter 6 highlights the main conclusions of the developed work and the future directions
regarding the use of placental tissues in the CABG procedures.
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Under the scope of this thesis, 1 research article was published, and 2 oral presentations were
performed in the conferences: Xll Symposium on Bioengineering and IJUP 2021 - 14t Meeting of Young
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Chapter 2

Literature Review

2.1 Decellularized Matrix

Decellularization of a given material (tissue or organ) happens when cells and cellular debris are
removed from the extracellular matrix (ECM). This process aims to remove the immunogenic
components of the native tissue (cells) while preserving the main constituents of ECM, namely
collagen, proteins, proteoglycans, and GAGs. ECM composition, structure and biomechanical
properties are specific to the tissue or organ [20, 21], and are very dynamic during development. The
use of ECM-based scaffolds in tissue engineering approaches, such as decellularized matrices, aim to
provide a similar microenvironment to the native tissue for cells, to facilitate their adhesion,
migration, proliferation, and differentiation and enhance tissue regeneration [22, 23].

Decellularization of organs and tissues produces interesting biomaterials, decellularized ECM
(dECM), since it preserves the most part of the original structure as well as the biochemical nature of
the original tissue [24, 25]. Thus, the use of extracellular matrix-based materials in tissue engineering
approaches is widely explored.

2.1.1 Decellularization Methods

There are multiple methods to decellularize tissues (natural or derived from cultured cells) and
organs, as reviewed by Heath et al [26]. Depending on type of tissue or organ, the adopted
decellularization method can generate different outcomes. Thus, decellularization protocols should
be adjusted and optimized considering the source of tissue or organ, since there is no key theoretical
framework.
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Decellularization methods can be divided onto three categories depending on the strategy used
in decellularization process: biological, chemical and physical (Table 1).

Table 1 - Impact and limitations of the decellularization methods on cells and ECM. Adapted from
[26].

Decellularization

Method Category Agents Impact on cells and ECM Limitations References

Ls d ECM (> 12
Trypsin Cleave cell’s adhesive proteins hc))ng exposure can damage ( [27-31]
. Separate epithelia (cleave fibronectin and  Use of other treatments to complete
i i Di 32,33
Biological fspase collagen 1V) decellularization (32,33]
U f other det ts t lets
DNase/RNase Digest residual genetic material seoro .er .e ergents to complete [24, 25, 33, 34-40]
decellularization
. Disrupt nucleic acid and solubilize Denature ECM components, reduce
Acids P AL ,, P [41-44]
cytoplasmic components matrix’s strength
Cell lysis and removal of residual nucleic o
Alcohol K . Increase matrix stiffness [45-50]
acids and lipids
Alkalines DNA denaturation Damage collagen, reduce growth factor [51-53]
and GAG components
Need to b bined with biological
Chemical Chelators Weaken cell adhesion eed fo be combined wi . lologica [54-55]
processes to remove cells in ECM
Di t cell b lubilize DNA and
lonic Detergents fsruptce mer.n rane, solubilize M Remove some GAGs and collagen [47, 51, 56, 60-63, 65-72]
denature proteins
Non-ionic Detergents Pisrupt.cell membrane and lipid-lipid Use of uth.er treatments to complete (35,59, 63-72]
interaction decellularization
Greater ECM preservation collagen and
Zwitterionic Detergents |elastin than ionic detergent, improved cell  Decrease of elastin [57,73]
removal than non-ionic
Freeze/thaw cycles |Initiate cell's disruption — lysis and protein Insufficient cellular residue removal [74, 75, 78-80]
Osmotic pressure  |dissociation from DNA [50, 76, 77]
Physical Mechanical agitation |Facilitate penetration of agents, facilitate . ) [52, 81-88]
Change mechanical properties
Pressure removal cellular components [52, 81-90]
Supercritical CO2 Few ECM modification Poorly explored [91-04]

a) Biological Decellularization Method

Biological decellularization methods consist of exposure of the tissue to enzymes, which are
mostly proteases. Trypsin, for example, is capable of cleaving the cell’s adhesive proteins, but a long
exposure time can damage the ECM. The concentration and time exposure of trypsin vary depending
on the application. For porcine coronary artery decellularization, 0.03 % and 0.05 % trypsin can be
used without affecting the tissue’s structure [27] whereas for human elastic cartilage [28], 0.25 %
trypsin is used. For the decellularization of abdominal porcine fascial tissue [29], canine placenta [30]
and bovine elastic cartilage [31], 0.05 % trypsin is the value optimized. Regardless of the
concentration of trypsin, exposure time is the most important parameter to take into consideration.
It should be less than 12h once Lin et al [27] tested for longer time points and observed several
damages in ECM structure due to significant decrease in collagen and GAG content. Dispases are
enzymes which are able to cleave fibronectin and collagen IV and are normally used to separate the
epithelia. They are used in 560 units/L for 24h at 4 °C for porcine skin. The time of exposition will
depend on the size of the decellularized matrix. For small pieces of porcine skin which were 0.5 x 0.5
x 0.3 cm?, dispase in 560 units/L was used for 12 h at 4 °C and showed efficient removal of cells and
complete cellular components [32]. They should be used in combination with other decellularization
techniques, since they are not able to cleave laminin, collagen V, serum albumin nor transferrin [33].

Furthermore, there are other enzymes, such as DNase | and RNase, which are responsible to digest
the residual genetic material [24, 25, 34-37]. There is no optimal concentration used, it can be 50
units/mL [38] or around 200 Ul/mL [39] for DNase, and 1 unit/mL, for example, for RNase, depending
on the exposure time which in this case, was 6h or 24 h, respectively. In most of the studies, the
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concentration of these enzymes is not specificized. Nevertheless, the concentration used should be
low to avoid ECM damage. These enzymes are normally used overnight and are used in combination
with detergents, which are chemical agents [33, 40].

b) Chemical Decellularization Method

In chemical decellularization methods, tissues or organs are immersed in a given solution with an
acid, alcohol, alkaline base, chelating agent or detergent. An acid solution (e.g., peracetic acid) is
able to disrupt the nucleic acids, resulting in the remotion of DNA, and solubilize the cytoplasmic
components [41, 42]. The use of acids can denature ECM components and reduce the matrix strength
[43, 44].

In the case of alcohol solutions such as ethanol and methanol, the solution will cause dehydration
by replacing cytosolic water following lysis of the cells and removal of residual nucleic acids and lipids
[45, 46]. Alcohol is also capable of crosslinking ECMs components, which leads to an increase in the
stiffness of matrix [47-50].

Alkaline bases (ammonium hydroxide, calcium hydroxide) allow the denaturation of plasmid and
chromosomal DNA [51, 52]. But, at the same time, can damage the collagen and reduce growth factor
and GAG components resulting in the alteration of the mechanical properties [53].

Furthermore, chelating agents as ethylenediaminetetraacetic acid (EDTA), chelate divalent
cations, needed for integrin binding, resulting in the weakening of cell adhesion. However, they may
not remove all the cells in the ECM so, usually, they are combined with proteases (biological
decellularization method) [54, 55].

Detergents (ionic, non-ionic or zwitterionic) allow the disruption of lipid-lipid and lipid-protein
interactions that enable the membrane’s cohesion [56-59]. The ionic detergent sodium dodecyl
sulfate (SDS) is the most robust decellularization method used. It has the ability to disrupt the cell
membrane, solubilize DNA and denature proteins. However, when an ionic detergent is used, it can
also remove GAGs and growth factors from the ECM and leave some residual surfactant [47, 51, 60-
62]. Non-ionic detergent, Triton X-100, is the gentlest detergent and is normally favored when capable
to fully decellularized since it has a limited impact on the protein-protein interactions of the ECM. It
can result in GAG deficiency and loosening of the collagen network [35, 59, 63, 64]. Nevertheless,
Triton X-100 has minimal changes in tissue biochemistry with the less detrimental effect on GAG
content comparing to SDS and trypsin treatments [63]. These results were also obtained in Fernandez-
Pérez and Ahearne [65] where 0.1 % (w/v) SDS or 1 % (v/v) Triton X-100 treatments were compared.
The obtained decellularized porcine corneas showed a significant loss of sulphated
glycosaminoglycans (sGAGs) for the SDS treatment (Figure 2). This decrease in sGAG with SDS
treatment was also observed in decellularization processes by other authors for cornea [66-69], and
also for other tissues cartilage [70, 71], ligament [72] and adipose [71]. Furthermore, the less
effective DNA removal with Triton treatment was also observed.
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Figure 2 - Results of ECM-derived hydrogels quantification for different decellularization methods SDS
and Triton: (A) dsDNA, (B) sGAGs,; *p < 0.05, **p < 0.01, ***p < 0.001. Adapted from [65].

Zwitterionic  detergents for example, 3-[(3-cholamidopropyl) dimethylammonio]-1-
propanesulfonate (CHAPS), which are the second most robust for decellularization, have zero-net
charge on the headgroup, but carry a positively and a negatively charged group. Thus, this type of
detergent combines the features of improved cell removal comparing to non-ionic detergents and
greater ECM preservation of collagen than ionic detergents (SDS treatment had a loss of 80 % of
collagen in [57]) leading to similar mechanical properties, tensile strength, and elastic behavior, to
the native tissue. However, there is some elastin deficit of 60 % (similar to SDS treatment) which
results in decrease of elastic functions [57, 73].

c) Physical Decellularization Method

Physical decellularization methods are normally used in combination with other treatments. To
initiate the disruption of cells, osmotic pressure [50] and freeze/thaw cycles [74, 75] are performed.
Osmotic pressure is promoted in tissues using hypotonic solutions such as deionized water, which
induce cells rupture and hypertonic solutions such as low ionic strength solution or sodium chloride
(NaCl), which lead to cell lysis and proteins dissociation from the DNA. This method is capable of
lysing cells effectively, but the removal of their cellular residues is not sufficient [76]. When this
physical decellularization method is used, it is recommended to perform multiple cycles with the
solutions [77]. The freeze/thaw cycles are able to disrupt cells by forming ice crystals. This process
minimizes the use of other biological and chemical agents. It does not alter the mechanical properties
of the tissue significantly and the addition of a cryoprotectant such as glycerol, propylene glycol and
dimethyl sulfoxide (DMSO) [78], is capable of reducing the ECM disruption [79, 80]. However, when
cryoprotectants are used in higher amounts, the formation of crystals is compromised inhibiting the
hampering of cells.

During exposure to chemical or biological decellularization agents, mechanical agitation [81-83]
and pressure gradients [52, 84] are also used to enhance the penetration of the given agents into the
tissues and, with the improvement of the mass transport in the system, facilitating removal of the
cellular components [52, 81-84]. Nevertheless, mechanical agitation and pressure can lead to changes
in mechanical properties of the tissues [85-88]. The use of pressure when lower temperatures are
used (starting pressurization with 10 °C temperature), can also damage the ECM components such as
collagen fibrils [89, 90].

The exposure to supercritical carbon dioxide (CO,) leads to decellularization of the tissue by
exposing it to inert CO, in short treatment times of 15 minutes [91, 92]. Normally, it results in very
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few modifications of the ECM compared to the conventional decellularization methods using chemical
solutions and the resulting biomechanical properties are less affected [93, 94]. The studies performed
showed this method is very promising but, due to its novelty, further studies should be performed.
To increase the efficiency of the decellularization method maximizing the ECM components
preservation, most of the protocols combine strategies of two or three different categories. Normally,
physical methods such as freeze/thaw cycles and osmotic pressure are used to initiate cell disruption.
Mechanical agitation and pressure gradients are able to facilitate the entrance of the biological and
chemical agents used to dissolve the membrane and DNA remotion. Every agent has a different impact
in the matrix. When designing a protocol, each outcome described previously, should be taken into
consideration to make sure the resulting decellularized matrix has complete DNA removal at the same
time as its decellularized matrix is capable of preserving its native microstructure and properties.

2.1.2 Decellularized Blood Vessels

In the context of the first approach studied in this thesis project (GBM-coated dArteries), resulting
decellularized blood vessels will be assessed, comparing different methods. As previously mentioned,
the decellularization method will directly affect the composition and mechanical properties of the
obtained decellularized ECM. Most of the times, the glycosaminoglycans, collagen, elastin and
proteoglycans components remain in the dECM. Normally, decellularization produces a material which
maintains the ECM architecture, key structural components of the core and some of the mechanical
properties of the native tissue [95]. In contrast, associated modulatory proteins and soluble factors
which are needed to stimulate tissue-specific functions are eliminated during the decellularization
process [96]. Thus, some molecular interactions are perturbed [95].

For blood vessel decellularization, Simsa et al [97] compared different detergents: 0.1 % SDS, 8
mM CHAPS and 1 % Triton X-100. Decellularization was performed with an initial freeze/thawing cycle
and then, with agitation and perfusion of the 3 different detergents with DNase. All the methods
allowed more than 99 % removal of native DNA. Most part of the ECM structure was maintained, except
GAG content, which was significantly decreased in all groups, apart when treated with SDS. These
results were not coherent with the ones described above, where SDS treatment would have a worst
effect on GAGs. The basement membrane integrity showed alterations for all treatments comparing
to the native tissue. Triton X-100 would appear less altered. In terms of mechanical properties, tensile
strength and burst pressure were very similar to native tissue for all the protocols. Nevertheless,
when treated with Triton X-100, the time of exposure to DNase needed to be longer for complete
decellularization. Furthermore, when DNase was not used, blood vessels did not fully decellularize.
However, it showed a higher mechanical stability and higher GAG content. This result suggested that
DNase tend to have a harsh effect on ECM components, even though it is necessary to obtain efficient
removal of DNA. Additionally, an important parameter decellularized tissue should have, is the
capacity to recellularize. The tissue’s ability to recellularize was more efficient when treated with
Triton X-100.

Schneider et al [39] tested two decellularization methods for small diameter vascular grafts from
human placenta where two solutions 0.5 % SDS and 1 % Triton X-100, were perfused. SDS and Triton
X-100 were able to remove DNA resulting in values of DNA quantification very low comparing to native
(8.51 £ 0.23 pg) 0.24 £ 0.02 pg and 0.29 + 0.06 pg, respectively. Triton X-100 method preserved more
proteins than when treated with SDS. Biomechanical properties of both treatments after
decellularization reduced approximately 60-70 %. In fact, there was a significant decrease of
maximum tensile strength (Native: 1.87+ 0.49 N, SDS: 1.17 + 0.36 N, Triton: 0.96 + 0.44 N) and
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compliance after decellularization (Native: 10.92 % + 0.95, SDS: 6.276 % + 1.56, Triton: 8.77 % +1.27,
P < 0.001). dECM was crosslinked with heparin to avoid formation of thrombus when implanted. For
both methods, resulting grafts had low immunogenic potential and showed excellent biocompatibility
in vitro and in vivo. After one month of implantation, the compliance increased, it was in the range
of 6 % and the maximal strength and burst pressure had significantly increased for both treatments.
Both treatments resulted in grafts with high patency rates, no formation of thrombus nor rupture and
they presented cell migration which is important for the tissue remodeling and explains the
improvement of the mechanical strength. Nevertheless, these results were obtained using a small
animal model, a rat, which has a different hemodynamic and thrombogenicity from humans. Thus,
further studies should be performed in larger animal models, such as sheep.

2.1.3 Decellularized Placental Tissues

In the context for the second strategy of this dissertation work (ECM-derived hydrogels),
decellularization of placental tissues will be performed and different methods compared. These
decellularized tissues can be used as ECM-derived hydrogels, which provide a good microenvironment
for cell migration and proliferation [98]. They are able to reduce inflammatory response [99] and
prevent formation of scar tissue [100], representing an interesting approach for tissue engineering
strategies.

Francis et al [101] decellularized the chorionic plate for 16-24 hours with 2 % N-lauryl sarcosine,
an ionic detergent. Afterwards, the detergent and cell debris were removed with multiple cycles of
washing with water. The DNA quantification of the decellularized tissue was performed by Quant-iT
PicoGreen™ (ThermoFisher Scientific, Carslbad, CA), and showed, in average, 116.69 ng/mg remaining
DNA in the decellularized human placenta ECM (which represents 1 % of DNA remnant).

Leonel et al [30] compared multiple protocols for placental tissues decellularization with different
temperature: -80 °C, -20 °C, 4 °C or RT, reagents such as 1 % SDS, SDS + TRIS, 1 % Triton X-100, EDTA
+ penicillin-streptomycin, DNase I, 70 % ethanol or EDTA + 0.05 % trypsin + antibiotic and, finally,
with different duration (1h30, 5 h, 2-10 days). These different protocols show the enormous
possibilities of procedures, which can be done by combining the different methods of decellularization
(biological, chemical and physical). The DNA quantification was assessed using Quant-iTTMPicoGreen®
dsDNA reagent for two protocols. For the protocol where the reagents used were: EDTA + 0.05 %
trypsin + 0.5 % antibiotic, showed less amount of remaining DNA (418 + 373.7 ng/mL) than another
protocol where the reagents used were: 5 mM EDTA + 50 mM TRIS + 0.5 % antibiotic with 1125 + 787.1
ng/mL DNA remnant.

The decellularization process for the placental tissues still needs to be optimized in order to
respect the minimal criteria to verify decellularization intent which needs to be close to 50 ng/mg of
remaining DNA [25].

2.2 Graphene-based materials

Graphene is a single layer crystalline form of carbon comprising sp? hybridized atoms [102]. It is
composed by hexagonal bonded carbon atoms that form a honeycomb lattice structure. It was firstly
isolated from graphite in 2004 and since then has attracted a lot of interest due to its unique



Graphene-based materials 11

structure, which provides to graphene exceptional mechanical, thermal and optical properties, as
well as a hydrophobic and conductive nature [103].

Graphene-based materials (GBMs) are a very large class of materials which derive from graphene,
exhibiting different features [16] (Figure 3). Their chemical properties such as functional groups and
degree of oxidation, and physical properties as size, thickness, edge length and defect size, can vary
depending on the method used to synthetize them [104-110]. In particular, graphene oxide (GO) is
often obtained using a natural graphite powder via the modified Hummers’ method [111] and reduced
graphene oxide (rGO) can be produced by the reduction of GO [112]. GBMs can be used alone, as a
powder or suspension or film, [113, 114] or in combination with other materials, generally, to enhance
their native properties [115-117]. Surfaces containing GBMs can be divided into three categories:
films, coatings and bulk composite materials. These GBMs containing surfaces have an enormous range
of applications such as in electronic, optic, and biomedical field [16].

The mechanical and biological properties of GBMs will be described in the following sections to
understand the potential of these materials’ application in biomedical field.
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Figure 3 - Graphene based materials (GBMs) and production methods from [16].

2.2.1Mechanical Properties
a) Strength and Stiffness

Graphene is the strongest material in the world [118]. Hence its usage, as well as GBMs, by itself
or to reinforce other structures, have been explored. Hone et al [118] showed that the intrinsic
strength of a monolayered defect-free graphene membrane is 130 GPa. This outstanding strength can
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be explained by its structure, where the sp? bonds forming the hexagonal lattice give stability and
opposition to a variety of in-plane deformations [15].

Oxidation of graphene, renders materials with worse mechanical properties but more stable, being
an attractive solution for multiples applications. Dikin et al [119] showed that the stress distribution
of GO would be spread homogeneously, and the stiffness was 40 GPa whereas the strength was about
120 MPa. The strength obtained for GO is in the megapascal order, which is significantly lower than
the strength of graphene, that is in the order of the gigapascal. The reduction of the mechanical
properties can be explained since GO has multiple physical and chemical features as sp? bonds
disturbed, by the presence of oxygen and a large number of defects. This can also lead to a reduction
in electrical conductivity and poor thermal stability. However, when GO fibers were produced and
the crosslinking between the interlayers and intralayers was performed, the strength value raised to
0.5 GPa [120].

In some recent studies, comparing to the value of GO paper, GO fibers would also present similar
values of strength [121-123] to the ones obtained in Xu et al [120] research. However, the Young’s
Modulus value of GO fibers would increase in some studies [124]. Suk et al [125] showed that the
Young’s Modulus values of a monolayer of GO were about 208 + 23 GPa with atomic force microscopy
and finite element method. In Gomez-Navarro et al [126] experiment, the value of the Young’s
Modulus of GO sheets was of 250 GPa. Even in the case of high densities of sp3-type defects, the
strength and stiffness of graphene were preserved whereas the breaking strength lowered 14 %
comparing to the pristine graphene [127].

In the literature, GBMs are mostly used as composites in polymeric matrices where a more
effective mechanical action is expected since its mechanical properties will be dependent of the
covalent and non-covalent bond configuration between the graphene sheets and the matrix. The Van
der Walls forces and hydrogen-bond interactions of GBMs composites in polymeric matrices show
improved mechanical properties [128, 129]. For example, GO-PVA composite with 0.7 wt% GO sheets
[130] showed an improvement of 76 % elastic modulus and 62 % strength. However, GBMs can also be
used, more rarely, as coatings. In Papageorgiu et al [15] review it was shown that GBMs were used as
fillers of multiple polymers like epoxy, Polytetrafluoroethylene (PTFE), polypropylene, and were able
to enhance the ultimate tensile strength and Young’s Modulus of most polymers up to 15-250 %. The
mechanical reinforcement provided by GBMs depends on their physical and chemical properties, the
method performed to obtain the specific GBM and the incorporation process of the given GBM.

b) Toughness

Fracture toughness is an important parameter for engineering applications. In Zhang et al [131],
a crack in the graphene films was done and a certain load applied. This research allowed to define
that the fracture stress would decrease when the crack’s length increased. Moreover, the value for
the critical strain energy release rate was 15.9 J/m? whereas the critical stress intensity factor was
of 4.0 £ 0.6 MPa. These results demonstrated that the toughness of graphene would depend immensely
on its weakest link where the failure begins [131-135].
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2.2.2 Biological Properties
a) Biocompatibility

Carbon derived materials can be found in multiple applications of the daily life such as pencils
and biomaterials. These latter, need to be biocompatible to ensure that no damage is caused to the
individual who is handling them.

Due to their novelty, the biological response mechanisms to GBMs are still not completely
understood even though there are several studies on them [136-140]. Nevertheless, it is known that
the outcomes of GBMs interaction with the biological system depend on GBM features, such as number
of layers, lateral size, and oxidation degree.

The cytotoxicity of GBMs depends on concentration, exposure period, oxidation degree, lateral
size and the cell type used [137, 141-143]. The dose of GBM is one of the main features that will
influence the viability of the cells, in vitro. In Cheng et al [144], the viability of HUVECs in contact
with GO and rGO with a concentration of 20 pg/mL is 95 %, while for a concentration of 100 pyg/mL,
the viability decreases to 60 %. Other important characteristics are the oxidation degree and the size
[137]. It was reported that smaller and more oxidized GBMs have a better biocompatibility towards
HFF-1cells [145]. Furthermore, oxidized GBMs were able to better interact with the cell membrane,
being more internalized and having a better cytocompatibility. The graphene nanosheets
accumulation in cellular plasma membrane result in the blockage of membrane channels and
disturbance of intracellular balance [146-148].

GBMs are able to adsorb medium components as nutrients and cell growth factors on their surface
which enables them to be a good support for cell attachment, growth and proliferation [149]. GBMs
are also a good assistance for cell differentiation of mesenchymal, neural, and induced pluripotent
stem cells [149].

The biodegradation of a material is an important feature to evaluate given that it will allow to
understand its possible applications. Furthermore, its biodegradation is crucial since graphene being
a nanomaterial, its accumulation in the reticular organs such as kidney and lungs, can be prevented.
Recently, applications of GO and rGO are being discovered, thus the importance of studying their
chemical properties as well as to minimize their environmental impact on human cells and tissues.
Kotschey et al [150] demonstrated that, when in contact with low quantities of horseradish
peroxidase, from plant, fungal and bacterial peroxidases superfamily, GO is susceptible to
degradation. In contrast, reduced GO is not affected by this metalloenzyme. Furthermore, the number
of layers will also affect the result of the degradation. In fact, while thicker oxidized single layer
GBMs (reaching 20 nm thickness) did not show after 15h and 24h signs of degradation alteration and
stayed almost intact when in contact with myeloperoxidase, which belong to mammalian peroxidase
superfamily, thinner GBMs (around 1 nm thickness) suffered complete degradation [151]. Mukherjee
et al [152] demonstrated that GO sheets with different lateral sizes (100 + 50 nm and 10 + 8 pm) were
degraded by neutrophils, being a non-genotoxic material to human lung cells. Moreover, depending
on the oxidation level, GO after blood plasma treatment sheets (3.31 + 0.66 nm thickness) is degraded
after 14 days [153] since the active substances in blood plasma can attack the carbon atoms which
are connected to oxygen-containing groups. Hence, GBMs with less oxygen, lower number of active
sites, have a slower biotransformation.

In addition, macrophages which have crucial role in inflammatory response, have capacity to
phagocyte GO, despite depending on the lateral size. The M1 macrophage (pro-inflammatory)
polarization [154, 155] is induced with larger GO sheets and their apoptosis promoted with a GO
concentration over 50 pg/mL [156-159].
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Liu et al [160] evaluated the biodistribution of GO in vivo with the injection of GO samples,
intravenously, in mice. Small GO particles (148-160 nm) accumulate in larger quantities in the liver
whereas larger GO (556-780 nm) tend to be retained in the lungs. Moreover, it was also observed in
this study that small GO had a tendency to stay for a longer time in the circulation, with 170 min as
a terminal elimination half-life, in comparison to larger GO (with terminal elimination half-time of
102 min). Additionally, Zhang et al [161], have shown that when exposed to GO (10-800 nm) for 14
days, the examined organs did not present pathological changes.

b) Hemocompatibility Properties

GBMs have been envisaged for biomedical applications that are in contact with blood. Thus, the
hemocompatibility is an important property to study. In the literature, there are many studies that
observed the interaction between GBMs and blood (proteins and cells) [142, 162-165]. Regarding the
interaction of GBMs with red blood cells, the results obtained in the literature are contradictory [145,
166].

The study of platelets and coagulation was also performed. In Sasidharan et al [156], the
hemolytic potential assessment was performed for concentrations of GBMs varying between 0-75
pg/mL treated in whole blood. The hemoglobin release from graphene treated and not treated was
compared with optical photographs, not being observed visual differences. The analysis of platelet
activation was performed by flow cytometry. This experiment demonstrated that GBMs did not
interfere with the normal platelet functioning. Coagulation studies showed that GBMs did not hinder
intrinsic nor extrinsic pathways of coagulation. Furthermore, Feng et al [166] studied the effect of
GO with different concentrations (0.001, 0.01, 0.05, 0.1, and 0.5 mg/mL). In vitro results
demonstrated a thrombogenic effect for GO with 0.5 mg/mL concentration [166]. This was assessed
by detecting the concentration of complement fragments with Enzyme-Linked Immunosorbent Assays
(ELISA) assays. Further experiments in vivo need to be performed for both studies. Yang et al [167]
showed that GO coating of a stent induced longer activated partial thromboplastin times and had
lower platelet adsorption than other coatings.

Henriques et al [168] showed that GO and rGO films do not induce hemolysis when in contact with
red blood cells, according to ISO 10993-4. Furthermore, blood components, in specific, red and white
blood cells and platelets, adhered onto all surfaces when GBMs films were incubated with human
whole blood. These blood components tended to adhere in higher amount to reduced surfaces, rGO
than to oxidized surfaces, GO. Moreover, platelets appeared in more activate states when rGO films
were used. These results were explained due to the reduced protein adsorption on GO since its surface
is more hydrophilic than rGO.

The protein adsorption to GBMs depends on the protein and the GBMs features. In fact, albumin
is better adsorbed by hydrophobic GBMs through © — 7 interactions [169]. This was also corroborated
by Palmieri et al [163], where it was shown that GO would better adsorb fibrinogen whereas non-
oxidized GBMs would adsorb higher quantities of albumin. Moreover, larger particles of GO (1 pym)
have higher capacity to adsorb albumin (small protein) than smaller particles (100 nm) while an
opposite outcome is seen for fibrinogen (larger protein) where its adsorption increases with the
decrease of the GO nanosheets lateral size [170].

The complement system seemed also to be activated by GO leading to the expression of pro
inflammatory cytokines. These latter are more activated for smaller GO particles (< 1 pm) [171].
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c) Antimicrobial Properties

Bactericidal effect of GBMs is explained by their capacity to induce oxidative stress and membrane
damages on bacteria. GBMs are capable of initiating molecular events such as redox reaction with
biomolecules, mechanical destruction of the membranes and catalysis of extracellular metabolites,
which culminates with bacteria death. Their antimicrobial properties depend on the GBM and the
used amount, production technique and if they are in colloid form, coating or composite. The
antimicrobial properties will be higher when the GBM’s exposure is greater [16].

When GBMs are in the form of colloids, GO has a higher antimicrobial property than rGO [172,
173]. In the literature contradictory results were obtained for the effect of GO nanosheets size in
their bactericidal effect. Some studies showed that larger GO nanosheets would have stronger
antibacterial properties while others showed that smaller GO nanosheets would have higher oxidative
and antibacterial capacity [174, 175].

Besides lateral size, oxidation degree also has an impact in the antimicrobial property when GBMs
are used in 2D films (coatings). Smaller GO particles induce higher oxidative stress in bacteria and
have stronger antimicrobial properties than when compared with films containing larger particles or
rGO [16, 176]. Moreover, Hu et al [114] demonstrated that GO and rGO films, the latter being obtained
by reduction of the GO film, presented similar results and inhibit bacterial growth. GO is able to
completely suppress E. coli growth whereas rGO limits the number of colonies present. In addition,
smooth surfaces tend to promote bacterial adhesion while rough surfaces have the opposite result
[16, 177].

In the case of GBMs-containing composites, the roughness and wettability are the parameters
which will influence the most the adhesion of bacteria. When the surface is more hydrophilic, it will
prevent the adhesion of hydrophobic components [16]. However, bacteria are a mixture of
hydrophobic and hydrophilic proteins and its ratio depend on the species. Thus, the interaction with
the bacteria is not the same. In summary, the bactericidal effect of GBMs is potentiated when their
exposure is higher. Then, the type of GBM used influences the outcome once small GBMs with more
oxidized groups have more active antimicrobial properties due to their oxygen-containing functional
groups whereas rGO are more active because of their edges being sharper. The wettability of GBMs
must be taken into consideration as well as the bacteria specie. And, finally, the GBM coated
decellularized matrix surface topography and its roughness (nano or micro) will affect the number of
adhesive areas for bacteria [16].

2.2.3 Biomedical Applications

As previously mentioned, there are several studies that show the potential use of GBM in a wide
range of biological applications. When used for drug delivery and as antimicrobial agents, the form of
colloids is used given that the loading capacity and the dispersibility in aqueous solvent are high [178].

The development of biosensors is possible with free-standing films [179] or graphene/carbon
nanotubes aerogels [180]. This application is possible due to GBM high surface area and electrical
properties. GBMs antimicrobial properties, electrical conductivity, surface area and electron transfer
potential are optimal for applications as cardiac, orthopedic, neurological, bone and muscle tissue
engineering, and skin wound healing [178, 181, 182].

GBMs coatings can be dispersed in a flat or random orientation depending on the method used to
perform the coating. Coatings are useful for multiple applications: biosensors, orthopedic implants,
catheters, contact lenses and, cardiac and bone tissue-engineering [182, 183].
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GBMs can also be used as composites when combined with polymers, ceramics, or metals. The
resulting GBMs composites are produced with different techniques [15, 184]. The final characteristics
of the composite depend on the GBM, the method and the polymer used. Hence, a great variety of
applications are possible: drug delivery, antimicrobial properties, mechanical heart valves and
multiple domains of tissue engineering (cardiac, bone, cartilage, neuronal and muscle).

2.3 Incorporation of GBM in Decellularized Matrices

Graphene-based materials (GBM) can be incorporated in decellularized matrices to enhance their
original properties. There are few studies in the literature that evaluated the use of GBM such as
graphene oxide (GO) and reduced graphene oxide (rGO), combined to decellularized matrices.
Furthermore, neither the decellularized tissue, its decellularization method, GBMs nor the
incorporation method used were the same for all the studies. Table 2 shows all the studies that report
the incorporation of GBM in decellularized tissues and the observed outcomes. These studies were
grouped and are further discussed considering their biomedical application.

Table 2 - Biomedical applications of decellularized matrices containing graphene-based materials
(GBM) such as graphene oxide (GO) and reduced graphene oxide (rGO). The decellularized tissue,
decellularization method, GBM type, the purpose of adding and the incorporation method and the
obtained outcome, are summarized.

Application Decellularized tissue  Decellularization Method Incarporation methad Reference
Type Purpose Biological performance Mechanical performance

In vive - no toxic reaction, good
healing, no inflammation;

Higher action potential, thickness
myelin, axon diameter.

Imprave conductivity,
GO (20 mg/ml) absorbability and Dip coating on solution of GO
biocompatibility

tris-HCl, DNase and RNase,

Nerve Allograft 3% Triton-100, Tris-HCl

Not evaluated [186]

In vive - no toxic reaction;

Adsrob VB12, promote growth GO-VB12-ANA groLp rats not

GOVBIZ (20 0 rites and strang electrical Dip coating GO-VB12 solution

Nerve Nerve Allograft Not specified Hot evaluated [187]

Regenaration mg/ml) conductivity paralyzed, nerve action potential
higher.
) T . GO reduces stifness (elastic
Leek (Allium porrum) 1.0 % SDS treatment, dH20 GO (0.5 mg/ml) Enhance cell at_(_achmem and DT suna_ce ?c[wanon v.\'|[h UV-Ozone  In vitro - normal neuroblastic modulus) and fcreases tensile [196]
Cellulose-based scaffold viability dip coating in GO solution morphology. strength
. Induce angiogenesis, reduce
toxicity,excellent In vitro - ADM-rGO had better
(10, 20, 40, 80, electroconductivity and cell viability, cells migrated
0.25 % Dispase, 0.3 % Triton 100 and 200 mi) d thvity L oY, 2 )
X-100, 0.25 % trypsin, fat bi ADM 3 and deeper; ADM-rGO had better Young's
Dermal Matrix di ;ﬂ‘im solution Ar prepared with EDC/NHS. Solution In viva - ADM-rGO-MSC promoted Modulus, ultimate tensile [198]
s immersion to obtain ADM-rGO and ADM-faster wound closure, mare strength- and strain at
chlorofarm methanol (v/v = "
) . GO collagen regeneration in wound  failure.
skin Repair and (10, 20, 40, 80, Comparision ::‘Z:;nt:r' :f';rj;;“\z;;j:“"
Replacement 100 and 200 mM) i
After decellularization, sample is SEM - porous 3D structure

lyophilized creating DT powder which
GO (0, 1, 3, 5 wt¥) Improve mechanical properties is then dissolved and % GO is added to DT/GO 3 % - improved [207)

the solution (crosslinking possible with mechanical strength up to 25

EDC/NHS) .

Chemical and Enzymatic with interconnectivity;

agent (1wt % 505)

DT/GO 3 % - improvad cell

Bovine Heart Tissue viability up to 25 %.

In vitro - ACM-GO (2mg/mL}
promoted cell adhesion and
praliferation, and chondrogenic

Scaffolds with crosslinking

ACM particles and diffferent % GO had a more ideal structure

Cartilage Cartilage of distal Freeze/thaw, 15505, | GO0 1,204,600 L erties MiHed and put through gradient rerantinion and mechanical properties. @10)
Regeneration femoral condyle  ddH20, DNase and Riase ma/mL) " PrePEMtS freezing. Then, some suffered " Increasing GO cancentration,
crosslinking with EDC/NHS. N L increased gradually the ACM-
In vivo - good biocompatibility .
L GO elastic modulus.
and mild inflammatory response.
In vitro - rGO-enzyme coating
have antithrombetic behavior, no
0.15 % Trypsin, RNase rGO-enzymes Provide platform for cascade Vascular matrix activated with ?:‘gc:c\oca.n::g-g:zga'::m;
‘Common carotid artery . ypsin, . (10, 20, 40, 80,  reaction and enhance stability EDC/NHs, rGO-enzymes complexes yme " HNot evaluated [214]
DNase and lypase ; - unabstructed propartion high and
100 and 200 mM)  of: apyrase and 5-nucleotidase added .
5 high blood flow volume.,
(Eatri e bre rGO coated results similar to
Disease control group (no coating)
In vitro - coating did not cause
G0 Acellular discs immersian in GO oxidative stress o flbroblasts,
Pulmonary Valve Tissue 1X trypsin/EDTA, 0.5 505 1o Less thrombogenic cokation DNA not damaged Not evaluated [217]

rGO coating shows
thromboresistance.

ACM = acellular cartilage matrix, ADM = acellular dermal matrix, ANA = acellular nerve allograft, DT
= decellularized tissue, EDC = 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride, EDTA
= Ethylene-Diamine-Tetra Acetic acid, MSC = mesenchymal stem cell, NHS = N-hydroxysuccinimide,
SDS = Sodium Dodecyl Sulfate, VB12 = Vitamin B12.
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2.3.1Nerve Regeneration

As can be seen in Table 2, three works were found exploring the capability of nerve regeneration
using decellularized matrices combined with a GBM, graphene oxide (GO). Nerve regeneration is an
important field in the scientific research since peripheral nerve injury can lead to paralysis. The quest
for a material capable of replacing the nerves and allow the total function recovery of the affected
limbs is crucial [185].

a) Acellular Nerve Allograft (ANA)

Wang et al [186] and Niu et al [187] decellularized the sciatic nerve of rats and incorporated GO.
Decellularization of the sciatic nerve of rats [188, 189] was obtained by the hypotonic-detergent
method, resulting in a 3D scaffold. This scaffold maintained extracellular components, namely vessels
of Schwann basilar membrane, epineurium and perineurium. Wang et al [186] and Niu et al [187] used
GO for its electrical conductivity property and aqueous solution stability. In addition, Niu et al [187]
also used GO for its ability to adsorb Vitamin B12 (VB12) and concentrate it on the nerve injury site.
VB12 is the most common drug used for the treatment of neurological disorders such as facial nerve
paralysis, neuroticism, and memory loss [190, 191]. The final scaffolds were obtained by dip coating
the ANA in a dispersion of GO (20 mg/ml) [186] or of GO-VB12 (20 mg/ml) [187].

In both cases, in vivo results, showed that the implanted scaffolds were not toxic and there was
no inflammatory response. Wang et al [186] showed that the sciatic nerve action potential was
significantly higher on the group with GO combined to the decellularized scaffolds, as well as the
thickness of myelin sheath and the diameter of the axon. Additionally, the rehabilitation of the muscle
was also more evident on the GO group. The results obtained by Niu et al with ANA coated with GO-
VB12 were not compared with ANA coated with only GO. Hence, the results obtained do not allow to
specifically determine the role of GO on a decellularized matrix to facilitate nerve regeneration.
Nevertheless, the combination of the decellularized matrix with GO or GO-VB12 showed to be a good
treatment option for nerve injury. Even though the Wang et al study was not referred in the Niu et al
study, both experiments were performed in the same laboratory and Wang co-author in the second
study. Given that in the second experiment, GO was combined with VB12, it could be possible to
deduct that another approach was studied to assess the resulting nerve regeneration capacity.

b) Cellulose-based scaffold

Cellulose-based materials are very promising in the biomedical field since its properties such as
abundancy, accessibility, low cost, and biocompatibility are very interesting [192]. These types of
materials are used in multiple applications like wound dressings, drug release, implants, neural and
cardiovascular applications. It can also be used in the form of nanoparticles, fibers, and composites
in tissue engineering of bone and cartilage [192-195].

Toker et al [196] evaluated the potential application of a decellularized vegetal matrix as a
scaffold for nerve regeneration. Leek samples were decellularized using a chemical decellularization
method with SDS treatment (ionic detergent). After decellularization, the scaffolds maintained the
cellulosic structure. GO dispersion (0.5 mg/ml) was added to the surface after the leek decellularized
scaffolds were treated with UV-Ozone to activate the surface. GO was used to enhance cell
attachment and viability to decellularized leek matrix (Figure 4) and GO coatings were found stable.
The in vitro results demonstrated that cells had a normal neuroblastic morphology in the GO coated
samples producing filopodia and lamellipodia enabling the adhesion and elongation in the surface.
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Moreover, in the study, it was shown that decellularized leek samples coated with GO have an elastic
modulus (1.50 + 0.007 kPa) lower than the native samples (4.05 + 1.11 kPa) and decellularized sample
(4.42 £ 0.50 kPa), resulting in a reduced stiffness, and an increased tensile strength (1.93 + 0.10 MPa)
in comparison to the native samples (1.54 + 0.28 MPa) and the decellularized sample (1.89 + 0.25
MPa). However, contrarily to the expectations, the values of elastic modulus and tensile strength
were higher for the decellularized samples in comparison to the native ones. Even though the authors
of this study do not comment these results obtained, this may be a result from the decellularization
method or from storage, but further studies should be performed.
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Figure 4 - Representation of the experiment results along the processes: decellularization of leek
resulting in a cellulose-based scaffold, graphene oxide coating and cells attachment at day 7. Adapted
from [196].

2.3.2Skin Repair and Replacement

Skin substitutes to replace and repair are another very important domain of tissue engineering for
healing dermal wounds. Hence, there are already several studies in the literature to find them
(reviewed by [197]). However, only two works combine decellularized matrices with GBM (Table 2).

a) Acellular dermal matrix (ADM)

Fu et al [198] obtained acellular dermal matrix (ADM) by the decellularization of skin treated with
0.25 % dispases solution, 0.3 % triton solution, 0.25 % trypsin solution and a fat digestion solution of
chloroform-methanol (v/v = 1:1). ADM is composed of an extracellular matrix of proteins and collagen
capable of retaining the basic dermal architecture and has excellent properties such as
biocompatibility, bioactivity and a controllable biodegradability [199]. ADM was freeze-dried,
rehydrated and crosslinked with Ethylene-Diamine-Tetra Acetic acid (EDC) and N-hydroxysuccinimide
(NHS) solutions. Then, it was combined with reduced graphene oxide (rGO) or graphene oxide (GO)
by immersion of the ADM scaffolds in the respective suspension with different concentrations (10, 20,
40, 80, 100 and 200 mM), fabricating ADM-rGO and ADM-GO hybrid scaffolds. ADM-rGO scaffolds
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achieved high stability. Its application was to locally deliver mesenchymal stem cells (MSC) to
accelerate diabetic wound healing, as ADM provide an analogous niche to the MSC. rGO was used since
it should decrease the cellular uptake and reduce the toxicity of the ADM [200, 201]. In fact, when
used in a certain concentration (at higher concentrations 50 ng/mL [202] and 0.0075 % (w/v) [203]),
rGO promotes angiogenesis by the concentration increase of intracellular reactive oxygen species
[202, 203]. Additionally, due to its excellent electroconductivity, lipophilicity and biocompatibility,
it is beneficial for cell adhesion and proliferation [204-206].

The results showed a slower degradation rate for the ADM-rGO scaffold comparing to ADM, which
is beneficial for wound healing. Moreover, the higher mechanical properties were obtained for the
ADM-rGO scaffold, which had a Young’s Modulus of 19 kPa, ultimate tensile strength of 5.55 MPa and
strain at failure of 28.27 %. These values were compared to the ADM-GO scaffolds (13 kPa, 4.55 MPa,
and 20.33 %) and ADM scaffold (9 kPa, 4.11 MPa, and 15.13 %). Still, the ADM-GO scaffolds presented
better mechanical properties than the ADM scaffold (Figure 5).

oo}

“1 s RGO-ADM
m GO-ADM
51 wmADM

Stress (MPa)
Young's modulus (MPa)

ADM GO-ADM RGO-ADM
Strain(“o)

C D &
£ 0
- -
< Q)
; g
2 >
= = .
7 a4 3 M9
= E
Z 34 T 154
& = "1
= =3
£ 7
=
Lo 0

ADM GO-ADM RGO-ADM ADM GO-ADM RGO-ADM

Figure 5 - Results of the ADM, GO-ADM and rGO-ADM mechanical properties: (A) Stress-strain curve,
(B) Young's Modulus, (C) Ultimate tensile stress, (D) Strain at failure for the three scaffolds: ADM,
ADM-GO and ADM-rGO; *p < 0.05, **p < 0.01. Adapted from [198]. ADM = acellular dermal matrix, GO
= graphene oxide, rGO = reduced graphene oxide.

Regarding biological interactions, ADM-rGO scaffolds presented higher amount of MSC cells and
they migrated for deeper regions, revealing the scaffold ability to capture and provide an environment
more suitable for cell growth. For this reason, ADM-rGO scaffold proved to have little cytotoxicity and
excellent biocompatibility. ADM-GO showed a lower cell viability than ADM-rGO for the highest tested
concentrations. In vivo results showed that ADM-rGO-MSC would promote a faster wound closure with
a higher rate of collagen regeneration than other treatments. Additionally, it also increased the
vascular density and enabled the extracellular matrix deposition enabling the vascularization and re-
epithelization of the tissue. Finally, neovascularization was more abundant, and the vessels diameter
was larger, in the ADM-rGO-MSC scaffolds being capable of inducing angiogenesis in the wounds. Fu
et al [198] established the ADM-rGO-MSC scaffold as a promising solution on the tissue engineering
field for diabetic wound healing.



20 Literature Review

b) ECM derived porous scaffold

Jafarkhani et al [207] used ECM derived porous scaffolds obtained from bovine heart tissue through
its decellularization (SDS treatment), following its lyophilization to obtain decellularized tissue (DT)
powder. Afterwards, the powder was dissolved and different amounts of GO (0, 1, 3 and 5 %) solution
was added. The final porous scaffold was obtained by a freeze-drying technique in the resulting
mixture. Then, to allow crosslinking between DT and GO, the samples were immersed in 1-ethyl-3-(-
3-dimethylaminopropyl) carbodiimide hydrochloride/N-hydroxysuccinimide (EDC/NHS) where EDC is
capable of activating the carboxyl groups (-COOH) of GO which reacted with the amine groups (-NH,)
of DT. In this case, GO was used to improve the mechanical properties and promote skin cell
proliferation [111]. The scaffolds presented a porous and interconnected structure. The pore sizes
decrease inversely with the increase of the amount of GO incorporated into the DT. The stability
increases with GO concentration increase. DT/GO 3 % scaffold showed an increase in mechanical
strength of up to 25 % in comparison to pure DT, which had mechanical properties poorer than the
natural extracellular matrix of the skin. The Young’s Modulus increased in proportion to the
percentage of GO used, achieving values of 10.18 + 1.77 kPa for DT/GO 3 % and 12.75 + 2.5 kPa for
DT/GO 5 % comparing to a Young’s Modulus of 8.45 + 1.3 kPa for pure DT. The values of the Young’s
Modulus are very similar to those obtained by the Fu et al [198] study.

For the results in vitro, the DT/GO 3 % scaffold was able to support the growth of cells, increasing
their viability by 25 % compared to pure DT (Live/Dead staining). A higher percentage of GO (5 %)
would lead to cytotoxic scaffolds. Hence, in this study the DT/GO 3 % was defined as a promising
scaffold for tissue engineering with an average pore size of 200-230 pm, a porosity of 51 + 11 % and a
Young’s Modulus of 10.18 + 1.77 kPa, a value higher than the scaffold without GO (8.45 + 1.3 kPa).

2.3.3Articular Cartilage Regeneration

Articular cartilage injury is difficult to heal since it consists of hyaline cartilage, which does not
have much blood supply [208]. In a clinical field, tissue engineering represents one of the most
effective strategies to repair cartilage defects [209].

a) Acellular cartilage extracellular matrix (ACM)

Gong et al [210] used cartilage from the distal femoral condyle was decellularized after being cut
in slices, obtaining an ACM, with freeze/thaw cycle, 1 % SDS treatment, ddH,0, DNase and RNase.
The decellularization was verified since DNA content was not present in the ACM particles whereas
GAGs and collagen Il were preserved which are able to promote the chondrogenic differentiation
[211]. The ACM is able to provide an optimal microenvironment for cell growth and differentiation of
cartilage [212], having a similar composition to the natural tissue [213]. The incorporation of different
concentrations of GO (0, 1, 2, 4 and 6 mg/mL) was performed with the mixture of both ACM and GO
with gradient freezing. For some scaffolds, crosslinking was performed using EDC/NHS solution.
Afterwards, lyophilization was performed, obtaining a composite scaffold. In this study, GO was used
in order to improve the mechanical properties of the ACM scaffold. The Young’s Modulus of the ACM-
GO scaffolds crosslinked increased gradually with the increase of the GO concentration having 42.9 +
0.24 kPa for ACM compared to 87.1 + 0.45 kPa for ACM-GO (1 mg/mL), 151.8 + 0.67 kPa for ACM-GO
(2 mg/mL), 192.6 + 0.52 kPa for ACM-GO (4 mg/mL) and 216.9 + 0.73 kPa for ACM-GO (6 mg/mL).
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When tested in vitro, the ACM-GO (2 mg/mL) had the best outcome, promoting cell adhesion and
proliferation as well as chondrogenic differentiation. Moreover, this GO concentration revealed to be
the less cytotoxic, capable of maintaining the activity of Bone marrow mesenchymal stem cells
(BMSCs) adhered to the scaffold. The rat subcutaneous implantation of the scaffold showed the ACM-
GO (2 mg/mL) had good biocompatibility and mild inflammatory response.

2.3.4Cardiovascular Disease

Autologous grafts for blood vessels are the gold standard, but they are not always available, and
some of them are associated with high failure rates (up to 50 %) due to thrombosis or infection
occurrence [5, 7]. Thus, there are some studies in the literature to search for other solutions.

a) Tissue-engineered blood vessel

Huo et al [214] obtained tissue-engineered blood vessels (TEBVs) by decellularization the rat
carotid artery using trypsin and RNase, DNase and lipase. The decellularized matrix preserved the
vascular collagen fibers and elastic fibers signs. Then, the addition of EDC and NHS solutions is done
to introduce active sites onto the surface and the prepared rGO-enzymes complexes dispersion added.
rGO should act as barrier to separate the collagen of the blood and as enzyme carrier, enhancing
stability and providing a good platform for the coagulation cascade reaction. The enzymes (Apyrase
and 5’-Nucleotidase) should be capable to convert the released ADP which normally activates platelets
into antiplatelet AMP and adenosine (Figure 6). Hence, this enzyme will fabricate an antithrombotic
TEBV. It was believed that rGO had better biocompatible, biological stability [215, 216] in comparison
to GO, that has oxygenic functional groups on the surface which will lead to platelet aggregation
[165]. These findings are contradictory to the ones obtained in Pinto et al [145] and in Henriques et
al [168] studies where smaller and more oxidized particles were found to be more biocompatible.
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Figure 6 - Scheme of the incorporation of rGO-enzyme coated tissue-engineered blood vessels and
mechanisms. Adapted from [214].

In vitro results showed the antithrombotic capacity that rGO-enzyme complexes provide.
Moreover, the rGO-enzyme complexes promoted a proliferative activity of endothelial cells which was
not found on the rGO coated decellularized matrices. In this study, the in vivo results, showed the
rGO-enzyme complexes group had accelerating proliferation and migration of endothelial cells.
Additionally, scattered platelets were not abundant in the surface. The microcomputed tomography
angiography showed that TEBVs occluded due to thrombus formation after 7 days in the control and
rGO groups whereas in rGO-enzyme group, they were open (Figure 7). It was demonstrated that only
rGO-enzymes complexes were able to provide an antithrombotic characteristic to the TEBV. Thus,
rGO coated TEBV are not sufficient to avoid thrombosis.
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Figure 7 - Transplantation of carotid artery of rat using TEBVs: (A) RGO-enzyme coated and collagen-
coated as control, (B) Arrow - implanted TEBV at 7 days, (C) Unobstructed proportion of TEBV at 7
days and blood flow volume obtained with ultrasonic Doppler, (D) H&E staining of TEBVs at 7 days;
*p < 0.05 (n=10). Values are the mean * SD. Adapted from [214].
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Furthermore, in unpublished work previously performed by our group, small diameter vascular
grafts were obtained from decellularized placental and umbilical cord arteries. The decellularization
method performed used hypertonic/hypotonic solutions, 1% Triton X-100/0.02 % EDTA and 0.04 %
DNase. DNA removal was observed after decellularization, as can be seen in Figure 8.
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Figure 8 - DNA quantification in dried tissue (unpublished data by our group).

GO coating was then performed in the lumen of the decellularized arteries by perfusion. GO was
able to cover the exposed collagen fibers of the decellularized matrices (Figure 9) and to improve the
mechanical performance (by increasing 29 % the burst pressure, 25 % the strain and 10 % the
compliance) of umbilical cord decellularized arteries. Regarding hemocompatibility, GO coating
decreased platelet adhesion but was not able to avoid coagulation, when in contact with whole blood.
Despite promising, further modifications have to be performed to enable the use of this GO-coated
decellularized arteries as small diameter vascular grafts.
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Figure 9 - SEM images of uncoated and graphene oxide (GO) coated decellularized placenta and
umbilical cord arteries.

b) Acellular pulmonary valve tissue

Acellular pulmonary valve tissue coated with rGO was developed for heart valve replacement by
Wilczek et al [217]. Pulmonary valve tissue was decellularized with trypsin/EDTA and SDS solutions.
Then, the obtained acellular discs were submersed in rGO dispersion (100 pg/ml). In this case, rGO
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was used to decrease the thrombogenicity of acellular pulmonary valve tissue [218]. In vitro results
showed a decreased cell fibroblast density on rGO coated acellular pulmonary valve tissue comparing
with the uncoated matrix. This effect was associated with a mechanical damage of cell membrane.
No damage in DNA, morphological alterations and oxidative stress were observed in the seeded
fibroblasts. Additionally, the rGO modification did not cause significant platelet activation, which
showed its thromboresistance.

2.3.5Discussion

The previous studies showed that decellularized matrices combined with GBM have an improved
biological and mechanical performance enabling their use in multiple applications. However, some
refinements in the experimental steps should be performed to address some key questions that remain
unanswered regarding the interaction between decellularized matrices and GBM.

The adopted decellularization method is not identical, which unable to obtain a direct correlation
between the used method and the outcome obtained.

In most of the studies, the GBM choice, reduced graphene oxide (rGO) and graphene oxide (GO),
is based in other studies and their properties. However, the explanation is not always coherent
between studies. Thus, studies which compare the features of the different GBMs using the same base
matrix and for different specific applications should be carried out. In this manner, it may be possible
to choose the most suitable GBM to a given application, potentiating the outcomes. The same happens
with the incorporation method of GBMs. There remains a lack of information to correlate and have
any conclusion.

For nerve regeneration, Wang et al [186], Niu et al [187] and Toker et al [196] used GO as a
coating of the decellularized matrix. However, in Niu et al [187], the coating was GO combined with
VB12. The results were not compared to a coating of only GO. Toker et al [196] activated its surface
before the addition of GO dispersion and the decellularization method was different since it is derived
from a plant. Cellulose-based materials can have multiple applications. In this study, the in vitro tests
were made with neuroblastic cells. In the future, it would be interesting to test other different cells
to evaluate the use of cellulose-based materials for nerve regeneration.

For skin repair and replacement, Jafarkhani et al [207] tested different concentrations of GO
being capable of deciding the better one (GO 3 %) to improve mechanical properties and cell viability.
Fu et al [198] study was very complete since rGO and GO, with multiple concentrations, were tested.
In this case, the ADM was crosslinked with the coating whereas in the previous study [207], the
decellularized tissue was lyophilized and turned into a powder which then was solubilized and mixed
with the GO dispersion resulting in a composite. For both, the mechanical properties would increase
with the incorporation of the GBMs. However, Fu et al [198] showed that the ADM-rGO scaffolds had
better mechanical properties than ADM-GO scaffolds. This property is very important in this
application since skin needs to be very elastic and resist to tensile strength.

For cartilage regeneration, Gong et al [210] also tested different concentrations of GO. Their
mechanical properties increased with the gradually increase of the GO concentration used. However,
the ACM-GO scaffold showed to have better cell adhesion and proliferation for the 2 mg/mL GO
concentration whereas for concentrations > 4 mg/mL, the scaffolds appeared to be more cytotoxic.
Hence, the resulting composite scaffold had good mechanical properties and presented a good
microenvironment for cells, being a good future tissue engineering strategy for cartilage injury
treatment.
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Finally, in the cardiovascular disease’s domain, the available published studies used rGO. Huo et
al [214] studied the need of forming complexes with two enzymes (apyrase and 5’-nucleotidase) to
avoid obstruction and promote an antithrombotic behavior for the design of a tissue engineered
vascular graft. In this experiment, the coating with rGO alone was not enough to prevent thrombus
formation, in vivo. On the other hand, Wilczek et al [217] showed that rGO coating prevents the
platelets adhesion to acellular pulmonary valve tissues, in vitro. Further studies should be performed
to better understand the thrombogenic potential of rGO. In unpublished study by our group, GO was
incorporated in decellularized arteries and was able to improve mechanical properties. However, the
hemocompatibility properties were still not appropriate since even though platelet adhesion
decreased in coated arteries, in whole blood, coagulation was not avoided.

2.4 Summary

This literature review provided knowledge and understanding of the impact of the
decellularization methods used in extracellular matrix (ECM) by dividing the decellularization
method into three categories, biological, chemical, and physical. The biological decellularization
method uses proteases such as trypsin and dispases to detach cells from their ECM and DNase/RNase
to degrade the genetic material. Chemical decellularization methods use a great variety of chemical
agents: acid, alcohol, alkalines, chelators, ionic detergent, non-ionic detergent and zwitterionic
detergent, each have a different impact on ECM components. Most of these chemical agents can
damage and modify the ECM’s structure. However, they can eliminate the genetic material avoiding
immunological response of the host. Finally, physical decellularization methods like mechanical
agitation, freeze/thaw cycles, osmotic pressure, pressure and, more recently, supercritical CO,, are
capable of rupturing cells and promote access for other decellularization agents. In the end, the
process of decellularization should be a combination between the different categories in order to
completely remove the cells’ DNA, while preserving the original mechanical properties and
composition of the matrix.

Graphene-based materials (GBMs) can be used in different forms such as: free-standing films,
powders, dispersions, coatings and composites. Their mechanical properties are very attractive,
once graphene is the strongest material in the world. Furthermore, their biological properties are
very interesting for future biomedical applications given that GBMs are biocompatible,
hemocompatible and, provide antimicrobial properties.

The interaction between dECM and GBMs is still poorly explored. There are a few studies in the
literature that report the impact of GBMs incorporation in the mechanical and biological properties
of dECM. Such lack of information prevents the correlation between the tissue source,
decellularization method and the GBM type and its incorporation method and their biological and
mechanical performance. Nevertheless, GBMs are capable of reinforcing decellularized extracellular
matrices (dECM) improving their mechanical properties such as tensile resistance and Young’s
Modulus. Moreover, the incorporation of GBMs in dECM proved to be biocompatible showing a good
cell viability.

The tissue-engineering blood vessels (TEBVs) showed that, in order to avoid coagulation, the
reduced graphene oxide (rGO) used had to be combined with an enzyme. When used by itself, the
incorporation of rGO outcome is not clear since in one study it is not sufficient and in the other one
it is. This may be explained by the different decellularization and GBM incorporation methods.
Previous work from our group used GO coating in decellularized arteries which resulted in a good
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mechanical reinforcement. However, there remains the need to improve hemocompatible
properties. Further studies should be performed testing GBMs used once the outcomes are still
unclear.
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Chapter 3

GBM-coated decellularized arteries

3.1 Introduction

Coronary (CABG) and peripheral artery bypass are the most common cardiovascular procedures
worldwide (reviewed by [219]), being performed per year 200 000 in the US [220]. Large caliber
vessels, with an inner diameter > 5 mm, like the aorta, arch vessels, and femoral artery, may be
replaced with commercially available synthetic grafts such as expanded polytetrafluoroethylene and
polyethylene terephthalate, which have demonstrated reasonable outcomes (reviewed by [219]).
However, for small diameter vascular grafts (SDVGs) (< 5 mm) like coronary arteries and arteries
below the knee these synthetic grafts tend to fail due to thrombus [221-223], intimal hyperplasia
and/or chronic inflammation [224]. Even though several strategies were attempted to obtain a SDVG
[4, 12, 225, 226], the gold standard procedure for peripheral artery bypass and CABG remains the
use of autologous grafts, vessels harvested from the patient, such as mammary and radial arteries or
saphenous veins [4, 5]. Despite the good performance of the available two mammary arteries, in most
CABG procedures more than three grafts are needed, being used radial arteries or saphenous veins
that are associated with failure rates of up to 50 % [5]. The failure of these grafts may require a
second intervention and/or induce a second myocardium infarction culminating in patient death [5,
7]. Moreover, the harvesting of autologous graft is associated with several problems, such as
anatomical limitations, wound complications which result in infections [5] and they are not always
available, due to diseases progression or previous harvesting. Hence, there remains the need to find
a substitute of the autologous grafts for CABG and peripheral artery bypass. By definition, an ideal
small diameter vascular graft should be “off-the-shelf”, have similar mechanical properties to the
vessels from the person which receives the bypass, give low inflammatory and thrombogenic response
as well as antimicrobial properties.

Decellularized arteries may present an interesting solution since most of their original structure
and biochemical properties such as growth factors are preserved [227]. These cues allow cell
migration and vascular remodeling [39]. In the literature, several studies proposed the use of
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decellularized xenografts and allografts arteries as SDVG [228, 229]. However, it was known that
decellularization procedure tended to damage the microstructure of the original tissue matrix,
deteriorating the mechanical properties of the dECM, which are a crucial feature to achieve a suitable
SDVG, since they should be strong to withstand the blood pressure and mimic the compliance and
strain of the native recipient vessel [225]. An incorrect match of these features can lead to
perturbation of the hemodynamic flow, which causes turbulence that can promote thrombus
formation, endothelial cells injury and stimulation of differentiation and migration of the vascular
smooth muscle cells leading to intimal hyperplasia [230].

In order to promote rapid endothelization, many studies were developed by modifying the surface
with brain-derived neurotrophic factors (BDNFs), vascular endothelial growth factor (VEGF) and
heparin [231-233]. Despite the improved endothelization capacity, these decellularized arteries
remained still far from the required mechanical properties of host vessels.

Graphene is described as the strongest material in the world with outstanding mechanical
properties [15, 234]. Graphene and graphene-based materials (GBMs) have been described as
cytocompatible and with antimicrobial properties [16, 17], which make them attractive for
biomedical applications [16, 17]. There are few works which studied the incorporation of GBMs in
decellularized arteries. Some of them show that GBM, more specifically GO and rGO, can improve the
mechanical properties of decellularized matrices as reviewed in chapter 2 (section 2.3).

Previous work in the laboratory showed that the incorporation of GO in decellularized umbilical
cord arteries (dArteries) was able to improve the mechanical properties by 27 % for the maximum
force, 29 % the burst pressure, 25 % the strain and 10 % the compliance. Additionally, the resulting
GO-coated dArteries allowed endothelial cell adhesion and were able to decrease the adhesion of
platelet. However, the achieved burst is not similar to the mammary arteries and despite decreasing
platelets adhesion when tested in vivo it was not possible to prevent clot formation. In order to
improve the hemocompatible properties, the heparinization of uncoated and GO-coated dArteries
may be performed. Heparin is capable of reducing platelet adhesion by reducing fibrinogen deposition
[235].

In this first experimental part of this dissertation, we aimed to achieve a higher improvement in
the mechanical properties of decellularized arteries than the previously reported by our group and to
improve the hemocompatibility of GO-coated decellularized arteries. For this, we combined for the
first time nanosized GO (nGO) (~0.099 um) with decellularized arteries, hypothesizing that a better
penetration of GO in the decellularized matrix through its pores (0.88 pm) could lead to a better
mechanical reinforcement. Furthermore, the heparinization of the dArteries coated and uncoated
will be tested in order to assay the resulting hemocompatibility.

3.2 Methodology

3.2.1 Decellularization of Umbilical Cord Arteries

3.2.1.1 Isolation

Human placenta and umbilical cord tissues of cesarean births were obtained from Centro
Hospitalar de S. Joao, Porto with the ethical committee approval and donor’s informed consent. The
umbilical cord was cut from the placenta and the two umbilical cord arteries were separated by using
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tweezers. Then, in order to remove the residual blood in the vessels, they were connected by a
surgical thread to a 14GA BD Venflon™ and rinsed with PBS.

3.2.1.2 Decellularization

After isolation, arteries were decellularized as previously described [13, 39]. Briefly, the isolated
vessels were frozen at -80 °C, for at least 18 h, and thawed in PBS at room temperature. The arteries
were connected through the Venflon to a recirculating perfusion system, at 40/50 rpm, being perfused
with hypertonic solution 1.4 % NaCl for cell lysis, 1 % Triton X-100 for cell membranes disruption, and
0.02 % w/w ethylene-diamine-tetra acetic acid (EDTA) in phosphate buffered saline (PBS) to allow
dissociation of cells from the matrix (Figure 10). Then, the vessels were perfused with 0.04 % DNase
(200 IU/mL, Roche) solution and incubated overnight with 0.04 % DNase solution under different
conditions for DNA digestion:

i) Room Temperature under static conditions,

ii) Room Temperature with agitation in a roller,

iii) 4 °C under static conditions.

Afterwards, the vessels were rinsed for 30 min in PBS at room temperature in a roller. Finally, the
decellularized arteries were chemically sterilized by perfusion of 4.8 % (v/v) ethanol and 0.2 % (w/v)
peracetic acid solution with a syringe and their incubation in the same solution in a roller at room
temperature for 90 minutes, followed by rinsing with sterile PBS.

Figure 10 - Automatic decellularization set-up.

3.2.1.3 DNA identification and quantification

The presence of DNA in the native and decellularized arteries was visualized by microscopy upon
staining of their lumen with Hoechst. For that, the native arteries and dArteries were cut
longitudinally to expose their lumen and incubated with a 0.1 % Triton X-100 solution for 5 min at 4
°C to permeabilize the membrane, allowing better staining penetration. Then, they were rinsed with
PBS and incubated in a 3 pg/ml Hoechst solution for 15 min in the dark. Finally, samples were rinsed
with PBS and visualized with confocal fluorescence microscope, being placed in microscope slide and
excited with laser at 350 nm.

DNA content of native and decellularized arteries was quantified after tissue digestion with Qubit
or after tissue digestion and DNA isolation with Nanodrop or Qubit. For tissue digestion and DNA
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isolation, the protocol was performed as previously described in [236]. Briefly, the tissues were
incubated overnight with a buffer solution composed by Tris, NaCl, EDTA, Proteinase K and SDS at 55
°C to disrupt the membranes and cells and digest the tissue. Then, the DNA was isolated by adding a
saturated solution of NaCl, vortex and centrifugation. The supernatant was collected, and DNA
precipitated in an ethanol solution of 99 %. After centrifugation, the supernatant was discarded. After
that, 70 % of ethanol was added to the pellet, being centrifugated and supernatant discarded. Finally,
the DNA pellet was dried at RT for 5-10 min and then resuspended in water. The DNA was quantified
after extraction with Qubit dsDNA HS Assay Kit (Life Technologies, Carlsbad, California, US) and Qubit
3.0 Fluorometer and Thermo Scientific™ NanoDrop 2000. It was also quantified before tissue digestion
using Qubit™ 1X dsDNA HS Assay Kits assay, according to the instructions of the producer. When
quantified with Qubit, before and after DNA extraction, values of Nanodrop are used as a reference
to ensure that the limit of the equipment, 100 ng/pL of DNA concentration, is not surpassed and dilute
samples to allow measurements.

3.2.2Graphene-based materials (GBM) incorporation in dArteries

3.2.2.1 GBM synthesis and characterization

GO and few-layers GO (FLGO) were obtained from commercial graphite and a few-layer graphene
(FLG) using the modified Hummers’ method, respectively, as previously described [145]. nano GO
(nGO) was kindly provided by our collaborator, Dr Artur Pinto from LEPABE [237]. The used GO and
FLGO were characterized in the previous work performed by our group (unpublished data) and nGO
by our collaborators. TEM images show the exfoliation degree of GBM (Figure 11). The lateral size of
GO, FLGO and nGO were analyzed using Coulter (Coulter, LS230 Laser, USA) being 11.25 + 8.26 pm,
26.58 + 19.49 pym (unpublished data) and 0.099 + 0.043 pm [237], respectively.

GO FLGO

Figure 11 - TEM images of graphene oxide (GO), few-layers GO (FLGO) and nano GO (nGO). nGO
images adapted from [237].

3.2.2.2 Preparation of GBM-containing dArteries

GBM were incorporated in the decellularized arteries (dArteries) using three different approaches:
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a) Perfusion

GO, nGO and FLGO were used to coat the inner lumen of decellularized arteries. GO, nGO or FLGO
suspensions (0.5 mg/mL in H,0) were perfused through the lumen of dArteries at 8 rpm overnight. 8
vessels from more than 5 donors were used. After that, each coated dArtery was perfused during 1 h
with PBS to eliminate the unattached material.

b) Pressure

A constant pressure inside of dArtery was promoted using a nGO suspension (0.5 mg/mL) (nGO-
pressure) or PBS (Uncoated pressure). 5 vessels from more than 3 donors were used. The dArteries
were sutured in the end and the suspension was infused in the lumen of dArteries with a syringe,
being kept a constant pressure inside of the artery for 1h by pressing its embolus with a syringe pump.

c) Pressure and perfusion

This strategy combines the procedure described in b), followed a). Thus, a constant pressure is
promoted inside of the vessel for 1 hour and after, the dArtery was connected to a perfusion system,
to allow the perfusion of nGO suspension More than 3 vessels from 2 donors were used.

3.2.2.3 Characterization of GBM-containing dArteries

a) Topography

Scanning electron microscopy (SEM) was performed to evaluate surface topography of dArteries
and GBM-containing dArteries lumen. Arteries were longitudinally cut being their lumen exposed. The
different grafts were fixed with a 1.5 % glutaraldehyde in 0.14 M sodium cacodylate solution for 30
min at room temperature followed by washing with water. Then, the dehydration was attained by
incubating the grafts with a growing ethanol/water gradient, 50, 60, 70, 80, 90 and 99 % (v/v), for 10
min each. Samples were then put in a hexamethyldisilazane (C4H19NSi,; Sigma) and were left overnight
in the fume hood to dry. The samples were mounted on carbon tape in SEM stubs and coated with a
thin layer of gold/palladium by sputtering, to improve samples conductivity and consequently
visualization. The samples were visualized in FEI QUANTA 400 ESEM (ThermoFischer, USA) or Phenom
XL Desktop SEM.
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b) Mechanical Properties of GBM-containing dArteries and
dArteries

Mechanical properties of the grafts were evaluated as described in [39, 238]. Tensile properties,
compliance and burst pressure were measured in a circumferential hoop tension mode, using 3 mm
rings cut uniformly as shown in Figure 12.

‘\M‘ %‘0”‘
Figure 12 - System to cut the GBM-containing dArtery and dArtery rings.
A new set-up was established in the lab adapting the Texturometer (TA.xt plus, Texture Analyzer)
with a system customized by us, that allows the measurement of the mechanical properties in
circumferential hoop tension mode (Figure 13). In this system, the rings were placed around two
stainless pins that were in contact in the beginning of the test, being the initial force normalized to
0 N. One of the pins was pulled apart until rupture of the ring. The inner diameter was determined
by the displacement value where the F > 0 N.

Figure 13 - Texturometer with the customized adapter during a tensile test.

To quality control of our customized system, some rings were sent to Center for Biomedical
Research, Medical University of Vienna, Austria where the samples were analysed with the same
parameters using a uniaxial BOSE electroforce LM1 test bench system (Bose corp, MN, USA).

For both settings, maximal loaded radial force (Fmax) is obtained directly, the theoretical burst
pressure at rupture which was calculated using Laplace’s Law (Equation 1), the compliance which is
the ability of arteries to distend or contract with pressure variations (80-120 mmHg) was also
calculated (Equation 2) and, finally, strain (percentage of elongation) was obtained from Equation 3.

Equation 1

With F as the load (for burst pressure is Fmax), [ is the length and r as the luminal radius.
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D120-Dgo
Compliance = DA+ x 10* Equation 2

Where D;,, will be the systolic diameter at 120 mmHg, Dg, the diastolic diameter at 80 mmHg
and Ap the pressure difference [238].

Strain = 2230 x 100 Equation 3
30

Where D;, will be the systolic diameter at 30 mmHg and Dg,,,, the diastolic diameter when
maximal radial force is obtained.
Mechanical properties were evaluated using 10 arteries from 5 different donors for the following
conditions:
Uncoated: 110 rings
GO-perfusion: 42 rings
FLGO-perfusion: 24 rings
nGO-perfusion: 38 rings
Uncoated pressure: 14 rings
nGO-pressure: 34 rings
nGO-pressure-perfusion: 16 rings.

3.2.3 Hemocompatibility of GBM-coated dArteries and dArteries

3.2.3.1 Heparinization

Heparin was covalently linked to dArteries and to GO-coated dArteries. Briefly, 1 M hydroxylamine
sulfate was manually perfused into the lumen of the grafts and the grafts were then incubated in the
solution for 18 h in a roller at room temperature. Then, the grafts were rinsed with water for 1 h in
the roller at room temperature, followed by perfusion with a syringe and 48 h incubation with heparin
(25 IU/mL)/1- ethoxy-3(3-dimethylaminopropyl)carbodiimide (EDC, 84 mg/mL) solution at pH 1.5 in
an orbital shaker [239]. Finally, the grafts were rinsed with water by perfusion with a syringe and for
90 min (roller, RT) and a final rinse with PBS for 30 minutes. The grafts were then preserved in PBS
at 4 °C until use.

3.2.3.2 Coagulation test

The clotting time was evaluated by measuring the time that the human recalcified plasma takes
to clot when in contact with dArteries.

Briefly, the grafts were cut in order to expose the lumen and put in 48 well plate. The citrated
plasma obtained from the Immunohemotherapy service of Centro Hospitalar S. Joao was thawed, and
a 1 M calcium chloride solution was added. This allowed to activate the previously inactivated
coagulation cascade of the plasma. Afterwards, the recalcified human plasma was added to the 48
well plate containing: uncoated, uncoated-heparinized, GO-coated and GO-coated-heparinized, using
glass as a positive control. The well plate was immediately put in an orbital shaker in an incubator at
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37 °C and the time started to count. This event was visually observed by detecting the loss of
movement of the plasma in response to rotation and shaking [240]. This experiment was repeated
two times.

3.3 Results and Discussion

3.3.1dArteries

Human umbilical cord arteries were decellularized as previously described [13, 39]. The
decellularization process was verified macroscopically as the matrix is transformed from red aspect
(indicative of cells presence) to a white matrix (Figure 14).

Figure 14 - Isolated umbilical cord artery connected to a Venflon: A) before decellularization process,
B) after decellularization process.

Figure 15 depicts the images obtained by confocal fluorescence microscopy of native and
decellularized arteries (DNase 4 °C, DNase room temperature (RT), and DNase RT with agitation)
stained with Hoechst. These three conditions were tested since the optimal temperature for DNase |
activity remains unknown. In the native condition is possible to observe a high amount of cell nucleus
compared with all the decellularized tissues. The 4 °C condition was the one with less DNA present in
the matrix. For the room temperature condition with and without agitation, even though the number
of nucleus was less than in the native matrix, it was the decellularized condition with more DNA
remnant. The lack of visible nuclear material for the 4 °C condition satisfied one of the minimal
criteria to satisfy the intent of decellularization [25]. These results suggested that the activity of the
enzyme was more efficient at 4 °C than at RT.

Decellularized

Native 4°C RT RT with agitation

10X

Figure 15 - Confocal imagens of native and decellularized arteries treated with DNase 4 °C, room
temperature (RT) without and with agitation stained in Hoechst.
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To further verify the decellularization method, the DNA was quantified (Figure 16). The
difference between Nanodrop and Qubit values was elevated, which can be explained by the fact that
Nanodrop is not a very reliable technique to quantify DNA, when it is presented in low amounts [241].
Moreover, the DNA quantification was performed before and after DNA extraction being obtained
similar values. This confirmed that DNA was not lost in the used extraction protocol and also the
specificity of the Qubit fluorophore, since it was not affected by the presence of other tissue
components (proteins, GAGs) before extraction. The values of DNA remnant in the dArteries at 4 °C
were smaller than both RT and RT with agitation conditions. In fact, only a mean of 8.5 % and 5.3 %
DNA was remnant in 4 °C condition for Qubit before and after extraction, respectively. For this matter,
the DNase treatment at 4 °C was the selected condition since it is the closer value to the minimal
criteria.

Qubit - before extraction Qubit - after extraction Nanodrop - after extraction
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Figure 16 - DNA quantification with two methods: Qubit before and after extraction and Nanodrop for
the four conditions: native, and decellularized at 4 °C, RT and RT with agitation. Each color represents
a different vessel and the bar the mean values.

This amount of DNA, 163.3 + 38.2 ng/mg and 70.5 3 + 4.9 ng/mg, for DNase at 4 °C before and
after extraction, respectively, is superior to the one obtained for acellular carotids which measured
DNA concentration after extraction with PureLink Genomic DNA Kits, Invitrogen after 1 % SDS
treatment with 1.37 + 0.51 ng/mg and, after 0.05 % Trypsin and 1 % Triton X-100 treatment,
0.69 + 0.06 ng/mg [242]. Comparing the amount of DNA in decellularized arteries obtained by DNase
treatment at 4 °C with other tissues, it is for the most part, lower than the ones previously reported
in the literature that vary between 82.8-764.1 ng/mg depending on the decellularization method used
[42]. The values obtained from Qubit after extraction for room temperature (558.2 + 359.4 ng/mg)
and RT with agitation (789.3 + 536.8 ng/mg) are in accordance with the values obtained in another
study [70]. Nevertheless, these values remain very high. In order to consider an efficient
decellularization, independently of the original tissue and final application, the DNA concentration
should be close to 50 ng/mg ECM dry weight [25] to decrease the negative immune response in vivo
[241]. Our results showed that the DNase had a better performance at 4 °C without agitation. Hence,
the following tests were performed in dArteries treated in this condition.
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3.3.2GBM-containing dArteries

As can be seen in Figure 17, native tissue does not exhibit collagen fibers, whereas the uncoated
decellularized arteries (dArteries) had these fibers completely exposed. The decellularized arteries
were combined with 3 different GBMs using 3 different methods, namely perfusion, pressure inside
the dArtery and, finally, pressure and perfusion. For all the tested conditions the collagen fibers were
completely covered by GBM coating, even after PBS perfusion, showing the coating stability in all the
tested conditions.

Native Uncoated GO-perfusion FLGO-perfusion

gy R P

Figure 17 - Scanning Electron Microscopy (SEM) of the native artery, dArteries uncoated and
dArteries with the different treatments: GO-coated, FLGO-coated, nGO-coated, uncoated-pressure,
nGO-pressure and nGO-pressure-coated.

Since each artery has unique mechanical features, in order to minimize the effect of these natural
variability, each dArtery was cut in different pieces, being all the comparisons between the
treatments performed into the same decellularized artery. Then, the different pieces of each
dArteries with each incorporated GBM were cut into rings of 3 mm, being the mechanical properties
in circumferential hoop tension mode measured. The obtained values were represented as percentage
of increase comparing with the respective uncoated dArteries. In this way, it was possible to compare
the different treatments made in all the decellularized arteries, taking into consideration the fact
that the isolated vessels are always different.

As can be seen in Figure 18, the maximum force (Fmax) of dArteries perfused with different GBMs:
GO, nGO and FLGO did not affect the mechanical properties of dArteries, being the percentage of
increase near 0. Since stability and properties of GO may vary along between batches, 2 GO batches
were tested, despite similar mechanical properties were observed.



Results and Discussion 37

Regarding nGO, it had a smaller lateral size than the size of the holes created by the exposed
collagen fibers of the dArteries. As such, we hypothesised, that it would be capable of better
penetration inside the decellularized artery, further improving the mechanical properties. For this
coating, different methods of incorporation were tested: perfusion, pressure and pressure +
perfusion. In this case, pressure was tested since the idea was that the pressure would expand the
matrix, allowing a better penetration of the nGO. However, once more, none were able to improve
the mechanical property of the decellularized artery. Upon incorporation of nGO (99 nm of lateral
size) under pressure, the Fmax of dArteries remained unchanged when comparing with uncoated and
uncoated pressure (Figure 18).

150+
100+

50+

% Increase in Fmax

Figure 18 - Fmax of decellularized vessels before and after incorporation of GBMs: uncoated, GO-
perfusion, FLGO-perfusion, nGO-perfusion, uncoated pressure, nGO-pressure and nGO-perfusion-
pressure. (Kruskall-Wallis test; p < 0.05); n = 13 vessels with > 14 rings in each condition (each dot
corresponds to one ring).

Besides the maximum force, the burst pressure, strain, and compliance were also assessed for
some of the conditions: FLGO, uncoated-pressure and nGO-pressure (Figure 19). The values obtained
for the burst pressure were 1159.7 + 386.2 mmHg for the uncoated, 1029.1 + 271.4 mmHg for the
FLGO -coated, 995.2 + 426.9 mmHg for the uncoated-pressure and 1002.2 + 439.8 mmHg for the nGO-
pressure, which are far from the values of the gold standard vessels, the saphenous arteries and
internal thoracic arteries (ITA) which have a burst pressure of 2134 mmHg and 3073 mmHg,
respectively [12, 243, 244]. Concerning the compliance, 12.2 + 6.9 %/100 mmHg for the uncoated and
17.5 £ 10.2 %/100 mmHg for the FLGO -coated. These values were higher than the ITA compliance,
11.5 %/100 mmHg, which could prevent intima hyperplasia, except for the pressure conditions but
remained lower than the compliance of the saphenous vein, 25.6 %/100 mmHg. However, it is
important to point out that upon the conditions under pressure, the compliance values decreased
significantly comparing to dArteries for 5.8 + 2.7 %/100 mmHg (uncoated-pressure) and 6.7 + 3.5
%/100 mmHg (nGO-pressure), which could be associated with the rupture of fibers, such as elastin,
due to the applied pressure. These results are not in agreement with other studies that report the
incorporation of GBM in decellularize extracellular tissues, since they always report an improvement
in their mechanical properties upon GBM incorporation [196, 198, 207]. Moreover, these results were
even more surprising since in the previous work performed in our group, an increase of the mechanical
properties was observed with GO-coating. Nevertheless, it is important to denote that the lateral size
of the GO used in this previous work performed in our group is smaller (1.5 pm) than the one used in
this study (11.25 pm), which can have led to a better incorporation of the material during the
perfusion process. This difference may explain the contradictory results. In the case of nGO
incorporation, its lateral size is much smaller (~0.099 pym) than the GO used in the previous work
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which may explain the lack of mechanical properties observed. Even though it is capable of efficacity
penetrating the dArteries, its much smaller lateral size is incapable of improving the mechanical
properties.
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Figure 19 - Fmax, burst pressure, compliance and strain of decellularized vessels before and after
incorporation of GBMs: uncoated, FLGO-perfusion, uncoated pressure, and nGO-pressure. (Kruskall-
Wallis test, ** p < 0.05, *** p < 0.005, **** p < 0.0001); n = 7 vessels with > 14 rings in each condition
(each dot corresponds to one ring).

Since the setting used to measure the mechanical properties was new in our laboratory, in order
to verify the data, some samples were sent to Vienna (Figure 20). In Vienna, the values obtained for
the burst pressure were 1891.2 + 685.5 mmHg for the uncoated, 1568.4 + 568.2 mmHg for the GO-
coated and 1556.3 + 584.1 mmHg for the nGO-coated. Regarding the compliance, 17.0 + 5.6 %/100
mmHg for the uncoated, 14.8 + 4.3 %/100 mmHg for the GO-coated and 13.0 + 4.3 %/100 mmHg for
the nGO-coated. The mechanical properties were not increased with GO-perfusion nor nGO-perfusion,
which confirmed that the problem would be the coating rather than the set up in our laboratory,
which is reliable.
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Figure 20 - Fmax, burst pressure, compliance and strain of decellularized vessels before and after
incorporation of GBMs: uncoated, GO-perfusion and nGO-perfusion conditions tested by our
collaborators in Vienna. (One-Way ANOVA test for Fmax and Burst pressure, Kruskall-Wallis test for
Compliance and Strain, * p < 0.5; ** p < 0.05); n = 3 vessels with > 38 rings in each condition (each dot
corresponds to one ring).

3.3.3Hemocompatibility of GBM-coated dArteries

Due to collagen exposure, dArteries have been associated with high thrombogenicity. Heparin is
an anticoagulant and its effect in the dArteries avoids coagulation of the matrices where it is
incorporated [245]. In this study, the combination of dArteries with heparin was proposed to increase
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their thrombogenicity. Figure 21 shows that upon heparinization both uncoated and GO-coated
dArteries showed a smoother surface.

Uncoated GO-coated

Scanning Electron Microscopy (SEM)

: Y ’ :
Figure 21 - Scanning Electron croscopy uncoated andGO coated decellularized arteries, before and
after heparinization.

The coagulation test allowed to assess the thrombogenic potential of the dArteries. The different
conditions were put in a recalcified human plasma solution. After 20 minutes, the glass, the uncoated
and the GO-coated dArteries were completely clotted since a gel was formed (Figure 22). However,
in the case of the heparinized uncoated and GO-coated matrices, after 30 hours, the longest time
point acquired, neither clotted, suggesting that they are non-thrombogenic (Figure 22).

Uncoated GO-coated
heparinized heparinized

Glass Uncoated GO-coated

Clotted Clotted Clotted Not clotted Not clotted

After 20 min After 30 h

Figure 22 - Coagulation test of Glass, Uncoated, GO-coated, Uncoated heparinized and GO-coated
heparinized decellularized arteries.

3.4 Summary

The umbilical cord arteries were successfully decellularized. From the 3 DNase treatments
adopted to remove the DNA, the one at 4 °C was the most efficient, being achieved a DNA remotion
of 91.5 %, comparing with RT (76.2 %) and RT with agitation (67.1 %).

Different GBMs: GO, nGO and FLGO were successfully incorporated in dArteries being obtained a
homogeneous coating that completely covered the exposed collagen fibers. However, none of tested
conditions improved the mechanical properties of the dArteries, being observed for some conditions
even a decrease in the Fmax, burst pressure, compliance and strain comparing with dArteries.

Nonetheless, heparinization of the uncoated and GO-coated dArteries improved their
hemocompatibility.
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Chapter 4

GBM-reinforced ECM-derived hydrogel

4.1 Introduction

Hydrogels are hydrophilic chemical or physical crosslinked macromolecular networks and have
multiple biomedical applications such as drug delivery and tissue regeneration [246, 247]. Due to their
high water content, hydrogels are able to provide a microenvironment [248] similar to tissues capable
of supporting cells growth [249].

Hydrogels obtained from decellularized extracellular matrices have gelation temperature at 37 °C
and have been described with promising features for tissue regeneration since they preserve some
elements from native tissues such as collagen and GAG along with other biochemical components like
growth factors [250, 251]. This microenvironment is capable of supporting multiple biological
processes like angiogenesis, epithelization and neovascularization [10, 11]. Placental membranes
namely human amnion and chorion membranes are allografts that have been applied in periodontics,
surgical wound treatment (chemical or thermal burns and ulcer sites), ocular surface (correction of
corneal epithelial defects, leaking blebs after glaucoma surgery, reconstruction of conjunctival and
ocular surfaces) for over 70 years (reviewed by [252]). They have been described with antimicrobial
properties and high amount of protein, which facilitates cell migration in the defect [253]. Amnion
membranes are composed by collagen type I, lll, IV, V and VI, which are bioabsorbable and have
hemostatic properties, proteoglycans that provide resistance to compressional forces due to their
hydration and swelling pressure properties, laminin capable of promoting cell attachment, growth
and differentiation, and fibronectin, a protein involved in cell migration and adhesion [252]. Amnion
has also multiple growth factors capable of stimulating epithelization [254] and promotion of tissue
repair instead of scar formation [100, 255]. Chorion membranes are composed by collagen type |, Ill,
IV, V and VI, proteoglycans, laminin and fibronectin in their layers of placental membrane [252].

However, the mechanical properties of ECM-derived hydrogels are very weak. This characteristic
inhibits their use in load-bearing fields. Nevertheless, it may be surpassed with the incorporation of
GBMs in their network. An increase of mechanical properties can be observed when GBMs are
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incorporated in ECM-derived materials [198, 256, 257]. In Fu et al study [198], the coated matrices
with rGO and GO had a higher Young’s modulus (0.19 and 0.13 MPa), ultimate tensile stress (5.55 and
4.55 MPa), and strain at failure (28.27 and 20.03 %) than matrices without GBM previously
incorporated (0.09 MPa, 4.11 MPa, and 15.13 %). This incorporation may be covalent with chemical
modification, or non-covalent, with hydrophilic reactions like hydrogen bonds or hydrophobic
reactions such as m-m interactions. The reinforcement allows delay of hydrogel failure and decrease
of crack propagation.

In this dissertation work, a GBM reinforced ECM-derived hydrogel was attempted in order to assess
its use as SDVGs or as injectable hydrogel. The decellularization process was optimized and different
concentrations of GO: 1 % and 10 % added. Rheological tests were performed in order to determine
the gelation time, the elastic (G’) and viscous (G’’) component of the different hydrogels after 30
minutes at 37 °C.

4.2 Methodology

4.2.1Decellularized human placental hydrogel

4.2.1.1 Isolation

Human placenta and umbilical cord tissues of cesarean births were obtained from Centro
Hospitalar de S. Joao, Porto with the ethical committee approval and the informed donor’s consent.
The amnion and chorion fetal membranes were removed from the placenta manually. The amnion is
the external membrane of the placenta and is possible to remove easily and the chorion is the
following membrane where the vasculature is, and it is possible to isolate manually with the help of
a scalpel by shaving and scrapping the basal tissue. Then, the residual blood is rinsed with PBS and
tissues stored at -20 °C until further use.

4.2.1.2 Decellularization

a) Method A

After isolation, amnion and chorion tissues were decellularized using two different methods.
Method A was performed as described in the literature [71, 258] with minor modifications. Briefly,
amnion and chorion tissues were thawed in PBS and cut in 2 cm squares. Afterwards, they were put
in flasks where they were stirred for 48h in 1 % SDS in PBS. Afterwards, the tissues were stirred in 1
% Triton X-100 and 0.02 % EDTA solution overnight followed by rinsing with PBS for three days. Finally,
to sterilize the tissue, they were put in a 0.1 % peracetic acid and 4 % ethanol solution, with stirring,
for 4 hours. Tissues were subsequently washed with PBS and dH,0 for 40 minutes. Finally,
decellularized amnion and chorion membranes were lyophilized and stored at -20 °C.
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b) Method B

The amnion and chorion membranes were decellularized as described by the University of Vienna,
a project partner. Briefly, the samples were stored in the freezer at -80 °C for more than 24 hours.
Afterwards, while still frozen, samples were cut in small pieces of around 2 cm and washed in dH,0
for 1 hour, changing the solution at 30 minutes. Subsequently, tissues were stirred for 1 hour in 1.4 %
NaCl followed with strain and rinsing with dH,0. Then the membranes were put in 2 % Triton X-100
and 0.02 % EDTA solution for 1 hour with stirring. Then, for four days a cycle of the same treatment
was performed where the samples were rinsed with dH,0, stirred with PBS for one hour and put in 2
% Triton X-100 and 0.02 % EDTA solution, stirring for 20-24 hours. After that, the tissues were rinsed
with dH,0 for 1 hour, ensuring no formation of bubbles and transferred to PBS with 0.5 % Pen/Strep
solution, with stirring for 2-3 days at 4 °C. To finalize the decellularization process, the tissues were
relocated in PBS + Calcium + Magnesium (PBS +/+) with Pen/Strep and changed to DNase | solution
exploring two different concentrations 1.2 % or 0.04 % in PBS +/+ for 4 hours with stirring and then
transferred to a chamber at 4 °C overnight, with stirring. To sterilize the samples, they were rinsed
with dH,0 and put in a 4.8 % ethanol and 0.02 % peracetic acid solution for 2.5 hours at room
temperature and stirred overnight at 4 °C with dH,0 with Pen/Strep. Finally, the samples were
lyophilized and stored at -20 °C.

4.2.1.3 DNA quantification

The DNA amount in native and decellularized amnion and chorion tissues for both methods, was
quantified after tissue digestion using Qubit™ 1X dsDNA HS Assay Kits before DNA extraction. After
lyophilization, the different samples were put overnight in a buffer solution composed by Tris, NaCl,
EDTA, Proteinase K and SDS at 55 °C in order to disrupt the membranes and cells present in each
sample. The DNA quantification was performed using the Qubit 3.0 Fluorometer and Qubit dsDNA HS
Assay Kit (Life Technologies, Carlsbad, California, US), according to the instructions of the producer
before DNA pellet extraction.

4.2.1.4 ECM-derived hydrogel production

Hydrogel was produced as described by our collaborators at University of Vienna. Briefly, the
lyophilized decellularized amnion and chorion tissues were milled into ECM-derived powder and stored
at -20 °C until further use. Firstly, 4 % (w/v) of dECM was added to a solution containing 0.1M
hydrochloric acid and 5 % of pepsin (W/wgecn). The mix was left for 48 hours with magnetic stirring at
room temperature to allow tissue digestion. Finally, neutralization was performed by adjusting the
pH with NaOH to 7.4 and the pre-gel was stored at 4 °C. The hydrogel gelation was further promoted
by incubating it at 37 °C overnight.

4.2.2 Graphene-based material incorporation

The GO used in this strategy is the same as the GO used in the previous chapter, described in
section 3.2.2.1. Two different concentrations of graphene oxide 1 % (w/v) GO and 10 % (w/v) GO were
tested. Graphene oxide suspensions were freeze dried to obtain a powder. The GO powder was
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weighted and added to the pre-gel solution either before or after dECM digestion. When added after
digestion, it was magnetic stirred for 20/30 minutes, until a homogeneous solution was reached.
Afterwards, one of the GO-pre-gel solutions was sonicated while the other had no additional
treatment.

4.2.3Mechanical Characterization

All hydrogel samples were rheologically characterized using a Kinexus Rheometer at 25 °C and 37
°C to test the gelation capacity. Small-amplitude oscillatory shear (SAOS) test was performed where
a small quantity, under 75 pl, was put between the parallel disks and a small amplitude torsional
oscillation generated a shear flow in the sample. SAOS can be monitored with time, which is important
to assess the gelation time of the hydrogel [259].

Firstly, the pre-gel samples performed oscillation tests to determine the linear-viscoelastic (LVE)
regime. They were put in the rheometer plate at 25 °C and the test geometry of 8 mm diameter and
lowered to the defined 1000 pm gap. Since the dECM would be composed with collagen, the values of
the parameters chosen were based in the values observed in the literature and slightly modified [259].
After loading the sample (75 pl), the sequence was defined for each hydrogel.

In a first instance, the test was performed to compare two GO incorporation timepoints: before
and after digestion. The values of strain and frequency used for the time sweeps performed with the
optimal LVE values are shown in Table 3 for the different conditions.

Afterwards, different concentrations of GO: 1 % and 10 % were compared. For this, two time
sweeps were performed: with the optimal LVE parameters and the LVE adjusted values of a strain and
frequency which can be maintained in all conditions for direct comparison (Table 3). The time sweeps
tests were performed in triplicate.

For all these samples, the testing time was short not needing to humidify the chamber (maximum
30 minutes).

Table 3 - Rheometer parameters used for testing decellularized extracellular matrix (dECM): dECM,
dECM-sonicated, 1 % GO, 1 % GO-sonicated, 10 % GO and 10 % GO-sonicated.

Time Sweep

Hydrogel Condition Parameter  Strain Sweep Frequency Sweep

Temperature (2C) 25 25 37 37

dECM Gap size (um) 1000 1000 1000 1000
dECM-sonicated |Time (min) 10 30 30 30
1% GO Frequency (Hz) 1 0.01-100 1 1
% Strain 0.1-100 2 2 1
Temperature (2C) 25 25 37 37

Gap size (um) 1000 1000 1000 1000
dhpcECM | 1% GO - sonicated |Time (min) 10 30 30 30
Frequency (Hz) 1.5 0.01-100 1.5 1
% Strain 0.1-100 2 2 1
Temperature (2C) 25 25 37 37

o Glap size.(um] 1000 1000 1000 1000
e Time (min) 10 30 30 30
Frequency (Hz) 1 0.01-100 1 1
% Strain 0.1-100 0.25 0.25 1
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4.3 Results and Discussion

4.3.1Decellularized human placenta amnion and chorion

The decellularization process was verified macroscopically with the whitening of the original
reddish matrix for the different methods (Figure 23).

Native

Amnion

Chorion

Figure 23 - Isolated amnion and chorion tissues in the native form and after the three decellularization
processes: A) method A, B.1) method B with 1.2 % DNase and B.2) method B with 0.04 % DNase.

DNA content of the decellularized human placenta amnion and chorion tissues was assessed for
resulting dECM of the three decellularized methods: method A and method B with 1.2 % or 0.04 %
DNase. For this, the tissues were digested, and DNA amount quantified using the qubit assay kit, since
it was previously demonstrated to be the best method to quantify DNA of decellularized tissues
(section 3.3.1). As can be seen in Figure 24, the dECM resulting from method A showed high amount
of DNA of 54.9 % for amnion and 103.8 % for chorion, revealing to be an insufficient for tissue
decellularization. For method B with 1.2 % DNase, the amniotic tissue had 1.4 % DNA remnant and for
method B with 0.04 % DNase it had 1.7 % DNA remnant, revealing similar efficiency. For the chorion
membranes the same tendency can be observed, with method B.1 (1.2 % DNase) having 0.5 % of
remnant DNA and for the method B.2 (0.04 % DNase), 2.2 % DNA remained. These results showed that
the intent of decellularization was correctly executed for method B with 1.2 % and 0.04 % DNase, with
a final concentration inferior to the minimal criteria (50 ng/mg ECM dry weight) for both methods B
[25].

The decellularization efficiency of method B was higher than the one described by Leonel et al
[30], where the remnant DNA concentration in fetal membranes was higher (418 ng/ml and 1 125
ng/ml) for both protocols tested in the study with SDS and Triton (Figure 24). The method B.1 (1.2 %
DNase) had the best outcome with an optimal DNA removal. Even though the use of 1.2 % DNase and



46 GBM-reinforced ECM-derived hydrogel

0.04 % DNase led to similar DNA removal, due to convenience of having the ECM-derived powders
prepared with 1.2 % DNase in higher amount, the following tests were performed after this treatment.

DNA quantification

Amnion Chorion
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= 5uu = Native
)
s 2 a0 Method A
£z Method B - 1.2 % DNase
9 o 300 i
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| |
Concentration
DNA (ng/mg) 206 113 3 3 632 656 3 14
% DNA 549 | 1.4 1.7 - 103.8 | 05 | 2.2

remnant

Figure 24 - DNA quantification of amnion and chorion for the three decellularization methods: A, B
with 1.2 % DNase and B with 0.04 % DNase.

4.3.2Hydrogel production and characterization

The incorporation of GO in the hydrogel was tested in two different stages of dECM hydrogel
production: before and after digestion. When GO was added before digestion, it mixed at the same
time as the ECM-derived powder, being the pepsin digestion performed afterwards.

The strain and frequency sweep tests allowed to determine the values in the linear viscoelastic
(LVE) behavior for each hydrogel (Figure 25). The strain sweep test was performed with strains ranging
from 0.1 to 100 % strain, with 1 Hz of frequency defined, for all conditions. For dECM, 1 % GO added
before and after ECM digestion, a linear constant region was reached at 2 % of strain.

dECM 1% GO
Before After
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Figure 25 - Strain sweeps performed with optimal LVE (1 Hz) from 0.1 to 100 % of strain for dECM, 1
% GO added before and after digestion.
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The frequency sweeps were performed in a range between 0.01 to 100 Hz in order to obtain the
low frequency plateau, which allows the monitorization of the gel formation with small amplitude
oscillatory shear (SAQS) (Figure 26). The value of the strain used in this test (2 % strain) was the one
defined in the strain sweep tests performed previously (Table 3). The selected frequency was defined
as 1 Hz for all conditions, representing a step where the G’ values were constant.

dECM 1% GO
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—e—Elastic component, G’ (Pa) -Viscous component, G" (Pa)

Figure 26 - Frequency sweeps performed with optimal LVE (2 % strain) from 0.01 to 100 Hz for dECM,
1 % GO added before and after digestion.

A time sweep was then performed with the previously determined strain and frequency optimal
LVE values (Figure 27), showing that the resulting mechanical properties (elastic and viscous moduli)
were overall higher when 1 % GO was added after digestion comparing to 1 % GO added before
digestion. This may be explained since when GO is added during tissue digestion, it could react with
the pepsin and hinder the correct digestion of the dECM matrix.
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Figure 27 - Time Sweep and elastic component (G’) and viscous component (G’’) values after 30 min
at 37 °C for dECM, 1 % GO added before and after digestion. Percentage of increase relatively to dECM
is presented in the table.
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The rheological properties of the dECM hydrogels containing different amounts of GO incorporated
after digestion, namely 1 % and 10 %, with or without sonication, were assessed. In a first instance
the strain sweep between 0.1 - 100 % strain was also performed for all the conditions in order to
determine a percentage of strain in the LVE region (Figure 28). For this test, the frequencies fixed
were 1 Hz for untreated, untreated-sonicated, 1 % GO, 10 % GO and 10 % GO-sonicated and 1.5 Hz for
1 % GO-sonicated (Table 3). For all the conditions, except 10 % GO, a linear strain region was reached
at 2 % of strain. For the 10 % GO sonicated and not sonicated, this was reached at 0.25 %. These strain
values (2 % and 0.25 %) are used as optimal LVE, whereas adjusted LVE values of 1 % strain will be
used to compare all materials subjected to the same strain. Moreover, once more, all conditions
showed a steep drop in both elastic and viscous moduli after a certain yield strain. The value of
percentage of strain before the steep drop is lower for the 10 % GO condition, which suggests that
the material is easier to inject than the other conditions, theoretically.

dECM 1% GO 10 % GO
EE ;D: ey, % L(L[W f i M\“N"‘\

% Strain % Strain % Strain

dECM-sonicated 1 % GO-sonicated 10 % GO-sonicated

A
A

01 1 10 100 01 1 10 100 Toa 1 10 100
% Strain % Strain 9 Strain

-e—Elastic component, G' (Pa) Viscous component, G" (Pa)

Figure 28 - Strain sweeps from 0.1 to 100 % of strain at 25 °C, with optimal LVE values of frequency
(Table 3) for all ECM-derived hydrogel conditions.

The frequency sweeps were performed again between 0.01 to 100 Hz with the value of the strain
defined in Table 3. The selected optimal LVE frequency was defined as 1 Hz for all conditions except
for 1 % GO-sonicated which was 1.5 Hz (Figure 29), being G’ constant in these frequencies. When
adjusted values are required to compare all materials, 1 Hz of frequency is used. Both conditions of
10 % GO: sonicated and not, have very low values of frequency in the plateau which leads to a more
readily flow hydrogel, easier to inject [259].
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Figure 29 - Frequency sweeps from 0.01 to 100 Hz at 25 °C, with optimal LVE values of strain (Table
3) for dECM with different concentrations of GO with or without sonication.

The time sweep with the optimal LVE values, allowed to assess elastic and viscous moduli of the
ECM-derived hydrogels after being 30 minutes at 37 °C. For all the conditions, after 30 minutes, the
hydrogels behaved already as a solid-like material (Figure 30) since gelation (G’ > G’’) occurred after
15 sec. Moreover, the viscous (G’) and elastic (G’’) moduli were much higher for the 10 % condition
not sonicated (16.52 kPa and 4.06 kPa) and sonicated (8.43 kPa and 1.88 kPa) comparing to the dECM
without GO (0.49 kPa and 0.07 kPa), which results in an enhancement of the mechanical properties
of the ECM-derived hydrogel (Figure 30).

Nevertheless, it is important to denote that when 10 % GO sonicated is compared to its control
group, dECM-sonicated, the percentage of increase of G’ (1889 %) and G’’ (5940 %) were similar to
the increase percentage obtained for 10% GO without sonication relatively to dECM (G’ and G’’ values
of 2535 % and 5429 %). Hence, sonication is the process which is decreasing the viscous and elastic
components of the obtained ECM-derived hydrogel.
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Figure 30 - Time sweeps and Elastic component (G’) and viscous component (G’’) values after 30 min
at 37 °C with the optimal LVE values from Table 3, for dECM with different concentrations of GO with
or without sonication. Percentage of increase relatively to dECM is presented in the table. (One-Way
ANOVA test, p < 0.5); n= 3.

In order to compare the different gelation times when hydrogels are submitted to the same strain
and frequency, a general percentage of strain of 1 % and frequency of 1 Hz was defined (Figure 31).
These values correspond to an adjusted linear phase for all the hydrogels. In a first instance, the time
sweep with the adjusted LVE parameters allowed to assess the gelation of the hydrogels and then the
final elastic and viscous moduli when put at 37 °C for 30 minutes. For all the conditions except 10 %
GO, the gelation time was almost instantaneous and the hydrogel, when put in 37 °C, had a solid-like
behavior (G’ > G’’) almost since the beginning (after 15 sec), which tended to increase. For the 10 %
GO condition, the hydrogel had a solid-like behavior since the beginning of the sequence. This
hydrogel behaved already as a solid-like material (Figure 31). An increase of the elastic component
was observed for the 10 % GO not sonicated condition (1.50 kPa) as well as for 10 % GO sonicated
(0.94 kPa) (Figure 31). These findings show a decrease of the G’ and G’’ components when tested
with the adjusted LVE values: 1 Hz and 1 % strain, despite the trends are maintained. For all the
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conditions, when the solution was not sonicated, it led to a higher improvement of the G’ and G’’
components.
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Figure 31 - Elastic component (G’) and viscous component (G’’) values after 30 min at 37 °C with the
adjusted LVE values from Table 3, for dECM with different concentrations of GO with or without
sonication. Percentage of increase relatively to dECM is presented in the table. (One-Way ANOVA
test, p<0.5); n=3.

Finally, the rheological characterization was also performed with 10 % GO after the gel storage
for two weeks at 4 °C and the different tests were compared to freshly prepared 10 % GO hydrogel.
The strain and frequency values chosen were the same as for 10 % GO: 0.25 % of strain and 1 Hz

(Figure 32).
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Figure 32 - Frequency and strain time sweeps performed for the 10 % GO hydrogels: fresh and stored
for 2 weeks conditions.

An initial decrease in the mechanical properties for the time sweep was observed. This could be
explained by some degradation/oxidation of ECM components, since hydrogels are preserved at 4 °C
inside of scintillation vials in a non-sterile environment. Nevertheless, after 30 min at 37 °C, the G’
and G’’ for both, fresh (16.53 kPa and 4.06 kPa) and stored (8.63 kPa and 3.09 kPa) hydrogels tend to
reach similar values (Figure 33).
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Figure 33 - Time Sweep with elastic component (G’) and viscous component (G’’) values after 30 min
at 37 °C, for the 10 % GO hydrogels freshly prepared and stored for 2 weeks. Time sweep was
performed with optimal LVE obtained from Figure 33 and described in Table 3.

4.4 Summary

In this second strategy, a successful decellularization method for placental membrane tissues
were achieved by freeze/thaw cycle, following the combination of multiple cycles using 2 % Triton X-
100 and rinsing, and the use of DNase at 1.2 % (Method B1) and 0.04 % (Method B2). For these two
methods the percentage of DNA remnant was, for amnion, 1.4 % and 1.7 % DNA, respectively, and for
chorion, 0.5 % and 2.2 %, respectively.

Two different concentrations of GO: 1 % and 10 % were homogeneously incorporated in chorion
dECM-derived hydrogels. A significant mechanical reinforcement of 3259 % of elastic (G’) and 5429 %
of viscous moduli (G’’) was observed upon incorporation of 10 % GO without sonication (values
obtained using optimal LVE strain and frequency). When using adjusted LVE values, a reinforcement
of 174 % (G’) and 491 % (G’’) was observed for the same 10 % GO concentration. Additionally, it was
verified that both sonication and storage (for 2 weeks) decreased the mechanical resistance of the
hydrogels, as well as hydrogel

This dissertation work showed that a reinforced ECM-derived hydrogel is obtained with the
incorporation of 10 % GO after digestion of the dECM hydrogel, showing promising features to be used
as an injectable hydrogel in future research.
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Chapter 5

Discussion

Decellularization methods need to be optimized and adapted to each raw tissue. In this study,
three tissues: umbilical cord arteries, placental amnion and chorion were decellularized using
methods adapted from the literature. In order to decellularize umbilical cord arteries, freeze/thaw
cycle, hypertonic/hypotonic solution, 1 % Triton X-100 with 0.02 % EDTA and DNase at 4 °C were
promoted [39]. Additionally, the sterilization was performed with peracetic acid and ethanol. The
efficiency of this decellularization method was verified by DNA staining and quantification being since
the remaining concentration of DNA was close to the minimal criteria of decellularization intent (50
ng/mg DNA), being 163 ng/mg [25]. Nevertheless, other strategies may be performed to further
decrease these values and improve the decellularization efficiency, such as using higher concentration
of Triton X-100 (e.g. 2 %) and of DNase (e.g. 1.2 %). Accordingly, the decellularization methods of the
human placenta amnion and chorion tissues were verified with DNA quantification. For these tissues,
two methods were tested. Method A was performed with cycles of 1 % SDS and 1 % Triton X-100 with
EDTA. Method B was very similar to the one used for umbilical cord arteries with freeze/thaw cycles,
hypertonic/hypotonic solutions. However, there were more cycles, 2 % Triton X-100 was used and
DNase 0.04 % or 1.2 % was utilized. The results which better followed the minimal criteria previously
mentioned was with method B with 1.2 % DNase, obtaining 3 ng/mg of DNA for both amnion and
chorion tissues. Nonetheless, similar results were also obtained with method B with 0.04 % DNase,
which can be an interesting option since much less DNase is spent to decellularize a given tissue.

The incorporation of different GBMs in the dArteries: GO, nGO and FLGO was done with perfusion,
pressure or pressure following perfusion were tested, aiming to improve the mechanical properties of
the decellularized arteries. All the conditions allowed the achievement of a homogeneous coverage
of the exposed collagen fibers of the decellularized arteries. As said previously, the mechanical
properties of the resulting grafts should match the burst pressure, compliance and strain values of
the final recipient since when not respected, graft failure can occur [225, 230]. To have a comparison
basis, the values should be compared to the gold standard vessels used: saphenous vein with 2134
mmHg) and internal thoracic artery with 3073 mmHg [12, 243, 244] . For the different conditions
tested, none could attain an optimal value for the burst pressure value close to the gold standard
vessels used. Nevertheless, a better compliance, higher than the compliance of ITA (11.5 %/100
mmHg) was reached for almost all the conditions: uncoated, GO-coated, nGO-coated and FLGO-
coated. When submitted to pressure (uncoated pressure and nGO-pressure), the compliance was lower
than the ITA values which may be explained since the pressure may have ruptured the elastin and
collagen fibers.

Furthermore, the uncoated and coated dArteries were intended for use as SDVG. As such, a
heparinization was needed to assure hemocompatibility if a pos-implantation endothelialization is
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envisaged. Heparin is a well-known anticoagulant, used currently in the market [245]. The heparinized
conditions were able to avoid clot formation when human recalcified plasma was added whereas the
other conditions completely clotted.

The incorporation of GO in ECM-derived hydrogels was tested before and after tissue digestion.
When GO was added after digestion, it led to a higher improvement in the mechanical properties.
Furthermore, the mechanical properties of ECM-derived hydrogels with/without GO were also
assessed with or without sonication, since it has been described that sonication allow a better
dispersion of GBM particles in hydrogels matrices. However, our results pointed out that a better
reinforcement was achieved when the hydrogels were not sonicated. This could be associated with
some dECM protein denaturation or degradation that could occur during the sonication step. The
viscous (G’’) and elastic (G’) components increased after being at 37 °C for 30 minutes when 10 % GO
concentration was added to the ECM-derived hydrogel. Moreover, for all of the conditions, the ECM-
derived hydrogel had an almost instantaneous solid-like behavior (G’>G’’). Normally, an ECM-derived
hydrogel is mainly composed by collagen [260]. Hence, the G’ values obtained in our study can be
compared to the collagen hydrogel from Zuidema et al [259] where G’ tended to 0.12 kPa after 30
minutes at 37 °C. In our work, after 30 minutes at 37 °C, the G’ values were 0.49 kPa for dECM, 0.63
kPa for 1 % GO and 16.53 kPa for 10 % GO. These last values are much higher than the one obtained
for the collagen derived hydrogel in [259].

Regarding the use of these reinforced ECM-derived hydrogels with GO, its use as SDVG may be
challenging since despite the reinforcement they are still not very consistent, and their printing into
the shape of a tubular conduit would be difficult. Nevertheless, these ECM-derived hydrogels could
be used as a cell-laden construct combined with a polymeric framework such as polycaprolactone
(PCL) as used in for bioprinting with extrusion in a syringe [71]. The principal criterion which needs
to be assured is that the material needs to be easily injected by the nozzle with minimal shear force
applied in order to avoid cell damage and reduce cell viability [261]. Moreover, the elastic component
needs to be superior to the viscous moduli which was observed for all the hydrogels after being 30
minutes at 37 °C. Another possible application is as injectable hydrogels which are widely reported in
literature to promote tissue regeneration once it is possible to deliver them with minimally invasive
techniques [246]. One of the possible approaches is to use the body temperature (37 °C) to trigger
the hydrogels gelation. However, the gelation process has to be well tuned, since an incorrect gelation
time can lead to rapid material dispersion, when it takes too long [262], or to needle clogging before
hydrogel injection, when it is too fast [263]. Their application in the regeneration of heart tissue upon
myocardium infarction could be envisioned, since these hydrogels have high amounts of growth
factors, pro-regenerative, pro-angiogenic, anti-scarring, anti-inflammatory, and stem cell-recruiting
factors, and other ECM components such as collagen, laminin and fibronectin [101]. In this strategy,
the incorporation of GO in ECM-derived hydrogels could also be used for its antimicrobial properties
[16].
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

Literature review allowed to conclude that the decellularization processes begins with membrane
disruption and weakening of cell adhesion (physical and chemical processes), followed by DNA
hydrolysis (biological). The protocols used need to be adapted to the native tissue since there is no
optimal decellularization method. Nevertheless, upon decellularization process, the resulting
matrices observe a decrease in their mechanical properties. Thus, it is important to tune these
characteristics of dECM to obtain a performance similar to that of the original tissue. One of the
strategies to improve these properties is the incorporation of GBMs. In the few studies where GBM
was incorporated in dECM, an increase of the mechanical properties in 2-60 % was observed.

In this study, umbilical cord arteries, placental amnion and chorion were decellularized efficiently
being obtained a DNA removal of 91.5 %, 98.6 % and 99.5 %, respectively.

The incorporation of the GBM in the dArteries was successfully performed, covering the exposed
collagen fibers of the dArteries. Despite the coating did not increase the mechanical properties, the
uncoated, GO-coated, nGO-coated and FLGO-coated decellularized arteries exhibited a higher
compliance than the internal thoracic artery that is used for coronary bypass grafting. Regarding
hemocompatibility, even though coating with GBM decreased the collagen exposure, when recalcified
human plasma was added to uncoated and GO-coated vessels, a clot formation occurred. The
heparinization of the dArteries, both uncoated and GO-coated, allowed the enhancement of their
hemocompatibility by avoiding the clot formation.

Regarding the ECM-derived hydrogels, after 30 min at 37 °C, the incorporation of 10 % GO was
able to increase the elastic component (G’) values by 174 % when the adjusted LVE values (1 Hz and
1 % strain) were used, and by 3259 % when the optimal LVE values (1 Hz and 0.25 % strain) were used,
reaching values of 1.50 kPa and 16.52 kPa, respectively. GBM incorporation in ECM-derived hydrogels
revealed to be a promising approach to increase their mechanical properties enabling its use as
bioprinted hydrogels with tubular geometry or as injectable hydrogels with antimicrobial properties.

6.2 Future Work

For future work in GBM-coated dArteries, the GBM incorporation in dArteries still needs to be
optimized in order to increase the mechanical properties allowing their use as small diameter vascular
grafts. For that, another possible coating may be attempted with rGO or a covalent link between
dECM and GBM performed as strategies to enhance the mechanical reinforcement with GBM. The
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hemocompatibility of heparinized dArteries should be verified and tested in vitro and in vivo.
Moreover, the preservation of the ECM components could be evaluated by GAGs and collagen
quantification using 1,9-dimethylmethylene blue solution and hydroxyproline assay, respectively. To
further verify collagen preservation, Masson’s trichrome staining or immunohistochemical staining
with monoclonal antibodies against elastin, fibronectin, collagen I, collagen IV, EVG, and Van Kossa
may be performed.

Additionally, in terms of the ECM-derived hydrogel, further studies may be performed in order to
assess the incorporation of GO in the matrix, namely by evaluation of surface topography, GBM
distribution in matrix and swelling capacity. The remaining GAGs and collagen presence in the
hydrogel should be quantified, after decellularization. The cytotoxicity of the ECM-derived hydrogel
containing different concentrations of GO should be assessed by its incubation with, for example,
endothelial cells. Moreover, other concentrations of GO should be tested to ensure optimal
mechanical reinforcement and handling. Rheological properties of the reinforced ECM-derived
hydrogels should be performed upon gelation. Finally, hemocompatibility of the resulting GBM-
reinforced ECM-derived hydrogel should be assessed with a coagulation test.
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