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Summary

The present study constitutes a translational application of graphene nanoplatelets in tissue
engineering and regenerative medicine, aiming at developing a graphene containing vascularised brain
organoid. Therefore, we focused on the effect of graphene on the cell types which would constitute
the vascularised organoid. The cells were: human pluripotent stem cells (PSCs, H1), pluripotent stem
cells differentiated to vascular progenitor cells (CD34*VPCs), ECs (umbilicial vein ECs, HUVECs) and
mural cells (vascular smooth muscle cells, VSMCs). The role of graphene on neural cells was not
addressed in this study.

An initial screening of 9 types of graphene, differing in diameter, was performed using HUVECs to select
the optimum graphene nanoparticle size and surface area. HUVECs were selected as we considered
them to be a very sensitive cell type. Following the screening, three graphene types were selected for
analysis in the other cell types mentioned above, graphene 30 micron (G2), 1.5 micron (G9) and
graphene oxide (GO). The reasoning behind the choice of graphene size was that the 1.5 micron and
30 micron nanoparticle were devoid of side effects on proliferation, in addition the 30 micron size
would not be internalised avoiding potential damage to intracellular organelles and being more of a
scaffold to which cells might attach. GO offers an altered surface charge and a wide range of
nanoparticle sizes.

The 3 graphene types selected (G2, G9 and GO) were then tested regarding their effects on the
proliferation of PSCs, CD34*VPCs and VSMCs cells. Our results indicated that 1 pg/ml of G2, G9 and GO
did not alter cell proliferation, even though the CD34* VPCs showed some sensitivity at this
concentration. Likewise, the same concentration of graphenes did not alter the pluripotency marker
OCT3/4 and did not affect the differentiation of H1 hPSCs to CD34*VPCs. With respect to VSMCs, we
have developed a differentiation protocol that generates synthetic (sSMCs) and contractile (cSMCs)
phenotypes. These phenotypes were stable in 1 ug/ml of G2, G9 and GO undergoing no transition
between phenotypes when analysed using the appropriate markers (a-SMA, calponin and SM22).
Testing graphene nanomaterials in more complex assays indicated that G2 nanoplatelets did not
internalise, as expected, whereas the G9 and GO ones did and were identified in lysosomes that
appeared to be not compromised, however this requires more experiments. Regarding other assays,
G2, G9 and GO did not alter vascular organoid formation at 1 pg/ml, whereas functional analysis of
vascular organoids sprouting (sSMCs/ CD34*VPCs and cSMCs / CD34*VPCs), revealed that graphene
bears an angiogenic potential since it increased the number, length, and network depth of the

developing sprouts.



In conclusion, based on the above results, and the fact that we consider it better to select a graphene
type which is not internalised, the optimal graphene type and size that should be further used is type

2 (30um diameter) at 1 pg/ml.



NepiAnyn

H mapovoa epyacia amoteAel pia peAétn tng edbopUoyng Twv vavoowuatldiwy ypadeviou otn
HNXOVLKA TWV LOTWV KOL TNV OVAYEVVNTIKA LOTPLKA HE OKOTO TNV QVANTUEN €VOC OYYELOTIOLNUEVOU
opyavoeldol¢ eykedpdalou mou mephapPavel ypadévio. M auto To Adyo, eoTLAcaE oTnV enidpaoch
ToU ypadeVIioU OTLG ETIUEPOUC KUTTAPLKEG OELPEG TTOU amapTilouV TO ayyELOTIOLNUEVO OpYavoEeLSEC. Ta
KUTTAPO IOV XPNOLUOTIOLRCAE NTaV Ta £€NC: ToALSUVapa avBpwrva BAaotika kuttapa (PSCs, H1),
noAudUvapa BAaotika Sladopomolnuéva mpog avwplpa evéobnAtaka (CD34+ kuttopa), wpLUa
evboOnAtaka (HUVECS) kal TolywpoTika kKuttapa (ayyelokd Asia puika kottopa, VSMCs). O pdAog Tou
vpadeviou ota VEUPLKA KUTTApO SV SlepeuvhBNKe o aUTh TN LEAETN.

Me okomd tnv emthoyn Twv KATAANAwv tUTtwy ypadeviou mou Ba £€eTaoTOUV MEPALTEPW OTNV
mapouca epyacia, mpaypotonotjoapue pia Staloyn 9 tunwv ypadeviou, mou StEédepav oe £18LKN
eMLPAVELX KOL SLAUETPO, KAl OTN GUVEXELX T TIPOCOEcape o KAANEPYELA WPLLWY gvEoBNnALaKwyY
KUTTApwv. Arto t dtadoyn, kataAnfape o€ 3 TuToug, Tumog 2 (30 um SLapeTpog-G2), tumog 9 (1.5 um
S1apeTPoc-GI) kal oeldlo Tou ypadeviou (GO), Baollopevol oTnNV avooTOATIKH Toug SpAon w¢ mpog
TOV KUTTOPLKO MOAATMAQCLAOUO TWV TIOPATIOVW KUTTAPLKWY CELPWV.

OL tpeLg TUTOL ypadeviou mou emAéxBnkay (G2, G9 and GO) SOKLUACTNKAV OTN CUVEXELA WC TIPOC TNV
enibpoon touc otov Kuttaplkd ToAAamAaciaopd twv PSCs, CD34+ kat VSMCs kuttapwv. Ta
amoteAéopatd pag dst€av 0tL n ouykévipwon 1 pg/mltwv G2, G9 and GO Sev eixe apvnTikA emidpacn
av Kal ta CD34+ kUttapa £6el€av Kamola eualonoio wg mPog auTr TN CUYKEVTPWON. Avtiotolxa, n
1dla ouykévipwon twv G2, G9 and GO bev emnpéaoe Tnv EkPpacn tou deiktn moAuduvapiog OCT3/4
oAAd oUte kot tn Sladopornoinon twv H1 hPSCs mpog CD34+ cells. Avadopikd pe ta VSMCs,
avantuéape €va TpwtokoAo Sladopomoinong ywa tnv mopoaywyy ouvBetikwv (sSMCs) kat
ouotoAtwy (cSMCs) pawvotinwy. Autol ot pawvdtunol appevay otabepoi oto 1 pg/ml twv G2, G9
and GO evw &gv mapatnpndnke kamola aAAnAopetatpomnt petall touc, e€etalovtag ta emineda
€kdpaong Twv KatdAAnAwv detktwv (a-SMA, calponin and SM22). H mpaypatomnoinaon mio nepimAokwyv
Soklpaolwy £6elte OTL Ta G2 vavoowpatibla dev eCWTEPLKEUOVTAL, OTWE OVAPEVOTAY, AV Kal To G9
Kal GO ouooWPEUTNKAV OTA AUCOCWUOTA. IXETIKA Pe GAAEG avaluoelg, Ta G2, G9 and GO bev
enedpooav otn Snuioupyia ayyelakwv opyavoeldwv oto 1 pg/ml, av kat n avdluon g
AELTOUPYLKOTNTAC TWV AYYELAKWY 0pyavoeldwv (sSMCs/ CD34* kat cSMCs/CD34*), amok@Aue OtL To
VYPodEVIo DEPEL Eva OYYELOYEVETLIKO SUVAULKO UE AUENUEVEC TIC TIUEG OTOV aplOuo, Unkog Kat Baboc
TOU QyYELOKOU SIKTUOU TWV AVOTTTUCCOUEVWVY EKBAOCTACEWV.

JUUTIEPACUATIKA, Baol{OPeVOL OTA TOPATIAVW ONOTEAECUATA KOL OTO YEYOVOG OTL Bewpolpe

KOAUTEPO va eTUAEEOU LE KATTOLOV TUTIO YpaidEeViou 0 omoiog Sev eocwTePIKEVETAL, £XELTO BEATLOTO TUTIO
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Kol péyeBog kal Ba pmopouoes va avaluBel mepattépw eival o tomog 2 (30um SLApeTpog) oth

ouykévipwon 1 pug/ml.
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Abstract

Brain organoids constitute a novel research approach because (i) they partially mimic early
neurodevelopment, (ii) they are useful in developing disease models, and (iii) they can be used as
powerful tools for drug testing. Moreover, vascularisation of brain organoids has been shown to
increase nutrient and oxygen supply decreasing cell death, thereby establishing a critical role for the
communication between the vasculature and neuronal cells for the proper neuronal differentiation,
migration, and maturity. We have, recently, succeeded in generating vascularised brain organoids
using endothelial and mural cells.

In the present work, we investigated the employment of advanced graphene nanomaterials as
scaffolds to provide an improved interaction between the cells of the brain organoids. Indeed,
graphene and graphene oxide (GO) nanoplatelets exhibit unique biocompatibility, flexibility and
electrical conductivity properties allowing graphene to act as an excellent scaffold for promoting
neurogenesis and angiogenesis. Therefore, the overall goal is to generate a vascularised graphene-
containing brain organoid. The focus of our research is the vascular component of the organoid, i.e.
endothelial and mural cells. Before assembling the vascularised graphene-containing brain organoid,
we established the optimal type, size, and concentration of graphene for use employing pluripotent
stem cells, endothelial cells, mural cells, and vascular organoids. We tested the effect of graphene on
(i) the expression of pluripotent stem cell marker OCT3/4, (ii) the mitotic potential of endothelial and
mural cells, (iii) the expression of mural cell phenotype markers (calponin, a-SMA and SM22), and (iv)
finally the formation and sprouting of vascular organoids. Our results define the type and

concentration of graphene which can now be used for the generation of vascularised brain organoids.
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1. Introduction

1.1 Stem Cells

1.1.1 Embryonic Stem Cells

Stem cells are versatile cells that can be distinguished by two defining characteristics: self-renewability
and differentiation to specialized cell types for the regeneration/self-repair of various tissues and
organs in the human body (Rashid and Alexander, 2013). Stem cells can be derived from a wide range
of tissues, including bone marrow, adipose, skeletal muscle, and placenta. Stem cells exist both in
embryos and adult tissues. Their classification depends on the variety of tissues they can differentiate

to.

Totipotent stem cells have the ability to divide and differentiate towards every cell line that constitutes

the whole organism. Totipotency represents the highest differentiation potential and allows cells to
form both embryo and extra-embryonic structures. One example of a totipotent cell is a zygote formed
after egg fertilization. These specific cells can then differentiate either into any of the three germ layers
or construct a placenta. After approximately 4 days, the blastocyst’s inner cell mass becomes a

structure which constitutes a source of pluripotent cells.

Pluripotent stem cells (PSCs) can differentiate into cells of all germ layers but not to extraembryonic

structures, such as the placenta. ESCs are pluripotent and are harvested from the inner cell mass of
preimplantation embryos. Another example is induced pluripotent stem cells (iPSCs)(Takahashi &
Yamanaka, 2006)(Rashid & Alexander, 2013) discovered by Shinya Yamanaka's group (Takahashi &
Yamanaka, 2006). By enforcing the expression of just a few defined transcription factors, differentiated
adult mammalian cells can be reprogrammed to become pluripotent (Bellin et al., 2012). Significantly,
the process does not require the destruction of developing embryos. They derive from the patient’s
own cells, they are autologous and no longer generate any risk of immune rejection. In terms of
phenotype and behavior, iPSCs closely resemble ESCs (Liang & Zhang, 2012)(Bellin, Marchetto, Gage,
& Mummery, 2012). They either remain in an undifferentiated condition for an indefinite period, or
differentiate into any cells of the three cellular layers of endoderm (e.g. hepatocytes, pancreatic B cells,
and lung epithelium), mesoderm (e.g., bone cells and cartilage cells), and ectoderm (e.g., neural cells)
(G. Y. Chen, Pang, Hwang, Tuan, & Hu, 2012a). One of the methods to evaluate their differentiation

potential and spectrum is the teratoma formation assay.

Multipotent stem cells have a narrower spectrum of differentiation than PSCs, but they can specialise

in distinct cells of specific cell lineages(Fujita & Fukuda, 2014; Ohnuki & Takahashi, 2015). An example

13



is an haematopoietic progenitor stem cell, which can generate several types of blood cells (Zakrzewski

et al., 2019)

Oligopotent stem cells can differentiate into several cell types. For instance, myeloid stem cell can

divide into white blood cells but not red blood cells (Zakrzewski et al., 2019)

Unipotent stem cells are characterized by the narrowest differentiation capabilities and a special

property of dividing repeatedly. Their latter property set them a promising candidate for therapeutic

use in regenerative medicine.

(Multipotent)

Neural Stem Cells_\
f

I A e
Reprogramming | L@\l Differentiation

r\_,i ® Y& ) —_—
O
Lﬁ?ﬁg

Adult Somatic Cells Induced Pluripotent
(Unipotent) Stem Cells

Differentiation

Mesenchymal Stem Cells
(Multipotent)

Figure 1.1. Categorization of stem cells. Stem cells can be classified into two groups: (1) pluripotent stem cells
and (2) multipotent stem cells. Pluripotent stem cells consist of embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs). iPSCs are generated by nuclear reprogramming of adult somatic cells. Like
ESCs, iPSCs properties such as indefinite growth in the culture without a loss of pluripotency and the ability to
differentiate into all types of somatic cells in the body. Source: Kenry et al., 2018

Regulating stem cell fate has become one of the most important topics in regenerative tissue
engineering and medicine. A key factor to this control is the knowledge on various agents affecting
stem cell functions. Generally, stem cell responses, such as attachment, proliferation, and
differentiation into certain lineages, are significantly dependent on a multitude of physical, chemical,
and environmental factors, specifically substrate topography, extracellular matrices (ECMs), stem cell-
growth factor/chemical inducer interactions, and stem cell substrate interactions (Hall & Watt, 1989)
(Engler, Sen, Sweeney, & Discher, 2006) (Kommireddy, Sriram, Lvov, & Mills, 2006). Consequently, it
is crucial the development of effective physical platforms such as scaffolds or nanoplatelets for the

specific control of these environmental factors.
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Stem cells play an important role in the human body because of their ability for continual growth and
renewal. Many groundbreaking therapies in the field of regenerative medicine and tissue engineering
depend on the stem cell control. Intensive research has been carried out on stem cells to understand
the myriad of environmental factors that organize their complex molecular and cellular events. Some
representative studies target therapies based on bone marrow-derived mesenchymal stem cells
(MSCs), induced pluripotent stem cells (iPSCs), and neural stem cells (Terraciano et al., 2007).

In order to be useful in therapy, stem cells must be converted into specific cell types. A key factor in
successful regenerative medicine is the understanding of the signaling pathways for differentiation. In
directed differentiation, it is common to mimic signals that are received by cells when they undergo
successive stages of development. Through the manipulation of the culture conditions, it is likely to
restrict specific differentiation pathways and induct others. However, achieving a similar effect in vivo
is challenging and requires multiple growth factors and stable culture conditions that will allow the
promotion of enhanced differentiation of ESCs/hiPSCs into functional and desired tissues (Zakrzewski
et al., 1996). There are numerous protocols for the methods of forming progenitors of cells of each of
germ layers, such as cardiomyocytes (Burridge & Zambidis, 2013), hepatocytes, renal cells (Kadzik &
Morrisey, 2012), lung cells (Wichterle, Lieberam, Porter, & Jessell, 2002) (Spence et al., 2011), motor

neurons (Oldershaw et al., 2010), intestinal cells, or chondrocytes.

1.1.2 Adult Stem Cells

Whereas embryonic stem cells are isolated from mammalian embryos in the blastocyst stage during
the embryonic development, adult stem cells constitute a group of tissue-specific cells of the postnatal
organism into which they are committed to differentiate(Korbling & Estrov, 2003; Young & Black,
2004). With respect to the treatment of trauma and disease, adult precursor cells can be very useful
for therapies including autologous transplantation. Precursor cells can be isolated from newborn to
geriatric adults, including patients waiting for treatment. The use of autologous precursor cells
overcomes the inherent mortality associated with HLA mismatches that require the use of
immunosuppressant drugs. Adult stem cells can be harvested from a small biopsy of easily accessible
tissues, such as skeletal muscle or dermis(Weissman, 2000; Young & Black, 2004). One paradigm of a
source of adult stem cells is the marrow which contains at least three discrete stem cell populations;
haematopoietic stem cells (HSCs), mesenchymal stem/stromal cells (MSCs) and endothelial progenitor

cells (EPCs).

HSCs are found rarely, with a frequency of 1 in 10*to 1 in 10° among bone marrow cells. Other
examples of ASCs are the peritrabecular tissues in cancellous bone, cartilage, muscle, fat and

pericytes—mostly known as connective tissue stem cells, most of which are multipotent.(Alison &
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Islam, 2009; Graf, 2002). In the case of the small intestine, stem cells are identified in a postulated
stem cell niche around the crypt base. The intestinal subepithelial myofibroblasts and their secreted
basement membrane factors are proven to form and maintain the stem cell niche, and thereby play
an important role in epithelial cell function (Table 1). A characteristic example of the adult stem cell is
the hematopoietic system which is formed as a hierarchic system with multipotent, self-renewing stem
cells at the top, committed progenitor cells in the middle, and lineage-restricted precursor cells, that
generate finally differentiated cells, at the bottom (Quesenberry et al., 2002). However, this paradigm
of stem-cell differentiation restricted to its organ-specific lineage is questioned by the suggestion that
adult stem cells, maintain a previously unrecognized degree of developmental plasticity that allows
them to differentiate across boundaries of lineage, tissue, and germ layer. The results of recent studies
of the plasticity of adult stem cells, which contradict the dogma that the differentiation and

commitment of adult stem cells are restricted to their own tissue, are the subject of intense discussion.

Table 1.1 Adult human multipotent stem cells and their cell commitment
through differentiation Source: Korbling et al., 2003

Cell Type Tissue-Specific Location Cells or Tissues Produced

Hematopoietic Bone marrow, peripheral Bone marrow and blood lym-

stem cells blood phohematopoietic cells
Mesenchymal Bone marrow, peripheral Bone, cartilage, tendon, adi-
stem cells blood pose tissue, muscle, mar-

row stroma, neural cells

Meural stem
cells

Ependymal cells, astrocytes
(subventricular zone) of
the central nervous system

Meurons, astrocytes,
oligodendrocytes

Hepatic stem In or near the terminal bile  Owval cells that subsequently

Skeletal-muscle Muscle fibers
stem cells or

satellite cells

Stern cells of the Basal layer of the epidermis,

skin (kerati- bulge zone of the hair
nocytes) follicles

Epithelial stem  Tracheal basal and mucus-
cells of the secreting cells, bronchi-
lung olar Clara cells, alveclar

type Il pneumocyte

Stem cells of
the intestinal
epithelium

Epithelial cells located
around the base of
each crypt

cells ductules (canals of generate hepatocytes and
Hering) ductular cells
Pancreatic Intraislet, nestin-positive Beta cells
stem cells cells, oval cells, duct cells

Skeletal muscle fibers

Epidermis, hair follicles

Mucous and ciliated cells,
type | and Il pneumo-

cytes

Paneth's cells, brush-border
enterocytes, mucus-
secreting goblet cells,
enteroendocrine cells
of the villi
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The hierarchical aspect doesn’t seem to be the dominant explanation (Blau et al., 2001; Weissman,

2000).
1.1.3 Induced Pluripotent Stem Cells

In 2006, a major technological breakthrough in science and medicine was accomplished following the
discovery that cells with a gene expression profile and developmental potential similar to embryonic
stem cells (ESCs) can be generated from mouse somatic cells (such as fibroblasts) by applying a cocktail
of four different transcription factors (J. Yu et al., 2007). These cells were named as induced pluripotent
stem cells (iPSCs), and the four factors — OCT4, SOX2, KLF4 and c-MYC — were called “Yamanaka
factors”. After one year of experimenting, two research groups independently published and
supported the generation of iPSCs from human fibroblasts (Takahashi et al., 2007; Takahashi &
Yamanaka, 2006)(Shi et al., 2016). In order to circumvent the safety issues that arose from harboring
integrated exogenous sequences in the target cell genome, a large number of modified genetic
methods have been developed and produced iPSCs with potentially lower risks. Some of the advances
deriving from the generation of human iPSCs are that constitute an attractive alternative due to the
accuracy of the human diseases’ recapitulation (especially by using those with particular genetic
conditions). Moreover, iPSCs are generated from easily accessible cell types, such as skin fibroblasts
and blood cells, from diverse patients(Kimbrel & Lanza, 2015). Their distinctive intrinsic properties of
self-renewal and capacity to differentiate into nearly every cell type in the body, make the patient-
specific iPSCs able to provide disease-associated cells and a variety of different cell types that were

until recently inaccessible, such as neurons and cardiomyocytes (Shi et al., 2016).
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Figure 1.2. Schematic diagram depicting the human iPSC-derived disease modeling. Source: (Shi et al.,
2016)

1.2 Organoids

1.2.1 Organoids, Tissue Engineering and Regenerative Medicine

Over the recent years, stem cell research has obtained tremendous scientific attention due to the
clinical applications stem cells have in modern cell therapy and drug discovery (Nishikawa, Jakt, & Era,
2007) (Bellin et al., 2012). This special interest has formed the driving force for the development of
tissue engineering and regenerative medicine to extend to new horizons (Takahashi & Yamanaka,
2006) (Rashid & Alexander, 2013). More specifically, in the past decade, the field of tissue engineering
has been combined with stem cell biology. These areas had one common component: the regeneration
of living tissues and organs. In 1999, William Haseltine, then the Scientific Founder and Chief Executive
Officer of Human Genome Sciences, invented the term “regenerative medicine,” in order to
incorporate the areas of tissue engineering, cell biology, nuclear transfer, and materials science under
one defining term (Atala, 2012; Hasetine, 1999). Regenerative medicine involves a variety of
biomaterials which include both natural and synthetic matrices (commonly called “scaffolds”) and

biological components (living cells) to improve or repair the functions of damaged tissues. The
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increasing demand for organ and tissue transplants stimulated investigations on the regenerative

properties of cells.

One of the restrictions of using cell-based techniques to organ replacement has been the inherent
challenge of growing specific cell types in large quantities. Even in case of the liver, which carries a high
regenerative capacity in vivo, cell growth and expansion in vitro may be tough. By identifying and
isolating progenitor cells from a tissue, as well as by exploring the conditions under which
differentiation and/or self-renewal is promoted, it has been possible to surpass some of the obstacles
that previously limited cell expansion in vitro. However, conventional 2D cell culture faces some
limitations regarding cell-cell interaction, lack of cellular organization, and the difference from the real
in vivo scenario. All of the above could be improved by the use of a more advanced 3D cell culture (Y.

Chen et al., 2011).

1.2.2 Organoids: Definitions — Characteristics

Organoid technology offers the advantage to connect the field of conventional two-dimensional cell
line culture and the vivo models (Xu et al., 2018). Regarding terminology, organoids are in vitro-derived
structures that undergo some level of self-organization and resemble, at least partly, in vivo tissues
and organs(di Lullo & Kriegstein, 2017). An advantage that derives from the use of the organoids is
that they can more accurately predict drug responses, and act as a suitable platform for drug screening,
along with efficacy evaluation and pharmacokinetics analysis. Moreover, organoid technology can also
be implemented to investigate the possible optimized treatment strategies for personalised medicine.
Despite that, organoid generation is an innovative strategy for regenerative medicine and
transplantation, overcoming the lack of healthy donor tissue and inherent immunological rejection by

establishing isogenic organoids from patient microbiopsies.

Well-designed fabrication of organoids is nowadays able to mimic in vitro cytoarchitecture and the in
vivo functionalities of an organ. In this condition, PSCs self-organise into 3D organoids whose

characteristics can be summarized in four points:

1. Two or more interacting cell types
2. 3D multi-cellular structure
3. Self-organisation of multiple distinct cell phenotypes into specific supra-cellular structures

found in organs

4. Functional properties resembling the corresponding in vivo tissue. (Kim et al., 2020).

Furthermore, it has been demonstrated that 3D culture systems and organoids can be retained in
culture for long timeframes (in some cases up to 1year) (Lancaster & Knoblich, 2014) and can be

expanded after dissociation and following re-plating, enabling the formation of clonal cultures
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(Calandrini et al., 2020; Sachs et al., 2018). Studies on intestinal tissue engineering have shown that
when extracellular matrix (ECM) scaffolds and protein factors are adequately supplied, epithelial cells
of the small intestine,(Dekkers et al., 2013; Gonzalez et al., 2013; Mahe et al., 2013; Nakamura & Sato,
2018; Tuysiz et al., 2017), colon,(Sato et al., 2009) and fetal intestine (Fordham et al., 2013; Mustata
et al., 2013) of mice and humans, are organized into unique three-dimensional (3D) structures with an

efficient expansion of their stem cell populations.

A more complicated form of organoids generated by spatially organizing multiple cell types, called
assembloids, enable deeper insights into tissue architecture and function. In order to achieve a more
precise reflection of an in vivo tissue, the complexity of these organoids should be elevated.
Assembloids constitute a relatively direct approach for incorporating various cell lines by mixing them
before generating the organoids. Strategies like this have been implemented to generate brain
organoids with vasculature-like structures (Vogt, 2021). Another example of 3D cell organization are
the spheroids. In this case, different types of human cells which normally grow as monolayers or
suspension cultures are examined for their property to form and grow as spheroids.(Carlsson et al.,
1983). The production of multicellular spheroids can be initiated either by stimulating single cells to
directly generate spherical colonies through proliferation, or by inducing cell aggregation first with
subsequent growth of the aggregates. The former method is mainly applied in screening experiments

testing the cellular capacity for colony formation in semisolid agar (Mueller-Klieser, 1987).

However, it is important to mention the drawbacks of the 3D organoid model use in tissue engineering.
First of all, their generation and development require extended culture time due to cellularimmaturity,
they present challenges in microscopy, they face the inadequate mass flow of nutrients and oxygen
due to the diffusion-limited environment, and it is tough to maintain the required aseptic conditions
(Dhandayuthapani et al., 2011). Furthermore, the 3D culture of spheroids presents limitations during
analysis such as spatial analysis concerns due to the structure, requirement of fixation for histology
analysis and reliability of tissue construct in terms of drug response (Simon et al., 2016). However, the
obstacle of cellular instability and immaturity could be overcome by the incorporation of scaffolds into

a 3-D cellular culture or more efficiently the assembly of the vasculature.

1.2.3 Organoids: Generation

Engineering organoids mainly focus on developing a proper microenvironment for cells and
overcoming the challenges resembling the complexity of the cell niche. There are several methods
developed for the generation of organoids each of which facilitate different applications.

1) Use of 3D spheroids as intermediate building blocks to form the final organoid. The progress of 3D

spheroid technologies enables new paths for organoid engineering as it allows us to generate more
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complex cell aggregates, including rods, tori, and honeycombs, with a combination of hydrogels.
However, these areas must be exploited further. Still, in organoid systems, Matrigel based cell
spheroids are widely used due to their excellent biomimetic capabilities in vitro(Unagolla & Jayasuriya,
2022).

2) Bioreactors which include a dynamic 3D cell culture platform can be implemented in various distinct
organoid-related applications, including the expansion of diverse cell types such as PSCs, generation
of 3D organoids etc.

3) Microfluidics enables dynamic culture conditions with the help of automation by providing constant
inflow and outflow of medium and nutrients through microchannels and further facilitate the long-
term expansion of organoids.

4) Bioprinting can be used to pattern the living cell incorporated into biomimetic hydrogel matrices
and other biophysical cues resembling the in vivo systems.

5) Vascularization. The formation and the assembly of vascular networks in a larger organoid system
poses a major challenge to tissue engineering applications. More specifically, one strategy is a scaffold-
based system, where the vascular network is generated through a 3D modeling process, such as
bioprinting. Another parameter that enhances the expansion of the angiogenic network is the addition
of the proangiogenic biomolecules, such as platelet-derived growth factors (PDGFs), vascular
endothelial growth factor (VEGF), and basic fibroblast growth factors (bFGFs) for rapid generation of
vascular networks or angiogenesis.

6) Organ-on-a-chip platforms: This method constitutes the most integrated approach since it achieves
not only the microenvironmental control but also it models the tissue-tissue and multiorgan
interaction while reducing the variability(Unagolla & Jayasuriya, 2022). The development of the organ-
on-chip system is a combination of all the previously discussed techniques, including microarray
systems, bioreactors, 3D bioprinting, and vascularization(Zisch et al., 2003).

Brain organoids: A well-studied example of organoid generation and application research is brain
organoids which have been developed as an evolution from previous research on the culture of
embryoid bodies. Embryoid bodies form large multicellular aggregates of pluripotent stem cells that
are capable of undergoing developmental processes similar to those of the pregastrulation embryo in
vivo (di Lullo & Kriegstein, 2017). Brain organoids are hPSC-derived organoids that self-assemble to
form an organized architecture, composed of progenitor, neuronal and glial cell types, resembling the
fetal human brain (Jo et al., 2016; Kadoshima et al., 2013; Lancaster et al., 2013; Mariani et al., 2015;
Pasca et al., 2015; Qian et al., 2016). These organoids may contain areas recapitulating different areas
of the brain, often referred to as “brain organoids” or “cerebral organoids,” mirroring the broad

presence of human brain regions in vivo(Bagley et al., 2017; Kadoshima et al., 2013)
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Brain organoids can be formed via guided methods, where small molecules and growth factors are
implemented during the differentiation process to instruct hPSCs and generate cells and tissues
representative of certain brain regions, such as the cerebral cortex, hippocampus, and midbrain,
etc(Qian et al., 2019). The human brain consists of diverse cell types from the neuroectodermal lineage
such as progenitors, neurons, around 250 neuronal sub-types, glial cells, oligodendrocytes, microglia,
and vascular cells, that are mostly recruited during embryonic development(Agboola et al., 2021). This
technology can imitate embryonic organ development and human diseases, genetic disorders, and in
some cases, cancers. Patient-derived hiPSCs have been extensively investigated for their potential to
model neurodevelopmental brain disorders(Agboola et al., 2021). Regarding these applications, brain
organoids have been modeled for the investigation of the mechanisms underlying autism spectrum
disorders (ASD), where the transcriptome of ASD is compared with a control dataset of human brain
transcriptomes from the embryonic stage until adulthood(Kang et al., 2011a). Another example of the
brain organoids’ applications is the Alzheimer’s disease (AD) which demonstrates great promise in
exhibiting amyloid-B deposition and hyperphosphorylation of tau protein(Fan et al., 1995.; Hernandez
et al., 2021; Jo et al., 2016). In Parkinson’s disease (PD) a long-term neurodegenerative disease that
affects mainly the motor system the research focuses on the neurodegeneration of dopaminergic

neurons (DA neurons) found at the midbrain (Kang et al., 2011b).

1.2.4 Organoids: Prevascularisation

A major problem that tissue engineering has to deal with, is the cell death related to tissue construct
expansion and finally in vivo implantation (Ko¢ & Gerson, 2003). In order for tissue engineering to
surpass the tissue thickness limit of 100—200 um, it must overcome the challenge of generating
functional blood vessels to supply cells with oxygen and nutrients and to remove byproducts (Jain et
al., 2005). One alternative to this, is vascularisation of engineered tissue constructs before

transplantation by the induction of angiogenesis.

The journey of this trial began back to 2010. Baptista et al. proceeded with the implantation the
vascular network scaffold into the liver of mice. It was observed that there was a position that
endothelial cells aggregated (Baptista et al., 2011). Clearly, the typical vascular endothelium and liver
epithelium could be recognized, which is reported as the first successful development of a
bioengineered liver that has advanced the transformation of the medical field. In 2012, Quint et al.
(Quint et al., 2012) repeated the previous process by using human PSCs and ECs with SMCs, which
were observed to exhibit a vascular network structure.

A study from Levenberg et al. showed the potential of success of such an approach by engineering
three-dimensional vascularized skeletal muscle constructs from myoblasts, fibroblasts and endothelial

cells (Levenberg et al., 2005). It was observed that in vitro pre-vascularisation of the tissue constructs
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eliminated apoptosis of cells upon implantation in three different sites in mice: subcutaneous,
intramuscular and intra-abdominal. Thus, there should be noted the significance of each component
of vasculature in angiogenesis of both in vivo and in vitro systems (tissue constructs). The
developmental process of angiogenesis is described as the generation of new blood vessels from an

existing vascular mold.

Recent studies on brain organoid vascularisation demonstrated an improvement on the quality of brain
organoids due to apoptosis and stress reduction, and nutrients transport, a model that recapitulates
the human brain more closely(M. A. Lancaster et al., 2016; Mansour et al., 2018). Notably, the
continuous endothelium of the vascular component helps the maintenance of the structural and
functional integrity of the brain, so vascularisation is critical for improving this model for usage(J. Yu,

2020).

1.2.5 Organoids: Microfluidics (Connection to the Flow)

Organoids are described as complex 3D structures that exhibit architectures and properties closely
resembling those of in vivo organs and develop from stem cells or organ-specific progenitors through
a self-organisation process (Clevers, 2016; Lancaster & Knoblich, 2014; Rossi et al., 2018). As referred
above, one of the biggest challenges that scientists face while developing mature organoids is the
restricted nutrient supply, gas exchange and waste removal at the interior of the organoids. The
average diameter of organoids achieved in the majority of the studies is usually up to 3 mm (Eicher,
Berns, & Wells, 2018)(Akkerman, BioEssays, & 2017, 2017) complexity as observed in the case of adult
human brain. Thus, an important obstacle of nutrient supply was able to get overcome due to the

technology of microfluidics(Yu, Hunziker, & Choudhury, 2019).

The field of microfluidics, which involves manipulating fluids in channels with size of tens of
micrometers, has recently come into existence (Whitesides, 2006). Microfluidics has an impact on
multidisciplinary scientific fields ranging from optics and information technology to chemical synthesis
and biological investigation. Yet, is still at an early stage of development. The variety of the
implementations of microfluidic technologies are based on their useful properties. First of all, they are
made to employ extremely low amounts of materials and reagents, and to perform separations and
detections with high resolution and sensitivity, cheap cost, quick turnaround times, and small
analytical device footprints (Manz et al., 1992). The most visible property of microfluidics is its small
size, but it also makes use of less obvious qualities of fluids in microchannels, like laminar flow. It
provides fundamentally new capacities for managing molecule concentrations in both space and time.
Regarding its basic components and their contribution to the flow, there have been recognized three:

1) A department of reagents and samples introduction (probably as fluids)
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2) Methods for circulating these fluids around on the chip surface, and for mixing them

3) Detectors instruments (e.g. components for purification of products for systems used in

synthesis).(Stone, Stroock, & Ajdari, 2004)(Squires & Quake, 2005)(Beebe, Mensing, & Walker,

2002).

Figure 1.4. A simple microfluidic diagnostic device. Source: Whitesides et al., 2006

When it comes to applications in cell culture, microfluidics technology, provide controlled conditions

with optimal levels of temperature, pH, nutrient and oxygen supply and waste removal (F. Yu, Deng,
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Figure 1.5. Because the inside of the organoid lacks adequate nutrient exchange, adding flow and enhancing
nutrition and gas exchange will aid in the development of larger, more developed organoids. Future organoids
production will be more repeatable thanks to improved geometrical confinement and environmental control,

which are currently limitations of the organoid technology. Source: Yu, et al., 2019

et al., 2017a; F. Yu, Zhuo, et al., 2017). The progress of the microfluidic technology permits the

generation of the organoids with specific structural and physiological features in a controlled manner

(Choudhury et al., 2011). Moreover, when 3D cell culture is accompanied by microfluidic technology,

it can be enhanced to become more complex organ-on-a-chip and organoid-on-a-chip models (Jang et

al., 2013; Marsano et al., 2016). Microfluidic organs-on-a-chip platforms have the advantage to create

a variety of biomimetic organ models, such as lung (Huh et al.,, 2010), liver, kidney (Jang et al.,
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2013;Wang et al., 2017), heart (Marsano et al., 2016; F. Yu, Deng, et al., 2017b; F. Yu et al., 2018) and
neural networks(Rossi et al., 2018; F. Yu et al., 2019). They are able to support the integration of
multiple tissue compartments to simulate the physiology of the organs, and pursue pharmacokinetics
predictions for candidate drugs. The development of multi-organ chips has captured the physiological

complexity in the human body between different organs(Peyrin et al., 2011; Y. S. Zhang et al., 2016).
1.3 The contribution of scaffolds in tissue engineering

One of the key factors in making stem cell therapies effective and controlled is the ability to guide and
enhance the proliferation and differentiation of stem cells into specific tissue/ organ (Dawson, et al.,
2008) (Hwang, et al., 2008). The future of tissue engineering depends on three-dimensional -3D
scaffolds created by novel promising biomaterials (Mao et al., 2015; Atala, 2009; Marx, 2015). Plenty
of tissue engineering-based therapies such as wound healing and orthopedic applications have gained
approval from Food and Drug Administration for clinical experiments and are commercially available

(Bai, et al., 2019).

Scaffolds constitute necessary components for the regeneration of tissues in a 3D cell culture. Their
wide range of applications in tissue engineering aims to provide a desirable micro-environment that
allows neo-tissue to be generated properly for repairing and replacing damaged tissues or organs (Y.

Chen, Zhou, & Li, 2011).
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Figure 1.6. Schematic illustration of the 2D and 3D scaffolds when introduced in cell culture. (Bai et al., 2019)

From the mechanical aspect, scaffolds assist to eliminate external pressures and provide the
developing tissue with structural support. Scaffold properties vary regarding polymer concentration,
ligand density, porosity, structure, flexibility, and stiffness. Natural polymers such as collagen, gelatin,

elastin, silk fibroin, chitosan (CS), chitin, fibrin, and fibrinogen due to their biocompatible properties,



are widely used for forming 3D scaffolds. From the biological aspect, scaffolds are structures that
support the development of ECM and cell proliferation (Dhandayuthapani, Yoshida, Maekawa, &
Kumar, 2011). A biologically active microenvironment including the cell—cell or cell-ECM interactions,
that mimic the normal real-life physiological systems in accomplished through the generation of a 3-D
organ model. Under this proper developmental condition, enables cells grow, differentiate and
proliferate. Moreover, a surface architecture is available for supporting a variety of cell growth,

differentiation, and proliferation processes (Carletti, et al., 2011).

Some more advantages of 3D tissue cultures containing scaffolds is that they offer a wider platform

for therapeutic experimentations and drug discovery. The extended permeability of the scaffold is
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Figure 1.7. Schematic representation of 3D scaffolds Source: (Bai et al., 2019)

another factor, where the transfer of nutrients and support the removal of toxic by-products from the
tissues is assisted. Gradually degradation of the scaffold material by allowing the takeover of the cells
is another important factor to be taken into consideration to support the regenerative tissue (Hollister,
et al., 2002) (Velasco, et al., 2015).

Successful tissue engineering requires optimization of scaffold stiffness for a given application and cell
type(Levy-Mishali et al., 2009). It has been reported that substrate /scaffold properties, such as
stiffness and nanostructure, also regulate cell response. Recently, studies have demonstrated
substrate (2D) and (3D) stiffness to play an important role in differentiation, morphology, and
spreading of various cell types(Sales et al., 2006; Thibault et al., 2007). Moreover, 3D scaffold stiffness

revealed alteration in protein composition of focal adhesions,(Pelham et al., 1997) leading to changes
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in mechanical contractile forces towards cells, which may lead to scaffold deformation(Huang et al.,
2007).

In conclusion, scaffolds are formed to provide stable support, resisting cell contractile forces while
preventing tissue degeneration / deformation. As referred above, (3D) scaffold function as
extracellular matrix (ECM) in which cells originally reside, and the most likely to be used scaffold has
been an ECM-resembling structure, which is composed of nanofibers(Ahn et al., 2012; Hinderer et al.,
2016; Woo et al., 2007). Biopolymer scaffold’s properties such as stiffness are crucial for the functional
purpose of the desired engineered tissue, and can also regulate cell growth, differentiation, and
organization during tissue formation(Huang et al., 2007). Another factor affecting the suitability of a
scaffold in tissue engineering is its biodegradation rate. The biodegradation of new polymers in the
implant field are often compared to polylactic glycolic acid -PLGA as this material has a well-established
history of applications (e.g.nanotechnology, drug delivery systems, tissue engineering scaffolds as well
as other implantable medical device concepts(Ghosal et al., 2022). In conclusion, a biomimetic and
bioinspired approach to materials is one of the most promising scientific and technological challenges
of the coming years. Bioinspired materials and systems, adaptive materials, nanomaterials,
hierarchically structured materials, three-dimensional composites, materials compatible with

ecological requirements, should get research priority in advanced technologies(Sanchez et al., 2005).

1.4 Graphene: types, properties and applicability in regeneration

1.4.1 Graphene

Graphene as a nanoparticle belongs to the basic structure of graphite, which consists of a single layer
of carbon atoms. It has been reported that its in-plane strength exceeds that of diamond.
Consequently, it has become the most active research subject in all of condensed-matter physics
today(Gerstner, 2010). In 2010, Professors Andre Geim and Konstantin Novoselov were awarded with
the Nobel Prize in Physics, for being the first researchers to isolate and exhibit the properties of this
remarkable material. The properties of graphene had been studied theoretically for decades, mainly
due to the fact that it is the building block of both graphite and carbon nanotubes. In 2004, graphene
was isolated for the first time via simple mechanical exfoliation by Novoselov, Geim and coworkers.
They demonstrated field-effect transistors built from flakes of graphite just a few atomic-layers thick.
These flakes that had been peeled off a block of highly oriented pyrolytic graphite using adhesive tape.
After a short period, they succeeded in making single-layer graphene devices(Novoselov et al., 2005),
and the electronic behavior they observed in these devices was profound. In this way, it was set the

beginning on the enormous potential investigation(Geim & Novoselov, 2007).
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Figure 1.8 shows different parameters affecting cell response to graphene-based particles in
suspension. Graphene particles in suspension have the property to agglomerate and cover the cell
surface, limiting nutrient supply and inducing oxidative stress. Small and well-dispersed graphene
particles can enter cells and may interact with intracellular biomolecules. Depending on the synthesis
method chosen, graphene with various physical characteristics is yielded, which may result in
variations in the cellular response(Novoselov et al., 2004). Using mouse fibroblasts (L-929), Chen et al.

established the cytocompatibility of a graphene sheet (H. Chen, et al., 2008).
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Figure 1.8. Schematic shows different parameters of graphene in suspension that are believed to influence cellular

response Source: Kumar et al., 2015

Despite being a type of carbon allotrope, graphene has unique qualities that other carbon compounds,
including benzene and other allotropes, do not. Consequently, graphene has offered numerous
benefits for tissue engineering. Its remarkable qualities, including electrical conductivity, flexibility, and
the ability to absorb protein and other low molecular weight molecules, may change how stem cells
differentiate and how rapidly brain cells proliferate.

Electrical Conductivity: The electrical conductivity of a graphene substrate has an impact on
proliferation, migration, and differentiation of nerve cells (N. Li et al.,, 2011). There are several
techniques to alter the electrical properties of graphene, including stacking it in several layers,

changing its geometric composition, and chemically treating it (Farokhzad et al., 2009).

Elasticity: One characteristic that makes graphene ideal in regenerative medicine is its superb
elasticity. So far graphene has the highest Young's modulus compared to other identified substances.
Its value is reported to be 0.1-1TPa (Bolotin et al., 2008). Due to its high elastic force, graphene remains
unbroken and stably preserved. Without changing its properties graphene is bendable, which makes it
convenient to be coated onto surfaces (Wu et al., 2009). This native elastic property of graphene is

known to influence cell growth and its fate (Ryu & Kim, 2013).
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Adsorption of Proteins and Low Molecular Weight Substances: One important feature of graphene
that can be implemented for tissue engineering is its ability to adsorb protein and low molecular weight
chemicals. Indeed, cells, for regulatory purposes secrete autocrine and paracrine factors to regulate
their own growth and communicate with other cells. Such substances are adsorbed onto the surface
of graphene and affect cell proliferation and differentiation (W. C. Lee et al., 2011). lonic bonds and
hydrophobic interactions are the main principles behind adsorption of proteins and low molecular
weight substances on graphene surfaces (Utesch, et al., 2011) (Micksch & Urbassek, 2011). The same
mechanisms explain why trypsin (Xu et al., 2012), heparin (J. H. Ryu et al., 2011), lysozyme (Raffaini &
Ganazzoli, 2010), and peptides (Sheng, Wang, & Chen, 2010) also bind to graphene oxide and graphite.

Thus, via this property, graphene may exert considerable impact on cells.

Cytotoxicity: Nevertheless, in several reports, graphene has been responsible for causing cytotoxicity
when introduced in cell culture (Liao, Lin, MacOsko, & Haynes, 2011a) (Sasidharan et al., 2011)(Y. Li et
al., 2012). It is should be noted that, in most papers, the graphene and GO used for cytotoxicity assays
and other biological effects assessments were pre-modified with polyethylene glycol (PEG), proteins,
or other materials, which limited somehow the insight into the cellular uptake of the pristine graphene
and GO (Mu et al., 2012)(Contreras-Torres et al., 2017a)(J. Yuan et al., 2012)(Akhavan, Ghaderi, &
Akhavan, 2012)(Chang et al., 2011)(Liu, Robinson, Sun, & Dai, 2008). Mechanisms underlying the
cytotoxic effect include plasma membrane damage (Sasidharan et al., 2011b) (Liao, et al., 2011)(Zhang
et al., 2010)(Akhavan & Ghaderi, 2010)(Contreras-Torres et al., 2017), impairment of mitochondrial
activity , induction of oxidative stress (Zhang et al., 2010) and DNA damage (J. Yuan et al., 2012). As a
result, they were leading to apoptotic and/or necrotic cell death (Akhavan et al., 2012)(Chang et al.,
2011)

In addition to the above, the main reason for much of the enthusiasm about graphene is its promising
properties for new technology. The speed with which charge carriers move in graphene make it a
distinguishable candidate to succeed silicon in high-speed computer chips. The co-existence of high
conductivity, inherent flexibility and near-perfect optical transparency make it ideal for solar cells,

touch-screen displays and similar large-area devices.

1.4.2 Graphene Oxide

The promising properties of GO in bio-applications are determined from its special chemical structures
and oxygen containing hydrophilic utilitarian bunches (Chung et al., 2013) (Dreyer, Park, Bielawski, &
Ruoff, 2010). Many published pieces of evidence have reported that GO in the form of a suspension is
more biocompatible than that of graphene or reduced graphene oxide. As a result, numerous cell

studies have been performed on GO or GO-derived substrates or films for tissue engineering (Kumar
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& Chatterjee, 2015). GO films influence cell expansion, morphology and guide stem cell differentiation
due to the presence of hydrophilic oxygenated functional groups on its surface (W. C. Lee et al.,
2011)(Tang et al., 2013). The presence of epoxide, hydroxyl, and carboxyl groups on the basal planes
and edges of graphene/RGO enhances interaction and adsorption of serum proteins than those of
graphene/RGO alone. Thus, GO is important for the effective cell attachment, proliferation, and
differentiation that occurs during cellular interactions. It has many excellent properties when it comes
to aqueous processability, amphiphilicity, ease of surface functionalization, surface enhanced Raman
scattering property, and fluorescence quenching ability (Morozov et al., 2008) (C. Lee, Wei, Kysar, &
Hone, 2008). The potential for GO-based composites as medical implant surfaces or as scaffolds
(Tomioka et al., 2010) drug carriers, as bio-sensors (Elizabeth Stadler Ng et al., 2005) for vascular tissue
engineering has also been explored. However, it has also been claimed that a GO-based composite can

inhibit the growth of vascular smooth muscle cells (VSMCs)(Keyoumu et al., 2019)

As already mentioned, GO has proven to present a remarkable ability to adhere onto the surface of
cell membrane and block the exchange of nutrients and oxygen, resulting in cell death (Heo et al.,
2011). As a result, GO caused membrane damaging and lipid extraction due to the amphiphilic
characteristics of GO. Once GO is internalized by living cells and accumulates in the cytoplasm and
causes toxic effects (Lammel et al., 2013). Furthermore, intracellular GO causes the production of

reactive oxygen species (ROS) and induces oxidative stress(Y. Li et al., 2012), apoptosis(Y. Li et
al., 2012), and DNA damage(Akhavan et al., 2012).With the increasing use of GO in tissue engineering,
it is important to understand its potential risks and further study the interactions between GO and

surrounding cells. (Castro Neto, Guinea, Peres, Novoselov, & Geim, 2009)(Feng, Zhang, & Liu, 2011).

1.4.3 Graphene Internalisation

According to previous results, NPs initially interact with the plasma membrane, often followed by
their transfer into the cytoplasm (Fisichella et al., 2010; Ma et al., 2013; Treuel et al., 2013) via either
clathrin-dependent or clathrin-independent endocytosis pathways (i.e. via caveolae), that might need
the presence of membrane-severing GTPase dynamin (Carr & Rizo, 2010; Doherty & McMahon, 2009).
However, the accurate pathways of cellular uptake of NPs have remained elusive (Carr & Rizo, 2010).
Following cellular internalisation, NPs are delivered to the endolysosomal system (Cleal et al., 2013),
where they may accumulate. Lysosomes play a significant role in cell physiology ranging from the
degradation of malfunctional or aggregated proteins, through autophagy, or lipids to nutrient signaling
and cell growth (Settembre et al., 2013). For instance, internalised growth factors like EGF are moved

to late endosomes (Raiborg & Stenmark, 2009), which fuse with lysosomes to transfer their

30



intralumenal content for degradation (Luzio et al., 2010). Cellular uptake and accumulation of NPs

directly affects the function of the endolysosomal system and their cell physiology in general.

Data from previous research have shown that dextran functionalised GO, when injected into mice, is
distributed to various organs in which it can be still be found 4 h later (stomach, lung, kidney &
intestine) (Rong et al., 2014). One more example of nanoscale graphene sheets (NGSs) processed with
PEG demonstrate that are similarly distributed to various organs right after injection, but mainly
accumulate in the liver and spleen. Lammel et al., worked on human hepatocellular carcinoma cell line
Hep G2 where they investigated the interaction between the plasma membrane and the GO and
carboxyl graphene (CXYG) nanoplatelets. Through TEM microscopy, they observed the internalisation
and intracellular pathway of ultrathin sections of GO and CXYG-treated cells (Lammel, Boisseaux,
Fernandez-Cruz, & Navas, 2013a). GO and CXYG nanoplatelets were found to pierce through and
mechanically disassembly the plasma membrane. At some of the sites where the nanoplatelets
interacted with or penetrated through the plasma membrane, some highly-organized fibrillar
structures were identified, resembling intermediate filament bundles (Lammel, Boisseaux, Fernandez-

Cruz, raphene& Navas, 2013b).

1.4.4 Applications of Graphene-Based Nanomaterial in Tissue Engineering

Recently, graphene has emerged as an innovative nano-platform with promising potential for
biomedical applications and translational research, such as tissue engineering and Regenerative
Medicinee (Novoselov et al., 2004a) (L. Zhang & Webster, 2009) (W. C. Lee et al., 2011) and drug
delivery (Dvir, Timko, Kohane, & Langer, 2011), because of its physical, chemical, and mechanical
properties). Carbon-based nanomaterials pose an excellent platform for the development of 3D tissue
engineering scaffolds (Minami et al., 2015)(Bolotin, Sikes, Jiang, et al., 2008). Many tissue engineering
investigations have used carbon materials with different dimensions, such as fullerenes, carbon
nanotubes, and graphite, because of their mechanical properties. These carbon nanomaterials are
similar in size and shape to proteins found in the ECM, which is why they are considered to be physical
analogs of ECM components (Martinelli et al., 2019; Minami et al., 2015). Carbon materials of different
dimensions such as fullerenes, carbon nanotubes, and graphite were successfully employed in many
tissue engineering investigations because of their mechanical properties (Minami et al., 2015; Akay,
2006). These carbon nanomaterials because of their similar dimensions they are resembling physical

analogs of ECM components such as collagen fibers.

NPs in general, and especially graphene nanoplatelets (graphene nanoplatelets (GNP), which are short
stacks of platelet-shaped graphene sheets) are shown to provide high regulation to properties of

scaffolds such as enhancing their mechanical strength and providing regulated release of bioactive
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agents (Park et al., 2012) (Pérez, Won, Knowles, & Kim, 2013)(Cheng, Tietjen, Saucier-Sawyer, &
Saltzman, 2015)(Bahal et al., 2016)(Mi et al., 2016). Additionally, limiting factors included into the
organoid formation such as low solubility, unstable bioactivity and short half-life of bioactive molecules
(growth factors, cytokines, inhibitors, etc.), have brought out the NPs as one of the most suitable
candidates for bioactive agent delivery and monitoring for applications (Park et al., 2012; Pérez et al.,
2013; Cheng et al., 2015; Bahal et al.,, 2016; Mi et al.,, 2016). More specifically, graphene-based
scaffolds have been applied in various medical applications including tissue engineering for the past

few decades. Their preparation involves different synthesis approaches such as:

1) Covalent amide interactions by mixing graphene nanostructures with natural or synthetic
polymers through gas foaming technique (ammonium bicarbonate as the porogen)

2) Graphene with different ratios of polymers and metal ions directed CVD process,

3) Self-assembled graphene foam (GF) mostly generated by hydrothermal synthesis and

4) Chemical etching (X. Li et al., 2016)(Kumar et al., 2015)(Jiang et al., 2014).

The progress of tissue engineering from 2D to 3D cultures introduced many concerns, which were
suppressed by the excellent performance of graphene-based scaffolds. This issue was addressed due
to graphene and graphene oxide (GO) aromatic scaffold nature. More specifically, they consist of
potential compounds for promoting the cell behavior including attachment, growth, proliferation, and
differentiation (Shadjou, et al., 2017)(Ryoo, et al.,, 2010)(Wang et al.,, 2011. Thanks to the
biocompatibility at low concentration (Heo et al., 2011) and 2D nature with ultra-large surface area,
graphene and GO have recently captured interests as cell culture substrates. Despite the promising
outcomes about biomedical applications of graphene-related nanomaterials, there are still some

concerns about the potential toxicity and biocompatibility of these nanoplatelets (Nair et al., 2015).
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1.4.5 Graphene in Organoids:

Graphene has very recently been added to organoids. Zhang and coworkers generated 3D bioprinted
functional osteocyte bone organoids containing graphene to investigate mechanical loading (J. Zhang
et al.,, 2022). Furthermore, Liu and coworkers generated human brain organoids containing GO.
However, the high concentration used 50ug/ml was cytotoxic and altered lipid homeostasis through
ER stress (X. Liu et al., 2022) underlying the importance of careful titration of the concentration and

type of graphene used.
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Charge transport and surface area for
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Figure 1.9. Utility of multifunctional properties of graphene-based substrates for various biomedical
applications. Source: Kumar et al., 2016

2.Aim-importance

The main goal of the present study is the development of a graphene containing vascularised brain
organoid. Towards this direction, we performed an initial screening of 9 types of graphene, differing in
diameter, surface area and concentration, on HUVECs to select the optimum graphene types regarding
their effect on the cell proliferation. Later, we repeated cell growth assays using 3 candidate types for
each of all vascular cell types assembling a vascularised brain organoid, to ensure the lack of

cytotoxicity in any compartment. In addition, we needed to ensure that all cell types with which the
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graphene would come into contact did not show any signs of cell phenotype or cell function alteration.
These cell types include HUVECs, mural cells (both cSMCs and sSMCs), and human vascular progenitor
cells differentiated from hESCs (CD34*VPCs). In addition, we addressed the maintenance of the
pluripotency state of the hESCs in presence of graphene. Even a minor change in cell fate commitment
could result in the generation of an organoid unable to recapitulate the exact conditions of early
human embryonic development. After gathering our first results, we examined the way graphene used
in certain concentrations inhibits cell proliferation and the possibility that there is a specific
internalization pattern. After incubating cSMCs with the 3 candidate graphene types and staining them
with specific IF markers, we realized that there is a size-dependent manner of internalization which
excludes the larger particles. At the same time, we brought all our observations together and
generated vascular organoids where we investigated the effect of graphene nanoplatelets in the
assembly and cell-cell interactions of this 3D structure. The ultimate goal of the present study was to
evaluate the angiogenic potential of the vascular organoids when generated in the presence and
absence of graphene. Our promising results are presented in detail in the following section. The effects

of graphene on neural cells were addressed in a separate study.
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3. Experimental procedures

3.1 H1 Embryonic Stem Cell Culture

H1 hESC line was purchased from Wicell Research Institute (Madison, WI, United States). hESCs were
cultured on six-well tissue culture plates coated with hESC-qualified Matrigel (Corning, 354277) in
mTeSRplus medium (StemCell Technologies, 05850) at 37°C and 5% CO,. Every 4—6 days, cells were
passaged enzymatically using 1 mg/ml versene (Lonza — BE17-711E) for 2 min at 37°C. hESC colonies
were then harvested, dissociated into small clumps and replated into Matrigel-coated 6-well plates.

Pluripotency markers and graphene addition

Oct 3/4

Day 0
Adéiﬁon of G2, Day 2 (48hrs) Day 4 - 48hrs after
G9 & GO Addition of G2, the 2"d additicon

G9 & GO of G2, G? & GO

Figure 3.1. Schematic timeline of the total duration of the experimental process and the time points of
graphene’s addition

After the attachment of the H1 colonies and their morphology assessment (usually 24 hours), graphene
and graphene oxide were introduced into the cell culture with a medium change. Graphene
nanoplatelets were added in two different groups of concentrations. The first one included high
concentrations of 5, 25 & 50 pg/ml and the second one was comprising of a lower one (1pg/ml). After
48 hours, the medium was removed carefully without discarding a portion of graphene. Then, the
removed medium was centrifuged for 3 minutes at 13.200 rpm and the supernatant discarded. The
pellet of graphene was diluted again with fresh mTESR plus and was added back to each well. In this
way, it is reassured that the final concentration is not altered throughout the experiment. On day 4
(48 hours after the medium change), a lysis buffer was prepared and lysates were taken and processed
according to the western blotting protocol and were checked for the expression of a characteristic
pluripotency marker Oct 3/4. We performed a fluorescent-blot for a better visualisation of our
antibodies on the Azzure imaging Biosystems. The antibodies that we used are Oct 3/4 and GapDH
(Glyceraldehyde 3-phosphate dehydrogenase). The first one is a key regulator of pluripotent cells
across mammalian species and the second one catalyzes an important energy-yielding step in
carbohydrate metabolism. Its presence is ubiquitous in bone marrow, heart and 24 other tissues and

as a result it is used as a loading. The results from both sets of conditions are displayed on Figure 4.4.
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3.2 Human Umbilical Vein Endothelial Cells (HUVEC) isolation:

Before the beginning of the isolation procedure, PBS, M199 PLAIN medium (Gibco, 31150-022) and
FBS were incubated in a 37°C waterbath. The umbilical veins were collected from the Gynecology
Department of University hospital of loannina. Cords were washed twice with PBS which was
preheated to 37°C. Then, 3-way stops were attached to each side of the cord and were tied with
surgical thread. After that, almost 15ml of collagenase (Worthington Biochemical) were added (750 ul
in 50mL PBS) to each cord. The sealed cords were placed in waterbath for 12 min strictly. Then, the
cord was opened at one end and the collagenase collected. 15-20 mL of M199 medium enriched with
10% FBS, 47ug/ml Endothelial Cell Growth Supplement (ECGS), 4,7U/ml heparin (Sigma, H-3149), 1%
penicillin and 1% streptomycin were washed through the cord so that the majority of endothelial cells
were detached and collected. The collected sample was centrifuged at 1100 rpm for 5 minutes. The
supernatant was discarded and the pellet resuspended in Full HUVEC Medium. Cell populations from
different cords were pooled and plated on collagen (Corning, 354236)-coated plates, which were
incubated for 30 minutes at 37oc and then washed twice with PBS. ECs from human umbilical vein
(HUVEC) were cultured in Full HUVEC Medium as follows: M199 (Gibco) medium supplemented with
20% fetal calf serum (FCS), 47 pug/ml endothelial cell growth supplement (ECGS), 4.7 u/ml heparin

(Sigma) and 1% penicillin-streptomycin as described (Bellou et al., 2012).

3.3 Differentiation and characterization of contractile and synthetic vascular smooth muscle cells
from hESCs

Both contractile and synthetic SMCs were generated using methods established in our lab (Markou et
al., 2020). For contractile SMCs (cSMCs) generation, hESCs were plated on matrigel, cultured in
contractile differentiation medium (CDM - 2,5% ADSC) consisting of basal medium (Lonza, PT-3273)
supplemented with 2.5% FCS (Gibco, 10270-106) and glutamax (Gibco, 35050) for 9 days with daily
medium changes. On day 9 cells were detached enzymatically using 0.05% Trypsin-EDTA (Gibco,
25300-054) and replated on gelatin (0.1% Gelatin-Millipore, ES-006-B) coated dishes and cultured in
CDM until confluency (2-3 days). Medium was changed every second day. When 60-70% confluent,
they were passaged again in a ratio of 1:2. One well was kept for the maintenance of the contractile
phenotype using the CDM and the other proceeded with further differentiation towards the synthetic
phenotype. There the medium changed from 2.5% ADSC to Synthetic Differentiation Medium - PM,
which induces the synthetic phenotype. 48 hours later, the synthetic SMCs were generated. For the
generation of the synthetic SMCs (sSMCs), cSMCs were seeded on gelatin coated dishes for 24 h and

subsequently the medium was changed to either CDM supplemented with 2 ng/ml FGF2
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(Immunotools, 11343623) or synthetic differentiation medium (SDM - Pericytic medium) for 48 h. SDM
medium consisted of a basal medium (ScienCell, 1201-b) supplemented with 2% FCS, and a

combination of growth factors (ScienCell, 1252) 2 ng/ml EGF, 2 ng/ml FGF2 and 2 ng/ml IGF-I (Markou

et al., 2020).
Contractile Differentiation Synthetic Differentiation
medium (CDM) medium (SDM)
A A
) [ )
hPSCs hPSC-cSMCs hPSC-sSMCs
replatlng Day 2
- && -
- - _a:mr_ -eﬁmr_
Day 0 Day9 Day 11

Figure 3.2. Differentiation of hPSCs to cSMCs and sSMCs. Overview of the differentiation
procedure for 11 days

3.4 Smooth muscle protein markers
According to previously described differentiation protocols in our lab, (Markou et al., 2020) when
both cell types were generated, graphene nanoplatelets and graphene oxide were added to cell

culture. Graphene derivatives (G2, G9 and GO) were introduced in each medium in various

2,5% ADSC Graphene in
N 2,5% ADSC
+
(] b & . O
cSMCs 2 days cSMCs 2 days cSMCs

Figure 3.3. Schematic diagram of experimental process to generate cSMCs with the presence of graphene and

assess the effect on the smooth muscle phenotype via western blotting

Pericytic G_rap_henedl.n
Medium Pericytic Medium

< - >b—+>b

2 days SSMCs 2 days sSMCs

cSMCs

Figure 3.4. Schematic diagram of experimental process to generate SSMCs with the presence of graphene and

assess the effect on the smooth muscle phenotype via western blotting.

concentrations for 48 hours. Lysates of both phenotypes were taken using the lysis buffer and analyzed

by western blot analysis.
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More specifically, we have developed an experimental process where cSMCs were expanded to
passage 3 in gelatin-coated 12-well plates. The next day, they were assessed for their morphology and
attachment, then the 2.5% ADSC medium was changed to pericytic medium to develop the synthetic
phenotype. Cells were incubated with new medium for 48 hours and then when the phenotypical
transition was accomplished, graphene was added in cell culture following a medium change. We used
4 graphene conditions (G2 1 pg/ml, G2 10 pg/ml, G9 1 ug/mland GO 1 pg/ml). Graphene nanoplatelets
remained in the cells for 48 hours. Then, supernatant was discarded, cells and lysates were taken using
the lysis buffer. Lysates were processed and samples underwent a western blotting for the
investigation of the graphene’s effect on smooth muscle markers expression. At the same time, we
examined graphene’s effect on the phenotypic markers of cSMCs. In this case, diluted graphene was
introduced in 2.5% ADSC medium. Graphs were generated from 3 independent biological repeats.

Chemiluminescent detection was used for western blotting and proteins’ expression was visualised via
Azure Biosystems (USA). Images were collected, processed with Quantity One Analysis software (BIO-
RAD) and then converted to band density values. Each value of SM markers was divided to the values

of the loading protein and then they were normalised to control.

3.5 Differentiation and isolation of CD34+VPCs

The differentiation of hESC towards CD34*VPCs was developed under chemically determined
conditions according to the protocol that has been described from our research team (Tsolis et al.,
2016) a modified protocol from (Tan, Sriram, Rufaihah, Neoh, & Cao, 2013). The hESCs were cultured

on Matrigel coated wells in mTeSRTM1 for 48 hrs. The mTESR Plus medium was (day 0) was replaced

'Day 2 0 1 3 5 VPC/CD34*VPCs
H1 hESCs 5 pM GSK 25 ng/ml 80 ng/ml Confirmation Magnetic
Wicell inhibitor BMP4 Mesoderm  VEGF-A CD34* sorting “
Research Institute APEL med. APEL med. (anti-CD34)
> > - > > /
complete
mTeSR™ APEL medium
medium

Day 3: 2nd Medium
change

Centrifugation
Graphene pellet dilution

DO: Graphene D1: 1st Medium

induction change
+G2. G9 GO Centrifugation
Graphene pellet

Figure 3.5. Schematic diagram depicting the chemically determined differentiation protocol for the generation

of VPC/CD34" for an initial hESCs cell population
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with Apel medium, which induces the differentiation towards ECs (Tsolis et al., 2016) containing CHIR,
5uM (Selleckchem, 99021) and 24 hours later another medium change was carried out with Apel
medium containing 25ng/ml BMP4 (Gibco, PHC9534) for a further 48h. Afterwards, a third medium
change followed where Apel was enriched with 80ng/ml VEGF (Immunotools, 11343663) for 48h.
Finally, the hESC-VPC (Vascular Progenitor Cell) expressing the surface marker CD34 (25-35%) were
isolated using the anti-CD34 immunomagnetic beads (EasySep Selection Kit, Stem Cell Technologies,
18056) The CD34+ cells were cultured in wells coated with 5ug/cm? fibronectin (Corning, 354008) in
APEL medium enriched with 50ng/ml VEGF. When the cells reached confluency, they were re-cultured
following trypsinization (Gibco, 25300-054) and were placed in wells covered with fibronectin in a 1:2
ratio. The differentiation protocol is shown in Figure 3.5. It was of great importance, to keep the
concentration of graphene nanoplatelets stable throughout the experiment. The addition of graphene
nanoplatelets was performed at day 0, which was diluted in APEL, enriched with CHIR, medium. Before
each medium change, we collected the supernatant, while slightly moving the plate upwards, and we
added the new APEL with the proper agent. Then, the collected medium was centrifuged at 1200 rpm
for 1 minute, the supernatant was discarded and the medium was centrifuged once again. After this,

we kept the pellet, diluted it in few pl of the new medium and added it to the cells.

3.6 Generation of Vascular Organoids/Spheroids

Vascular organoids (consisting of hESC-contractiie SMC and HUVECs) were created using
methylcellulose (Sigma, M0512) and the hanging drop technique for 48 hours as previously described
(Korff & Augustin, 1998). In brief, each vascular organoid was generated from 1,000 cells at a ratio of
1:9 hESC-SMCs: ECs in 10 pl solution (EGM-2 medium/methylcellulose solution:4:1), cultured in a
hanging drop for 2 days at 37°C and 5% CO..

3.7 Cell growth assay

Cell growth was assessed by measuring the proliferation rate of cells when graphene derivatives were
introduced in cell culture for 40 hours. By the time they reached, 80-90% confluency, cSMCs were
expanded in vitro under standard conditions to passage 4 and then counted as single cells. In the
present study we examined the effect of graphene on vascular cell lines (Results 4.2-4.4) and on H1
hESCs’ cell proliferation (Appendix 6.1). Depending on the cell type, we placed cells in a 96-well plate
(Corning, USA) which was coated either with matrigel, collagen or gelatin. All cells used were either
infected with H2B-mCherry lentivirus or overexpressed the non targeted mcherry plasmid. This second
alternative was achieved by targeting the mCherry ORF under the control of the actin promoter to the
AAVS1 safe harbor locus in H1 ESCs (MI and MM unpublished results). The resulting cells exhibited a

strong mCherry expression which was visualised by excitation at 561nm. The H1 mCherry cells were
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differentiated to VPCs/CD34* and then they isolated as described above. We then used H1 hESCs
constitutively expressing GFP also under the control of the actin promoter (A.P. unpublished results)
to generate cSMCs and sSMCs which could be activated at 488nm. In this way, using mCherry
VPCs/CD34* and GFP vSMCs we could later generate vascular organoids in the presence and absence
of graphene and avoid the lengthy indirect immunofluorescence required when using unlabelled cells.
After the placement of the cells into a gelatin-coated 96-well they were incubated (37°C) for 24 hours.
Then, graphene nanoplatelets were introduced in 5 different concentrations 1, 5, 10, 25 and 50 pg/ml
in the proper medium for each cell line. After replacing the medium with the one containing the
graphene, the plate was transferred into an empty space on the IncuCyte. The Incucyte® Live-Cell
Analysis Systems are real-time quantitative live-cell imaging and analysis platforms that enable
visualization and quantification of cell behavior over time, by automatically gathering and analyzing
images around the clock within a standard laboratory incubator. This enables researchers to make
time-lapsed, kinetic measurements from living cells over days and weeks thus providing insight into
active biological processes in real time. Finally, the system was set up from IncuCyte ZOOM 2016B

Software to take 4 pictures of all the selected wells every 4 hours.

3.8 Western Blot Analysis

Protein extraction was performed from whole cell lysates using a lysis buffer containing (940ul of PBS
1x, 50ul 20% SDS, and 10ul PMSF) and quantified with a BCA Protein Assay kit (Thermo Scientific,
23225). Samples were prepared, subjected to SDS-PAGE, and blotted onto a nitrocellulose membrane,
as previously described (Bellou et al., 2012). Specific proteins were detected following incubation with
primary antibodies and peroxidase-conjugated secondary antibodies using the Azure documentation
system. Alternatively, IRDyes were used as secondary antibodies, for the fluorescent blots.

Quantification of band intensities was performed using Quantity One Analysis software (BIO-RAD).
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Table 3.1. Primary and secondary antibodies used in the current thesis

Antibody Strand / Clone Manufacturer

a-SMA 1A4 Dako, USA

Calponin CALP Dako, Denmark

SM22a Polyclonal Dako, Denmark

Nanog Polyclonal Cell Signaling, USA

Tubulin E7 DSHB, USA

a-GAPDH Monoclonal DSHB, USA

a-0CT4 sc5279 Santa Cruz, USA

CD34-PE 4H11[APG] Immunotools, Germany
a-Mouse HRP Polyclonal Thermo Fisher Scientific Inc.,

Netherlands

a-Rabbit HRP Polyclonal Jackson, ImmunoResearch

Laboratories, USA

VE-cadherin PEG (3)

Alexa Fluor® 488 AffiniPure Polyclonal Jackson  ImmunoResearch
Donkey Anti-Mouse IgG Laboratories, USA

(H+L)

Alexa Fluor® 488 AffiniPure Polyclonal Jackson  ImmunoResearch
Donkey Anti-Rabbit 1gG (H+L) Laboratories, USA

Alexa Fluor® 594 AffiniPure Polyclonal Jackson  ImmunoResearch
Donkey Anti-Mouse IgG Laboratories, USA

(H+L)

3.9 Immunofluorescence

Adherent contractile SMCs: Indirect immunofluorescence on adherent cells was performed as
previously described (Bellou, 2012 #68) using primary and secondary antibodies. Initially, at
approximately 50% confluency, cells were washed twice with PBS, fixed in 3.7% PFA (Sigma — P6148)
for 15 min and quenched with 50mM NH4Cl (Sigma — A4514) for 15min. Subsequently, cells were
permeabilised with 0.5% Triton X-100 (ThermoFisher Scientific — 10254583) for 4min, blocked in 10%

FCS for 20min and incubated for 1 hour with primary antibodies. Next, cells were washed 3 times for
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S5min in PBS and incubated with secondary antibodies for 1 hour. Cells were washed 3 times for 5min
in PBS and cell nuclei were stained using DRAQS5 (Sigma) for 10 minutes. In the case of phalloidin
staining, after the incubation of the secondary antibodies, cells were washed 3 times for 5min in PBS
and then phalloidin was added for 20 minutes. Then, cells were washed with PBS and mounted in
moviol (EMD Millipore) and DABCO (Sigma), and images of nine fields were taken on a Leica TCS SP5
confocal microscope using HCX PL APO CS 40 x 1.25 OIL objective.

3.10 Vascular organoids/spheroids: Vascular organoids or spheroids were fixed in 3.7%
paraformaldehyde (Sigma — P6148) for 1 hour at RT, permeabilized with 0.2% Triton-X/0.9% gelatin
solution for 1 h, and 0.5% Triton-X/0.9% gelatin solution for 15 min, and incubated with primary
antibodies overnight at 4°C. The next day, the vascular organoids were washed 5x with 0.2% Triton-X
and incubated with secondary antibodies for 1 h. After rinsing 5x with 0.2% Triton-X and incubation
with Drag5 (Thermo Fisher Scientific) for 10 min, images were taken on a Leica TCS SP5 confocal
microscope using HCX PL APO CS 40 x 1.25 OIL objective. At least 5 vascular organoids or spheroids
were analyzed per experiment. Both vascular cell types were phenotypically characterized using cell-
specific antibodies. For endothelial cell staining, we used VE-cadherin which constitutes a vascular
endothelial cadherin playing an important role in maintaining a restrictive endothelial barrier. For the
synthetic phenotype of the smooth muscle cells we stained with SM22, a cytoplasmic marker
specialized in this type of cells. Afterwards, we incubated them with their secondary antibodies (Alexa
488 a-mouse for the VE-cadherin and Alexa 568 a-rabbit for SM22) and finally with Draq5 for nuclear
staining.

The structure of vascular organoids was also evaluated by using an alternative way of fluorescent cells.
In this case, we used contractile SMCs expressing the GFP protein and the CD34+ VPCs with the
mcherry fluorescent protein which showed green and red colour respectively. In this way we overcame
the restrictions of an insufficient infection or immunofluorescence staining.

3.11 In vitro Angiogenesis Assay

Vascular organoids: Vascular organoids were plated on polymerized matrigel, in p-Slide Angiogenesis
plates (IBIDI) and cultured in EGM-2 medium (2 organoids/well). Media changes were performed every
2 days and organoid sprouting was observed daily. Images from at least 3 vascular organoids were
taken on day 2 using a Leica TCS SP5 TIRF microscope. One day before the organoids transfer into
matrigel (Corning, 354234), it was stored at 4°C in a box filled with ice, so that it would gradually thaw
overnight. By the next day, 10ul of matrigel were placed carefully, without creating bubbles, into the
p-slide angiogenesis wells (IBIDI, 81501). The whole procedure was performed on ice, using cold
pipette tips, in order to avoid matrigel’s rapid polymerization before its placement into the wells. For

the humidity’s maintenance due to the small volumes used, the u — Slide Angiogenesis plate (IBIDI)
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was transferred into a larger plate (10 cm diameter) where a piece of wet paper was also introduced.
The whole construct was then incubated at 37°C for 60 min. Then, a vascular organoid was placed in
every well along with 40ul EGM-2 medium. Medium change was carried out every 2 days, while the
organoids were checked for their sprouts daily. Images were taken via the confocal Leica SP5 and the
sprouting quantitation was performed with the Image J software.

3.12 Fluorescence-activated single cell sorting (FACS)

This method is based on the characteristic scattering of light and fluorescence that every cell emits.
CD34+ cells were enzymically removed with 0,05% Trypsin, transferred to new tubes with PBS enriched
with 2% FBS and 1mM EDTA and were centrifuged for 5min at 1.200rpm. Afterwards, they were
resuspended in the same dilution with final concentration 200.000 cells/40ul. Antibodies labeled with
fluorescent dyes (FITC-Fluorescein isothiocyanate or PE-Phycoerythrin or APC-Allophycocyanin) were
added to the 40ul mixture of cells and then incubated for 30min in absence of light. In the present
study we used CD34- PE antibody. Consequently, 400ul PBS were added, cells were resuspended and
then centrifuged for 5min at 1.600rpm. Then, the supernatant was discarded, cell pellet was diluted in
1ml PBS and transferred to a cone-like tube of 1,5ml suitable for the FACS machine, CyFlow (Partec,
Minster, Germany). 20.000 incident were collected from every sample and their analysis was carried
out using the FlowMax software.

3.13 H2B Lentivirus production

HEK 293T were cultured in DMEM High (DMEM 31885 10% FCS, 1% P/S) and plated into 150 cm culture
dishes for virus production. When 60- 70% confluent, cells were transfected with the following
plasmids: (1) 15 pg psPAX2 (#12260, ADDGENE) (Trono Lab Packaging and Envelope Plasmids): plasmid
which carries the pol and gag genes, expressing the viral enzymes and proteins of capsid which are
responsible for the virus 73 packaging (2) 5 ug pMD2.G (VSV-G) (#12259, ADDGENE) (Trono Lab
Packaging and Envelope Plasmids): plasmid which bares the env gene, expressing a viral envelope
which performs a docking to hosting cells and (3) 25 pg construct of interest PGK-H2BmCherry (#21217
ADDGENE) viral vector expressing the H2B histone which is attached to mCherry through the PGK
promoter (phosphoglycerate kinase) (192), using CaCl2 (Sigma — 223506)/ HBS (50mM NaCl Acros
Organics — S316065, 1.5mM Na2HPO4 Sigma —30435, 280mM HEPES Sigma — H4034). 2 hours before
transfection the medium was changed to DMEM serum free without penicillin/ streptomycin. Plasmid
DNA was added dropwise into HBS and stayed for 15 min in room temperature. Then, it was added
dropwise to the cells for 24 hours. After 24 hours the medium changed back to full DMEM as
previously. The virus was collected at 72 hours from the 293T cells.

Virus collection: The culture medium from the transfected 293T cells was collected in a 50ml falcon

tube, centrifuged at 2000 rpm for 5 minutes at room temperature to remove cell debris and the
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supernatant was filtered using a 0.45um non-pyrogenic sterile filter (SARSTED, Germany — 83.1826).A
20% sucrose solution was prepared, filtered and added to sterile plastic tubes. 10 mls of the viral
supernatant was then layered on top of the sucrose solution. The samples were placed into the
Beckman centrifuge and ultracentrifuged at 25,000 rpm for 2 hours using a SW41 Ti Swinging Bucket
Rotor (BECKMAN COULTER, USA). The supernatant was discarded and the pellet resuspended in 100-
200uls tissue culture PBS, aliquoted in 30ul amounts and stored at -80°C.

Lentivirus Titration in Smooth Muscle Cells: cSMCs were initially cultured in a 6-well plate, then they
were trypsinized counted and evenly distributed in 6 wells of a gelatin-coated 24-well plate. 24 hours
later, the 2,5% ADSC medium was removed and replaced with 0,5ml 2,5% ADSC + polybrene
(Sigma,28728-55) (4ug/ml in tissue culture water) at a ratio of 1000:1 (2,5% ADSC / polybrene). Then,
the plate was placed at 37°C for 30 minutes. Lentiviral particles were added in different amounts to
every well (0.5, 1, 2, 4, 6ul). One well was kept as a control for the experiment where no virus was
added. The wells were observed under fluorescence microscopy 48 hours after the infection with the
lentivirus. The percentage of infected cells was calculated in each case and 5l of the virus (Figure 6.4
in the Appendix section), was used for all subsequent experiments.

3.14 Graphene nanoplatelets and graphene oxide

In the present study, 9 types of graphene platelets (Nanografi, Turkey) were used, showing differences
in nanoparticle diameter and specific surface area. Nanoplatelets were weighed and diluted in tissue
culture water at a final concentration of 0.5ug/ml and stored in the dark at room temperature. Before
each addition to the cells, the graphene solutions were sonicated in the sonication water bath

(Elmasonic S 30 H) for 4 minutes and then vortexed.

3.15 Internalization of graphene in contractile SMCs

cSMCs were placed on glass coverslips and 24 hrs later were incubated for 24 hours with 3 different
types of graphene (type 2, type 9 and graphene oxide). Coverslips were then washed and cells
processed for immunofluorescence as described in the section “Immunofluorescence: Adherent
contractile SMCs”

3.16 Statistical Analysis

Data collected from cell growth analysis were collected from IncuCyte ZOOM 2016B, and processed
with Microsoft Excel. Continuous data were expressed as mean + SD. Normality tests were also carried
out. The expression of proteins was detected from the visualization of the SDS- PAGE membrane in
Azure imaging (Azure Biosystems). Images were collected, converted to grayscale via Photoshop
software and then processed in Quantity One Analysis software (BIO-RAD) in order to quantitate the

bands’ intensities. Then, the values were analyzed in Microsoft Excel where each value was divided to
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its control and final graphs were generated. Standard deviation was also calculated and added to the
graphs. Statistics for all the experiments were produced using GraphPad software. Accordingly, paired
t-test was performed (comparisons between two conditions — control and each graphene’s condition-
). The P values obtained were 2-tailed and determined to be significant at P < 0.05. Statistical
significance was also calculated by comparing each condition to each experiment’s control, *P < 0.05,

**P <0.01.
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4. Results

As the aim of the present study was to assemble vascularised brain organoids containing graphene, we
first selected the most suitable size and surface area of graphene and graphene oxide to be used, by
addressing the effect on the cell proliferation of all vascular cells to be incorporated in the brain
organoid. In addition, we ensured that all cell types that would come into contact with graphene, such
as ECs (HUVECs), mural cells (both contractile and synthetic vascular SMCs), and hVPCs differentiated
from hESCs (VPC/CD34" cells) did not show any signs of cell phenotype or cell function alteration. The

effects of graphene on neural cells were addressed in a separate study.

Establishing experimental conditions to evaluate the effect of graphene on cell proliferation

To investigate the effect of graphene on vascular cell proliferation, we used the IncuCyte live cell
imaging system. However, the graphene was visible in bright field and interfered with the ability of
the Incucyte to detect and count cell numbers. Therefore, we decided to visualise the cells using
fluorescent protein expression to avoid interference from the graphene. Initially we tested H1 cells
constitutively expressing GFP, differentiated to vSMCs. Unfortunately, the fluorescent GFP signal was
low and heterogenous, therefore signal quantification was inaccurate and additionally there was
extensive background “noise”. We therefore generated H1 cells expressing mCherry by targeting the
expression construct to the AAVS1 safe harbour locus, to obtain high expression levels. This approach
worked well (Manolis lakovidis” and Maria Markou’s unpublished results). A representative example is

depicted in Figure 4.1.

Control » Control

Figure 4.1. Representative images of GFP expressing sSMCs (left) and mCherry expressing (right)
CD34*VPCs taken from the IncuCyte Live-Cell Analysis

We realised that even though this approach of expressing mCherry was effective and easily detected,
as the cells became confluent it was difficult to count individual cells as the mCherry protein diffuses

through the entire cell. Therefore, we changed approach and infected the differentiated cells with a
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H2B-mCherry lentivirus. The results of the H2B-mCherry lentivirus titration on cSMCs are shown in the
Appendix section Figure 6.4. In this way, we obtained a fluorescent nuclear staining allowing us to have
a better overview of each independent cell. Quantitation was performed based on the red object count
instead of the surface area. The number of red (infected) nuclei at every time point was calculated and
after a series of quantitations, the as data of red object count/mm2. Then, data from three
independent biological repeats were processed in Excel and final graphs were produced. Graphs were

also examined for statistical significance by comparing each condition with the control one.

We have performed cell proliferation assays in HUVECs using 9 types of graphene nanoplatelets with
different diameters and surface areas. We chose a wide range of concentrations starting from 1 to 50
pug/ml (1, 5, 10, 25 and 50 pg/ml) in order to determine the optimal concentration for further

experiments. (Table 4.1)

Selection of graphene size, surface area and modification.

HUVECs were isolated as described in Materials and Methods. Cells were used at passage P2. We
performed a cell growth assay in HUVECs where we used 9 types of graphene with different diameter
and surface area (Table 4.1). We chose a wide range of concentrations starting from 50 to 1 ug/ml (1-
5-10-25-50 pg/ml) in order to determine the optimal concentration devoid of proliferative effect.
According to our results, graphene type two (G2), which has the larger diameter compared to the
others, does not affect cell proliferation at 1, 5 and 10 pug/ml concentrations as the cell proliferation
levels were almost the same as the control (cells without graphene). In addition, there is no statistically
significant difference between these lower concentrations and the control. However, 25 and 50 pg/ml
had a cytostatic effect with the number of cells remaining at seeding density throughout the time

course.

Table 4.1. Total types of graphene nanoplatelets used for a screening in the present study
along with their diameter and specific surface area

Diameter (um) S.A: Specific
Surface Area
(mz/g)
2 30 135
3 18 135
4 18 170
5 7 170
6 7 135
7 1.5 320
8 1.5 530
9 1.5 800

Graphene 1-5 pm
oxide
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Figure 4.2. Schematic diagrams showing the screening of the effect of 9 types of graphene when introduced in cell
culture of HUVECs. Graphene nanoplatelets differed in specific surface area and diameter. HUVECSs were infected
with H2B-mcherry lentivirus and 7000 cells were placed in a collagen coated 96-well plate for 24 hours at 37°C. The
next day, the diluted graphene was added to the medium in 5 concentrations (1- 5-10-25-50 pg/ml) in triplicates. The
plates were incubated in the IncuCyte Live-Cell Analysis system and 4 images were taken per well every 4 hours for
48 hours in total. The bars show + SD. The graphs are produced by calculating three independent experiments.

Statistical significance was also calculated by comparing each condition to each experiment’s control, *P < 0.05,
**p < 0.01.

However, 25 and 50 pg/ml had a cytostatic effect with the number of cells remaining at seeding density
throughout the time course. This observation is supported by the statistically significant difference at
almost every time point between 25 and 50 u g/ml and control. G3 and G4, both have the same
diameter (18 um), and showed a similar proliferation pattern to G2. G5 and G6, both 7um diameter,
have similar effects on cell proliferation. At high concentrations 25 and 50ug/ml, the cell numbers, at
late time points, drop below the seeding density, suggesting cytotoxicity. G5 at 1 ug/ml did not alter
cell proliferation but at all other concentrations cell proliferation was inhibited to various degrees,
while G6 had an inhibitory effect on cell proliferation at all concentrations. G7, G8 and G9 belong to
the subgroup of the smaller diameter graphene types (1.5 pm). Concentrations of 25 and 50 pg/ml
were cytostatic, however in the case of G9 the effect at 25 ug/ml was a little less pronounced. 1 ug/ml
was devoid of effects on proliferation in all 3 cases. GO was also tested. 1 pug/ml had the same growth

rate as control, however the standard deviation in the GO experiment was high.

After this screening (Figure 4.2) we had enough data to compare proliferation rates, concentrations,
and the effect of different graphene types. Therefore, we conclude that the graphene types we are
going to further use are G2, G9 and GO. G2 was selected as the nanoparticle that bears the larger
diameter (30 um), and shows no alteration of cell proliferation when applied at 1, 5 and 10 1 g/ml
concentrations. In addition, because of its size at 30um, G2 is unlikely to be internalized into the cells

and therefore intracellular damage which might result following uptake would be avoided. G9 had one
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Fold Change

of the smallest diameters (1.5 um) and also had a less inhibitory effect on the proliferation rate. GO
was chosen due to its known unique physical and chemical properties when it comes to bio-

applications.

Effect of Graphene Nanoplatelets on Synthetic Vascular Smooth Muscle Cell Proliferation

We next addressed the effect of G2, G9 and GO on both contractile and synthetic vSMCs, cSMCs and
sSMCs. In sSMCs, G2 was very well tolerated and even higher concentrations of 25 and 50 pg/ml.
Statistically significant differences were mostly identified between 25 and 50 pg/ml exhibited minimal
cell proliferation effects. G9 and GO on the other hand, did not alter cell proliferation at 1 pg/ml, but
higher concentrations showed a concentration-dependent inhibition of proliferation. However, in this
case even 10 pg/ml reduced significantly the cell growth compared to control. Raw images taken from
the IncuCyte indicate that cells had normal morphology during the experiment, data not shown. Having
collected the above results regarding the effect of different concentrations of graphene on sSMCs, we
further investigated if concentrations even lower than 1ug/ml, cause a less inhibitory effect on cells’
proliferation. For this reason, we introduced 0.25, 0.5 and 1pg/ml of the 3 types of graphene to cell
culture of sSMCs and followed the same experimental process for 48hours (Figure 6.3) and suggest

that there is decrease in cell proliferation at these low concentrations.
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Figure 4.3 Schematic diagram showing the cell proliferation rate of SSMCs in presence and absence of graphene type 2

(30pm diameter), graphene type 9 (1.5um diameter) and graphene oxide. sSSMCs were infected with H2B-mcherry
lentivirus 72 hours after they were splitted and 3.500 cells were seeded into a gelatin coated 96-well plate for 24 hours at
37°C. The next day, the diluted graphene was added to the cells in Pericytic Medium in 5 concentrations (1- 5-10-25-
50pg/ml) in triplicates. The plate was then inserted in the IncuCyte Live-Cell Analysis system and 4 images were taken
per well every 4 hours for 44 hours in total. The bars show + SD. A, B, C) Graphs depict the cell growth throughout the
44-hour period. The results show the means of the three replicates together with their standard deviation. Statistical
significance was also calculated by comparing each condition to control, * P < 0.05
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Effect of Graphene Nanoplatelets on Contractile Vascular Smooth Muscle Cell Proliferation

c¢SMCs are less proliferative compared to sSMCs, as expected, 25 and 50 pg/ml of G2, G9 and GO
inhibited cell proliferation, while 1,5 and 10 pg/ml were well tolerated and exhibited minimum
inhibition of cell proliferation. Raw images taken from the IncuCyte indicate that cells had normal
morphology during the experiment, data not shown.
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Figure 4.4. Schematic diagram showing the cell proliferation rate of contractile SMCs in presence of (A) graphene type
2 (30pum diameter), (B) graphene type 9 (1.5um diameter) and (C) graphene oxide. sSMCs were infected with H2B virus
and 3.500 were seeded per well in gelatin coated 96-well plate for 24 hours at 37°C. The next day, the diluted graphene
was added into 2,5% ADSC and the mixture was introduced to the cells in 5 concentrations (1,5,10,25 and 50pg/ml) in
triplicates. The plate was then inserted in the IncuCyte Live-Cell Analysis system and 4 images were taken per well per
4 hours for 48 hours in total. The bars show £ SD. The results show the means of the three replicates together with their
standard deviation. The screening process was performed by Maria Markou and the analysis was conducted by Athanasia
Zoi Pappa. Statistical significance was also calculated by comparing each condition to control, *P < 0.05

The effect of graphene on the phenotypic plasticity of VSMCs

In order to investigate if the presence of graphene plays a role in the transition between the synthetic
and contractile phenotype, we evaluated the expression levels of three typical smooth muscle
phenotype markers SM22, a-SMA and calponin, known to be downregulated as contractile cells
transition to the synthetic phenotype. Based on our results, the expression pattern of SMA seems to
remain mainly unaffected by the presence of all 4 conditions of graphene in sSMCs. In cSMCs SMA
levels seemed to be decreased by G9 at 1pg/ml (Fig. 4.5 panel c), however due to the low level of SMA
expression in the cells, this needs to be further verified. Calponin levels are low in sSSMCs, as expected,
however levels seem elevated in G2, G9 and GO at 1pg/ml, while 10 ug/ml G2 has no effect. In cSMCs,
calponin levels are unaffected by G2, G9 and GO, the variation in the GO experiments needs to be
readdressed and clarified. SM22 is also unaffected in sSMCs but in cSMCs G9 1 ug/ml decreases the
level of the protein. From the above, we cannot accurately conclude. The experiments need to be

repeated to be sure of the result.

53




35 kDa

=oe
= NS

Fold Change
o o o o
o N B O ™

Pericytic
Medium
9 . .
2d
cSMCs ays
2,5% ADSC

Graphenein
Pericytic Medium

oS 1 S

SSMCs 2 days sSMCs

Graphenein
2,5% ADSC

SMA

Calponin

sSMCs SMA / Tubulin n=2

SM22

Tubulin

cSMCs SMA / Tubulin n=3

1.4

1.2

0.8
0.6 %
0.4

Fold Change

0

G2 1 ug/ml G210 ug/ml G9 1 ug/ml GO 1 ug/ml control G2 1pg/ml G91pg/ml GO 1 pg/ml

Control

54



D sSMCs Calponin / Tubulin n=2 cSMCs Calponin/ Tubulin n=3

2.5 2.5

2

1-5 1.5

O' l i 0.5
0

Fold Change
N

.4
Fold Change

[EnN

(6]

Control G21ug/ml G2  G91ug/ml GO 1ug/ml 0
10ug/ml Control G21ug/ml G91ug/ml GO 1ug/ml
E sSMCs SM22/ Tubulin n=2 cSMCs SM22/ Tubulin n=3
2.5
2.5
) 2
o 2 )
215 €15
O A
1 ©
2 o 1
0.5 8
0.5
o N
Control G2 1pg/ml G210 G91 pug/ml GO 1pug/ml 0
pg/ml control G2 1pg/ml G9 1pg/ml GO 1 pg/ml

Figure 4.5. Schematic diagram of the experimental process followed for the investigation of graphene’s role on the expression of
SM markers (A). After generating both subtypes of SMCs, we incubated them with G2, G9 and GO at 1 pg/ml for two days. (B)
A representative image of a western blotting experiment showing the levels of SMA, Calponin and SM22 expression in the
presence and absence of G2, G9 and GO in both cSMCs and sSMCs. Quantitation of the western blotting experiments are shown
in (c) SMA (D)Calponin levels and (E) SM22 levels, all normalized to Tubulin. Bands were visualised using Azure Biosystems.
Data were collected and processed by Quantity One Analysis software (BIO-RAD) and graphs were produced in Excel. Statistical
significance was applied only to n=3 cSMCs results and was calculated by comparing each condition to control, *P < 0.05
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Effect of graphene on the expression of pluripotency marker Oct 3/4 in H1 stem cells

After investigating the effect of graphene nanoplatelets on vascular cell lines used in the present study,
we also addressed the effect of graphene on pluripotent stem cells, as these cells would be used to
generate the brain organoid. We approached this issue by checking the pluripotency state of these
cells through the expression of OCT 3/4, a widely used pluripotency marker. Nanoplatelets were added
to the culture medium for 4 days. Two days after their introduction the medium was changed

according to the manipulations described in Materials and Methods section (Figure 3.1).
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Figure 4.6. OCT 3/4 pluripotency marker levels of expression when G2, G9 & GO was introduced in cell culture.
We introduced concentrations of 5, 25, 50 pg/ml Graphene in the culture medium for 4 days. As a loading protein
we used GAPDH. Cell lysates were prepared, western blot analysis performed and membranes probed with an
anti-OCT3/4 antibody. Bands were visualised using Azure Biosystems. Data were collected and processed by
Quantity One Analysis (BIO-RAD) software and graphs were produced in Excel. Statistical significance was also
calculated for graphs with n=3 by comparing each condition to control.

The results of the effect of G2, G9 and GO on the levels of OCT3/4 show no statistically significant
effect of graphene at 5, 25 and 50 ug/ml. The effect of graphene on H1 hESCs proliferation was also
addressed at 1, 5 and 10ug/ml, G9 and GO. However, these results belong to one independent
experiment and need to be repeated, in addition we need to address the effect of G2. However, 1 and

5 ug/ml of G9 and GO had not effect on the H1 cell proliferationn (Appendix Fig. 6.1).

Effect of graphene on the ability of VSMCs and ECs to form vascular organoids

Having established that graphene G2, G9 and GO at 1ug/ml and G2 also at 10ug/ml did not alter HUVEC
and SMC proliferation, we next addressed whether the presence of graphene affects the ability of
these cell types to form a 3D vascular organoid. The assembly of the vascular organoids including both
ECs and SMCs, was performed using the hanging drop technique with methylcellulose and EGM-2 (see
Materials and Methods). The effect of graphene in the vascular organoid was examined by using 4

different conditions as shown in Table 4.1

Table 4.2 Types and concentrations of graphene nanoplatelets introduced into the process of
vascular organoid generation

No Graphene type Concentration
Control - -

1 G2 1pg/ml and 10 pg/ml
2 G9 1ug/ml

3 GO lpg/ml

As expected from our previous work (Markou, et al., 2020) in control vascular organoids, ECs are
located at the exterior layer of vascular organoids as identified by staining with VE-Cadherin and SMCs
were identified in the interior part stained by SM22 (Markou et al., 2020), Figure 4.5 panels VE-
cadherin and SM22. In the vascular organoids containing graphene, the graphene accumulated in the
interior of each organoid, creating a dark background in brightfield, Figure 4.7 panel Brightfield. Each
staining is shown separately and as a merged image. Maximum projection was also included for better

visualisation.
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Vascular organoids containing graphene nanoplatelets at 1pug/ml have no significant differences
compared to the control condition. Their size, shape and structure remain the same, with ECs located
on the exterior part covering the sSMCs in the interior. However, when G2 is introduced at a higher
concentration (10ug/ml) there is a disruptive effect on vascular organoids. More specifically, their
accumulation causes irregular shapes as well as problems in the structural integrity of the organoid.

For this reason, only few survived until the end of the experiment.

In conclusion we show that G2, G9 and GO at 1 pug/ml caused no adverse effects on the viability and
structural integrity of the vascular organoids. This experiment was performed 1 time analysing 3

vascular organoids per condition.

Vascular organoid formation sSMCs / HUVECs

A
+G2
+G9 ) . Vascularorganoids
+Go  Hangngdropformation Co-culture of hPSC-SMCs/ECs (1/9)
80% cells, 20% methylcellulose 1.000 cells

SMCs wim ECs i v b a = &
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Figure 4.7. B, C, D, E, F) Vascular organoids generated form mixed cell populations of sSSMCs and HUVECs. G9 and GO were
added at 1ug/ml whereas G2 was used in both 1 & 10 ug/ml. 2 days after the hanging drop technique, organoids were collected,
fixed and stained with antibodies specific for each cell type. SM22 stains the SSMCs and VE-cadherin labels the ECs. DRAQ5
was used for nuclear staining. Images were taken in Leica TCS SP5 Confocal microscope using HCX PL APO CS 40.0x1.25

OIL UV obiective.
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Effect of graphene on the ability of VSMCs and CD34* VPCs differentiated from hPSCs to form
vascular organoids

Having established that graphene has no detrimental effect on the generation of CD34* VPCs from
hPSCs, we investigated the effect of graphene on vascular organoids formed from this cell population
with VSMCs. The H1 mCherry expressing cells were produced by Manolis lakovidis and Maria Markou.
They were differentiated to CD34+ VPCs and isolated as described in Materials and Methods. H1-GFP
expressing cells were differentiated to VSMCs as described in Materials and Methods. In this way we
generated ECs with red fluorescence and VSMCs with green fluorescence, enabling the vascular

organoids generated from these two cell populations to be imaged without antibody staining.

Vascular organoids generated from GFP-cSMCs and mcherry-CD34" VPCs cells presented the same

characteristics as the sSMCs /HUVEC organoids. They were structurally and functionally even, having
no alterations in terms of size, shape and viability. In this experiment, we omitted the higher
concentration of 10pug/ml G2 and tested only 1pg/ml for every different type of graphene. Graphenes’
accumulation in the interior is obvious in brightfield at all conditions. This experiment was performed
one time and 3 vascular organoids per condition were imaged except for the control which were 2.
Therefore, we conclude that G2, G9 and GO at 1pg/ml concentration allow the generation of viable,
structurally stable and properly layered vascular organoids. This experiment needs now to be repeated

analysing the location of VE-cadherin to ensure tight EC-EC contacts.
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Figure 4.8. Vascular organoids generated form mixed populations of GFP-cSMCs and mcherry-CD34* VPCs. G2, G9 and
GO were added at 1pg/ml concentration. 2 days after the hanging drop technique, organoids were collected, fixed and
imaged by Confocal microscopy. Images were taken in Leica TCS SP5 Confocal microscope using HCX PL APO CS
40.0x1.25 OIL UV objective.
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Functional analysis of cSMCs/ CD34+ VPC vascular organoids in the presence and absence of
graphene

We generated vascular organoids from c¢SMCs and CD34+VPCs differentiated from H1 cells. As
described in the vascular organoids’ formation section, both vascular cells express fluorescent proteins
and this enabled us to distinguish each cell types contribution in the sprouts. The first observations
mainly pertained to the organoids’ intense growth in every direction with plenty of new sprouts. G2
and GO increased the number of sprouts at a concentration of 1ug/ml (Figure 4.9 panel A). The length

of the sprouts a decreased the depth of the sprouts into Matrigel as presented in Figure 4.9 panel G.

To sum up, 1 pug/ml constitutes a concentration which does not inhibit vascular organoid sprouting,
and invasion. Whether there is a stimulatory effect requires repetition of the experiment and analysis

of increased number of vascular organoids.
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Figure 4.9 (A) hPSC- ¢cSMC /CD34+ vascular organoids generated using the hanging drop method, were added
on matrigel for two days and allowed to develop sprouts. Representative images of cSMC/ CD34* VPCs were taken
on Leica TCS SP5 confocal microscope and are representative of one independent experiment. Scale bar, 50 um.
(E) The number of sprouts (up), (F) length of sprouts (middle) and (G) network depth (down) were illustrated by
counting 3 organoids per condition. The results were quantified using LAS X and imageJ software and they are
expressed as means + SD from one independent experiment. 3 organoids were used to generate the graphs except
from the control where we calculated 2. Statistical significance was also calculated by comparing each condition
to control *P < 0.05

Differentiation of CD34+VPCs in the presence of graphene

We have shown in Figure 4.7 and 4.8 that G2, G9 and GO at 1ug/ml do not inhibit vascular organoid
formation. The ECs used in this series of experiments were both HUVECs and CD34*VPCs. As the long-
term goal of the project is to generate a vascularised graphene containing organoids using patient
specific hiPSCs, we needed to address whether graphene affects VPCs differentiated from hiPSCs and
test their performance in vascular organoids containing graphene. We have previously established a
method to differentiate VPCs from hESCs (Materials and Methods and (Tsolis et al., 2016). CD34
marker constitutes a transmembrane glycoprotein that is expressed in specified ECs and is used to

identify and isolate the EC population by FACs.
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Figure 4.10. Investigation of the effect of graphene on the differentiation H1 PSCs to CD34+ VPCs. H1 pluripotent
stem cells underwent the differentiation protocol described in Methods (Tsolis et al, 2016) in presence of graphene.
At day 5 of the protocol the cells were labeled with CD34-PE antibody and analysed by FACS. A) Representative
histogram showing the differentiation protocol and differentiated populations of every condition from one
independent experiment. B) Graph showing the results of 3 independent biological repeats. Black bars indicate the
+SD. Statistical significance was also calculated by comparing each condition to control, *P < 0.05
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Based on the graphs above, graphene nanoplatelets have no significant effect on the final percentage
of the differentiated CD34*VPCs. Even when added at a higher concentration (10pg/ml), G2 had no
inhibitory effect on the production of CD34*VPCs. Therefore, we conclude that graphene at the
concentrations used neither affects cell viability nor interferes with the differentiation to CD34* VPCs.

Statistical analysis revealed that there are no significant differences between the conditions used.

We also determined whether graphene altered the proliferation of the CD34+VPCs. This experiment
was carried out only once and needs to be repeated, therefore we placed it in the Appendix Fig. 6.2.
We found that CD34+VPCs were sensitive to G9 and GO at all concentrations while G2 exerted less
inhibition of proliferation at all concentrations tested. This experiment needs to be repeated, however

there is an indication that G2 1 ug/ml may be the best choice to avoid any toxic effects.

Internalisation of graphene nanoplatelets on contractile SMCs

Finally, to address whether the types of graphene used in our experiments could be internalised and
alter cell function by accumulating in an intracellular compartment or indeed perhaps causing
intracellular damage, we addressed whether we could visualize the graphene intracellularly and, if so,
in which intracellular compartment. Our initial speculation was that, like other nanoplatelets,
graphene may accumulate in lysosomes following internalisation by one of several endocytic pathways

(Gu et al., 2011).
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Figure 4.11. Images showing the internalisation pattern of G2, G9 & GO in cSMCs. cSMCs were enzymically detached and
placed on coverslips. When they attached and were 60-70% confluent, graphene diluted in 2,5% ADSC was introduced
into the cell culture for 24 hours. Then, medium was washed away, cells were permeabilised and incubated with either
anti-Lamp1 or CD63 antibodies. Graphene nanoplatelets located inside the cells are indicated with the white arrows.
Images were taken on a Leica TCS SP5 Confocal microscope where HCX PL APO CS 63.0x1.40 OIL UV objective was used.
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Figure 4.12 Images showing the internalisation pattern of G2, G 9 and GO in contractile cSMCs. cSMCs were
enzymically detached and placed on coverslips. When they attached and were 60-70% confluent, graphene diluted
in 2,5% ADSC was introduced into cell culture for 24 hours. Then, medium was washed away, cells were permealised
and stained with anti-SM22 antibody (green)and Rhodamine phalloidin. Images were taken in Leica TCS SP5
Confocal microscope where objective HCX PL APO CS 63.0x1.40 OIL UV oil was used.

To address this, we used cSMCs and incubated them with G2, G9 or GO. We used concentrations that
we have previously concluded have the least cytotoxic effect (1pug/ml for G2, G9 and GO and 10ug/ml
for G2). G2 was not internalised, the size is too big (30 microns) as can be seen from Figure 4.11 &
4.12. G9 and GO were internalised into Lysosomal-associated membrane protein 1 (Lamp1) and/or
CD63 positive vesicles (Figure 4.11). In order to confirm our findings and investigate whether graphene
is indeed internalised and not just attached to the cell surface, we tested G2, G2 and G9 at 1 ug/ml and
used phalloidin and anti-SM22 antibody staining. G2 was not internalised, as expected. G9 and GO
were both internalised, this can be seen by the disruption or “holes” in the phalloidin and antiSM22

staining (Figure 4.12).

Therefore, based on our findings about the colocalization of both G9 and GO with the lysosomal
markers Lampl and CD63, we conclude that they are localised in the lysosomal compartment of the

cSMCs.
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5. Discussion, Future goals

Recent advances in stem cell research have led to the development of tissue engineering and
regenerative medicine, which are now reaching new heights. The scientific field of tissue engineering
combines the knowledge of cell biology and biomaterials toward regenerating a functional tissue. Key
to the progress in this field is the development of substrates that mimic the cellular microenvironment
and provide physico-biochemical properties to enable cell attachment, proliferation, and
differentiation. Given the well-described physicochemical properties of graphene and graphene
oxide (GO), numerous applications for this novel nanomaterial have been recently envisioned to

improve the performance of biomedical devices.

The use of organoids has emerged as a novel research approach due to their ability to partially mimic
early embryonic development and represent a tool for drug testing and disease modelling. Recently,
vascularisation of brain organoids has been found to increase the nutrient supply and decrease hypoxia
and cell death and of establishing a communication between the vasculature and neuronal cells for
their proper differentiation, neuronal migration and maturity(Tang et al., 2022). Nanoplatelets of
graphene and graphene oxide (GO) have gained broad interest due to their unique properties and
advantages such as biocompatibility, flexibility and electrical conductivity (Kumar et al, 2015). In
addition, graphene has been shown to act as an excellent substrate for neuronal and vascular cells
promoting neurogenesis and angiogenesis (Kumar et al, 2015; Zhang et al., 2018). Therefore, we set
out to generate vascularised, graphene containing brain organoids. The focus of the present study was
to elucidate the effect of graphene nanomaterials on vascular cells, some of which we differentiate
from PSCs. Therefore, we investigated the effect of a wide range of graphene types on pluripotent and

vascular cells (hPSCs, ECs, sSMCs, cSMCs) either separately or as vascular organoids.

While many studies have been performed to assess the cytotoxicity of graphene-based nanomaterials
on human stem cells (Kenry et al., 2018), it is important to note that their full toxicological profile is
still far from being established. We performed cell growth assays on HUVECs introducing a wide range
of graphene nanoplatelets with different diameter size groups. The results from the screening of
graphene nanoplatelets showed that the inhibition of EC proliferation seemed to be dependent on
concentration and diameter. At low concentrations (1 and 5 ug/ml) graphene nanoplatelets of all
diameter sizes were without effects on cell proliferation. (Table 5.1). However, at higher
concentrations (25 and 50 ug/ml) cytotoxicity was more apparent in nanoplatelets with a diameter of
7 microns (G5 and 6). At first sight this appears difficult to explain, however we speculate that perhaps
nanoplatelets of 7 microns might be uptaken by the cell and as they are very large may negatively
affect cell function. Particles of 30 and 18 microns are not uptaken into the cell. Smaller particles of

1.5 micron are uptaken but may not alter cell function. This theory needs to be tested experimentally.
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Our results are in agreement with studies using graphene or GO on ECs. Indeed, it has been shown
that bovine serum albumin-capped graphene oxide (BSA-GO) exhibits ultrastrong binding affinity
towards VEGF-A 165 [(Kd ) — 3 x 10 2 M] inhibiting the proliferation, migration and tube formation
of HUVECs, but also blocking strongly angiogenesis in chick chorioallantoic membrane and VEGF-
induced blood vessel formation in rabbit cornea (Lai et al., 2016). The VEGF-A was shown to bind
directly to the GO particles (lateral size approx. 240nm) however, the authors did not consider any
other mechanism of toxicity from the GO — other than VEGF-A binding and inhibition of angiogenesis
by removing available VEGF-A from the endothelial cell milieu. At low concentrations the GO was
devoid of anti-antiangiogenic effects but at higher concentrations angiogenesis was inhibited in vitro
and in vivo. The results agree with our findings that at low concentrations of 1 ug/ml GO is nontoxic in
HUVECs but higher concentrations inhibit HUVEC cell proliferation. Further experiments are required
here to see if the effect we observe with GO is due to VEGF-A sequestration, this can be addressed by
investigating the phosphorylation of VEGFR2, induced by VEGF-A addition, to see if indeed if there is

less phosphorylation in the presence of GO compared to controls.

Pristine graphene (PG) has also been shown to negatively affect the survival of brain microvascular
endothelial cells (BMVECs) in an in vitro model of blood-brain-barrier (BBB) (Rosas-Hernandez et al.,
2019). In this study 10 ug/ml PG was nontoxic but higher concentrations of 50 and 100 ug/ml decreased
cell viability and function. The size of graphene used in this study was between 50 nm to 1.7 um, in the
range of G7, 8 and 9 in our study. These results agree with our findings in HUVECs, at a concentration

of 10 ug/ml graphene does not affect cell function, but higher concentrations are toxic.

The lateral GO size influence on GO-mediated vascular cytotoxicity was determined by constructing i)
micrometer-sized GO (MGO: 1089 nm), ii) submicrometer-sized GO (SGO: 390.2 nm), iii) nanometer-
sized GO (NGO: 65.5 nm), and iv) graphene qu3 dots (GODs). SGO and NGO bind and activate the G
protein-coupled receptor (GPCR) inducing PLC B3 activation, which hydrolyses PIP2 to DAG and IP3.
The latter upon binding to its receptor (IP3 R) releases Ca 2+ from the ER leading to JNK
phosphorylation, that phosphorylates Bcl-2 dissociating it from Beclin-1. Activated Beclin-1 induces
autophagy via LC3 and ultimately to apoptotic cell death via caspase-3 activation and DNA
fragmentation . The authors show that this induction of autophagy is concentration dependent and
10ug/ml in the case of SGO and NGO being sufficient to induce the effect. Due to time constraints, we
have not investigated the cause of toxicity in our experimental models and indeed it would be

interesting to see if autophagy is involved.

There are also publications reporting the angiogenic effect of graphene. Graphene oxide (GO) and

reduced graphene oxide (rGO) have been shown to induce angiogenesis via the intracellular formation
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of reactive oxygen and nitrogen species as well as activation of phospho-eNOS and phospho-Akt
(Mukherjee et al-9361). The concentration of GO used in this study was between 1ng/ml to 5 ug/ml.
In serum starved HUVECs proliferation, wound healing and tube formation were enhanced by 10ng/ml
GO (204nm) in the absence of VEGF-A. The concentrations in this study showing an angiogenic effect
are much lower than those used in our study, so direct comparison is difficult. In agreement, a gelatin-
methacryloyl (GelMA) hydrogel containing 0.002% w/w rGO was biocompatible with fibroblasts,
keratinocytes and endothelial cells and induced proliferation and migration of the cells. Moreover, it
strongly stimulated angiogenesis in the chick embryo model (Raza ur Rehman et al-9392). Likewise,
polyvinyl alcohol/carboxymethyl cellulose (PVA/CMC) scaffolds containing 0.005 and 0,0075% rGO
induced EC (EA. hy926) proliferation in vitro and significantly increased angiogenesis in the chick

chorioallantoic membrane model (Chakraborty et al-9393).

In conclusion, from our results and in agreement with the literature, HUVECs are sensitive to
concentration and size of graphene. At 1 ug/ml there is no alteration of cell proliferation, and 10ug of
G2 is also well tolerated. G2 (30 microns) and G9 (1.5 microns) also showed lower toxicity compared

to other sizes, so these two size extremes, and GO, were selected for further experiments.

It is well known that a vessel contains not only ECs but also mural cells, including VSMCs. Therefore,
we also addressed whether G2, G9 and GO had the same profile in this cell type as in HUVECs. We have
developed a protocol to obtain both contractile and synthetic vSMCs, differentiated from PSCs, and
needed to be sure that both phenotypes were stable in final graphene condition selected. Our results
clearly show that the proliferation of cSMCs and sSMCs are unaffected by G2, G9 and GO at 1, 5 and
10 ug/ml. However, at higher concentrations cell proliferation of both cell types was decreased(Lim et
al., 2016). The phenotypes of both cell types were not altered by G2 and G9 at the concentrations
tested (1 and 10ug/ml G2, 1 ug/ml for G9 and GO). In the only other study in the literature regarding
VSMCs and graphene, Ren and his research team investigated the effect of GO on VSMCs. Even though
we cannot directly compare our study to that of Ren as they used GO coated coverslips to attach the
VSMCs, nevertheless their results agree with ours in that they did not observe any toxicity or

phenotype alteration. In fact, GO favoured the proliferation of VSMCs (Ren et al., 2021).

As our intention is to combine the ECs and VSMC with PSCs to generate vascularised brain organoids,
we also addressed the effect of graphene on PSCs. We added G2, G9 and GO at high concentrations to
H1 stem cells (5, 25 and 50 ug/ml) for 4 days. We did not observe any decrease in OCT3/4 key
pluripotency marker. This experiment needs further characterisation and other markers of
pluripotency need to be addressed. Chen et al., 2012 found that mouse iPSCs cultured on glass and

graphene had no alteration of OCT3/4 levels but at day9 (but not day 5) OCT3/4 levels had dramatically
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decreased (Chen et al., 2012). In this experiment Chen plated the iPSCs on graphene or GO coated
coverslips so we cannot directly compare our results, however we cannot rule out that at 9 days our
cells may also have lost OCT3/4 staining. In agreement with Chen, Heo and coworkers also investigated
the effect of GO on hiPSCs pluripotency marker OCT3/4. They found a strong decrease in the
expression of OCT3/4 by western in hiPSCs exposed to GO at 100ug/ml for 96 hrs
https://www.ncbi.nlm.nih.gov/pubmed/33640729. Nevertheless, as our intention is to take the
hiPSCs, add graphene or GO and then begin the embryoid body formation for subsequent brain
organoid formation, we do not envisage the cells remaining in the pluripotent stage for 9 days in the
presence of graphene.

In order to vascularise the brain organoids, we intend to use both HUVECs and a source of ECs
differentiated from hESCs/hiPSCs, these cells are called CD34* Vascular Progenitor Cells (CD34*VPCs).
These VPCs are ideal to use in this context as they are more plastic and may develop more easily a
brain vasculature signature. Therefore, we investigated the effect of graphene and GO on the
differentiation of hPSCs to VPCs. We used G2 (1 and 10ug/ml) and G9(1ug/ml) and GO (1ug/ml). Our
results show that there is no effect of the graphene or GO on the differentiation efficiency. This is in
contrast to the findings of Garcia-Alegria and coworkers who found that GO assists directed
differentiation to ECs(Garcia-Alegria et al., 2016). The reason for the lack of effect in our system may
well be attributed to the fact that the Garcia-Alegria lab used GO coated coverslips and in addition
their differentiation protocol differs significantly from ours.

We further tested the effect of G2, G9 and GO in the generation and sprouting of vascular organoids.
This system allows us to address whether the graphene or GO effect vessel formation and sprouting
angiogenesis. We found perhaps a slight stimulation of angiogenesis under these conditions, however
low number of organoids allow only an initial overview and increased number of vascular organoids

need to be analysed.

Finally, we considered that internalisation of graphene or GO may cause intracellular damage. In fact,
it has been shown that GO internalisation is toxic in astrocyte-like F98 cells, by triggering apoptosis
through inhibition of autophagy (Wei et al., 2019). In agreement with this publication is the work of
Wei and coworkers who show that GO causes autophagy-lysosomal dysfunction at concentrations of
S5ug/ml (Dai et al., 2022). These findings are important as autophagy plays a significant role in
maintaining cellular homeostasis and can be induced by various stimuli including oxidative stress,
starvation, aging, and infection. During autophagy induction, misfolded or aggregated proteins and
intracellular organelles are sequestered in double- membrane vesicles (autophagosomes), which then
fuse with lysosomes to form autolysosomes (H. Zhang & Baehrecke, 2015). The association of

autophagy and several disease conditions, neurodegeneration, cancer, metabolic diseases etc,
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underlines the fundamental role of autophagy in cellular homeostasis (Klionsky et al., 2021). Further
work on GO found damaged lysosomal and mitochondrial membranes — however mg amounts of GO
were uptaken into the cell undermining the relevance of the findings (L. Liu et al., 2020). There are
limited publications on the internalisation of graphene nanoplatelets, and none on VSMC. Our results
on graphene type2, 9 and GO internalisation in cSMCs are in agreement with the literature in that we
see accumulation of both G9 and GO in intracellular LAMP1 and CD63 positive late
endosomes/lysosomes. G2 is not internalised, as expected due to its large size (30 microns). Whether

there is damage to the lysosomal compartment remains to be addressed.

So, in conclusion we suggest G2 at 1 ug/ml is optimal for use in vascularised brain organoids. There is
no alteration of endothelial or VSM cell proliferation, no negative effects on vascular cell
differentiation, vascular organoid formation, angiogenic sprouting, pluripotency of stem cells. In
addition, G2 is not internalised into the cells thereby avoiding any effect on lysosomal or mitochondria

function and autophagy.
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Future Goals

The wide spectrum of approaches that we used to validate the effect of graphene nanoplatelets on
the vascular component of a vascularised brain organoid, has shed light on several key parameters, EC
and VSMC proliferation, sprouting angiogenesis, differentiation of ECs and the phenotypic stability of
VSMCs. A promising future plan of the present research is to identify any alterations on the
transcriptome of each vascular cell line caused by the presence of graphene. In this way, we will
acquire the knowledge on the expression pattern of specific mechanisms underlying the embryonic
development. For this reason, we have already started a series of experiment where we incubated
cSMCs, sSMCs, H1 hESCs and CD34* VPCs with and without 1pg/ml of G2 for 48 hours. Then, we

extracted the pellets and stored them at -80°C for future RNA sequencing.

As already mentioned in the text, we need to proceed with some repetitions of the experiments
presented, in order to solidify our experiments and apply statistics on them. We should repeat the
western blotting for the pluripotent marker Oct 3/4 in presence of graphene at low concentrations of
1pg/ml to have n = 3 experiments. Moreover, we need to repeat the vascular organoid sprouting assay
by using cSMCs/ CD34*VPCs and sSMCs/ CD34*VPCs endothelial cells for the investigation of the effect

of graphene. We can also evaluate the contribution of each cell type to the developing sprouts.

After the assessment of cell growth in all cell lines used in the present study, we found that higher
concentrations of graphene lead to the inhibition of the cell proliferation or even the cell death. In the
second case, it would be crucial to know whether cell death is a result of apoptosis, necrosis, autophagy
etc. In addition, as referred to in the text, it would be very interesting to address whether the effect of

GO on EC proliferation, is due to VEGF-A binding by investigating phosphorylation of VEGFR.

Furthermore, the discovery of G9’s and GO’s internalisation in cSMCs constitutes a building block for
the research on the endocytic pathway graphene nanoplatelets follow when they are
internalised(Goenka et al., 2014). It is important to investigate if graphene is also accumulated into

endothelial cells and which types are internalised.

Regarding the general aim of the project, once we have concluded in the optimal concentration and
graphene type on the vascular part of the vascularised brain organoid assembly, we should incorporate
it in brain organoid culture. Speaking about brain organoids is particularly challenging to generate
them in a biomimetic microenvironment favorable for proceeding brain development. In the process
of brain organoid formation, the embryoid bodies- EBs are initially formed (M. A. Lancaster et al., 2017)
Then, they are transferred into Petri dishes for suspended culture to generate brain organoids. The
major issue with the EBs is the lack of nutrient supply, which still limits the growth and maturation of

organoids. Since the brain organoids grow more days in cell culture and their dimensions expand it
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would be necessary to connect the developing vascularised brain organoids into a microfluidics flow

(device).

Finally, the present study highlights the importance of nanomaterials applications in the field of tissue
engineering. The in vitro generation of 3-D organ models by differentiating hESCs has brought broad
interest to the discovery of their applications. An increasing number of studies have been published in
the recent years analysing their potential application for gene and drug delivery and tissue engineering,
which lead us to believe that these materials hold promise for solving future medical problems(Tonelli
et al., 2015). Graphene derivatives have shown remarkable properties on cell maturity and
proliferation. 1ug/ml of G2 is proved to be a proper concentration to continue with our experiments
and expand to others previously described. However, graphene substrates form various shapes, sizes
and dimensions. It would be promising to investigate the presence of graphene as sheets on coverslips

or even as 3-d scaffolds for the development of vascularised organoid models.
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6. Appendix

Investigation of the effect of graphene nanoplatelets on human pluripotent stem cell (H1- mcherrry)
cell proliferation

To address the effect of graphene on pluripotent stem cells we first evaluated H1 hESC - mcherry cell
proliferation with/ without the presence of graphene nanoplatelets using the Incucyte live cell imaging
system. We selected 1 graphene nanoparticle size 1.5 (G9) and also GO and evaluated concentrations
of 1, 5 and 10ug/ml for 48hrs. G9 showed no statistically significant alteration of cell proliferation at 1

and 5 pg /ml, however the 10 pg /ml concentration had a moderate inhibitory effect. Similarly,
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Figure 6.1. Schematic diagram showing the cell proliferation rate of hESCs in presence of graphene type 9
and (raphene oxide. Pluripotent stem cells were passaged in a ratio of 1:20 and placed in matrigel coated 96-
well plate for 24 hours at 37°C. The next day, the diluted graphene was added into the mTESR medium and the
mixt ire was introduced to the cells in 3 concentrations (1-5-10ug/ml). Each condition was represented in
triplicates. Right after that, the plate was inserted in the proper space of the IncuCyte Live-Cell Analysis system
and <t images were taken per well per 4 hours. A, B) Graphs depict the fluctuation of cell growth through a 40-
hour period. 1, 5 and 10 pg/ml of each graphene type caused almost none effect, with 10pg/ml of graphene oxide
caus ng a minor decrease on cell proliferation. The results show the means of the three replicates together with
their swanuaru ueviaorn
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graphene oxide had no effect on the proliferation rate at 1 and 5 pg /ml but at 10ug/ml the

proliferation was significantly reduced.

Investigation of the effect of graphene nanoplatelets on the proliferation of CD34*VPCs
differentiated from H1 hESCs.

We generated and isolated CD34*VPCs cells from H1 cells according to Materials and Methods and
investigated the effect of graphene on their proliferation. For this experiment we used 5 different
concentrations of graphene from 50ug/ml to 1 ug/ml (1, 5,10, 25 and 50 ug/ml). The y axis shows the
fold change on the proliferation rate and the x axis depicts the different time points during the 40-hour

cell growth assay.
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Figure 6.2. Schematic diagram showing the cell proliferation rate of CD34+VPCs in presence of G2, G9 and GO. 7,000
CD34+VPCs were placed in fibronectin coated 96-well plates for 24 hours at 37°C. The next day, the diluted graphene was
added into the APEL medium and the mixture was introduced to the cells in 5 concentrations (1,5,10,25 and 50pg/ml). Each
condition was represented in triplicates. The plate was inserted into the IncuCyte Live-Cell Analysis system and 4 images
were taken per well every 4 hours. A, B) Graphs depict the fluctuation of cell growth through the 40-hour period. The results
show the means of the three replicates together with their standard deviation.

Effect of lower concentrations of Graphene Nanoplatelets on Synthetic Vascular Smooth Muscle
Cell Proliferation

According to the results of the cell growth on the sSMCs, 1ug/ml seems to be a concentration with
least effect on cell proliferation (Figure 4.3). However, GO had a slight inhibitory effect even at 1 ug/ml.
Therefore, we further examined 3 lower concentrations of G2, G9 and GO (0.25, 0.5 and 1 pg/ml) to
address whether they might be devoid of effects on proliferation. The results show that these lower
concentrations indeed do not alter cell proliferation. The y axis shows the fold change on the
proliferation rate and the x axis depicts the different time points during the 40-hour cell growth assay.

Raw images taken from the IncuCyte indicate that cells had normal morphology during the experiment,
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data not shown. The experiment was conducted once and more repetitions are required for their

validation.
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Figure 6.3 Schematic diagram showing the cell proliferation rate of SSMCs in presence of graphene type 2, 9
and graphene oxide. SSMCs cells were splitted 3.500 cells/ well were placed in gelatin coated 96-well plate for
24 hours at 37°C. The next day, the diluted graphene was added into the Pericytic Medium medium and the
mixture was introduced to the cells in 3 concentrations (0.25-.05-1 pg/ml). Each condition was represented in
triplicates. Black bars indicate £SD. Right after that, the plate was inserted in the proper space of the IncuCyte
Live-Cell Analysis system and 4 images were taken per well per 4 hours. A, B, C) Graphs depict the fluctuation
of cell growth through a 48-hour period. The results show the means of the three replicates together with their
standard deviation
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Lentiviral infection of the cSMCs

After the production and collection of the H2B-mcherry lentivirus, we tested various amounts of the
virus to determine the optimal concentration for the infection of cSMCs. The results are shown in
Figure 4.14 and we conclude that the most efficient infection was observed between 4 and 6 ul of the
virus, 79 and 84% respectively. All the percentages were calculated using both images of brightfield

and fluorescence using Imagel software. We chose to use 5ul (in a 24-well) of the virus.

44%

56%

74%

84%

Figure 6.4. Lentivirus H2B titration on cSMCs. On a 24-well plate cSMCs were plated on 6 wells and
5 different amounts of the lentivirus were introduced into cell culture (0.5, 1, 2, 4 & 6ul) plus a control
without virus. Infection’s efficiency was calculated 3 days after the addition of the virus. Images were
collected from a fluorescent microscope and the efficiency percentages were calculated via the ImageJ
software. Virus production was performed by Maria Markou and Manolis lakovidis
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