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1. Abstract

Nanotechnology is still one of the best promises to overcome the major challenges of modern
medicine. In this work, we identified innovative nanotools as potential candidates in two main
biomedical applications: bone regeneration and cancer treatment.

Knowing the strict correlation between the immune system function and the bone regeneration,
nanomaterials able to combine and sustain an immune-mediated bone renewal are still missing.
Considering the promising use of graphene, we exploited the intrinsic immune-characteristics of a
specific Graphene Oxide (GO) and the well-known osteoinductive capacity of Calcium Phosphates
(CaP) in a novel unique biocompatible nanomaterial called maGO-CaP (Monocytes Activator
Graphene Oxide conjugated with Calcium Phosphates). This new material demonstrates, by
performing in vitro and in vivo analysis, its ability to induce osteoinductive stimuli capable to increase
bone regeneration.

A very important challenge in medical research is the fight against cancer. In this context, silver
nanoparticles (AgNPs) represent a promising nano-tool able to offer an interesting option for cancer
therapy. We proposed a “green” synthesis method to produce AgNPs, using Artemisia arborescens
extracts. We investigated the potential antiproliferative and anticancer proprieties of Artemisia-
AgNPs using several approaches, from cell cycle analysis to RNA-sequencing, demonstrating the

potentiality of Artemisia-AgNPs as a suitable candidate agent in cancer research.
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2. Introduction

Nanotechnology is a scientific discipline that requires a multidisciplinary approach leading to the
development of nanocomposites for several applications, including biology and medicine. The
nanotechnological procedures involve the design, characterization and application of nanostructures
by monitoring the physicochemical properties. [!) The term “nano” is used to indicate the matter with
at least one dimension sized from 1 to 100 nanometers. Nanomaterials and nanoparticles show a high
ratio between surface area and volume and they can be functionalized with a wide variety of
compounds. These characteristics make them excellent candidates for biomedical applications.
Indeed, nanomedicine represents an emerging research field of nanotechnology, with the aim to
synthesize nano-objects for therapeutic and diagnostic purposes. Nanomedicine is based on the
development of nano-systems for medical applications as potential tools for diagnosis and therapy,
biological devices and biosensors. 2] This new scientific discipline is intended to provide action at a
molecular level, in order to overcome traditional therapies and improve the efficacy of treatments on

the road to a more personalized medicine. [*]

2.1 Nanomedicine and its applications

Engineer nanoparticles and nanomaterials are the key components of nanomedicine and, currently, a
large variety of nanoparticle types exist, just some examples are: lipid micelles, carbon nanotubes
(CNTs), graphene, nanodiamonds, superparamagnetic iron oxide nanoparticles (SPIONs), magnetic
nanoparticles, silver, gold and silica nanoparticles and more.

Applications of nanomedicine are especially promising and are focusing on different medical areas
such as pharmacological, therapy, diagnostics and imaging, but also prostheses, implants and medical
devices. Scheme 1 summarizes the main nano-compounds investigated for their potential applications

in nanomedicine.
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Scheme 1. Nanomedicine applications

Nanomedicine provides the possibility of delivering drugs to specific cells using nanoparticles with
the purpose 1) to improve drug stability, ii) to reduce adverse drug side effects, iii) to maximize the
bioavailability of medications at specific places in the body and iv) to improve their efficacy
regulating the drug release. [+ °]

The combination of drug delivery and multi-modality treatment with therapeutic and diagnostic
approaches is defined as “theranostic”. The theranostic nanoparticle is a unique system, which at the
same time enables diagnosis, therapy, and monitoring of therapeutic response. [*! Nanoparticles can
be functionalized with several ligands with therapeutic effect or ability to direct nanoparticle fate and
monitoring the system. !>

Nanomedicine can be applied also in tissue engineering to reproduce or repair damaged tissues.
Suitable nanomaterial-based scaffolds have been engineered to enhance cell adhesion, proliferation,
differentiation as well as promoting tissue growth. Scaffolds can be designed with specific

biochemical, mechanical and electrical characteristics to mimic the native tissues.
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Nanomedicine offers the potential to revolutionize almost all branches of medicine and to pave the
way for an improvement of treatment efficacies and more personalized medicine. Nevertheless, the
optimization and the complete understanding of the potential and limitations of nanoparticulate

systems require additional studies and research.

2.2 Nanomedicine and Bone regeneration

The treatment of systemic bone diseases and the management of bone fractures is a crucial point in
medical research as the incidence of bone disease, such as osteoporosis, is constantly increasing. )

The challenging goal of science in regenerative medicine is to find a way to promote bone formation
and to maintain homeostasis of this tissue to improve bone health and quality of life in affected
patients. Bone tissue engineering is based on the recruitment of osteoprogenitor cells and the
stimulation of their proliferation and differentiation, inducing remodeling of the bone. [0
Nanotherapeutic strategies in bone tissue engineering have seen recent progress on several fronts.
Nanoparticles may be employed for osteogenic drugs, growth factors and gene delivery, or may be
incorporated into scaffolds to enhance mechanical stability, biocompatibility, and cell survival for
implanted constructs. ['') Moreover, nanoscale features result in osteogenic effects, acting over

multiple aspects of mesenchymal stem cells and osteoblast behavior, including adhesion, migration,

proliferation, gene expression and stem cell fate. [12]

2.2.1 Promising nanomaterials for bone regeneration

The ability to mimic hierarchical and nanoscale structures of bone, the high ratio between strength
and weight, the capacity to deliver growth factors and drugs and the tissue regeneration potential
make nano-systems promising tools in orthopedic applications. ['*] Recently, scaffolds manufactured
from nanofibers, nanotubes, nanoparticles and hydrogel have been studied to replace efficiently the
defective tissues. In Table 1, various nanomaterials currently investigated in the bone regeneration

process are summarized.
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Nanomaterials Characteristics and medical References
applications

Nanosilicates inorganic nanomaterials [14, 15]
biocompatible
drug delivery

bone regeneration

Nanohydroxyapatite + component of enamel [16]
« increase bhioactivity of hydroxyapatite
* bone regeneration

Carbon nanotubes tensile strength [17,18, 19]
thermal conductivity

electrical conductivity

drug delivery

nanotechnology engineering

tissue regeneration

Graphene thermally conductive [20, 21, 22]
mechanical strength

high elasticity

biological engineering

drug delivery

antimicrobial applications

tissue regeneration

Table 1. Nanomaterials and bone regeneration.

a) Nanosilicates

Nanosilicates are bioactive inorganic nanomaterials composed of hydrous sodium lithium magnesium
silicate, which are currently found to be safe and effective for bone formation. Magnesium ions play
an important role in cellular adhesion of osteoblasts, stimulating the interaction of gap junctions and
integrin family proteins. [2* 24 Moreover, lithium can suppress the activity of GSK-3p, stimulating
the Wnt-signaling pathway, which is involved in osteogenesis mechanism. 2} Thanks to the high
surface-to-volume ratio and charged surface, nanosilicates can be conjugated with several compounds
and can modulate the release of multifunctional molecules. ?° Several studies reported the effects of
laponite-nanosilicates being able to control the release of drugs and growth factors, becoming an

interesting material for bone induction. [26-27]

b) Nanohydroxyapatite

Hydroxyapatite (HAP) is the main component of enamel and it is also an important resource of

calcium and phosphate, essential for the remineralization process. The nano-size of hydroxyapatite
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(nHAP) increases the surface area to which specific proteins bind and enhances the bioactivity of
hydroxyapatite. [28] nHAP is able to promote protein adhesion, cell proliferation and integration,
becoming a popular bone substitute. Several studies demonstrated the properties of nHAP to enhance

bone formation, stimulating bone growth and development. [2%-3%- 311

¢) Carbon nanotubes

Carbon nanotubes (CNTs) are tubes made of carbon, with a nanoscale diameter. Carbon nanotubes
can be single-wall carbon nanotubes (SWCNTs) or multi-wall carbon nanotubes (MWCNTs)
consisting of nested single-wall carbon nanotubes. SWCNTs are different from MWCNTs for
diameter range and length. CNTs own interesting properties, such as exceptional tensile strength and
thermal and electrical conductivity. They have been investigated for several biomedical applications,

(18] imaging, 3 biosensors **! and drug delivery. ' The choice of size,

including tissue engineering,
length and surface modification of CNTs determines the achievement of specific characteristics
effective for bone growth. B4 CNTs can be combined, for example, with hydroxyapatite to enhance

bone regeneration. [3°]

d) Graphene

Graphene is a two-dimensional allotrope of carbon, where the atoms are binding together in a
hexagonal lattice. It is the basic structural element of other carbon-based materials such as carbon
nanotubes and fullerenes. It shows promising physicochemical proprieties for many applications, 3¢
including a highly thermally conductive *71 and superior mechanical strength (one hundred times
more than steel) and, at the same time, high elasticity. [*31 Moreover, graphene has well-established
surface chemistry, [*1 with a large surface area, which can be multifunctionalized with several
chemical compounds, including drugs or specific targeting molecules. % Thanks to these distinctive
physicochemical characteristics, the applications of graphene and its derivatives are growing in
medical research. "1 In particular, recent evidences suggest a potential use of graphene-based
materials in stimulating bone formation. 21 Graphene oxide has positive effects on cell adhesion,
proliferation and differentiation, stimulating osteogenic differentiation. Moreover, graphene oxide
can be conjugated with calcium phosphate to obtain greatest performance in the bone regeneration

field, giving a synergistic acceleration in the osteogenesis, without any toxicity. 4]
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2.3 Nanomedicine and Cancer

One of the most important nanomedicine applications is related to the world of oncology and cancer
therapy. The treatment of cancer, up to date, is based on surgery, radiation, and chemotherapy. The
main risks correlated to all these therapies are the damage of normal tissue and the incomplete
eradication of the tumor. In this context, nanotechnology may offer the opportunity to fight cancer
reducing toxicity on healthy cells, improving pharmacokinetic and pharmacodynamic profiles of

44,451 Moreover, nanosystems can be

existing anticancer compounds and combining cancer therapies. [
useful to provide more sensitive cancer detection by the development of a biosensor to identify tumor
biomarkers or precancerous cells. [*¢] Nanoparticles and nanomaterials have become subjects of
fundamental research as possible effective platforms for diagnosis and therapeutic outcome. The
design of nanoparticles is essential to define their behavior. The features of nanoparticles, including
size, shape, charge, coating, cargo, and material, influence their ability to move and interact with the

environment and cells. [#7

I Moreover, the surface of nanoparticles can be functionalized and
manipulated by conjugating functional molecules, including therapeutic agents, fluorescent dye and
targeting ligands. % %1 In other words, it is possible to target therapies directly and selectively to
cancerous cells, to guide in surgical resection of tumors and to improve the therapeutic efficacy,

decreasing adverse side-effects.

2.3.1 Emerging nanoparticles in cancer medicine

Nowadays, a wide variety of nanoparticles have been studied for the development of cancer

[50, 51, 52

nanomedicines. I Table 2 shows some of the major nanoparticles with potential applications

in cancer as drug delivery systems, imaging tools and possible therapeutic agents.

Valentina Bordoni
Nanotechnology applications: from bone regeneration to cancer therapy
PhD school in Life Sciences and Biotechnologies
University of Sassari
10



Liposome « spherical vesicles nano-carriers for anticancer drugs [63, 54]
* made of
phospholipids
* biocompatibility
« biodegradability
« low toxicity

Superparamagnetic « spherical particle + drug delivery [55, 56]
Iron-Oxide « diameter 1-100nm + cancer magnetic nanotherapy
Nanoparticles * magnetic properties » tumor targeting
« biocompatible * medical imaging
Silver nanoparticles « size 1-100 nm + potential carriers for anticancer [67,58]
» spherical, diamond, drugs
octagonal, sheets + potential anticancer agents

Table 2. Promising nanoparticles for cancer therapy.

I Liposome

Liposomes are spherical vesicles, described for the first time by Bangham in 1961. %! Liposomes
consist mainly of phospholipids, especially phosphatidylcholine, but may also contain other lipids.
Liposomes may incorporate a small amount of molecules and surface ligands to achieve site-specific.
[60.611 Thanks to this aptitude to embed hydrophilic and lipophilic drugs plus the high biocompatibility,
biodegradability and low toxicity, 192! liposomes have been investigated, in the last years, in cancer
therapy as drug delivery system, able to decrease drug toxicity, to protect chemotherapeutic agents
from the surrounding environment and to target the desired site of action. Up to date, there are several
liposomal-based nano-carriers incorporating anticancer drugs, such as doxorubicin and daunorubicin,
approved by the FDA or used in clinical trials as potent anticancer formulations. 6% %1 In summary,

liposomes can be considered attractive vehicles for targeted delivery of anticancer agents.

II) Superparamagnetic Iron-Oxide Nanoparticles

Superparamagnetic Iron-Oxide Nanoparticles (SPIONs) are particles with a diameter range between
one and 100 nanometers. SPIONSs, such as magnetite (Fe3O4) and maghemite (Fe>Os), show unique
physical, chemical, magnetic and biocompatibility properties. By exploiting magnetic force, SPIONs
have been successfully used for target drug delivery. 6% %] SPIONs reveal superparamagnetic effects

when they are reduced to 10-20 nm, determining magnetization until their saturation, without any
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residual magnetism after magnetic field termination. [”) Through a high-gradient magnetic field is
possible to concentrate SPION at a specific target site of tissue. (8] Moreover, SPIONs, thanks to
superparamagnetic proprieties and easy surface modification, have been extensively investigated as
contrast agents in magnetic resonance imaging (MRI). [] SPIONs are interesting nanoparticles for
cancer research thanks to their ability to combine cancer magnetic nanotherapy, tumor targeting and

medical imaging in theranostic approach. [7%-71- 721

I11) Silver nanoparticles

Silver nanoparticles are nanoparticles made of metallic silver of between 1 nm and 100 nm in size.
The shape of these nanoparticles depends on the synthetic method used to prepare them and determine
the field of application according to their specific properties. Usually, silver nanoparticles are
spherical but diamond, octagonal and thin sheets are also common. Silver is a strong bactericidal
agent [3] and it has been demonstrated that in vitro several silver complexes showed active effects
against cancer. ¥ By exploiting the anti-cancer properties of silver and improving its bioavailability,
silver nanoparticles (AgNPs) represent a promising nano-tool able to offer an interesting implement
for many biomedical applications. The extremely large surface area of silver nanoparticles offers the
possibility to conjugate them with a wide variety of ligands. 7> Therefore, silver nanoparticles have
been investigated as potential carriers for delivering various biomolecules or small drugs, including
anticancer molecules, to specific targets. [’® 771 Once the nanoparticles reach their target, following
internal or external stimulus, they can release chemotherapeutic agents at specific sites minimizing
side effects. [l Moreover, several studies demonstrated the antiproliferative and apoptosis-inducing

proprieties of silver nanoparticles, proposing them as potential anticancer agents. 7% 3%
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3. Aim of the thesis

Despite significant progress in medicine and biology, the research of new treatments to cure and
prevent diseases and to promote regeneration of damaged tissue is still a great challenge for the
scientific community. As discussed in the introduction section, nanotechnology can be considered a
promising approach for the development of innovative tools in medicine. The intention of this work
is to provide new insights for future applications of nanotechnology in two key research fields: bone

regeneration and cancer therapy.

Considering the key role of osteoimmunology in bone regenerative medicine, materials able to
interact with both immune and skeletal cells to promote bone regeneration are still missing.
Depending on design and surface functionalization, graphene-based materials can be selected for
exerting specific effects on the immune system. Moreover, graphene, in particular, graphene oxide,
could play an important role to promote cell adhesion, proliferation and differentiation, enhancing
the osteogenic differentiation for bone regeneration research. Hence the investigation of graphene
oxide conjugated with calcium phosphate, which owns well-known osteoinductive properties,
becomes of great interest. For the purpose of emphasizing the importance of the immune-mediated

bone formation, this nanomaterial can offer real medical strategies to fight bone-related disorders.

Regarding cancer research, in the past few years, several nano-compounds have been investigated.
Among them, silver nanoparticles (AgNPs) are emerging as promising nano-tools able to offer an
interesting option in cancer therapy. Several studies demonstrated the potential anticancer properties
of AgNPs. However, the results available on the biological responses of AgNPs are still limited. It is,
therefore, crucial to have a broader overview on the impact of AgNPs, specifically those synthesized

by the “green” synthesis approach, on cancer cells.

The present thesis aims to illustrate and promote the wide opportunities of nanotechnology in

biomedicine fields, underlining the specific potentiality for each nano-object.
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4. Graphene oxide in bone regeneration
4.1 Introduction

The development of new strategies to promote the regeneration of damaged tissues is one of the main
challenges in today’s regenerative medicine. [ 2 Nanomedicine is emerging as a potential tool for
bone tissue engineering, which has made huge advances in the last few years. Recent evidence shows
that graphene and its derivatives, due to their unique physicochemical characteristics, distinctive
nanostructure and mechanical proprieties, facilitates osteogenesis differentiation of MSCs and
enhances bone regeneration. 13 In particular, graphene oxide microflakes, that were associated with
ultrathin plate-shaped calcium phosphate nanoparticles (GO-CaP), were able to promote the
proliferation and differentiation of human MSCs (hMSCs) in vitro without showing any toxicity. (4
In most studies, research on graphene in bone regeneration focused mainly on osteoblasts. [ 6 7]
Osteoblasts arise from MSCs and their differentiation is promoted by two key pathways: the Wnt
signaling pathway and the bone morphogenetic protein (BMP) pathway. Activation of both pathways
leads to the stimulation of osteoblastic transcription factors such as Runx2 and osterix, which induce
the expression of osteoblast marker genes such as alkaline phosphatase, type I collagen, and
osteocalcin. However, the immune system plays also a key role in osteoblast differentiation. It has
been proven that activated immune cells release soluble molecules, such as cytokines and signaling
molecules, which strongly influence the osteogenic gene expression and differentiation of MSCs. [
As such, monocytes have been shown to simulate hMSCs differentiation into osteoblasts by
producing pro-osteogenic factors such as oncostatin M and by activating STAT3 signaling in
osteoblasts through direct cell contact. !

Graphene-based nanomaterials can be design based on chemical-physical characteristics and
functionalization, with the ability to induce different molecular impacts on the immune system. [!°]
In a previous study, it was demonstrated that a particular type of graphene oxide (GO) with small
lateral dimension could induce a specific activation stimulus on monocytes. 1

Based on these findings, we combined the distinctive activation proprieties of GO on monocytes and
the well-recognized osteoinductive capacity of calcium phosphates (CaP) in a novel unique
biocompatible nanomaterial called maGO-CaP (Monocytes Activator Graphene Oxide conjugated

with Calcium Phosphates). In the present study, we analyzed the effect of maGO-CaP on osteogenic

differentiation of MSCs in vitro and in vivo and assessed the underlying mechanisms. We
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hypothesized that maGO-CaP promotes the MSC differentiation into osteoblasts through monocyte
activation. Firstly, we evaluated the impact of maGO-CaP on monocytes and hMSC, analyzing cell
viability and activation by flow cytometry. The ability to induce osteogenic differentiation of maGO-
CaP was assessed studying osteoblastogenesis through the expression of osteogenic markers and the
mineralization capacity in vitro and by assessing bone mass and bone formation in vivo. Furthermore,
we analyzed Wnt and BMP signaling as potential underlying mechanisms. The ability of maGO-CaP
to boost bone formation was confirmed by microcomputed tomography (uCT), histology and gene

expression.
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4.2 Materials and methods

4.2.1 Nanomaterials: synthesis and characterization

GO was purchased from Nanolnnova (Spain) (batch no. NIT.GO.R.10.1) as a powder, produced by
a modified Hummers' method. CaP and maGO-CaP were synthesized mixing two reverse
microemulsions A and B. Emulsion A was prepared by mixing 200 pL of 100 mM CaCl2, in 2.65 ml
of 30% Igepal CO-520 in cyclohexane. Emulsion B was prepared by mixing 200 pL of 60 mM
Na2HPO4 in 2.65 ml of 30% Igepal CO-520 with 50 pl of DMF. To prepare maGO-CaP, we added
1 mg of GO to the phosphate solution before the addition of cyclohexane. To form a clear
microemulsion, both emulsion A and B were mixed for 30 minutes. Therefore, microemulsion B was
added dropwise to microemulsion A, mixing vigorously, until the formation of microemulsion C.
Then, 50 pl of 1% Pluronic® F-127 in water solution was added slowly to the microemulsion C by
mixing for 30 minutes. Subsequently, 16 ml of ethanol were added to destroy the emulsion and the
CaP or maGO-CaP were separated by centrifugation at 5000 rpm for 10 minutes. After washing three
times with ethanol and three times with water, CaP and maGO-CaP were kept in Milli-Q water for
20 days for maturation.

TEM images were obtained using a Hitachi H7500 microscope (Tokyo, Japan) with an accelerating

voltage of 80 kV, equipped with an AMT Hamamatsu camera (Tokyo, Japan).

4.2.2 Cell culture

Buffy coats of healthy blood donors (25-50 years old) were collected from the University Hospital
Carl Gustav Carus, Dresden. PBMCs were purified from whole blood using biocoll gradient
centrifugation (1.077 g/ml, Biochrom). After PBMCs purification, monocytes were isolated using
Dynabead Untouched™ Human Monocytes Kit (Invitrogen).

Bone marrow aspirates were obtained from healthy donors after completion of written informed

consent, following Institutional Review Board approval (Uniklinikum, Dresden, Germany). Bone
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marrow aspirates were diluted 1:5 in PBS and primary hMSCs were separated by biocoll solution
(1.077 g/ml, Biochrom)

All the cells were cultured in Dulbecco’s modified Eagle medium (DMEM)-low glucose
supplemented with 1% of penicillin/streptomycin solution and 10% fetal calf serum, at 37°C under a
humidified 5% CO» atmosphere.

hMSCs were co-cultured with monocytes at a ratio 1:10 in osteogenic medium: DMEM supplemented

with 10 nM dexamethasone, 100 uM ascorbic acid 2-phosphate, and 10 mM B-glycerophosphate.

4.2.3 Apoptosis and viability assay

The apoptosis assay was performed using Annexin V/PI labeling (Invitrogen, Carlsbad, CA).
Monocytes and hMSCs were incubated separately for 24 hours with increasing doses (5, 25, 50pug/ml)
of GO, CaP, and maGO-CaP or left untreated. The cells were stained with Annexin V/PI staining,
incubated for 20 minutes in the dark and suspended in Annexin V 1x buffer. As positive control, the
cells were treated with ethanol at 70% before staining. AnnexinV; is a protein that binds
phosphatidylserines (PS), which is “flipped” to the outer leaflet of the cell membrane during the early
stages of apoptosis. The second component of the staining is PI, a dye molecule able to bind DNA,
but it can only enter cells when their membranes are altered, which is a typical characteristic of
necrosis. The late apoptosis presents PS at the extracellular side of the membrane but there is also
loss of membrane integrity. At this stage, the cells are positive for both, Annexin V and PI. The cell
fluorescence was measured by flow cytometry (LSR II BD Bioscience) and 50000 to 100000 events
were collected.

The CellTiterBlue assay (Promega, Mannheim, Germany) was used to evaluate cell viability. This
assay is based on the ability of viable cells to reduce resazurin into resorufin, which is highly
fluorescent and can be detected by a spectrometer. Cells were seeded in 96-well plates in the presence
or absence of increasing doses of GO, CaP, or maGO-CaP (5, 25, 50 pg/ml). After 24 hours the
fluorescence intensity was measured using a microplate reader (FluoStar Omega (Aex: 560 nm, Aex:

590 nm; BMQG).
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4.2.4 Activation assay

Monocytes were cultured in 12 well-plates at the concentration of 1 x 10° cell/well. Monocytes were
incubated with or without GO and maGO-CaP (5-25-50 pg/ml) or bacterial endotoxin
lipopolysaccharides (LPS; 2 pg/ml), purchased from Sigma-Aldrich and used as the positive control.
After 24 hours treatment, supernatants were collected to evaluate tumor necrosis factor-alpha (TNF-
a) and interleukin 6 (IL-6) secretion using ELISA kit (Boster Biological Technology), while cells
were stained to identify activation markers expression (CD69, CD25, CD80, and CD86, eBioscience).
CD69, a member of the C-type lectin superfamily (Leu-23), is one of the earliest inducible cell surface
glycoproteins expressed by immune cells during activation. CD25 is the alpha chain of the IL-2
receptor, a late activation antigen expressed by lymphomonocytes. The cluster of differentiation 80
(CD80) is a protein found on activated antigen-presenting cells such as B cells and monocytes that
play an important role in T cell activation and survival. Staining with fluorochrome-conjugated
monoclonal antibodies was performed in the dark for 20 minutes at 4°C. After washing, cells were

analyzed by LSR II (BD Bioscience).

4.2.5 ALP and alizarin red S

hMSCs alone or co-cultured with monocytes were seeded in 24-well plates and treated with GO, CaP,
and maGO-CaP (50 pug/ml) or left untreated. At day seven, cell lysates were incubated with an ALP
substrate buffer (100 mM diethanolamine, 150 mM NaCl, 2 mM MgCl2, and 2.5 mg/ml p-
nitrophenylphosphate). We used BCA method to determine protein concentration. Color change was
measured using a spectrometer (Fluostar, BMG) at 405 nm and normalized to the total protein
concentration.

To verify the bone matrix formation, we used alizarin red staining. The co-cultures were seeded in
48 well plates and, after 14 days of treatment, the cells were fixed with 70% ethanol and stained with
40 mM alizarin red S. After washing with distilled water, the plates were dried. The residual bound
and stained calcium was then eluted using 100 mM cetylpyridinium chloride and quantified with a

spectrometer at 540 nm.
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4.2.6 Real-time PCR and osteogenesis array

After 14 days of treatment, RNA was isolated from co-culture using Trifast reagent (Invitrogen,
Carlsbad, CA) and quantified using a Nanodrop spectrophotometer (Peqlab, Germany). Five-hundred
nanograms of RNA were reverse transcribed using Superscript II (Life Technologies, Carlsbad, CA)
and the expression of Runx2, Colla, OCN, BMP6, Axin2, CD44 and LEF1 genes was analyzed using
one step plus real-time PCR system from One Step Plus (Applied Biosystems, Foster City, CA). The
results were calculated with 2-AACT method and were analyzed using -actin as housekeeping gene.
[11]

For the osteogenesis array, cDNA synthesis was obtained using Superscript [V Reverse Transcriptase
kit (Life Technologies). RT2 Profiler PCR Array (PAHS-026Z, Qiagen Germany) was used to
identify the expression of 84 osteogenesis-related genes. Amplifications on plates were performed by

real-time PCR instrument (Applied Biosystems).

4.2.77 OSM and TLR2/4 evaluation in hMSCs differentiation

Supernatants were harvested from co-cultures of hMSCs-monocytes after seven days of treatment to
measure secreted Oncostatin M (OSM) levels by Human OSM/Oncostatin M PicoKine™ ELISA Kit
(Bosterbio).

To evaluate the role of OSM in the hMSCs differentiation process mediated by maGO-CaP, OSM
neutralizing antibody (R&D System) was added or not added to the co-cultures at the concentration
of 100 ng/ml in the osteogenic medium. Alizarin red assay was performed to analyze mineral
deposition.

The co-cultures were pre-treated with anti-toll like receptor (TLR) 2 and anti-TLR4 antibodies for 30
minutes before incubation with 50 pg/ml maGO-CaP. Alizarin red staining was used to evaluate the
bone matrix formation in the presence or the absence of anti-TLR2 and anti-TLR4 after 14 days of
treatment with maGO-CaP. At day seven, the supernatant samples were collected to analyze the OSM

secretion by Human OSM/Oncostatin M PicoKine™ ELISA Kit (Bosterbio).
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4.2.8 Mice

Thirty C57BL/6 mice, 12-weeks-old male, were received from Janvier (France). Study procedures
were approved by the Institutional Animal Care Committee and the Landesdirektion Sachsen. The
mice were divided into two groups: control and treated with maGO-CaP. A hole was drilled into the
tibia using a 27G x % 0.4 x 19 mm needle and 20 pl of 50 pg/ml maGO-Cap or PBS as a negative
were injected intratibially. After one week or four weeks, mice were sacrificed to assess bio-immune

compatibility and local bone turnover.

4.2.9 Flow cytometric analysis of immune cells

After seven days and one month of injection, the spleen, the lymph nodes, the thymus, and the bone
marrow were harvested. To create cell suspension, the tissues were mechanically dissociated by
gentle trituration and filtered through a cell strainer. Major immune cell populations were analyzed
using flow cytometry according to the expression of specific cell surface markers, detected with
fluorochrome-conjugated monoclonal antibodies. Cells were washed twice with 0.5% bovine serum
albumin in PBS pH 7.2 and were incubated for 20 minutes in the dark with fluorescently labeled
antibodies. Cell typing was performed using CD45 for leukocytes, CD3 for T cells, CD4 for T helper,
CDS for T killer, CD11b for myeloid cells, CD11c¢ for dendritic cells and Gr1 for granulocytes.

4.2.10 nCT measurement

The bone formation of tibias was evaluated ex vivo by microcomputed tomography using a vivaCT40
(Scanco, Switzerland). The bones were scanned at a resolution of 10.5 pm and 200 ms integration
time. The contours of trabecular bone were taken by hand and pre-defined scripts from Scanco were
used for the analysis. According to the international guidelines ['?) we evaluated the trabecular bone

volume/total volume (BV/TV), trabecular number (Tb.N) and the trabecular thickness (Tb.Th).

Valentina Bordoni
Nanotechnology applications: from bone regeneration to cancer therapy
PhD school in Life Sciences and Biotechnologies
University of Sassari
24



4.2.11 Bone histology

To determine bone formation parameters, five and two days before sacrifice, mice received a calcein
injection (20 mg/kg) intraperitoneally to later identify newly formed bone. After sacrifice, the tibias
were fixed in 4% PBS-buffered paraformaldehyde and dehydrated in an ascending ethanol series.
Then, bones were embedded in methacrylate and cut into 7 um sections. The sections were analyzed
using fluorescence microscopy to assess the fluorescent calcein labels. Dynamic bone
histomorphometry was performed to determine the mineralized surface/bone surface (MS/BS), the
mineral apposition rate (MAR), and the bone formation rate/bone surface (BFR/BS).

Moreover, the femur of each mouse was fixed in 4% PBS-buffered paraformaldehyde, decalcified for
one week using Osteosoft (Merck, Germany), dehydrated using ascending series of ethanol and
embedded with paraffin. For these analyses, the bones were cut into 4 pm sections and stained for
tartrate-resistant acid phosphatase (TRAP) to identify osteoclasts and osteoblasts. Histomorphometric
analysis was carried out using Osteomeasure software (OsteoMetrics, USA), according to

international standards. (13!

4.2.12 Statistical analysis

All experiments were performed at least in triplicate. Statistics of experiments were evaluated using
one-way ANOVA or Student’s #-test. P-values<0.05 were considered statistically significant. Flow
cytometry data were analyzed with FlowJo software. The comparative threshold cycle method was
used to calculate immune gene array data. Data were analyzed using RT2 profiler PCR array data

analysis software from Qiagen.

Valentina Bordoni
Nanotechnology applications: from bone regeneration to cancer therapy
PhD school in Life Sciences and Biotechnologies
University of Sassari
25



4.3 Results and discussion

4.3.1 Synthesis of maGO-CaP and cell viability

Firstly, we prepared CaP as described in the literature. *] Subsequently, we employed the reverse
emulsion method using Pluronic F127 as a capping agent to obtain CaP amorphous nanoparticles.
maGO-CaP were then synthesized by adding the GO flakes in the synthetic batch. The Figure 1

shows the TEM microscopy images of CaP and maGO-CaP.

CaP maGO-CaP

Figure 1. Morphology of maGO-CaP. TEM images of mature CaP and ma-GOCaP (scale bar:

200nm)

Several studies were performed to evaluate the biocompatibility of graphene, founding contradictory
results. [ Some investigation demonstrated the high biocompatibility of graphene, with no
compromise in cell viability. [ 191 On the other hand, some manuscripts reported cytotoxicity effects
after graphene treatment, associated with increase of apoptosis and necrosis. [ 181 These
contradictions are the results of different graphene materials used for the analysis. Indeed, several

factors, including lateral size dimension, shape, thickness, stiffness, surface functionalization,
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concentration and time of exposure to cells, influence the different impacts on cell. [ Therefore, we
firstly evaluated the impact of maGO-CaP on cell viability.

Monocytes, isolated from PBMCs, were exposed to increasing doses of GO, maGO-CaP or CaP (5,
25, 50 pg/ml). To assess early apoptosis, late apoptosis and necrosis, we used AnnexinV/propidium
iodide (PI) staining (Figure 2A). No significant difference was found in the percentage of apoptotic
and necrotic cells, also after treatment with the highest concentrations used (50 pg/ml) (Figure 2A).
We confirmed the data using CellTiter Blue assay (Figure 2B).

The impact of nanomaterials on hMSCs was studied as above reported for monocytes. Using Annexin
V/PI staining we demonstrated that maGO-CaP did not affect hMSCs viability (Figure 2C).
Similarly, we did not find any significant difference in fluorescence intensity between untreated and
treated cells using CelTiter Blue assay (Figure 2D). These results are in agreement with other authors
who reported a good biocompatibility of graphene-based materials on progenitor cells, including
MSCs. 29211 Zancanela et al. i.e. investigated the effects of GO on osteoblast viability at one and
five days selecting GO concentrations of 25 and 50 pg/mL. They found higher cell viability compared

to the controls, highlighting also increased cell growth after one day of incubation. [22]
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Figure 2. Cell viability. B) and C) Monocytes, isolated from PBMCs, were treated with increasing
doses of GO, maGO-CaP and CaP (5, 25, 50 pg/ml) for 24 hours or left untreated. B) Viability was
assessed by flow cytometry using Annexin V and PI staining. C) CellTiter-Blue assay was performed
to confirm cell viability impact after treatment with each material. D) and E) hMSCs, isolated from
bone marrow of healthy donors, were cultured in presence of increasing doses of GO, maGO-CaP
and CaP (5, 25, 50 pg/ml) for 24 hours or left untreated. The same assays used for monocytes were

performed: D) Annexin V/PI staining. E) CellTiter Blue assay.
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4.3.2 Monocytes Activation

As activated monocytes were shown to stimulate the function of osteoblasts, 32324 we investigated

(1] Therefore,

the ability of maGO-CaP to activate monocytes as previously shown for GO.
monocytes were exposed for 24 hours to GO or maGO-CaP (5, 25, 50 ng/mL) and the expression of
the main immune activation markers was evaluated by flow cytometry (Figure 3A). In particular, we
analyzed the expression of CD69, CD25 and CD80. After GO and maGO-CaP treatment, these
markers were found highly expressed compared to control samples, confirming maGO-CaP activation
action on monocytes (Figure 3A). We found a statistically significant induction of CD25 and CD80
(P-value < 0.01), demonstrating that maGO-CaP maintained the immune-characteristics of GO
(Figure 3A). To confirm the monocytes activation status, we evaluated the levels of TNFa and IL-6
in the cell supernatants (Figure 3B). IL-6 and TNFa are cytokines secreted by
monocytes/macrophages and related to the innate immune system response. According to our results,

Zhi et al. showed that the incubation with GO induced a specific stimulus on the innate immune

system with the release of primary proinflammatory cytokines such as IL-6, TNFa and IL1. [2]
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Figure 3. Monocyte activation. Monocytes were incubated for 24 hours with increasing doses of
GO and maGO-CaP (5, 25, 50 ug/ml) or left untreated. A) The activation of monocytes was analyzed
by flow cytometry using three main activation markers: CD69, CD25 and CDS80. B) To evaluated
TNFa and IL-6 secretion, cells were treated with 50 pg/ml of GO and maGO-CaP or left untreated
and the supernatant was analyzed by ELISA. LPS (2 pg/ml) was used as positive control. Data were

analyzed using Student’s t-test, *=p value<0.05, **=p value<0.01, ***=p value<0.001.

4.3.3 Osteoblast differentiation in the presence of monocytes

The osteogenic process is strictly correlated to monocytes, which interact directly with MSCs through

cell contacts or release pro-osteogenic mediators, such as oncostatin M (OSM). I%-26.271
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We hypothesized that maGO-CaP could stimulate monocytes to express these factors, inducing
hMSCs differentiation. Therefore, we performed a co-culture of human monocytes and hMSC at 10:1
ratio, as found in literature, and we treated it with GO, Cap and maGO-CaP. Considering 50 pg/ml
of maGO-CaP as the best concentration able to induce osteoblast differentiation, we evaluated the
alkaline phosphatase (ALP) activity (Figure 4). ALP is an important enzyme involved in hard tissue
formation, highly expressed in mineralized tissue cells. ALP is implicated in the dephosphorylation
process of several types of molecules and the increase of its activity is an index of the MSCs
differentiation into osteoblasts. [23-2%-30- 3132 After seven days of treatment with maGO-CaP, ALP
activity was significantly increased compared to negative controls and samples treated with only CaP

and GO (p value<0.01) (Figure 4).
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Figure 4. ALP activity. Co-cultures of hMSCs-monocytes, at 1:10 ratio, were incubated with 50

pg/ml of GO, CaP and maGO-CaP or left untreated. ALP activity was quantified at day seven.
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The maGO-CaP propriety inducing osteogenesis was confirmed by analysis of the bone matrix
formation using Alizarin Red S staining (Figure 5). The data showed a significant increase of
absorbance intensity when hMSCs-monocytes were grown in the presence of 50 pg/ml of maGO-

CaP respect to the untreated control condition.
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Figure 5. Alizarin Red assay. After 14 days of treatment with 50 pg/ml of GO, CaP and maGO-
CaP, Alizarin Red Staining was performed to visualize the bone matrix formation.

In hMSC only cultures, maGO-CaP effects on ALP activity and mineralization were reduced
compared to co-culture (Figure 6A and 6B), suggesting that the additive effect observed in the co-

culture is likely to be mediated via monocytes activation.
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Figure 6. Osteogenic differentiation of hMSCs in the presence or absence of monocytes. hMSCs-
monocytes co-cultures and only hMSCs without monocytes were grown in presence of GO, CaP and
maGO-CaP or left untreated. A) After seven days of treatment, ALP activity was analyzed. B) To
evaluate the bone matrix formation, Alizarin Red assay was performed at day 14. Data were analyzed

using ANOVA test and Student’s t-test, *=p value<0.05, **= p value<0.01, ***=p value<0.001.

These outcomes could be a demonstration that GO enhances in a synergistic way the osteoinductive
capacity of CaP. The augment of osteogenic effects on hMSCs is a specific characteristic of the
compound formed by GO and CaP. Tatavarty et al. demonstrated that GO-CaP exhibited osteogenic
capability that was superior to individual or combined effects of GO and CaP. ! As a contribution of

this study, we underlined the correlation between monocyte responses to maGO-CaP interactions and
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osteoblast differentiation. Therefore, we can assume that maGO-CaP has a direct action on hMSCs,
boosting the osteogenic proprieties of CaP, and an indirect action on osteoblastogenesis, stimulating
monocytes activation thanks to the presence of GO.

To further validate these data, we investigated the influence of maGO-CaP on osteogenic gene
expression of hMSCs. We analyzed four key osteogenic genes in the co-culture: runt-related
transcription factor (Runx2), collagen type 1 (Colla), osteocalcin (OCN) and bone morphogenic

proteins 6 (BMP6) (Figure 7).
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Figure 7. Gene expression. Runx2, Colla, OCN and BMP6, the main osteogenic genes, were
analyzed by Real-Time PCR. Data were analyzed using ANOVA test and Student’s t-test, *=p

value<0.05, **= p value<0.01, ***=p value<0.001.
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Runx2 encodes for transcription factors that leads the expression of osteoblast marker genes,
including Colla and OCN. Collagen genes, including Colla, are associated with extracellular matrix
(ECM), which is a central component of cellular microenvironments in bone. Colla influences the
expression of osteoblastic phenotypes by extracellular signals. OCN, also known as bone gamma-
carboxyglutamic acid-containing protein (BGLAP), is a non-collagenous protein found in bone and
dentin. OCN is involved in bone mineralization and calcium ion homeostasis. BMPs are family of
signaling proteins able to induce the growth of bone, stimulating the expression of osteogenic markers
in MSCs.

Figure 7 shows the relevant up-regulation of Runx2, Colla, OCN and BMP6 genes after two weeks>
exposure of 50ug/ml GO-CaP compared to untreated samples (p value<0.001). Interestingly, we
found an over-expression of Runx2 and also Colla mediated by maGO-CaP treatment compared to
CaP samples (p value<0.01).

Our results are supported by other studies showing the potential of graphene to induce gene and
protein expression of Runx2, Coll and OCN without any addition of chemical inducers. 133341

These results show the pro-osteogenic proprieties of maGO-CaP, highlighting its role in the crosstalk

between monocytes and bone cells.

4.3.4 maGO-CaP osteogenesis mechanisms

To deeply understand the action of maGO-CaP on osteogenesis processes, we assessed the expression
of specific genes involved in the Wnt pathway. [331 The Wnt pathway is a signal transduction pathway,
consisting of several receptors, inhibitors, activators, modulators, phosphatases and kinases, involved

in numerous aspects of growth and development in many organs and tissues, such as cell behavior,

[36

cell adhesion and cell polarity. ) The Wnt signaling pathway is further separated in: I) the canonical
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Wnt/B-catenin pathway, depending on the function of B-catenin and IT) the non-canonical Wnt/Ca®*
pathway, independent from B-catenin. The components of Wnt/B-catenin signaling pathway are
involved in MSCs regeneration, osteoblastogenesis and pre-osteoblast replication correlated to
apoptosis inhibition. 371 Therefore, we evaluated the expression of three main genes associated to
Wnt/B-catenin pathway in the co-culture: axin inhibition protein 2 (Axin2), CD44 and lymphoid
enhancer-binding factor 1 (LEF1) (Figure 8). Axin2 is involved in the regulation of beta-catenin
stability. 38 CD44 antigen is a receptor for hyaluronic acid, activated by beta-catenin and Wnt
signaling. BV LEF1 is a transcription factor that promotes the transcription of target genes related to
Whnt signaling pathway. [4%]

We found a statistically significant over-expression of Axin 2 (p value<0.05), CD44 (p value<0.05)
and LEF1 (p value<0.01) after treatment with 50pg/ml maGO-CaP, demonstrating that osteoanabolic

action of graphene may be at least partly mediated by the Wnt pathway (Figure 8).
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Figure 8. Wnt pathway. The main genes involved in the Wnt pathway were evaluated by Real-Time

PCR. Data were analyzed using Student’s t test, *=p value<0.05, **= p value<0.01.
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To have a wide overview on the effects of maGO-CaP on key pathways involved in the osteo-
differentiation process, we performed a deep genomic analysis on the expression of highly selected
genes. PCR arrays on co-culture samples were performed to assess the expression of 84 key genes
related to cell growth, proliferation and differentiation, bone formation and bone mineral metabolism.
Figure 9 shows the heat map details, with strong up-regulation of specific genes in response to
maGO-CaP treatment. The pro-osteogenic potential of maGO-CaP was manifested by the over-
expression of bone morphogenetic proteins (BMPs), a group of growth factors associated with the
development of bone mineralization, with a fold change higher than 2. In particular, we found a
significant increase in the expression of the following BMPs genes: BMP2 (4.71 fold-change), BMP3
(4.31-fold change), BMP4 (2.12-fold change), BMP6 (2.26-fold change) and BMP7 (2.38-fold
change) (Figure 9). Correlated to BMPs signaling, we found an up-regulation also of expression of
Smadl (Mothers Against DPP Homolog 1) (Figure 9). Moreover, maGO-CaP treatment induced an
overexpression of collagen genes, including Col10al (4.36-fold change), Col14al (3.22-fold change),
Colla2 (2.85-fold change) (Figure 9). The results obtained with the osteo-array were in line with

gene expression analyzed by real-time PCR (Figure 9).

& & &
Q Q Q
g 8 $
58 §8 52
Q
2 03 04 05 06 07 08 09 10 11 12 ANXAS - ITeAM
BGLAP coL14a1 ITGB1
BGN CoL15A1 MMP10
BMPL coL1Al MMP2
BMP2 COL1A2 MMPS
BMP3 COoL2A1 MMP9
BMP4 coL3A1 NFKBL
BMPS coLsA1 NOG
BMPG comp PDGFA
BMP7 (SF1 PHEX
BMPR1A CSF2
BMPR1B SF3 RUNX2
BMPR2 TSk SERPINH1
] CALCR DIXS SMAD1
Magnitude of log2 (fold change) EGF SMAD2
EGFR SMAD3
il Swans
-2.237 0 2.237 FGF2
FGFR1 50X9
FGFR2 SP7
FLT1 SPP1
FN1 TGFBL

TGFB2
TGFB3

Valentina Bordoni
Nanotechnology applications: from bone regeneration to cancer therapy
PhD school in Life Sciences and Biotechnologies

University of Sassari
37



Figure 9. Osteogenic array. The experiments were carried out at least in triplicate and the data are
reported as mean. Genes are showed for fold-change variations compared to the controls. The
differences in gene expression are displayed using standardized color value: red = high expression;
green = low expression. Heat-map detail indicates the osteo-differentiation genes up-regulated by

maGO-CaP.

4.3.5 Osteogenesis process mediated by maGO-CaP: the role of

monocytes

To confirm the key role of monocytes in MSCs differentiation process, we analyzed the expression
of Oncostatin M (OSM), a cytokine released by activated monocytes/macrophage considered one of
the major mediators able to promote osteogenesis in hMSCs. 27411 OSM induces the differentiation

42 8] During early stages of

of MSCs into osteoblast lineage, showing anti-adipogenic effects. |
fracture healing, OSM is expressed by monocytes/macrophages and supports osteoblast
differentiation by encouraging the recruitment and proliferation of MSCs. [#4l Therefore, the role of
OSM is crucial in the crosstalk between monocytes and bone cells. 4!

To evaluate whether OSM signaling could be involved in the osteogenesis of hMSCs driven by
maGO-CaP, an ELISA assay was performed on supernatants of hMSC-monocyte co-cultures. OSM

levels were significantly higher (p-value < 0.0001) in cells treated with maGO-CaP compared to

untreated cells (Figure 10).
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Figure 10. OSM levels. After seven days of treatment with 50 pg/ml of maGO-CaP, supernatants
were collected and OSM levels were evaluated by ELISA (*=p value<0.05, **= p value<0.01, ***=
p value<0.001, ****=p value<0.0001).

Consequently, to analyze the influence of these high levels of OSM on hMSCs differentiation, we
used OSM neutralizing antibodies, adding them to co-culture at the concentration of 100ng/ml
(Figure 11). By Alizarin Red Staining we analyzed the bone nodule formation, observing a decrease
in the co-culture pre-treated with OSM neutralizing antibodies. These interesting results suggest the

key role of OSM in the osteogenic process induced by maGO-CaP.
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Figure 11. OSM and bone formation. hMSCs-monocytes co-cultures were grown in presence or
absence of 50 ug/ml of maGO-CaP. Before treatment, OSM neutralizing antibodies (100 pg/ml). were
added or not to co-cultures. To evaluate bone nodule formation, Alizarin Red Staining at 14 days was

used (*=p value<0.05, **= p value<0.01).
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The cell interaction mechanism of graphene with monocytes is still not clear. Graphene might elicit
a Toll-like receptor (TLR)-mediated inflammatory response. TLRs are single membrane receptors
involved in the innate immune system by activating immune cell responses. 9 Several studies
observed the activation of macrophage cell lines mediated by GO through the interaction with TLRs,
specifically TLR4 and TLRY. #4748 #1 Recently, a new chemically exfoliated few layers graphene
was found able to cause necrotic pathways initiation in neoplastic monocytes by TLR2 and TLR4

5% However, the TLRs interaction of graphene needs further experimental confirmations.

receptors.
To evaluate the key role of TLR2 and TLR4 in the activation of monocytes in response to maGO-
CaP, we pre-treated the cells with TLR2 and TLR4 blocking antibodies before incubation with
maGO-CaP (50pg/ml). In monocytes pre-treated with anti-TLR2 we found value of CD69, CD25 and

CD80 expression similar to sample without pre-treatment. Interestingly, in samples pre-treated with

anti-TRL4 a reduction of the expression of these activation markers was observed (Figure 12).
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Figure 12. TLR and monocytes activation mediated by maGO-CaP. Monocytes were incubated

with 50 pg/ml of GO and maGO-CaP. 30 minutes before incubation, blocking antibodies to TLR2
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and TRL4 were added or not added to cultures. Flow cytometry was employed to evaluate the

expression of CD69, CD25 and CDS0.

Therefore, the levels of OSM were evaluated in the co-culture pre-treated with anti-TLR2 and anti-
TLR4 antibodies (Figure 13). OSM release was still promoted in co-culture pre-treated with TLR2.
On the other hand, in the sample pre-treated with anti-TLR4 we did not find any differences in OSM
expression. These outcomes showed the role of TLR4, but not TLR2, in driving maGO-CaP to
promote monocytes activation (Figure 13). In line with our results, several studies demonstrated that
the activation of TLRs, through the interaction with exogenous or endogenous ligands, promotes the

release of OSM by monocytes, boosting bone formation. 27-31- 321
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Figure 13. Anti-TLR2/4 and OSM levels. hMSC-monocyte co-cultures were pre-treated with anti-
TLR2 and anti-TRL4 antibodies. After 30 minutes, cells were incubated with 50 pg/ml maGO-CaP.
At day seven, OSM expression was analyzed in the cell culture supernatants by ELISA (*=p

value<0.05).

To verify the correlation between TLRs activation and osteogenesis, we pre-treated the co-culture

with anti-TLR2 and anti-TLR4 before incubation with maGO-CaP and we evaluated the bone nodule
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formation by Alizarin Red Staining. As we expected, we found a high bone matrix formation in the
co-culture pre-treated with anti-TLR2 was observed in comparison to control conditions (p
value<0.01), values comparable to samples without pre-treatment (Figure 14). Interestingly, the bone
nodule formation decreased blocking TLR4 before exposure of maGO-CaP compared to samples pre-
treated with anti-TLR2 (Figure 14).

Based on these findings we can assume that the activation of monocytes by maGO-CaP is partly

related to TLR4, which is correlated to OSM release and, consequently, to osteogenesis.
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Figure 14. TLR role in bone regeneration. In the hMSCs-monocytes co-cultures, TLR2 and TLR4
were blocking or not blocking with corresponding antibodies with monocytes. Cells were then treated
with maGO-CaP and bone nodule formation was analyzed after 14 days (p value<0.05, **= p

value<0.01).

4.3.6 In vivo bone formation

12-week-old C57BL/6 male mice were treated with intratibial injection of 50 pg/ml of maGO-CaP
or PBS as negative control to investigate whether maGO-CaP has also osteoblast-promoting effects

in vivo. Firstly, we analyzed the in vivo biocompatibility of maGO-CaP (Figure 15). After seven days
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and after one month of treatment, we did not find any differences in percentage of inflammatory cells
present in spleen, lymph nodes, thymus and bone marrow between mice treated and control group

(Figure 15).
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Figure 15. Systemic inflammation in vivo. Mice were sacrificed after one week and one month of
treatment with maGO-CaP. Spleen, lymph nodes, thymus and bone marrow were harvested. The main
immune cell populations, involved in inflammatory reactions, was analyzed by flow cytometry.

Table 1 shows blood analysis, revealing similar values of red blood cells, the hematocrit, platelets
and all subpopulations of white blood cells between the control and maGO-CaP groups. In treatment,

maGO-CaP was well tolerated in vivo, without evoked systemic inflammation and side-effects.

PBS mean maGO-CaP
value mean value P value 3t Dev
Red Blood Cells 9.43 9.164 0.448 0.188
[1012/L]
Haema.tocrlt 0.469 0.456 0.459 0.009
[Ratio]
Platelet 804.5 807 0.420 112.297
[10°1
White Blood Cells 4.99 4.584 0.446 0.287
e ) . . .
Neutrophil
[1091] 0.575 0.568 0.939 0.004
Lymphocytes 4.28 3.904 0.504 0.265
[10°1
Monocytes 0.13 0.112 0.638 0.012
[10°1]

Tablel. Blood analysis.

To assess if maGO-CaP is able to induce bone formation and thus bone mass, three-dimensional pCT
measurements of the tibias were performed ex vivo. Figure 16 shows the differences in bone
characteristics: a statistically substantial increase of trabecular number (Tb.N) (p value<0.05),

trabecular thickness (Tb.Th) (p value<0.05) and significant trabecular bone volume fraction (BV/TV)
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(p value<0.01) was found in the tibias of mice treated with maGO-CaP. Thanks to pCT images, it is

possible to observe the enhancement after maGO-CaP treatment (Figure 16).
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Figure 16. pCT analysis. Tibias of 15 mice (five per group) were analyzed by microcomputed
tomography (LCT) after one-month treatment. The histograms show the following values: the ratio
between trabecular bone volume and total volume (BV/TV), trabecular number (TB.N) and trabecular
thickness (TB.Th). Below, the uCT images of untreated tibia (CTRL) and tibia treated with maGO-

CaP. Data were analyzed using ANOVA test, *= p value<0.05, **= p value<0.01.

The pro-osteogenic properties of maGO-CaP were also investigated in sections of bone stained with
tartrate-resistant acid phosphatase (TRAP) to analyze the number of osteoblasts and osteoclasts using

the Osteomeasure. The osteoclasts are multinuclear cells responsible for bone resorption. maGO-CaP
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treatment did not affect the number of osteoclasts for the bone perimeter. However, the number of

osteoblasts increased in mice treated with maGO-CaP (Figure 17).
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Figure 17. TRAP staining. TRAP staining was performed in histology sections of bone in order to

measure the number of osteoblasts per perimeter bone and the number of osteoclasts per perimeter

bone. Data were analyzed using Student’s z-test (*= p value<0.05).

Regarding the osteoblasts per bone surface, using dynamic bone histomorphometry, we found a

significant rise of mineralized surface (p value<0.05). Moreover, the bone formation rate (p

value<0.05) was enhanced in maGO-CaP-treated mice compared to the controls (Figure 18).
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Figure 18. Dynamic bone histomorphometry. 5- and 2-days mice were injected with 20 mg/kg
calcein before sacrifice. Bone sections were prepared and analyzed using fluorescence microscopy.
The mineralized surface/bone surface (MS/BS), the mineral apposition rate (MAR), and the bone

formation rate/bone surface (BFR/BS) was determined (*= p value<0.05).

Moreover, to investigate the effects on gene expression after injection with maGO-CaP, we performed
osteogenesis arrays on bone marrow cells (Figure 19). These analyses allow us to evaluate the
expression of 84 bone formation-related genes. We found results comparable to ex vivo experiments,
with up-regulation collagens genes, including Collal (2.85-fold) and Colla2 (4.16-fold), biglycan

(Bgn 2.66-fold change) and osteocalcin (Bglap 2.20-fold change) (Figure 19).
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Figure 19. Mice osteogenesis array. Heat-map shows the variation in osteogenic gene expression
after one month from injection with maGO-CAP and PBS as control. The experiments were carried
out in triplicate and the data were reported as mean. Genes were shown for fold-change variations

compared to the controls: red: high expression; green: low expression.
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4.4 Conclusions

During the last years, graphene and its derivatives have obtained growing interest as revolutionary
candidate carbon-based nanomaterial for biomedical applications. 3 Recently, graphene,
particularly in its oxide form, has emerged as a new possible approach to enhance bone regeneration.
To date, the majority of the studies on bone have mainly focused on its ability to induce MSCs

5,754

differentiation into osteoblasts. 1 However, none of them took into consideration the key role of

immune cell-derived factors in osteoblast differentiation. 33

' In this work, we demonstrated that
maGO-CaP exerts pro-osteogenic properties, which may partly be mediated via monocyte activation,
and it is associated with activated BMP and Wnt signaling, two key pathways for osteoblasts.
Moreover, the pro-osteogenic potential of maGO-CaP was further validated in vivo, showing an
increased bone volume fraction due to increased osteoblast activity (Scheme 1).

Thus, our results confirm the osteogenic properties of maGO-CaP in vitro and show for the first time
its osteoblast-supporting effects in vivo. Our findings may be important from a public health

perspective since they could inspire the use of graphene oxide conjugated with calcium phosphate in

implanted constructs or other approaches to support bone regeneration.
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Scheme 1. Schematic diagram showing maGO-CaP function.
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5. Silver nanoparticles and cancer treatment

5.1 Introduction

Cancer is the second commonest cause of death in the world. Worldwide cancer incidence and
mortality are rapidly increasing. In 2018, cancer was responsible for approximately 9.6 million deaths
and 18.1 million of new cancer cases. [!! The therapeutic treatment of cancer is usually a combination
of surgery and/or radiotherapy with chemotherapy. The problems of these current treatments are the
severe side effects that may develop. 2! Chemotherapy agents can lead to common complications
including clinical systemic toxicity and development of resistance. Over the past few years, a new
research field is rising: cancer nanomedicine. Cancer nanomedicine aims to develop new nanosystems
with potential applications for early detection, accurate diagnosis and personalized treatment of
cancer. > 4l Particles in nano-size can offer peculiar interactions with the biomolecules, present on
the surface or inside the cells, leading to a revolution in cancer diagnosis and treatment. Various
nanoparticles have been recently studied in cancer research, including carbon nanotubes, [
paramagnetic nanoparticles, ! liposomes, 1 gold nanoparticles [¥) and many others. 1 Among the
commonly used nanoparticles, silver nanoparticles (AgNPs) show interesting physical-chemical
features. Silver is a noble metal with well-known anti-bacterial properties and low toxicity. Moreover,
an increasing number of silver compounds were found to be active against several types of cancer
cells, but only in vitro. '% Indeed, the very effective physiological mechanisms of detoxification are
able to reduce the bioavailability of silver in the body. To avoid this problem, AgNPs can be
considered an excellent solution. AgNPs can be internalized by cells via endocytosis and,
subsequentially, release Ag" ions at specific target sites. [!!l Recent evidence suggests that AgNPs
induce cytotoxicity stimulating the production of reactive oxygen species. ['> 131 Anyway, further
investigations have to be carried out to elucidate other mechanisms involved in AgNPs biological
activity.

There are several ways to synthesize AgNPs, but the most employed during the last few years is the
biosynthesis from plants, bacteria, and fungi extracts. ['*l This approach is easy, cheap and eco-
friendly. The biosynthesis is simply performed by adding a silver salt, usually silver nitrate (AgNO3),
to plant extracts. At this point, the biomolecules of such extracts present in solution, including
terpenoids, polyphenols, enzymes, proteins, are able to reduce silver ions to metal nanoparticles. The

origin of the extracts, the temperature and pH of the solution and the ratio between extracts and
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AgNOs influence the shape and dimensions of nanoparticles, which in turn affect the biological
responses of AgNPs. [15 161 Moreover, the presence of biomolecules in the reaction medium,
especially proteins and enzymes, produce what is called as “capping”. The capping is a layer of
biomolecules present on the surface of the particles, which determinates behavioral changes of
AgNPs. Several studies suggest that “capped” nanoparticles are more biocompatible, less cytotoxic
but, at the same time, more efficient compared to “naked” nanoparticles. [!7- 18]

Following these evidences, we prepared AgNPs from the extracts of Artemisia arborescens.
Artemisia arborescens is a typical Mediterranean plant very common in Sardinia (Italy). This plant,
like some others of the genus Artemisia, provides essential oils used historically in folk medicine to
treat inflammations and other states of health. The Artemisa arborescens pharmacological properties
are under investigation for several medical purposes. 1]

To evaluate any possible differences in the biological features, three different Artemisia-AgNPs were
prepared using three different pH values (7, 8 and 9) during the biosynthesis process. The variation
of pH determinates a change of their size and influences the capping formation on their surface.

The Artemisia-AgNPs were fully characterized and their effects were tested on cancer cell lines, in
particular HeLa and MCF-7. We found a strong cytotoxic action of Artemisia-AgNPs synthesized at
pH 7, compared to the others, with dose-dependent growth inhibition of cancer cells after 24 hours
and 48 hours of treatment. Based on these results, we evaluated the impact on cell cycle, observing a
Gl arrest mediated by Artemisia-AgNPs. The apoptosis action of Artemisia-AgNPs was
demonstrated by flow cytometry using Annexin V/7aad labeling. The clonogenic assay, instead, was
used to evaluate the capacity of producing progeny after treatment. The complete lack of cell colonies
after treatment demonstrated cell reproducibility death. Furthermore, to have a wide overview on the
biological activity of Artemisia-AgNPs, we performed RNA-sequencing obtaining exciting

information on Artemisia-AgNPs action. These preliminary data suggest the potentiality of Artemisia-

AgNPs as a good candidate anticancer agent and pave the way for further analysis in cancer research.
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5.2 Materials and methods

5.2.1 Artemisa-AgNPs synthesis and characterization

The biosynthetic procedure was carried out by extracting Artemisia leaves in hydroalcoholic solutions
and using such extracts to reduce silver nitrate (2 mmol) at room temperature by changing the pH of
the solutions. The reaction was completed within 24 hours (catalyzed reduction). AgNPs were then

recovered by ultracentrifugation. AgNPs were prepared at three different pH values (7, 8, 9).

5.2.2 Cell cultures

HeLa (cervix adenocarcinoma), MCF-7 (breast cancer) and PC3 (prostate cancer) were purchased
from ATCC. Cells were cultured in Dulbecco’s Modified Eagle’s Medium (Gibco), containing 1%
of penicillin/streptomycin solution and 10% fetal bovine solution (FBS) (Gibco). All cell lines were

grown at 37 °C in 5% COz in a humidified incubator.

5.2.3 Proliferation assay (XTT)

Cell viability was analyzed using the XTT assay (Cell Proliferation Kit II, Roche). Each cell line was
seeded in 96-well plates at a density between 1500 and 2000 cells/well, considering the different size,
phenotype, and cellular duplication. After that, cells were treated with increasing concentrations
(from 0.5 to 20 pg/ml) of three different Artemisia-AgNPs (synthesized at 7, 8 and 9 pH) or left
untreated. After 24 hours and 48 hours of treatment, XTT assay was performed. The assay is based
on the conversion of the tetrazolium salt XTT, in the presence of an electron-coupling reagent, to
formazan salt. A mix containing 0.5 pL of XTT electron coupling reagent, 25 puL of labeling reagent
and 74,5 pL of medium, for a final volume of 100 pL/well, was prepared. Cells were incubated with
this mix for four hours at 37°C. Following incubation time, the absorbance was measured at 490nm

using a spectrophotometric plate reader. All experiments were carried out in triplicate.
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5.2.4 Cell cycle analysis

HeLa and MCF-7 were seeded in 6-well plates at the concentration of 500.000 cell/well. After 24
hours, cells were treated or not treated with 7 pg/ml of Artemisia-AgNPs pH7 for 6 six hours and 18
hours. After incubation times, supernatants and adherent cells were collected. Cells were then
centrifuged at 500 g for five minutes. Thus, the pellets were washed with PBS and centrifugate again
at the same conditions as before. At this point, pellets were resuspended in 200 pl of PBS and fixed
in 70% ice-cold ethanol in agitation using a vortex. The samples were preserved at -20°C for a time
between one and seven days. Fixed cells were washed twice with PBS, resuspended in 200 pl of PBS
and incubated with 20 pl of 7aad label for 20 minutes under dark conditions. The cell cycle was
evaluated using FACS CANTO II (BD Biosciences) by collecting 20.000 events. The data were
analyzed using DIVA software (BD Biosciences).

5.2.5 Necrosis and apoptosis evaluation

The apoptosis assay was performed using Annexin V/7aad labeling. Briefly, HeLa and MCF-7 were
treated with 7pg/ml of Artemisia-AgNPs for 24 hours or left untreated. The supernatants and adherent
cells were collected and washed with PBS. The pellets were resuspended in 50 pl of Annexin V 1x
buffer and stained with Annexin V/7aad. Cells were incubated for 20 minutes in the dark. After
incubation time, 200 pl of Annexin V 1x buffer was added in each sample and the cell fluorescence
was measured by flow cytometry (FACS CANTO II BD Biosciences), collecting 20.000 events.

DIVA software was used to analyze the data.

5.2.6 Colony assay

To evaluate cell colony formation, 100-200 cells/well were seeded in 6-well plates. After five-seven

days, when cells started to form colonies were treated with 7 pg/ml of Artemisia-AgNPs pH7 or left
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untreated. Cells were incubated at 37°C and maintained in culture for two weeks until control samples
had formed enough visible colonies. The medium, with or without AgNPs, was changed every three
days. To visualize cell colonies, the cells were stained with 2 mL of 6.0% glutaraldehyde and 0.5%
crystal violet for 30 minutes. After washing with ddH>0, the stained colonies were counted and treated

samples were compared with the controls.

5.2.7 mRNA extraction and preparation of mRNA-seq library

HeLa cells were seeded in 6-well plates (2x10°) and treated with 7ug/ml of Artemisia-AgNPs for six
hours and 18 hours or left untreated. After incubation time, cells were collected by centrifugation at
500 g for five minutes. The pellets were washed twice with PBS and centrifuged at the same
conditions. Total RNA was extracted using RNeasy MINI Kit (Qiagen) following manufacturer’s
protocol. The RNA quality was assessed by Agilent 2100 Bioanalyzer. The rRNA was removed from
total RNA using RNaseH digestion and ribosomal-depleted RNA was purified by VAHTSTM RNA
Clean Beads.

cDNA synthesis was performed using random primers, incorporating dUTP to label the second strand.
After magnetic bead purification, fragments of 150-200 bp were obtained. The libraries were

sequenced on the Hiseq-PE150.

5.2.8 Quality Control and Gene Analysis

Firstly, the raw obtained were checked in terms of quality with fastqc. To filter the low-quality and
unmeasured bases, we used trimmomatic in order to achieve final clean data. To provide the reference
of genome and gene annotation files, we downloaded the hg38 reference genome (grch38.pl12.
genome) and gene annotation GTF (GRCh38, version 30, Ensembl 96) in gencode database. We used
RSEM software to quantify the transcript abundances from RNA-Seq data. The index was established
by STAR in order to extract by RSEM the sequence of each transcript from the reference genome

sequence through the gene annotation files. To achieve gene expression results from samples, STAR
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alignment and expression level analysis of clean reads, obtained by RSEM, were performed. The
number of readings segments that mapped to each gene sequence is calculated by FPKM (fragments
per kilobases per million reads), considering the gene length and the sequencing depth. FPKM is a
normalized estimator which allows to estimate the expression value of a gene. To analyze the
difference in gene expression between control group and treated samples, DEseq was performed. The
differential gene screening criteria were based on the parameter values log2 fold-change and p-value

(llogFC| = 2 and p-value < 0.05).

5.2.9 GO Enrichment and KEGG Pathway Analysis

Since the functional and pathway enrichment analysis of differentially expressed genes (DEGs) was
needed in order to clarify the biological processes and molecular mechanisms: , GO enrichment and
KEGG pathway analysis were applied for the identification of key genes and pathways involved. GO
stands for Gene Ontology database, which is an international classification system standardized for
gene functions. The classification of genes is organized in ontologies (or graph structures), which are
grouped into three categories: molecular function, cellular component and biological process. Gene
Ontology database is usually used for annotating sequencing and gene products. Therefore, GO
functional analysis offers the possibility to provide a GO functional classification and GO function
significance enrichment of DEGs. Using GO significant enrichment analysis, the major biological
functions of DEGs were determined. (2]

KEGG (Kyoto Encyclopedia of Genes and Genomes) is a database for systematic analysis of genome
information and gene function. The KEGG database allows the analysis of the metabolic pathways
and functions of genes products, facilitating the investigation of genes and gene expression networks.
KEGG incorporates data from genome, chemical molecules and biochemical systems, including
metabolic pathways, drugs, diseases and gene sequences. KEGG analysis was performed to evaluate
the pathway significance enrichment and the hypergeometric test was used to find out the pathway

significantly enriched in the DEGs compared with the whole genome background. 2!
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5.2.10 Key modules and hub genes identification

To evaluate the hub genes, we performed gene network analysis using STRING (http://string-db.org).
STRING contains a database able to predict and verify protein-protein interactions, including direct
physical interactions and indirect functional relationships. STRING is based on the use of
experimental data from content management literature and bioinformatic methods to predicts results.
The biological methods employed for the analysis include chromosome proximity, gene fusion,
phylogenetic tree and gene co-expression of gene chip data. A scoring mechanism is used by the
system to set the results obtained by different methods. STRING enables to construct an interaction
network combining the results of differential expression analysis with the interactions between the

databases and the DEGs.
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5.3 Results and discussion

5.3.1 Synthesis and cytotoxic effects of Artemisia-AgNPs on

cancer cell lines

Artemisia extracts were used to reduce silver nitrate to AgNPs. The biosynthesis procedure was
carried out at three different pH, from 7 to 9, obtained three types of Artemisia-AgNPs different for
size and capping. The average size of each Artemisia-AgNPs is the following: 29,33 nm for pH 7,
14,60 nm for pH 8 and 3,61 for pH 9. Electron microscopy (TEM) shows nearly spherical
nanoparticles with an average size smaller than 20nm, as confirmed also by dynamic light scattering
(Figure 1A and B).

The UV-vis spectra show a typical peak due to plasmon resonance around 420 nm, in agreement with
the presence of spherical particles, for the Artemisia-AgNPs pH 7, 8 € 9. In Figure 2A is reported the
UV-vis spectrum of Artemisia-AgNPs pH 7 as an example. FTIR analysis evidences bands relative
to the stretching of OH, NH and C=0 groups, confirming the presence of surface capping (Figure
2B).
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Figure 1. A) TEM image and B) dynamic light scattering.
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Figure 2. UV-vis and FTIR spectra. A) UV-vis spectrum of Artemisia-AgNPs solution at pH 7. B)

FTIR analysis show the surface plasmon resonance of Artemisia-AgNPs pH 7.

Firstly, we evaluated the antiproliferative effects of the three types of Artemisia-AgNPs (pH 7, pH 8
and pH 9) on three different cell cancer lines (HeLa, MCF-7 and PC3). The cells were treated with
increasing concentration of each Artemisia-AgNPs, from 0.5 to 20pug/ml. To analyze cell viability,
XTT assay was performed. As shown in Figure 3, the Artemisia-AgNPs pH7 revealed a higher
antiproliferative action compared to the others, with a decrease of cell viability correlated to the dose

used. Several studies demonstrated the ability of AgNPs to exhibit cell proliferation inhibition,

22,23,24

inducing cell death. I Moreover, it was shown that the size and surface area of AgNPS are able

to influence the cytotoxicity effect. 2261 According to our results, recent evidences suggest that the

appropriate size for cellular uptake in order to achieve the greatest biological activity of nanoparticles

without the risk of haemolysis is around 40-50 nm., 127 28]
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Figure 3. XTT assay. HeLa, MCF-7 and PC3 were treated with increasing doses (0.5-20 pg/ml) of
each Artemisia-AgNPs (pH 7, pH 8 and pH 9). XTT assay was performed to evaluate cell viability.

Moreover, XTT analysis shows a more evident effect of Artemisia-AgNPs pH7 on HelLa and,
especially, MCF-7 compared to PC3 (Figure 3). In line with our results, Sadegh et al. described more
selective effects of green synthesized AgNPs against MCF-7 cell line. (2]
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Based on these data, we decided to focus only on Artemisia-AgNPs pH7 and evaluate their specific
effects on HeLa and MCF-7. Therefore, we repeated the XTT assay at 24 hours and 48 hours, using
concentrations of 2, 5 and 10 pg/ml of Artemisia-AgNPs pH 7 (Figure 4).

24h
HeLa MCF7
2 q 0.8
o = =
2 151 0.6
©
2
A
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Artemisia-NPs pH7 Artemisia-NPs pH7

Dose response pg/ml

Figure 4. XTT assay of Artemisia-AgNPs pH7 on HeLa and MCF-7. HeLa and MCF-7 were
cultured with 2, 5 and 10 pg/ml of Artemisia-AgNPs pH 7. Cell viability was evaluated using XTT

assay.

We found a strong antiproliferative effect on HeLa and MCF-7 notable at the concentration between
5 and 10pg/ml of Artemisia-AgNPs pH7 (Figure 4). Hence, 7ug/ml of Artemisia-AgNPs pH7 was
considered to be the best dose able to reduce significantly the cell viability. Figure 5 shows the images
of HeLa and MCF-7 after 24 hours of treatment with 7ug/ml of Artemisia-AgNPs pH7. Indeed,
compared to control, after 24 hours of treatment, most cells appear clearly suffering, detached from

the plate and dead.
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Figure 5. Microscope images of HeLLa and MCF-7 treated with 7 ng/ml of Artemisia-AgNPs pH
7.

5.3.2 Cell cycle impact

To evaluate the impact on cell cycle, we treated HeLLa and MCF-7 for six hours and 18 hours with 7
pg/ml of Artemisia-AgNPs pH 7. Surprisingly, already after six hours of treatment, we observed a
reduction of the number of HeLa cells in G2/M phase compared to control samples (Figure 6). At 18
hours of incubation, the majority of cells were in the GO/G1 phase, with a strong decrease of G2/M
phase and an increase of SubG1 phase, index of cellular death. (Figure 6). Similar results were found
in Artemisia-AgNPs-treated MCF-7 (Figure 7). After 18 hours of incubation, the arrest of cells in
GO0/G1 phase was significant, with a considerable increase of SubG1 phase (Figure 7). Other studies
evaluated the cell cycle of cancer cell lines after treatment with AgNPs. HeLa cells exposed to 10—
50 pg/ml concentrations of AgNPs for 24 hours showed a relevant increase of the SubG1 population
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and cells were not able to go through G2 checkpoint. B Contrary to our results, other authors
observed that AgNPs induced accumulation of G2/M-phase cells accompanied by a decrease in G1
population in lung epithelial cells and glioblastoma cells. [*!-32] The divergence in cell cycle data may
be due to both different cell lines and distinct AgNPs used for the studies. Moreover, the capping on
AgNPs, consisting of several proteins and enzymes, could influence the cell cycle of cancerous cells.
The biomolecules released by Artemisia arborescens extracts during AgNPs synthesis process may
assemble a peculiar capping with active agents able to improve the biological behaviors of AgNPs.
Anyway, further investigations are needed to better understand the antiproliferative mechanisms of

AgNPs.
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Figure 6. Cell cycle HeLa. HeLa cells were treated with 7 pg/ml of Artemisia-AgNPs pH 7 or left

untreated. Cell cycle was evaluated after six hours and 18 hours by flow cytometry.
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Figure 7. Cell cycle MCF-7. MCF-7 cells were treated with 7 pg/ml of Artemisia-AgNPs pH 7 or

left untreated. Cell cycle was evaluated after six hours and 18 hours by flow cytometry.

5.3.3 Artemisia-AgNPs induce apoptosis and inhibit colony

formation in cancer cells

To discriminate the type of cell death induced by Artemisia-AgNPs pH7, Annexin V/7aad assay was
performed. Cells were incubated with 7ug/ml of Artemisia-AgNPs pH7 for 24 hours in order to ensure
a significant number of dead cells. As shown in Figure 8, Artemisia-AgNPs induced significant
apoptotic effects in both cell lines. Furthermore, compared to control, a slight increment of necrotic
cells was noticed (Figure 8). Several studies demonstrated the apoptotic effects of AgNPs on various
cell lines. 13334 35361 The mode of cytotoxicity may be due to different concentrations used, since, at
higher doses, the necrotic effects became more prevalent. 7]

Moreover, we evaluated the ability of Artemisia-AgNPs pH7 to arrest the cell colonies formation.
The number of colonies formed after two weeks of Artemisia-AgNPs pH7 exposure was determined
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using a clonogenic assay. Clonal growth was inhibited by 7ug/ml of Artemisia-AgNPs pH7 as shown

in Figure 9.
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Figure 8. Apoptosis/Necrosis assay. On the left control samples, while on the rights samples treated

with 7 pg/ml of Artemisia-AgNPs pH 7. Above HeLa cells and below MCF-7 cells. Cells were stained

with Annexin V/7aad and analyzed by flow cytometry.
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Figure 9. Clonogenic assay. After the formation of the first colonies, cells were treated with 7 pg/ml

of Artemisia-AgNPs pH 7. Cell colonies were stained and counted.

5.3.4 Artemisia-AgNPs impact on gene expression

To have a wide overview on the impact of Artemisia-AgNPs on gene expression, we performed RNA-
sequencing on HeLa cells, in collaboration with the Shantou University. Applying the parameter
values log2 fold-change and p-value as reference indicators for significant difference, we found
several differentially expressed genes (DEGs) after six hours and 18 hours of Artemisia-AgNPs
treatment (Figure 10). In detail, we found 2286 up-regulated and 328 down-regulated genes after six
hours of treatment; while after 18 hours of treatment 2080 up-regulated and 316 down-regulated

genes were detected (Figure 11).
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Figure 10. Volcanic map of differential genes. The DEGs set after six hours and 18 hours of
Artemisia-AgNPs treatment. Red dots indicate up-regulated genes, green dots represent down-
regulated genes and black dots indicate genes with no significant difference. (|logFC| > 2 and p value

<0.05). A: CTR VS 6h; B: CTR VS 12h; C: CTR VS 18h.

DiffExp Gene Statistics
2286
2080

2000
$
]
E upP
£ [ oown
=z

1000

328 316
o —

A-vs-B A-vs-C B-ws—C

Figure 11. Histogram of differential genes. The DEGs set disturbed by Artemisia-AgNPs treatment
(llogFC| > 2 and Pvalue < 0.05).

To evaluate the functions of the differential expressed genes, gene ontology (GO) was carried out
using online software (OmicShare tools). This tool enables to analyze the cellular components
correlated to DEGs. Artemisia-AgNPs appear to work at intracellular level, with enriched genes

mainly expressed in organelle part and their membranes (Figure 12).
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Figure 12. Go enrichment. The functions of the different expressed genes were analyzed using Go

enrichment.

Moreover, KEGG pathway analysis was performed to further characterize the differentially expressed
genes, investigating the metabolic and signal transduction pathways involved. After Artemisia-
AgNPs treatment, compared to control, the DEGs were correlated to metabolism pathways in general,
but also to signal transduction and cell growth and death (Figure 13). Regarding human diseases, the

KEGG analysis showed DEGs mainly enriched in infections and cancers (Figure 13).
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Figure 13. KEGG analysis. The pathways involved in the DEGs were analyzed using KEGG

analysis.

We selected p53 pathway, as one of the most important pathways involved in carcinogenesis, and we

analyzed the DEGs using KEGG. As shown in Figure 14, p53 is over-expressed following the

Artemisia-AgNPs treatment compared to the control sample. Other authors showed the involvement

of p53 and the critical role of p53 upregulation in AgNP-mediated cell death in cancer cell lines. 3%

391 Moreover, p21, a major target of p53 activity associated with DNA damage and G1 cell cycle
arrest, was found to be up-regulated after Artemisia-AgNPs. Furthermore, Bax gene, a member of the
Bcl-2 gene family involved in p53-mediated apoptosis, was found to be up-regulated by Artemisia-

AgNPs treatment. These outcomes are in line with the results described before regarding cell cycle

and apoptosis.
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Figure 14. P53 pathway. P53 pathway was investigated using KEGG analysis.

Moreover, we evaluated the protein-protein interaction network using an online mapping tool
(NetworkAnalyst3.0) (Figure 15). From the PPI network analysis, we evaluated the top 15 genes
classified as hub genes by the degree. Following the name of the hub genes: UBC, UBAS52, RPS27A,
RPS3, FAU, RPL7, RPL23A, RPL4, RPLPO, RPS5, RPL9, RPS14, RPS2, RPL3, RPL23.
Therefore, we analyzed the protein-protein interactions of hub genes (Figure 16).

The results of functional and pathway enrichment analysis showed that these 15 hub genes were
involved in several biological processes, including regulation of gene expression, DNA damage
response, genome nucleotide-excision repair and ribosome (Tablel).

Anyway, further evaluations have to be performed in order to validate the RNA sequencing data.
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Figure 15. The PPI interaction network of DEGs. The nodes represent the differential genes and
the connections between the nodes reveal the interactions between the genes. The size of the nodes
indicates the degree of the genes and the different colors point the distinct gene expression (in red are

up-regulated genes and in violet those less up-regulated).

RPS27A

Figure 16. The PPI interaction network of hub genes. Co-expression network with top hub DEGs.
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Category Term Description Gene Count P Value
Gl R GET () GO:0010629  negative regulation of 12 2.33e-12
gene expression
Biological Process (GO) JcloHelol [oETor} nucleic acid 12 5.05e-08
metabolic process

Biological Process (GO) [eleEuleL /1] DNA damage 4 9.62e-08

response, detection

of DNA damage
G0:0042276 error-prone 4 2.46e-06
translesion synthesis
L R G (G e GO:0006297 nucleotide-excision 3 3.52e-06

repair, DNA gap filling
Biological Process (GO) Qe[oHsloyjelkkk global genome 3 4.76e-06
nucleotide-excision

repair
S PGS (o) GO:0000122  negative regulation of 3 0.00105
transcription by RNA

polymerase Il

KEGG_PATHWAY hsa03010 Ribosome 11 2.96e-20

Table 1. The top 15 hub genes enrichment with GO and KEGG

Valentina Bordoni
Nanotechnology applications: from bone regeneration to cancer therapy
PhD school in Life Sciences and Biotechnologies
University of Sassari



5.4 Conclusions

Recently, nanotechnology is emerging as a novel tool with the aim to develop innovative nano-
compounds able to sustain the battle against cancer. % In the last few years, a large variety of
nanomaterials have been investigated for their potential use in oncology, in order to overcome the
limitation of current therapies. [*!! Several metallic nanoparticles have shown interesting antitumoral
activity against human cancer cells. #?1 Among them, AgNPs show peculiar physical-chemical
features with intrinsic antiproliferative activity. 4> 44 The “green” synthesis approach enables to
produce stable AgNPs in an easy and inexpensive way. Following this path, we prepared AgNPs from
Artemisia arborescens extracts. Artemisia arborescens is a plant belonging to the genus Artemisia,
which contains several compounds, including terpenes and artemisinin with known pharmacological
anti-cancer properties. For these reasons, we decided to utilize Artemisia arborescens to synthetize
AgNPs. Artemisia-AgNPs showed a strong cell growth inhibition and GI1 cell cycle arrest
accompanied by apoptotic induction on cancer cell lines. Bio-organic active agents of Artemisia
arborescens and Ag* ions may work in a synergic way to enhance the anticancer properties of AgNPs.
Anyway, further research is needed in order to clarify the effects of Artemisia-AgNPs on cancer cells.
The transcriptomic analysis showed several up- and down-regulated genes after Artemisia-AgNPs
treatment. We identified various pathways affected by Artemisia-AgNPs, including p53 pathway.

In conclusion, using a combination of functional assays and RNA-Seq, this study revealed that
Artemisia-AgNPs induced cell apoptosis and inhibited the cell proliferation through cell-cycle arrest,
dysregulation of p53 pathway and regulation of gene expression and DNA damage response. We
demonstrated the potential anti-cancer activity of Artemisia-AgNPs, providing new insights into

molecular mechanisms and opening doors for future investigations.
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6. Conclusions and future perspective

The experimental evidences herein provided demonstrate the potential applications of
nanotechnology in bone regeneration and cancer therapy. Above all, the design of nanomaterials is
crucial for the development of advanced tools for specific medical uses. This thesis focused the
attention on two innovative nano-compounds: graphene conjugated with calcium phosphate (maGO-
CaP) and silver nanoparticles synthesized using Artemisia arborescence (Artemisia-AgNPs).

Firstly, herein the main characteristics of graphene and its derivates are described, illustrating their
perspective use to sustain bone regeneration. Using several functional assays, we demonstrated how
maGO-CaP promoted osteogenesis stimulating hMSCs differentiation. The in vivo results revealed
the biocompatibility of maGO-CaP and its osteoblast-promoting effects, confirming its promising
action on bone formation. These results pave the way for further investigation and the development
of new strategies to fight bone-related disorders.

On the other hand, the Artemisia-AgNPs have been taken into account for their interesting outcomes
in cancer research. The cancer nanomedicine research area is emerging in the last few years with
interesting outcomes. The antiproliferative activity and apoptotic effects of Artemisia-AgNPs on cell
cancer lines were evaluated with several approaches. The RNA-sequencing analysis allowed to
observe in depth the molecular mechanism involved in the anti-cancer action of Artemisia-AgNPs.
Anyway, additional considerations are needed to clarify the biological effects of Artemisia-AgNPs in
order to offer real opportunities in cancer therapy.

To conclude, this thesis proposes new insights for the development of innovative nanoscale platforms,
helping to achieve the hoped medical revolution of nanomedicine. The nanomedicine applications
need to consider the multidisciplinary nature of this research area to achieve positive results,
intensifying the collaborations on several fronts. The involvement of scientists with various
backgrounds is of paramount importance, including biologists, chemists, clinicians, and engineers. It
is expected that future studies will continue to investigate safe nano-compounds toward personalized

medicine, considering the physiological and pathophysiological variability between patients.
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