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Abstract

Osteosarcoma is one of the most common primary malignant bone tumor in children and adolescents,
occurring commonly from the mesenchymal tissue in the distal femur. It is one of the most aggressive
tumor, metastasizing mainly to the lung. Current treatment, that are surgery combined with
neoadjuvant chemotherapy and radiotherapy, are often not satisfactory because surgery is not able to
successfully control metastasis and chemotherapy leads to drug resistance and side effects, such as
nephrotoxicity and cardiotoxicity. For these reasons it is imminently important to look for new
treatment technologies. In this project, the use of nanoparticles for gene and drugs delivery was
explored for applications in the treatment of osteosarcoma. The nanoparticles were composed of
biodegradable and biocompatible polymers, chitosan and PLGA and were loaded with miRNA-34a - a
short RNA structure that has a proven ability of act as tumor suppressor gene, inducing cell cycle arrest
and apoptosis in OS cells. Considering the aspect that the co-delivery of multiple drugs maximized the
effectiveness of treating OS, reducing systemic toxicity and drug resistance, three other classes of
manufactured NPs were realized adding Doxorubicin and Resveratrol (as anti-OS drugs) to the previous
CH-PLGA-miR34a core and exploring Layer-by-Layer technique, creating a bilayer-nanocoating, by
means of pectin and chitosan polyelectrolyte. The pectin used in this work was successfully extracted
from cocoa biowaste, via an effective pectin extraction process, helpful in overcoming food waste
problem, in which cocoa industry is one of the key players. Manufactured NPs were tested on U20S
and SaoS-2 cells, analyzing cell viability, metabolic activity and morphology before and after the
treatment with any of the manufactured NPs. Cells were treated in both two- and three-dimensional
culture: 3D osteosarcoma spheroids were indeed realized, thus creating a cellular model that was as
biomimetic and reliable as possible. Increased apoptotic activity and interference in cellular activity
was mainly found by manufactured nanoparticles including the codelivery of miR-34a and drugs and

functionalized by LbL nanocoating.



Declaration
This report is submitted as part of the requirements for the Master Degree of Ingegneria Biomedica at

the Politecnico di Torino and has not been submitted for any other degree at this or any other
University. It is solely the work of Eugenia Crisafulli except where acknowledged in the text or the
acknowledgements below. It describes work carried out at the University of Newcastle upon Tyne
which is entirely recorded in a Project Logbook which has been made available for examination. | am

aware of the penalties for plagiarism, fabrication and unacknowledged syndication and declare that

Ww“\/
Acknowledgements

| would like to thank my supervisor, Piergiorgio Gentile, for his support during the entirety of this

this report is free of these.

project. His guidance in the laboratory and his resourceful and expert character were particularly

valuable and | am very grateful for this.



Content

FY o1 o T PSP TS 1
B =Tol =T =L o o ISP ST 2
ACKNOWIEAGEMENTS ..ot e e e et e e e et e e e e et e e e e et e e e e eare e e e 2
I oY oY [0To1 o o OSSP 5
1L BONE TISSUR ettt ettt ettt e ettt e e ettt e e ettt e e e et e e e n e 5
1.2 OSEBOSAITOMA. .ttt ettt ettt ettt e e oottt e e ettt e et ettt e e e e et e e e s e 6
1.3 Conventional treatments and their TIMItS......ooviiiiii e 7

2. LITEratUure RESEAICR ...ttt ettt ettt ettt et et e ettt et e e e 8
2.1 Nanomedicine: nanocarrier as new advanced therapeutics technologies .........cocceeevviiiiiiiiieecciecee. 8
2.2 Polymeric nanoparticles for Osteosarcoma treatMent.......ccuviiiiiiiiie i 9
2. 3 MIRN AS 11
2.3 1 MIRNAS TN CANCI ittt e et e st e et e e 11
2.3. 2 MIRNA-34s family I OS ... 12

2.4 Chitosan-PLGA-MIRNAZBZAG NPS ...ttt ettt ettt et e et e e e e naeens 13
2.5 Combinatory therapy: Doxorubicin and RESVEratrol .........coovviiiiiiiiiiiiiec e 16
2.6 Layer-by-Layer COating tECANIGUE .....oiiiiii et e e bea e 17
2.7 POlYeleCtrolyte MaterialS . ..c.ueii e 17

3. AIM AN ODJECHIVES ..o e 19
3.1 Manufactured NANOPAITICIES ......eie ettt et e et e et eeenaeeeneeas 19
3.1 CIIMOUEIS e et e e e et e e e e aaa e e 20
I AT T oo 1Y o] o 1= <P SRR 21

4. Materials @aNd METNOAS .. ..ottt ettt ettt ettt neas 22
O R L LT SRRSO 22
.2 PeCEIN @XE ACTION .ttt s 23
N o [ W @ o T T = Yot R=T g 2= Y o o PRSPPI 25
4.4 Preparation of the NanoPartiCleS......... e e 27
4.5 Layer-by-Layer Nanoparticles preparation ... 30
4.6 Characterization of NanOPartiCIES ........ooiueiii e 31
4.7 miRNA 140 Evaluation of Entrapment EffiCiENCY ....cccuvviiiiiiiccc e 32
4.8 Evaluation of miRNA-34a, Doxorubicin and Resveratrol Encapsulation .........ccccvveeeviiiiiiiiiiiccccicc e, 33
4.8.1 MIRNA-34a ENCAPSUIALION ..oiiiii e, 33
4.8.2 Doxorubicin and Resveratrol ENCapsulation ...........ooooiuiiiiiiiiiii e, 34
4.8.3 Layer by layer NPS ENCAPSUIAtION ...viiiiiiiiiiiiiiic et 34

4.9 Evaluation of miRNA-34a, Doxorubicin and Resveratrol REIEaSEe .......cccovcc e 35
4,10 SEAtISTICAl ANAIYSIS c.vvviiiiiiiee e 35



O 00 N O

A LT Cll CURUIE e, 36

4.12 SarcoSPheres PreParation ... e 36
4.13 Sarcospheres CharaCteriZation ..........ciiiuii et 37
4.13.1 SarcOSPhEres SIZE& OV LIME ..iiiiiiiii ettt ettt e et e e et e e e et e e e e etbb e e e e entreeeeaees 37
4.13.2 Scanning electron microscopy (SEM) @nalysis ........ccuiiiiiiiiriiiiiiecee e 37
O T[T =] OSSP 38
414, PreSTOBIUE @SSAY uvviiiiiiiiie ettt e et e e e nae e 38
4.14.2 LIVE/DRAA @SSAY ...ttt 39

4. 143 IMMUNOSTAINTNG @SSAY -.vttututiiiiiiiitiuieieteteseeee e 39

. RESUIES N AISCUSSIONS. ...ttt ettt et ettt e et e et e e e st e et e e enaee et e e enneeenees 40
5.1 Physico-chemical characterization of the extracted Pectin........ccccoviiiiiii i 40
oI G = Lot d o V2T [ T USSR PRSI 40
5.1.2 Fourier-transform infrared spectroscopy = FTIR .....cooiiiiiiiiiii e 41
5.1.3 Dynamic LIGht SCAtLEIING = DLS ..viiiiiiiiii ettt et e e e 42
5.1.4 Galacturonic aCid MEASUIEIMENT ...ttt ettt ettt ettt e et et et e et e e et e et e e enneeennaeas 43

5. 1.5 SEAISTICAI FESUITS ..ttt ettt ettt ettt et et e ne e e e ene e 45
5.2 Characterization of ManuUfactured NPS..........ciiiii e 48
5.2.1 Characterisation and MOIrPhOIOZY ........vviiiiiiiieic e e 48
5.2.2 Entrapment Efficiency of MIiR-140 .. ...c..ooiiiiieie et 57
5.2.3 Entrapment Efficiency of miR-34a, Doxorubicin and Resveratrol...........cccocveiiiviiiiiiiiiicececeee 59
5.2.4 Release of miR-34a, Doxorubicin and RESVEIATIOl..........ueeeeeeeeeeeeeeeeeeeeeeeeae 62
5.3 NPS STAtISTICAl RESUILS ..ottt ettt ettt et e et et eenteeneeenaeens 65
5.3.1 Chitosan-PLGA MIRNASAG NPS ...ooiiiiiiiiieictie ettt et e et eeare e 65
5.3.2 ANOVA —The four manufactured NPS.........ccoiiiiiiiiie et 66
5.4 Morphological characterization of in vitro manufactured Sarcospheres.......ccccccovvvveiiiiiieicciicc e, 73
TR O] | =T SRS PRTSURPR 75
5.5.1 Cell-interacting drugs @mMOUNT ........oiiiiiii et 75
5.5.2 LiVE @NA DEAA BSS@Y ...uvviiiiiiiiiiee ettt 76

5. 5.3 PrESTOBIUE ESSAY ..uiiiiiiiiiee ettt e e s 86
DS UM OS AINMINE ettt ettt ettt e et e et e e e e e e et e e ee e e e e e e e e e aereeeaeaerereterererarareees 89

60} 0T TV (o o 1= PO OTR 93
B VL0 I g Y Fed o SO 95
R O EINCES ..t 96
A DPENAIX 1t e et e e e e et e s 101
9.1 FUIl STAtISTICAl RESUIES ..ottt ettt et e ettt et e e e e e enaee e 101
9.2 SUPPIEMENTANY IMAEES ..ottt ettt et et et ettt et e eaeeteeteete et et et e e e et en et es et esseseetn s eeneens 106



1. Introduction

1.1 Bone Tissue
Bone is a type of hard connective tissue composed by an honeycomb-like inner matrix that gives to the

bone its proper rigidity!). Bone tissue is made wup of different types of bone
cells: osteoblasts and osteocytes that are involved in the formation and mineralization of the tissues
and osteoclasts that are responsible for the tissue resorption?®.. As shown in Figure 1, the mineralized
tissue is distinguished in two types, based on the structure arrangement: compact (cortical) bone and
spongy bone. In compact bone there is an organic component of collagen fibers (ossein) and an
inorganic component of minerals, containing calcium, magnesium, and phosphate ions, which
combined together make the mineral hydroxyapatite!”®!. The mineralized phase combine with flexible
collagen phase make the bone harder without being brittle, thus forming the lamellae, which are
arranged concentrically to each other and are in turn organized into osteons, which are the structural
units of compact bone. Collagen fibers are oriented in the same direction within each layer and in
different directions between neighboring lamellae. Bones contains also other types of tissue, such as

bone marrow, endosteum, periosteum, nerves, blood vessels and cartilage™.
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Figure 1: Bone anatomy from the macro to the micro bone structure. Image extracted from “Comprehensive Analysis of
Orthopedic Drilling: A State-of-Art Review”
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1.2 Osteosarcoma
Bone tumor is an alteration of the bone tissue and it is classified, based on histological findings,

architecture and type of matrix produced, as benign or malignant. Even if benign tumors are
noncancerous for the human body, they could become malignant if they are left untreated. Benign
bone tumors are osteoma, osteochondroma, osteoblastoma, fibrousdysplasia and enchondroma. On
the other hand, among the different types of malignant bone tumor, osteosarcoma is the most
common and important primary bone tumor (31.5%), followed by chondrosarcoma (25.8%), Ewing’s
sarcoma (16%), chondroma (8.4%), malignant fibrous histitocytoma (5.7%) and angiosarcoma
(1.4%)19 Osteosarcoma is the most frequent primary malignant bone tumor affecting the youngest
people in their first and second decades of life. Osteosarcoma has an annual incidence of 3.4 per million
individuals worldwide®® and the reason why it affects young people could be explain with the
substantial association between hormonal changes during puberty and osteosarcoma pathogenesis
during physiological bone growth. It is a type of tumor highly aggressive that generally metastasizes to
the lung and it typically develops in the metaphyseal regions of the distal femur, proximal tibia, and
proximal humerus. Although the cause of osteosarcoma is not fully known, mounting evidence suggests

that CSCs and genetic abnormalities may play a crucial role!**,
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Figure 2: Osteosarcoma bone femur tumor. Image from web source: www.rehabmypatient.com/knee/bone-tumor.



1.3 Conventional treatments and their limits
Cancer-related fatalities were predicted to account for 8.2 million deaths in 2012 that is about the 13%

of all deaths.'3! During the last decades, the progress in diagnostic technology with the MRI (magnetic
resonance imaging), PET (positron emission tomography), x-rays, CT (computed tomography) and the
new experimental methodologies have enabled more effective treatments and diagnosis®!?. The
current treatment is mainly surgery combined with neoadjuvant chemotherapy and radiotherapy and
thanks to these, over the past decades, the five-year survival rate of OS patients has significantly
improved to approximately 60—70%. However, the effectiveness of these traditional therapeutic
approaches has plateaued, and chemotherapy could lead to drug resistance with potentially fatal
adverse effects such as cardiotoxicity and nephrotoxicity.** One of the main causes of this tendency is
that current medicines cannot be delivered selectively due to systemic toxicity.® Additionally,
radiotherapy and surgery are the most effective treatments for local and non-metastatic tumors while
tumor metastasis is difficult to control with surgery and some patients are still resistant to
chemotherapy. Low selectivity, unfavorable side effects, and dose-limiting toxicity have now become
significant obstacles in treating OS. Therefore, new novel treatment methods must be improved

urgently to increase OS treatment effectiveness and prevent the negative effects of chemotherapy.!*



2. Literature Research

2.1 Nanomedicine: nanocarrier as new advanced therapeutics technologies
Recent developments in nanomedicine could help to overcome the current drawbacks of

Osteosarcoma treatments and drugs. One of the main aspect of the nanomedicine is the development

(4 such as nanoparticles (NPs) that are solid colloidal particles with a

of nanosized delivery systems
nano-diameter!*®. Due to their exceptional biocompatibility and advantages in improved drug
penetration and in vivo effective circulation time, nanoparticle drug delivery systems have attracted a
lot of interest as tumor alternative treatment strategies. These nano systems are distinguished by high
drug loading and governable drug release, they increase the bioavailability of the drugs by prolonging
their release, allowing then lower frequency of administration and requiring lower dosages'*®. Because
of their improved permeability and retention effect (EPR), their nanometric size allows their
accumulation preferentially at the tumor sites, limiting the distribution of chemotherapeutic drugs in
non-tumoral tissues and reducing systemic side effects™. Recently, nanoparticles (NPs) have been
widely tested as drug delivery systems for a variety of malignancies, enabling increases in drugs efficacy
and targeted administration (Pathak and Pathak, 2019). Metals like iron (Singh et al., 2018), silver
(Chaloupka et al., 2010), or gold (Patra et al., 2010) have been used to make NPs, together with
biodegradable polymers like lipid polymer base (Dehaini et al., 2016; Yalcin et al., 2020), and poly(D,L-
lactide-co-glycolide) (PLGA); the latter enable a quick release of the drug carrier in cancer
treatment*?!). Nanoparticles drug delivery systems can be principally classified into organic and
inorganic carriers™. Liposomes, polymers, micelles, and dendrimers are the most common organic
nanocarriers used to transport drugs to treat osteosarcoma while metallic nanoparticles, mesoporous
silica nanomaterials, carbon-based nanomaterials and calcium phosphate carriers are the main types
of inorganic nanocarriers. However, producing intelligent and versatile nanocarriers from a single
nanomaterial is challenging, so that currently used drug delivery nanosystems are typically composed

of several materials®,



2.2 Polymeric nanoparticles for Osteosarcoma treatment
One problematic feature in the manufacturing of NPs for genetic and drug delivery is the rate of

biodegradation. Nanoparticles resistant to nuclease action will accumulate in the body and may reach
problematic concentrations, however, on the other end, if not resistant enough, the particles could be
destroyed before reaching the target site. Synthetic polymers like poly lactideco-glycolic acid (PLGA)
and PEG as well as natural polymers like hyaluronan and chitosan, that are frequently utilized, exhibit
strong biocompatibility and biodegradability. Clinical trials have been conducted on a variety of
biodegradable polymeric drug delivery systems that are intended for localized or systemic
administration of therapeutic drugs for Osteosarcoma treatment™”?Y. Through ligands and proteins
surface modification, polymeric nanoparticles can be directed to specific areas'??. For both single and
dual chemotherapeutic drug delivery, polymeric nanoparticles have been successfully used in
numerous investigations!?°. In two separate therapeutically relevant animal models of
osteosarcoma, DNA enzyme-loaded chitosan NPs showed encouraging outcomes, inhibiting the growth
of the tumor while causing no damage to the surrounding bone!?. In order to treat bone cancer
metastases, Salerno et al.’”! created DOX-loaded bioconjugate NPs consisting of PLGA-alendronate
(ALN). Studies conducted in vitro and in vivo revealed that bioconjugate NPs laden with DOX prevented
osteolytic bone metastases better than free DOX?”.. Another successful study was about the delivery
of docetaxel (DTX) and ALN simultaneously for the treatment of osteosarcoma, Liu et al.B% created
chitosan-decorated PLGA NPs. Dual drug-loaded NPs demonstrated prolonged release and better

antitumor efficacy in osteosarcoma MG 63 cells, according to in vitro investigations*.
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Figure 3: Intravenous delivery and targeting of polymeric nanoparticles to cancer cells



PLGA is considered one of the most important materials investigated for the use of nanoparticles. With
its first development in 1981 with the aim of using it for drug delivery, there were indications of its
potential for controlled, prolonged drug release and biocompatibility.2%Using PLGA as a carrier is a way
of reducing troubles of biodegradability, as it is fully degradable in an agueous medium. By adjusting
the ratio of glycolic acid to lactic acid in PLGA it is possible to vary the longevity of the polymer in vivo,
with life cycles as long as 2 yearsB2#, Unfortunately, using PLGA as a drug delivery system in its native
form, produces a NP with an overall negative charge, which leads to a low transfection efficiency®. It
is preferable to use a combination of materials to produce an effective ‘vehicle’. This is because it is
possible to pair up different materials to have the positive attributes of both and suppress some of their
features that may not be useful. This is performed in chitosan-PLGA nanospheres. PLGA is a polyanion
so it can be coupled with chitosan (polycation) which resides on the surface of the carrier, giving a
positive surface charge. Chitosan has a robust, semi-permeable and microstructurally well-organized
structure. It has become an effective drug delivery system for chemotherapy drugs thanks to its low
production and toxicity and to its exceptional properties of biocompatibility, slow-releasing potential,
biodegradability and optime mechanical stability. Additionally, it possesses remarkable physiological
characteristics to create films3®. Chitosan has excellent potential as a gene delivery system on its own,
displaying high transfection rates and excellent biocompatibility, also demonstrated by F. Tekie et al.B”
However, the formation of Chitosan nanospheres, combined with PLGA has also proved to be highly

effective within oncology®®.
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2.3 miRNAs

2.3.1 miRNAs in cancer
MicroRNAs (miRNAs) are endogenous expressed small noncoding RNAs®™¥, which are involved in post-

transcriptional regulation of genes™!, capable of inhibiting gene expression by targeting mRNAs, thus
affecting biological development and behavior. These are essential for many biological processes, such
as controlling cell differentiation, proliferation and apoptosis as well as embryogenesis and lineage
determination®. Each miRNA has a specific target mRNA and changes in mRNA expression can directly
affect the development of malignant tumors because the mRNA encoded by tumor suppressor or
tumor-promoting genes can influence the synthesis of some crucial cancer-associated functional
proteins®®. Indeed, growing data suggests that miRNAs can act as tumor suppressors or oncogenes
depending on the genes they target. Sayles et al.’® discovered that the effects of a mutated miRNA
site affected the function of specific miRNAs. The expression profiles of miRNAs are significantly altered
in a wide range of human benign and malignant disorders and aberrant miRNA expression is strongly
correlated with the diagnosis and progression of disease®.  Multiple cancers, including
Osteosarcoma, have been linked to dysregulation of miRNAs®Y62 in fact numerous studies have
demonstrated that OS patients have significant alterations in their miRNA expression profile and that
miRNAs have a role in the occurrence, progression, and invasion of OS through a variety of
mechanisms®!. Multiple studies have then explored the value of miRNA for the treatment of OS
patients®™ and these miRNA targeted treatment approach has shown enormous potential in
controlling aggressive biological behavior of 0S¥, Besides the important of miRNA in regulating the
OS growth microenvironment, many studies have shown that they can also be used to prepare

nanoparticles for treating OS°.
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2.3.2 miRNA-34s family in OS
MIRNA-34s play significant roles in the OS tumor suppressor signaling cascade that is activated by p53

in response to DNA damage or oncogenic stress in many malignancies®*. Osteosarcoma is one among
the several cancers for which the tumor suppressor gene TP53 is known to be involved!®®. In fact, in
response to DNA damage and oncogene activation, TP53-encoded p53 significantly increases and it is
subsequently phosphorylated, enabling it to separate from Murine double minute (MDM) 2; as a result,
the cell cycle is arrested and apoptosis is induced, which leads to p53-mediated tumor prevention.
More than 20% of OS patients have mutations in the TP53 gene, and research has demonstrated that
these mutations play a role in both the development and progression of OS™®7) A rare TP53 mutation
associated with Li-Fraumeni syndrome can also lead to OS®®. According to Novello et al.’®, the
expression of miRNA-34 family is lower in OS tissues than it is in healthy skeletal tissues and miRNA-
34s family have been discovered to be p53's downstream effectors. In fact miRNA-34a are induced by
p53 in response to DNA damage and oncogenic stress in OS. The relationship between p53-induced
miRNAs and OS has recently been the subject of some investigations. It was demonstrated that 117
primary OS samples had considerably lower levels of miR-34s expression and that miR-34a mimics
transfected into MG-63 cells dramatically reduce cell growth and increase cell apoptosis through their
targets such as mammalian target of rapamycin (mTOR), c-Met, and MDM4 (a TP53 gene inhibitory

(721731 Another study found that overexpression of miR-34a inhibits

factor) in a p53-dependent manner
OS growth both in vivo and in vitro and this was attributed to the downregulation of Ether a go-go 1

(Eagl), a channel that is located in the central nervous system (CNS) and promotes cancerogenesis!’4.

mMiRNA-34a in Osteosarcoma
Several studies have shown downregulation of miR-34a in osteosarcoma and demonstrated that

miRNA-34a acts as a OS tumor suppressor together with p53. It was discovered that ectopic expression
of miR-34a induces cell cycle arrest in OS primary and lines cells and, moreover, several genes involved
in cell cycle progression were downregulated by miR-34a, acting then as tumor suppressor. MiR-34a
transactivation by p53 is also regulated by a positive feedback loop mediated by p53 target sites in the
miR-34a promoter®!’% | oss of miR-34a expression in cancers is correlated with TP53 mutations,
functional p53 suppression, and promoter hypermethylation. DNA damage-induced miR-34a
expression in an OS cell line that expresses p53 was dependent on p53, and this resulted in the
induction of cell-cycle arrest, encouragement of apoptosis, and DNA repair’Y. The P53 gene and the c-
MET gene are directly impacted by miRNA-34a; c-MET is an important promoter to angiogenesis and
tumorigenesis, so downregulating the c-MET gene, miRNA-34a prevents OS cells from proliferating and
metastasizing. Therefore, the onset and progression of OS may be promoted by the reduction in

miRNA-34a expression®Y.
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2.4 Chitosan-PLGA-miRNA34a NPs
MiR-34a promotes cell cycle arrest in primary tumor cells and cell lines when it is expressed ectopically.

In line with this, a set of genes linked to the stimulation of cell cycle progression are downregulated by
miR34. Collectively, these results suggested that the miR-34 family works in conjunction with p53 to
limit tumor growth!”!. A study provides an insight on the nanostructures are assembled, the PLGA-
chitosan encapsulating the miRNA. The nanoplexes are shown to be suitably stable for this application
whilst loading and unloading genetic material at target sites was successful, with an undetectable
amount of miR-34a present within the polyplex at the end of the study!’®. The article was able to offer
insight into how the addition of miRNA influences the zeta potential and size due to the packing by
electrostatic interaction. The encapsulation efficiency remained above 85% when <300ug of miRNA was
used. Once it was encapsulated, the sizes ranged from 150.7 to 178.0nm and the zeta potential from
+25.1mV to +40.3mV for decreasing amounts of miRNA-34a. Additionally, when loaded, the polydispersity
index (PDI) remained below a value of 0.2 demonstrating a small amount of mass distribution. The
resulting particles were describedas stable since neither great nor rapid increases in their diameters
were found when incubated in synovial fluid for 24 hours. They were also found to be effective in
penetration and intracellular delivery, with other articles using the same material reporting a more
prolonged release over long periods, rather than burst, with increasing chitosan content.””! An issue
highlighted was that they became cytotoxic at high loading levels of miRNA-34a. However, empty

[78]

nanoparticlesof this composition do not reveal any cytotoxicity,"”® suggesting this was due to the

contents; other articles focused on chitosan PLGA nanocarriers suggested cell viability increases with
chitosan content when compared to just PLGA, further dismissing the idea that the particle is

cytotoxic.””!
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The specifications that the project is hoping to meet are summarized in Table 1.

Table 1: Engineering specification for the manufacturing of chitosan PLGA nanoparticles.

Property

Materials

Size

Shape

Charge

Release time

Value

Chitosan, PLGA

100nm to
300nm

diameter

Spherical

>+25mV

24 hours with
minimal burst

Rationale

The materials used need to exhibit properties that allow
the particle to be used effectively for gene and drug
delivery. PLGA and chitosan are both biocompatible

and biodegradable.
Smaller particles generally lead to better penetration, but

they must be large enough to be able to carry a substantial
amount of miRNA. The size should not exceed 500nm as
particles with values below this have been shown to escape
the reticuloendothelial system which would otherwise lead
to a big reduction in biological half-life, as well as a several
times lower intracellular uptake. This is to be measured via
DLS.

The particle to be manufactured is spherical in shape,
therefore any difference in this may lead to a difference in
the properties of the particle. It may affect the surface
charge and penetrative ability. Being spherical has
advantages such as having a good

‘enhanced permeability and retention’ value compared

to other shapes. This is to be analyzed via a

Transmission Electron Microscope (TEM).
Positively charged particles are more effective in

penetrating the ECM due to it being negatively charged,
therefore using electrostatic interaction to increase the
depth. Additionally, larger charges are more desired as this
increases stability due to the individual particles having a
larger repulsive force between themselves, decreasing the
chance of aggregation. Cationic nanoparticles also
experience the proton sponge effect which can help
decrease the chance of digestion/clearance by endosomes.
This is to be measured via DLS.

The nanoparticle must be stable enough to not experience
an immediate burst release so that the contents can reach
deep into the bone tumor. It should not have a burst release

in the first 24 hours and if it does, preferably not all the

Ref.
128

107,

130

131

132

131
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Must be

Manufacturing reproducible

Polydispersity

Polydispersity index < 0.2

Encapsulation Efficiency > 70%

contents should be released, so a sustained release is still
possible. This will help ensure particle has the best chance of
interacting with the target cells. If the particle gets trapped
in the articular surface, a prolonged release means the cargo
stil has a chance of penetrating deeper into the
Osteosarcoma.

A reproducible manufacturing method allows for the
nanoparticle to be produced at the same standard, with the
possibility to be scaled. It would mean that its

properties would not fluctuate from batch to batch.

The size distribution of the nanoparticles when
manufactured should be within a range so that the
properties do not vary. A value of 0.2 for the PDI has been
stated to be an acceptable level. This is to be

measured via DLS.

The encapsulation efficiency should remain high as this could
otherwise lead to drug wastage (in this case miRNA) which is
a major flaw in some gene delivery systems, potentially
affecting manufacturing factors such as cost and time to
ensure the particles are loadedwith sufficient cargo. In most
sources the efficiency is extremely high, therefore a value of

70% is reasonable.

133

134

135

15



2.5 Combinatory therapy: Doxorubicin and Resveratrol
The co-delivery of drugs leads to significantly better results than a single-drug delivery. The most popular

combination therapeutic modality for successful cancer treatment in clinical practice is the co-delivery of
multiple chemotherapeutic drugs®®®, with the purpose of maximizing the effectiveness of treating cancer while
reducing systemic toxicity and drug resistancel®“?. Therefore, the treatment must act synergistically on

various carcinogenic signal transduction pathways, targeting oncogenic pathways.

Doxorubicin Hydrochloride (DOXO) is an anthracycline antibiotic that stimulate cell apoptosis, thus it is
used as a drug to treat different cancers such as endothelium cells, leukemia and lymphoma#2l |n
solid tumors, depending on the concentrations used, it can potentially induce senescence™®. DOXO is
provided intravenously in the course of OS treatment together with other chemotherapeutic
medications like methotrexate (MAP) and cisplatinum!**. Studies conducted in vitro to determine the
impact of DOXO on human OS cell lines revealed that endocytosis, which occurs 24 hours after DOXO
treatment, reduces cellular metabolic activity and development of U20S". However, when exposed
to high amount of DOXO, U20S cells can develop resistance to it"“®!. The use of NPs has shown promise
in attempts to get around the drawbacks of free intravenous DOXO in the treatment of cancers like
breast cancer®”) and hepatic cancers*®, suggesting DOXO loaded NPs could be a practical way of

promoting leftover osteosarcoma cell apoptosis.

Trans-3, 4', 5 trihydroxystilbene, known as resveratrol, is a naturally occurring tiny polyphenolic
molecule that is extracted from a variety of plant species, including grapes, mulberries, and peanuts.
Over the past ten years, extensive research has been conducted on it and it was discovered that
Leukemial®®, prostate cancer®, and stomach cancer® are just a few of the cancers that resveratrol
has been shown to help prevent from progressing. Resveratrol was found to be a power antioxidant
but, in recent years, resveratrol has been also suggested as a possible anti-cancer agent®?. The effects
of resveratrol on osteosarcoma cells were explored and it was discovered to be an efficient inhibitor
for osteosarcoma stem cells in vitro and in vivo, that gives the basis its clinical application in

osteosarcoma ad a promising agent for OS treatment3.
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2.6 Layer-by-Layer coating technique
Layer-by-Layer (LbL) polymeric based nanoparticles are promising new systems for use as drug delivery

vehicles. The layer-by-layer technique is one functionalization techniques that allow to achieve performance
properties of our system. It is a multi-material nanofabrication technique for surface coatings whose
advantages are definitely the greater controlled release of drugs, as well as the slower biodegradability so that
the drug delivery system can reach the target without having been completely biodegraded. It also enables to
encapsulate drugs within the coating so as to deliver to the target site greater therapeutic effect. Layer-by-
layer (LbL) assembly refers to the method of depositing alternately charged materials, followed by
washing, in order to removes excess non-absorbed polyelectrolyte, and filtering between each
deposit®. Using this assembly method, a variety of shapes, sizes, and compositions of building

materials may be created with precisely tuned and controlled physicochemical properties!®®.

2.7 Polyelectrolyte materials
Pectin
Pectin is a natural polysaccharide and it consists of methyl esterified D-galacturonic acid”?.. Residing in

the cell walls of plants, pectin has various potential biomedical applications because of its antimicrobial,
antioxidant and anti-inflammatory effects, as well as its biocompatibility®. It's also widely used in the
food industry due to its ability to increase viscosity and bind water. Industrial pectin is generally high
methyl pectin, which can easily form gels in the presence of other sugars, acids, or certain metal ions.
The degree of esterification (DE) of pectin is the primary factor affecting the mechanical properties,
including the solubility of the pectin and its gelling and film-forming properties”. In high methyl pectin,
the DE is higher than 50%. Low methyl pectin can more easily form a gel in the presence of a divalent
ion such as calcium (Ca?*) and does not need sugar or acid to gel, whereas high methyl pectin does!’?.
Gel formation in pectin is caused by hydrogen bonds between hydroxyl groups around molecules and
between carboxyl groups on molecules®. One advantage of employing pectin as a drug carrier is its
capacity to boost bioavailability, which enables a reduction in dosage and application frequency for a
chosen treatment. This is due to the fact that it can enhance the mucosal membrane's bio adhesive
function, extending release and boosting bioavailability!®?®), Reduced dosage and application
frequency will also result in a decrease in the amount of drug that needs to be produced, conserving

resources.
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Biowaste resource
It was chosen to use a non-commercial pectin and particularly to extract it from cocoa biowaste. Food

waste is indeed one of the biggest problems worldwide since there are food processing factories
everywhere, which cause a lot of inedible and unwanted parts of the plants to end up in landfills. Most
are rich in organic material and functional compounds, like pectins and polyphenols. The result is
severe environmental impact, including uncontrolled emission of greenhouse gases, foul odours, and
the proliferation of pests around the waste!®¥. The food waste can be turned into marketable products
and help countries financially. Additionally, it would boost income by creating jobs and might improve

food security in poorer countries!®.

As one of the world's largest food industries, cocoa bean
processing produces a large amount of waste. Biowaste is generated at each processing step and the
resulting biomass is cheap, renewable, and abundant. This makes it ideal for use in many industries,
including food and pharmaceutical®!. A cocoa by-product produced in the field processing chain is

cocoa pod husks, which contain high levels of useful compounds, such as pectins and polyphenols.

Process extraction
Pectin has been extracted through several methods from various sources over the years. Methods of

conventional pectin extraction include using mineral or organic acids at relatively high temperatures
(80-120°C)®#°. Non-traditional techniques include Ultrasound, microwave, and enzyme assisted
extraction. During ultrasound-assisted extraction, mechanical vibrations are applied to solids, liquids,
or gases, combined with an extraction solvent, at frequencies greater than 20kHz, to isolate targeted
compounds. The mixtures of solvent and extraction materials are placed in a water bath to ensure
uniform heating. Although ultrasound-assisted extraction uses less energy than conventional methods,
an increase in temperature (still lower than conventional techniques) will enhance the extraction
process. Extractions of useful compounds, drying, emulsification and homogenization of food products
can all be achieved using this method®. In comparison with conventional heating acid methods,
ultrasound-assisted extraction has many advantages. First of all the extraction of pectin is more
efficient, in both cost and time. It possesses lower energy consumption, shorter treatment time, lower
solvent usage, increased safety, and an increase in yield®®. In addition to causing molecules to move
more rapidly, cavitation bubbles near the cell walls collapse, allowing the solvent to penetrate the cells
more deeply and effectively, reducing then the required concentration of the solvent. All these
properties result in a more environmentally friendly and sustainable process®¥. In addition to the
properties listed above, we will see later in the extraction that another important advantage is to
possess an highly negative charge. This is very important for our work because the pectin will be the
first coating layer of the nanoparticle and, in order to interact electrostatically with the positive core

and the second positive layer, it must precisely possess a powerful negative charge.
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3. Aim and Objectives

3.1 Manufactured nanoparticles
Among the types of nanoparticles used in the field of research against osteosarcoma, polymeric

nanoparticles were chosen for this work for their excellent mechanical properties, versatility of
preparation and outstanding biodegradability. The chosen biomaterials were PLGA and Chitosan, which
made the core structure of the nanoparticles, combining together their positive features such as
biodegradability and mechanical structure and avoiding the negative aspect such as the negative
nature of the PLGA. Beyond the most suitable materials, however, we wanted to investigate those
drugs effective in the treatment of osteosarcoma and those emerging advanced techniques that
promise great future and perspective for the treatment of osteosarcoma. Among these, miRNAs were
analyzed in order to understand their mechanism and behavior toward Osteosarcoma cells. For this
reason, combined together with PLGA and Chitosan, miRNA, in particular miRNA-34a, was chosen as
the third main component for the formation of the nanoparticulate complexes. Starting from the
optimization of the nanoparticles consisting in Chitosan, PLGA, Pluronic and miRNA, four types of
nanoparticles were manufactured, adding drugs and exploring Layer-by-Layer technique to do a
superficial nanocoating, in order to obtain a more stable nanoparticle and encapsulate higher amount
of drugs. First of all, process parameters were optimized using miRNA-140, which was different from
miRNA-34a that is the subject of our study but it was useful in order to optimize the procedure without
wasting miRNA-34a. Once the protocol was optimized with miRNA-140, the fabrication of the
nanoparticles was repeated with miRNA-34a, making minor changes because miRNA-34a turned out
being slightly more negative than miRNA-140. Analyzing the results obtained from nanoparticles with
miRNA-343, it was decided to make the system more complex and effective by adding anti-cancer drugs
as Doxorubicin and Resveratrol to the miRNA-34a core. Finally, it was decided to add a further
optimization by making a bilayer nanocoating of the surface of the nanoparticles, obtaining them by
the interaction of two polyelectrolyte solutions of opposite charge: first layer of pectin (negative
charge) and second layer of chitosan (positive charge). In the forming layers it was also inserted
additional amounts of the two drugs previously interjected in the core. For the needs previously
discussed, the pectin used in this work was extracted from Cocoa biowaste before starting with the
manufacturing NPs process. Figure 4 shows a schematical representation of the different types of
manufactured nanoparticles and, for simplicity, how they have been named during the entire work.
The manufactured NPs were tested on U20S and SaoS-2 cells on both bidimensional culture and on
vitro Osteosarcoma spheroids, created in order to have a more mimetic tumoral tissue. Cell viability,
metabolic activity and morphology were analyzed before and after the treatment with any of the

manufactured NPs.
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Figure 4: The four types of manufactured nanoparticles, starting from the left with the basic one of Chitosan-PLGA-
Pluronic-miRNA34a, then adding Doxorubicin and Doxorubicin/Resveratrol in combination and finally the model with
the two layer with the two drugs in them and drugs plus miRNA inside the core. Created using BioRender.

3.1 Cell models
It was chosen to test the manufactured nanoparticles on two-dimensional models with different cell

densities and on 3D spheroid models, called during the work "Sarcospheres". The osteosarcoma cells
used for both models were SaoS-2 and U20S cell lines, which have been chosen and tested in so many
works and researches, both in two-dimensional culture and for the formation of osteosarcoma

spheroids®P0IBY,

Density (cells/well):

Density (cells/well):
2000 4000 8000

LS ‘1%%53{

Figure 5: two- and three-dimensional cell culture for NPs treatments, created using BioRender.
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3.2 Sarcosphere
Several studies demonstrated that the use of 2D techniques to investigate cancer cells and tumor

processes® failed to explain tumor biology because they did not mimic properly the tumor
macrostructure and did not represent the huge complexity and heterogeneity of the tumor
microenvironment®*°> These 2D models showed very well the growing of the tumor cells but they
failed in providing information about the 3D network between the tumor cells and the interaction
between cells and extracellular matrix, as well as superficial and environmental conditions®?®3!,
Different studies demonstrated instead that the 3D culture system were able to mimic tumor tissue
characteristic®”!, growing up with the concept of “tumor engineering” as a “complex culture model
that mimics in vivo tumor microenvironment in order to study the dynamics of tumor development

and progression, and to develop clinically relevant models to target cancer and cancer stem

7[98][99

cells | The potential of spheroids in cancer pharmacology was shown in several studies,

highlighting the contribution to eliminate, at the preclinical state, the non-effective drug candidates

|[100][101

and helping in identifying those promising drugs non-successful in 2D mode I, The several

techniques used to create spheroids are mainly divided into scaffold free and scaffold method. We

were interested in the scaffold free ones, in which spheroids generate through a spontaneous

102 103] [106] |

aggregation process!*®? facilitated by liquid overlay*®% or hanging drop techniques!*® n

particular we relied on the liquid overlay technique using commercially low binding plates®?.
Osteosarcoma spheroids were thene realized for both types of cells and they were named

“Sarcosphere” during the entire work.
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4. Materials and Methods
4.1 Materials

For pectin extraction, Cocoa pod husks (kindly supplied from Universidad Surcolombiana, Colombia)
were grounded into a fine powder to increase the surface area of the material and therefore the
efficiency of the reactions, Sodium Hydroxide (pellets, reagent grade, =98%, Sigma Aldrich) Distilled
water (Milli-Q® water system), Ethanol (99.8%, Sigma Aldrich) were used. For NPs preparation Poly(D,L-
lactide-co-glycolide) (lactide:glycolide (75:25), mol wt 66,000-107,000), chitosan (low molecular weight
of 50,000-190,000 Da based on viscosity), Pluronic F-127 (powder, BioReagent, suitable for cell
culture), acetic acid (glacial, ReagentPlus®, 299%), acetone (ACS reagent, 299.5%) were purchased from
Sigma Aldrich. MiRNA-140 (MIRacle™ hsa-miR-140-5pmiRNA Agomir/Antagomir) was purchased from
AcceGen Biotechnology, MiRNA-34a (miRIDIAN microRNA Human has-miR-34a-5p) was purchased
from Dharmacon Group company, RNase-free water was purchased from ThermoFisher. Doxorubicin
hydrochloride (98.0-102.0% HPLC, powder), Resveratrol (powder, 299% HPLC), Dymethyl sulfoxide
(DMSO) (ACS reagent, 299.9%) were purchased from Sigma Aldrich, Sodium acetate buffer pH5, pectin
extracted from cocoa biowaste, dH20 buffer ph5 were used in this thesis project. Aliquot of miRNAs:
having 50nmol miRNAs (705.2micrograms) and wanting to make aliquots of 20 uM, It was added 2.5ml
sterile PBS to the total and then divided into 5 Eppendorf tube (1.0ml) with 500l of the miRNA solution
in each. For cell culture tests, Fetal Bovine Serum (FBS, ThermoFisher, Gibco CAS No. 10500056),
penicillin/streptomycin (P/S, Sigma-Aldrich, P0781100 mL), Human Fibroblast Growth Factor (hFGF-2,
Sigma-Aldrich, 106096-939), L-Glutamine (LG, 5 mM, Sigma-Aldrich, TMS-002), Phosphate Buffered
Saline (PBS Sigma-Aldrich, MFCD00131855), Trypsin/EDTA (Sigma-Aldrich, MFCD00130286),
Dulbecco’s Modified Eagles Medium (DMEM, Sigma-Aldrich, Gibco high glucose 4500 mg/L, 11995-

065) were used.
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4.2 Pectin extraction
The extraction of the pectin from cocoa biowaste was performed using ultrasound-assisted extraction

(UAE) method, shown in Figure 6. Briefly, 0.05 molar NaOH solution (pH=12) was prepared by dissolving
0.4g of NaOH pellets in 20ml of distilled water in a beaker at room temperature under stirring until
dissolved. The biowaste powder was measured using the values of the ratios in Table 2 and it was
suspended in 150ml of the prepared 0.05 M NaOH, adding them to the corresponding labelled bottles.
Minitab was used for the design of experiments through box-Behnken design, generating 20
combinations of variables to use. However, five of these (Temp: 60 degrees C, Ultrasonic bath time:
67.5 mins, Ratio: 1:40) were the central points. Following the DoE, different solutions were placed in
the ultrasonic bath (VWR ultrasonic cleaner) for their respective temperature and time shown in Table
2. Once the time of the ultrasonic bath ran out, the bottles were then removed, and the mixtures were
poured into centrifuge tubes and centrifuged at 4400rpm for 20 minutes (Thermo Scientific™
Megafuge 16R TX-200 Centrifuge was used) to separate the mixture into solid and liquid phases. These
were then filtered using a Buchner funnel to remove as much liquid from the remaining biowaste as
possible. The resulting supernatant solution was then measured and mixed with 99.8% ethanolina 1:1
ratio (ml) in order to produce pectin gel and then refrigerated at 4 °C to allow the precipitation of
pectin. After 24h, the solution was poured into centrifuge tubes, all equal amounts, and centrifuged at
4000 rpm for 15 minutes to separate the polymers and ethanol. The ethanol was then removed from
the tubes and disposed of, isolating the mixture of the various polymers. These polymers were then
separated into different flat-bottomed tubes and placed in an incubator at 37°C for 24 hours to
evaporate the ethanol. Then, the pectin was placed on a greaseproof paper as a layer and dried into
the oven (Thermo Scientific™ Vacutherm Jacket-Heating VT 6025 was used) at 70°C for 48h to obtain

a thin dried layer of pectin.

23



0 4
- ‘ (
5g cocoa i -

biowaste
Cocoa husk Bl N

S A

Place the bottle in the ultrasonic cleaner

Centrifuge @4440rpm
for 20 min

0.4g 200ml|
Distilled water 0.05M NaOH solution
. /

Refrigeration to allow
Ethanol 99.8% in 1:1 ratio (ml}

X 24n
/ maore pectin accumulation
.

Centrifuge @4000rpm
for 15 min

Incubation @24h Plate the pectin as a

layer

Figure 6: Protocol for 0.05M NaOH Pectin extraction, created using BioRender.
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Table 2: The Design of Experiment (DoE) for Pectin extraction.

Run No. Temperature (°C) Time (min) Ratio (1:x) Weight to
measure (g)
1 70.00 45.0 30.00 5.00
2 50.00 90.0 50.00 3.00
3 60.00 67.5 40.00 3.75
4 70.00 90.0 30.00 5.00
5 60.00 67.5 40.00 3.75
6 50.00 45.0 30.00 5.00
7 70.00 45.0 50.00 3.00
8 70.00 90.0 50.00 3.00
9 60.00 67.5 40.00 3.75
10 50.00 90.0 30.00 5.00
11 50.00 45.0 50.00 3.00
12 60.00 67.5 40.00 3.75
13 60.00 67.5 23.67 6.34
14 60.00 67.5 40.00 3.75
15 43.67 67.5 40.00 3.75
16 60.00 67.5 40.00 3.75
17 60.00 104.2 40.00 3.75
18 60.00 67.5 56.33 2.66
19 60.00 30.7 40.00 3.75
20 76.33 67.5 40.00 3.75

4.3 Pectin Characterization

The molecular composition and structure of the extracted pectin were analyzed through Fourier
Transform Infrared (FTIR) analysis, measuring the range of wavelengths in the infrared region absorbed
by samples, using this non-destructive analytical technique. Samples were exposed to Infrared
radiation and their ability to absorb various wavelengths, according to their bonds, was measured.
These measures were obtained with a Spectrum Two™ FT-IR instrument equipped with a horizontal
attenuated total reflectance (ATR) crystal (ZnSe) (PerkinElmer Inc., USA). Data were collected in
Absorbance mode, with wavenumber values from 4000cm™ to 550cm™ and each spectrum was the
result of the average of 16 scans with 4cm™ resolution. After each scan a baseline correction was
performed. The zeta potential of the extracted pectin was measured via dynamic light scattering
method. The values were obtained with a Zetasizer Nano ZS Instrument (Malvern Panalytical Ltd) and
expressed as the mean + standard deviation. These values were found by looking at the Brownian
motion (random movement) of the pectin and linking this to its characteristics. The cuvettes feature

two gold electrodes which are involved in measuring the zeta potential: a charge was applied between

25



the two electrodes and the pectin move towards the oppositely charged one. A laser beam was used
to measure the intensity of scattered light as the particles move through the medium, returning a
frequency equivalent to their velocity, leading to the voltage being found - this was done at multiple

10 For the DLS analysis, the samples were then diluted in dH20

voltages to calculate the zeta potential.!
to reach a concentration of 0.1% w/v. The final value was calculated as average of three measurements,
each obtained after a maximum of 100 runs. Six measurements were taken for each of the 20 samples
and then averaged, obtaining the final 20 mean values. The production yield of the pectin, that is how
much pectin was extracted from the powder of the cocoa biowaste used, was measured by subtracting
the mass of biowaste measured at the beginning and the mass of dried pectin measured at the end of
the process. Briefly, after the evaporation of the ethanol in the 24h incubation process, the polymers
were placed on greaseproof paper (which was weighed and noted) and then they were placed in an

oven at 70°C for several hours until dried. Once dried, they were weighed, and the values were used

to calculate the yield as:

, A
Yield (%) = 7 100 (Ea.1)

A is the weight of the extracted dried pectin while B is the weight of the original cocoa powder
measured at the beginning of the experiment. The methoxyl (MeO) and anhydrouronic acid (AUA)
contents and degree of esterification (DE) in optimized extracted pectin samples were analyzed by
conventional methods!*'®!. To 50 mg of pectin, 500 L of ethanol, 10 mL of distilled water, 0.10 g NaCl
and one drop of phenol red indicator were added. The solution was stirred for 15 min to dissolve all of
the components, and then titrated with 0.1 M NaOH until the colour changed (Titration A).
Subsequently, 2.5 mL of 0.25 M NaOH was added to the mixture and allowed to stand for 30 mins at
room temperature. Finally, 2.5 mL of 0.25 M HCl was added and the mixture was titrated again with
0.1 M NaOH until the colour turned red (Titration B). The methoxyl content was calculated by using the

following equation (Eq.2):

(meq Tiration B * 31 * 100) (Eq.2)

MeO(%) =
e0(%) weight of sample (mg)

Where meq Titration B are the milliequivalents of NaOH used for the Titration B, and 31 is the molecular
weight of the methoxyl group.

The anhydrouronic acid content was calculated according to the equation 3 (Eq.3):

176
AUA(%) = * 100 (Eq.3)

26



Where 176 is the molecular weight of AUA and

L weight of sample (mg) (Eq.4)

meq Titration A+meq Titration B

Finally, the degree of esterification of the extracted pectin was calculated by:

176xMe0%+*100

DE(%) - 31xAUA% (EC]S)

A colorimetric method based on the m-hydroxydiphenyl reagent was used to measure the total
galacturonic acid (GA) content of the extracted pectin following the protocol proposed by Guo et al.™*>?
Briefly, 500 uL of pectin solution (concentration of 200 pg/mL) was poured into a glass tube vial, and
then 3 mL of sulfuric acid/sodium tetraborate was added and immediately cooled in a bath containing
cold water. A continuous operation including shaking the tubes for 30 s with a vortex mixer (VORTEX
3, IKA, Germany), heating in a water bath (GLS Aqua 12 Plus, Grant, UK) at 100 °C for 5 mins and cooling
in ice water was performed. Then, 100 uL of m-hydroxydiphenyl (0.15% in 0.5% NaOH) were added to
the vial and kept under shaking for 5 minutes (SSM1, Stuart, UK). Finally, the absorbance of the resulting
solutions was read at 525 nm using a multiplate reader (FLUOstar Omega, BMG Labtech, Germany).

For the preparation of the calibration curve, solutions of galacturonic acid (between 1-200mg-mL-1)

were used.

4.4 Preparation of the nanoparticles
Nanoparticles with miRNA-140 core were prepared using a nano-complexation method taken from the

source using the same materials (1) as follows: 60mg of PLGA was added to 20ml of acetone in a beaker
at room temperature, under magnetic stirring (IKA™C-MAG MS 7 Magnetic Stirrer was used) inside a
fume cupboard to speed up the process of the PLGA dissolution (= 30 minutes). In a separate beaker,
3mg of chitosan was added to 50ml of acetic acid (0.5% v/v) and 0.5g of Pluronic F-127 (1%w/v). This
second solution was then filtered using a 0.22 um polyamide filter to remove any chitosan aggregates.
50ul of miRNA-140 was then added, before being homogenized at various speeds and times to reduce
the size of the particles in this solution. The Design of Experiment (DoE) was formulated by Minitab
software, shown in Table 3, that enabled to evaluate the relationship between both the speed and time
on the size and zeta potential of the nanoparticles. In this instance, it was a central composite design
with the centre points, being included a total of 5 times, at 24,000rpm and 75 seconds. The other points
consist of cube points, the 4 values in and around the working range, and axial points, the final 4 values
and more extreme points, often described as being outside the cube. The two prepared solutions were

then combined, with 200ul of the solution containing PLGA being added to 500ul of the second
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solution, and mechanically stirred at 600rpm for 3 hours to allow for the solvent to evaporate.%!
Finally, the samples were centrifuged at 13,000rpm (Thermo Scientific™ Pico™ 17 Microcentrifuge was
used) for 1 hour to separate the nanoparticles and the remaining liquid. The same procedure was
performed to make the nanoparticles with miR-34a (Figure 8), with some exceptions. In fact, analyzing
the zeta potential of both miRNAs through DLS, a greater negativity was found for miRNA-34a,
therefore it was decided to use a 0.06% chitosan solution (instead of the previous 0.006%) and using
600ul of the latter, in combination with the 50ul of miRNA-34a, instead of 450ul. The Design of
Experiment (DoE) was formulated by Minitab and it is shown in Table 4. Once the preparation of the
nanoparticles with miR-34a core was optimized, it was decided to include anti-cancer drugs inside the
core so that, in addition to the presence of miRNAs, there is a combination of drugs and thus multiple
anti-cancer actions. Once the parameters for the preparation of NPs with miR-34a were optimized, it
was decided to include anti-cancer drugs inside the core so that, in addition to the presence of miRNAs,
to get multiple anti-cancer actions:

e miRNA-Doxorubicin nanoparticles (miRDx-NPs): 10mM doxorubin solution was prepared in
DMSO:PBS 1:1. 5.4mg of doxorubicin was weighed and added into 1.5ml Eppendorf tube with
500ml of DMSO and 500ml of PBS. The tube was vortexed in order to achieve proper mixing and
dissolution of the drug. Doxorubicin solution was inserted, during preparation, before the
homogenization step, by inserting 2ul of Doxorubicin solution at the same time as the 50ul of
MiRNA.

e miRNA-Doxorubicin-Resveratrol nanoparticles (miRDxRs-NPs): 88mM Resveratrol solution in
DMSO was prepared. 5mg of Resveratrol was weighed, these were added into 1.5ml eppendorf
tube within which 250ul of DMSO was added. The whole was vortexed in order to obtain proper
mixing and dissolution of the drug. The resulting Resveratrol solution was inserted, during
preparation, before the homogenization step, by adding 2ul of Resveratrol solution at the same
time as the 50ul of miRNA and 2ul of Doxorubicin solution.

For simplicity the different types of nanoparticles will be named throughout the work as: mR-NPs the

basic nanoparticles with miRNA-34a, mRDx-NPs those with miRNA-34a and Doxorubicin in the core and

mRDxRs-NPs those with miRNA-34a, Doxorubicin and Resveratrol in the core. It will be seen later LbL-

NPs, those nanoparticles manufactured started by mRDxRs-NPs and complexed with two superficial

layers, following a layer by layer technique using two polyelectrolytes plus the addition of drugs inside

them.
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Figure 8: Protocol for the chitosan PLGA nanoparticles with miRNA-34a, created using BioRender.

Table 3: The Design of Experiment (DoE) for the preparation of the nanoaperticles with miRNA140, created using BioRender

Run No. Homogenisation speed (RPM) Time of Homogenisation (s)
1 20000 30
2 18343 75
3 24000 139
4 20000 120
5 24000 75
6 24000 75
7 24000 75
8 29656 75
9 24000 75
10 28000 30
11 28000 120
12 24000 75
13 24000 11
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Table 4: The Design of Experiment (DoE) for the preparation of the nanoaperticles with miRNA 34a, created using BioRender

Run No. Homogenisation speed (RPM) Time of Homogenisation (s)
1 20000 30
2 16250 75
3 27500 138
4 20000 120
5 27500 75
6 27500 75
7 27500 75
8 35000 75
9 27500 75
10 31250 30
11 31250 120
12 27500 75
13 27500 11

4.5 Layer-by-Layer Nanoparticles preparation
Once the fabrication procedures were optimized and the resulting nanoparticles were characterized,

two superficial layers of polyelectrolytes on the miRDxRs-NPs surface were obtained by using the Layer
by Layer technique that exploited the opposite charge between electrolyte solutions. The miRDxRs-
NPs possessed a positive charge, so the first layer to obtain was negative, made of a pectin solution
(using pectin previously extracted from cocoa biowaste) by dissolving 20g in 20ml of Sodium acetate
buffer at ph 5. For the second layer, which must be positive so that it can interact electrostatically with
the pectin layer, chitosan was used and again it was used a 1mg/ml solution of chitosan in sodium
acetate buffer at ph5. Briefly, starting with the previously manufactured nanoparticles, the solution
was centrifuged (Thermo Scientific™ Pico™ 17 Microcentrifuge was used) for 30min at 13,300 rpm in
order to collect the particle pellet. The supernatant was then removed, the pellet was suspended in
100ul of SAB and the first electrolyte solution (pectin positive charge solution) was added until
eppendorf tube 1.5ml was filled. At this point, gently pipetting, the two drug solutions (Doxorubicin
and Resveratrol solutions previously prepared) were added (5ul of each). The Eppendorf tube was
shaken for 20min at 120rpm thus allowing the pectin layer to homogeneously arrange itself around the
positively charged nanoparticles and allowing the drug to be able to remain trapped in the forming
layer. At this point it was re-centrifuged to collect the now-negative pellet, remove the supernatant by
collecting it for further encapsulation assays, suspended in SAB and finally washed with water buffer at
ph5 to remove all non-electrostatically attached residues by shaking for a shorter time. Then it was
possible to start forming the second layer by going through the same steps, of course using the chitosan

solution instead of pectin solution.
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Figure 9: Protocol for layer by layer nanoparticles (LbL-NPs), created using BioRender.

4.6 Characterization of the Nanoparticles

The mean size, zeta potential, and PDI were measured via DLS; the size was expressed as the mean and
the value of the most appropriate peak + standard deviation, the zeta potential was expressed as the
mean + standard deviation and the PDI is the value output. To prepare the samples for DLS, the
supernatant was removed from the vials using a pipette, being careful not to remove any of the
sediment at the bottom which contains the nanoparticles, then diluted using distilled water and gently
mixed. The resulting solution was filtered using a 0.22um polyamide filter to remove any large
aggregates and make a 1:10 dilution in RNA-free water before being added to the Zetasizer cuvette,
which was run three times, with the most appropriate result being considered. The size is established
by how quickly the nanoparticles move; larger particles tend to experience slower Brownian motion
whereas smaller particles are much faster® The morphology of the nanoparticles was determined via
a transmission electron microscope (TEM) (Philips CM 100 Compustage FEI) at 100kV. This method
returns a highly magnified image, allowing us to clearly determine the resulting shape of the
nanoparticle. A beam of electrons is shone through the sample, causing only portions of the electrons
to be transmitted depending on the thickness and electron transparency of the sample. The
transmitted portion is focused onto a phosphor screen, generating light, and returning an image [*%
which was captured using an AMT CCD camera (Deben). Afterwards, the images were input into a
software, called Imagel, where they were analyzed to reveal their precise measurements for diameter.

The way in which the samples were prepared is the same way asin section 4.4 of this project.

31



4.7 miRNA 140 Evaluation of Entrapment Efficiency
From the results and analysis, the most successful speed and time of homogenization,24,000rpm and

75 seconds, was selected for the remanufacture of the nanoparticle with miR-140 to evaluate the
entrapment efficiency. The protocol for creating the nanoparticle, described in section 4.4, was
followed. Once centrifuged, the supernatant was removed from the vials using a pipette, being careful
not to remove any of the sediment, before 1ml of RNase-free water was added. The RNase-free water
and sediment were gently homogenized to redisperse the nanoparticles, and then separated into two
equal samples (500ul each). The value of entrapment efficiency was found via a NanoDrop
spectrophotometer (Thermo Scientific™ NanoDrop™ 2000/2000c Spectrophotometers was used).
This works by looking at the absorbance of light from the sample and calculating the concentration
accordingly. The samples were centrifuged for 5 minutes before the supernatant was measured — this
was done twice. After, the supernatant was removed, and the sediment was redispersed in 100ul of

RNase-free water and measured a final time. This method uses the Lambert-Beer law 3!

A=¢lC (Eq.6)
A = absorbance
L = optical path length (cm) C=
concentration (mol/dm)

€ = molar extinction coefficient (L mol™* cm?)

Therefore, rearranging this to calculate concentration is:
C=A/eL (Eq.7)

The optical path length is known for the spectrophotometer used. The absorbance is found from
log(lo/1), where 10 is the light entering the sample and | is the light exiting the sample. The molar
extinction coefficient is a known value for the material being tested — in this case it would be for RNA.
The values returned from the NanoDrop are the concentration and the absorption levels at
wavelengths of 230nm, 260nm, and 280nm. These wavelengths measured correspond to the
absorption of the light by salts, nucleic acids, and proteins respectively *'4; using these values the purity
of the samples is calculated, as a fraction of A260/A280 for proteins and A260/A230 for salts — the

optimal values are >2 and >1.8 for RNA samples respectively.
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4.8 Evaluation of miRNA-34a, Doxorubicin and Resveratrol Encapsulation
From the results and analysis, the most successful speed and time of homogenization, 27500 rpm and

75 seconds, was selected for the remanufacture of the nanoparticle to evaluate the entrapment
efficiency. The protocol for creating the nanoparticle, described in section 4.2, was followed. Once
centrifuged, the supernatant was removed from the vials using a pipette, being careful not to remove
any of the sediment, before 1ml of RNase-free water was added. The supernatant collected was used
to measure the quantity of miRNA encapsulated for all the three types of NPs, the quantity of
Doxorubicin encapsulated for miRDx-NPs and miRDxRs-NPs and the Resveratrol encapsulation for
miRDxRs-NPs. An indirect measurement was used: for each sample, the amount of miRNA and drugs
in the supernatant was analyzed and the encapsulated amount was obtained by subtraction from the
amount originally entered. For LbL-NPs, the amount of Doxorubicin and Resveratrol encapsulated in
the two layers was calculated by analyzing the supernatant collected at the end of the second
centrifugation for each layer, respectively.

4.8.1 miRNA-34a Encapsulation

The value of entrapment efficiency was found via QuantiFluor essay, analyzing the supernatant. The
amount of un-encapsulated miRNA-34a in supernatant was determined using an ultraviolet-visible (UV-
Vis) spectrofluorometer by measuring the Fluorescence value. The QuantiFluor® RNA System contains
a fluorescent RNA-binding dye (492nmEx/540nmEm) that enables sensitive quantitation of small
amounts of RNA in purified samples. First of all it was necessary to prepare the QuantiFluor® RNA Dye
working solution by diluting the QuantiFluor® RNA Dye 1:2,000 in 1X TE buffer. Then RNA standards
were prepared by serially diluting QuantiFluor® RNA Standard (100ng/ul) in order to prepare RNA
Standard Curve. Finally, 200ul of QuantiFluor® RNA Dye working solution was pipetted into each well
that was intended for an unknown, blank or standard sample. Then standards and unknown samples
were added to their corresponding well, incubating for 5 minutes at RT protected from light before
measuring the fluorescence at 492nmEx and 540nmEm. The measures were taken using a multiplate
reader (FLUOstar Omega, BMG Labtech, Germany). Each sample was read in triplicate and referred to
the standard curve generated using the standard RNA concentration. The encapsulation efficiency was

calculated as follow:

(4-B)

EE(%) = <=2+ 100 (Eq.8)

A and B are the weights of total amount (ug) of entered miRNA-34a and the miRNA-34a fraction

recovered (ug) from the supernatant after the centrifugation, respectively.
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Figure 10: Protocol of Quantifluor assay for measure the concentration of miRNA encapsulated.

4.8.2 Doxorubicin and Resveratrol Encapsulation
The encapsulation efficiency of Doxorubicin and Resveratrol in manufactured nanoparticles was

evaluated by indirect measurements from the un-encapsulated Doxorubicin and Resveratrol recovered
from the supernatant. The amount of un-encapsulated DOX in supernatant was determined using an
ultraviolet-visible (UV-Vis) spectrofluorometer (FLUOstar Omega, BMG Labtech, Germany) by
measuring the absorbance values. The encapsulation efficiency was calculated as previously, following
Eq.8 where A and B are the weights of total amount of added drugs and the drugs fraction recovered
from the supernatant after the centrifugation, respectively. Supernatants collected were analyzed at
480 nm to detect DOXO and 285nm to detect Resveratrol. Each sample, for both the drugs, was read
in triplicate and, referred to a standard curve generated using free Doxorubicin and Resveratrol at
known concentrations. The supernatant recovered from NPs without DOX and Resveratrol was used

for baseline correction.

4.8.3 Layer by layer NPs Encapsulation
For LbL-NPs, the amount of Doxorubicin and Resveratrol encapsulated in the two forming layers was

calculated by analyzing the supernatant collected at the end of the second centrifuge for each layer,
respectively. The same steps were performed to calculate the amounts encapsulated in the core of the
nanoparticles functionalized by layer by layer. The amount of miRNA, Doxorubicin and Resveratrol
encapsulated in the core was measured first, and then it was measured the amount of Doxorubicin and

Resveratrol entrapped in the two layer as previously described.
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4.9 Evaluation of miRNA-34a, Doxorubicin and Resveratrol Release
The evaluation of the release was determined via UV/VIS spectroscopy. To evaluate the release of miR-

34a, Doxorubicin and Resveratrol from all the four manufactured nanoparticles, for each sample
prepared following the procedures in section 4.4, the final pellet was dispersed in 1ml of PBS (pH 7.4).
The samples were stored at 37°C and continuously vortex at 400 rpm (Thermo Fisher Vortexer). The
release was analyzed at different time points: 10min, 20min, 40min, 80min, 160min, 320min, 11h, 24h,
48h, 4day, 5day, 6day. At each time point, samples were shaken for 5 minutes with the shaker at 60rpm
and then transferred to centrifugal filter tubes and centrifuged at 13000g for 30 min to separate
released miRNA and drugs from miRNA and drugs still encapsulated within the nanoparticles. The
supernatant was collected for the analysis of miRNA release by the QuantiFluor Assay measuring the
fluorescence and for the analysis of Doxorubicin and Resveratrol measuring the absorbance at 480nm
and 285nm respectively (FLUOstar Omega, BMG Labtech, Germany). Standard curves have been
previously generated with known concentrations of miRNA, Doxorubicin and Resveratrol. For each type
of NP, the cumulative release was calculated adding the release of each time point to the previous one.
This process was repeated by suspending remaining particles in PBS, vigorously shaking for 5 min and
incubated at 37°C. Each sample was read in triplicate and the data shown represent the mean and SD

of number independent experiments.

4.10 Statistical analysis

The Dok of extracted Pectin was analyzed by response surface methodology (RSM). Statistical analysis
was performed on the extraction parameters (Temperature (°C), Time (min) and Ratio (g/ml)),
analyzing Pareto charts, Surface plots and Contour plots to evaluate their effects on the analytical
determinations performed on the extracted pectin: GA(%), Zeta potential (mV) and Yield (%).
Moreover, it was performed also the Response Optimization in order to find the optimal parameters
for minimize the Zeta potential and maximize Yield and Galacturonic acid content. The DoE of miR-NPs
was analyzed by response surface methodology (RSM), analyzing data as well as it was described above
for Pectin. Whilst, the sizes of the four manufactured NPs and the LbL-NPs (from bare core to first and
second layer) and released miR-34a, Doxorubicin and Resveratrol at the two final time points, were
processed by one-way ANOVA, with mean separation by Tukey’s test at 95% confidence level in order
to understand whether there was indeed statistically significant difference between the various groups
in terms of size and releases or whether this difference is due to the fact that the variability within the
groups might be greater than the variability between them and thus lead to numerically different but

not statistically significant values.
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4.11 Cell Culture
The human osteosarcoma SaoS-2 and U20S cell line were purchased from Sigma-Aldrich. Cells were

grown in DMEM containing 10 % FBS, 100 U mL™! penicillin, and 100 ug mL* streptomycin at 37 °Cin a
5 % CO2 atmosphere. Cells were seeded in a 75 cm? flask, and when 70-80 % of confluence was

reached, cells were subcultured (1 mL TrypLE™ per 75 cm2 flask).

4.12 Sarcospheres preparation
Preliminarily, a falcon with methylcellulose in 0.25% DMEM was prepared. The development of the

spheroids was achieved by the low attaching technique with minor modifications. Cells were seeded in
Costar UltraLow Attachment 96 well-plates with a density of 100,000 cells/well in DMEM culture
medium supplemented with a specific factors cocktail composed by 0.25% Methylcellulose in DMEM.
Briefly, a flask with growing cells (90% of confluence) was rinsed with sterile PBS, and then, cells were
harvest by adding 3ml trypsin and incubating for 5 min at 37°C. Once detached, the cells were counted
and the suspension was adjusted to have a concentration of 100,000 cells/well; this concentration was
selected to get 400 um diameter spheroids at the beginning of the treatment with the compound. The
total amount of cells to be retained after centrifugation step is calculated as follow:

n°cells = n°well * 100,000 (Eq.9)

n°well is the number of well we want , so the number of sarcosphere to prepare because there will be
one sarcosphere each well. Once discarded the surplus amount of cell, the remained cell suspension
was centrifuged at 1,2000 rpm for 5 min and then dispersed with the new medium with methylcellulose
that will contribute to cell aggregation and energetically pipetting so as to homogeneously disperse the
cells. At this point, 150ul of this mix of cells and medium was pipetted in each well and subsequently
incubated at 37° to allow the sarcospheres to form. The cocktail of 0.25% methylcellulose and medium
was added to each well every 2 days for a total of 20 days of culture at 37 °Cand in 5% CO2 atmosphere
conditions, observing sarcospheres formation. The total amount (ml) of 0.25% methylcellulose/DMEM

to be added to the right amount of the centrifuged cells pellet was calculated as follow:
Sarcosphere culture cocktail (ml) = (n°well * 150l + 1,5 pl * n°well) * 103 (Eg.10)

The plate was cultured under the standard conditions for 21 days, replacing 50 % of the culture media

every 48 h.
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Figure 11: Protocol for Sarcospheres preparation starting from detached cells in pellet, created using BioRender.

4.13 Sarcospheres characterization
4.13.1 Sarcospheres size over time
It was decided to analyze the size of the manufactured spheroids over time, both for those obtained

with SaoS-2 and those with U20S. Seven time points were chosen (1-3-5-6-10-15-21 days) at which the
spheroids were imaged by EVOS M5000 fluorescence microscope and then analyzed using Imagel
software by measuring the diameter. The results are shown in terms of mean value and standard

deviation of all analyzed samples.

4.13.2 Scanning electron microscopy (SEM) analysis
Tescan Vega 3LMU scanning electron microscope was used for analyzing the morphology of cellular

samples. At the chosen time point, samples were fixed in 2% glutaraldehyde for 1h at 4°C, rinsed in PBS
twice and dehydrated in ethanol grades (30 min in 25% EtOH, 30 min in 50% EtOH, 30 min in 75% EtOH,
30 min in 95% EtOH and twice 1h in 100% EtOH). Samples were dried to critical pointing (BALTEC 030,
Leica Geosystems Ltd, UK) mounted on carbon discs and gold-coated using Polaron E5000 SEM Coating
unit (Quorum Technologies Ltd, UK) as shown in Figure 12. Samples were imaged at different

magpnifications.

Figure 12: Sarcospheres mounted on carbon discs for SEM analysis.
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4.14 Cellular Test
Two types of cell models were created, for both cell types, testing them with the four types of

manufactured nanoparticles: 2D cells model represented by bidimensional cells culture in Greiner
CELLSTAR® multiwell 48 with three different densities (2000,4000,8000 cells/well) and 3D
Sarcospheres with a density of 100000cells/well in Costar UltraLow Attachment 96 well-plates, as

shown in Figure 13.
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Figure 13: Cellular models for testing manufactured nanoparticles. (a) 3D model — Sarcospheres with density of 100000
cells/well in Costar UltraLow Attachment 96 well-plates, (b) 2D model — Bidimensional culture in Greiner CELLSTAR® multiwell
48, with three different densities (2000, 4000, 80000 cells/well).

These samples were treated with the nanoparticles (miR-NPs, miRDx-NPs, miRDxRs-NPs, LbL-NPs),
incubating them for 24h, 48h and 72h. At each time point cell viability, metabolic activity and cell
morphology were analyzed. Two different concentrations of nanoparticles were used accordingly to
the cell model, significantly increasing the amount for the Sarcospheres, given the large number of cells
and the complexity of the model.

4.14.1 PrestoBlue assay

PrestoBlue™ Cell Viability Reagent is a resazurin-based ready-to-use reagent that is reduced by
metabolically active cells, providing a quantitative measure of viability and proliferation of the cells.
When cells are alive and healthy, they maintain a reducing environment within their cytosol so upon
entering a living cell, PrestoBlue™ reagent is reduced to resorufin which is red in color and highly
fluorescent. The health of the cell can be then monitored by the change in fluorescence. Non-viable
cells cannot reduce the indicator dye and therefore do not generate a change in signal. Using this
technique for both cell types (SaoS-2 and U20S), metabolic activity was analyzed before and after the
incubation with the different types of NPs. The analysis was performed on the 2D model (with cells
densities of 2000, 4000 and 8000 cells/well) and on the 3D model of Sarcospheres (100,000 cells/well).
Briefly, samples were incubated with the NPs for 24h,48h and 72h, and at each time point PrestoBlue
solution was prepared by diluting the PrestoBlue™ reagent in DMEM (1:10) protected from light and

vortex to obtain a solution. Then 1ml of solution was added to the samples previously washed with PBS
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and the fluorescence (Ex544nm/Em590nm) was read at 20min, 40min, 1h and 1.5h by using a Filter-

based FLUOstar® Omega multi-mode reader.
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Figure 14: Protocol of PrestoBlue™ Cell Viability assay

4.14.2 Live/Dead assay
In order to investigate the effects of the manufactured nanoparticles on the cells viability, Live/Dead

assay (LIVE/DEAD Cell Imaging Kit, Life Technologies, UK) was performed before and after the
incubation of the cells (both 2D and Sarcosphere models) with the different nanoparticles. This
fluorescence-based kit combines calcein AM and ethidium bromide to yield two-colour discrimination
of the population of live cells (green) from the dead cells (red). Live cells are distinguished by the
presence of intracellular esterase activity, determined by the enzymatic conversion of the virtually
nonfluorescent cell-permeant calcein AM to the intensely fluorescent calcein that is well retained
within live cells, producing an intense uniform green fluorescence (ex/em ~495 nm/~515 nm). EthD-1
enters cells with damaged membranes producing a bright red fluorescence in dead cells (ex/em ~495
nm/~635 nm). For both cell types and models, cells samples were incubated with the NPs for 24h, 48h
and 72h; at each time point they were washed twice with DPBS and incubated with 100 ul of L/D
staining realized mixing 1ul of Calcein with 4pl of Ethidium in 2ml of DPBS. Samples were incubated for
30 min at 37°C and then imaged using EVOS M5000 fluorescence microscope from Thermo Fisher
Scientific.

4.14.3 Immunostaining assay

Cell’s morphology was observed by staining their cytoskeleton using Actin Red™ 555 ReadyProbes
Reagent (purchased from Thermo Fisher Scientific) and nucleus observed with 4’,6-diamino-2-
phenylindole (DAPI). Both cell types (SaoS-2 and U20S) and models (2D and Sarcospheres cultures)
were analyzed by immunostaining investigating the effects of the 4 types of NPs on their morphology.
Samples were incubated with NPs for 24h,48h and 72h, and at each time point cell samples were fixed
in pre-warmed 4% w/v paraformaldehyde (PFA) for 30 min at 37°, in order to fix the cells in a non-stress
pose. Then the PFA was removed, and cells were rinsed twice in 0.1%v/v Tween20 (Sigma Aldrich, UK)
in PBS. Then, ActinRed solution was made by putting 2drop/ml of PBS and about 150l of this solution
were put into each well and incubated for 20 min at RT, protected from light. Then they were washed
twice in 0.1%PBS/Tween20 solution in order to remove residues of ActinRed and finally one drop of
Dapi was put in each well, left for 6 min at RT and then rinsed in PBS. Samples were imaged using EVOS

M5000 fluorescence microscope from Thermo Fisher Scientific.
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5. Results and discussions
5.1 Physico-chemical characterization of the extracted pectin

5.1.1 Extraction yield
Table 5 provided the experimental data of the yields obtained from the pectin extraction process and

the measurements were taken following the method previously described. The highest yield obtained
was 22.7% from sample 8, at the second highest temperature (70°C) for 50 minutes and 3g of biowaste
utilized during the extraction. The lowest yield (11.3%) was obtained for sample 13 with 6.34g of cocoa
biowaste at 67.50°C, for “24 minutes in the ultrasonic cleaner. This sample also corresponded to the
lowest used ratio value of all, at 23.67g/ml. For all the others samples it could be seen a similar
extraction yield, above or close to 15%. The use of the Buchner funnel to separate solid and liquid
phases was more efficient than separating them by hand and could therefore improve the yield of

pectin as there would be a reduction in loss during manufacture.

Table 5: Yield measurements for the different samples of extracted pectin.

'I"\:lcil T(0) Time (min) mvzigut;t(z) pectlrzgv)velght Y(I;J)d
1 70.00 45.000 5.00 0.8110 16.22
2 50.00 90.000 3.00 0.4531 15.10
3 60.00 67.500 3.75 0.7863 20.97
4 70.00 90.000 5.00 0.7345 14.69
5 60.00 67.500 3.75 0.7300 19.47
6 50.00 45.000 5.00 0.8258 16.52
7 70.00 45.000 3.00 0.4511 15.04
8 70.00 90.000 3.00 0.6796 22.65
9 60.00 67.500 3.75 0.5684 15.16

10 50.00 90.000 5.00 0.8811 17.62
11 50.00 45.000 3.00 0.5551 18.50
12 60.00 67.500 3.75 0.6698 17.86
13 60.00 67.500 6.34 0.7142 11.26
14 60.00 67.500 3.75 0.6168 16.45
15 43.67 67.500 3.75 0.5918 15.78
16 60.00 67.500 3.75 0.6920 18.45
17 60.00 104.243 3.75 0.7609 20.29
18 60.00 67.500 2.66 0.4695 17.65
19 60.00 30.758 3.75 0.7579 20.21
20 76.33 67.500 3.75 0.6525 17.40
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5.1.2 Fourier-transform infrared spectroscopy - FTIR
Samples were prepared for the FTIR analysis following the method previously described. The spectrum

of the pectin extracted from the cocoa biowaste during this study was compared with the spectrum
from commercial apple pectin and they were shown in Figure 15. It could be noticed from the graphs
the presence of similar peaks. The presence of absorption peaks recorded around 3500-3300 cm™were
caused by O-H stretching, while characteristic absorption peak of pectin-reproduced polysaccharides
due to C-H stretching of CH, groups was observed between 3000-2800 cm™.1*3111¢ The bands around
1750 and 1550 cm-1 correspond to the esterified carboxyl group (COO-R) and non-esterified carboxyl
groups (COO-) of pectin, respectively™’!. The tendency of increasing intensities and band area of
esterified carboxyl groups may indicate an increase in degree of esterification'®. Bands related to the
stretching of the C-O bond were observed between 1300 and 1000 cm™ % while the absorption band
at 1225 cm™ was due to the cyclic C-C bond in the ring structure of pectin. Finally, the region between
1100-950 cm™ has been reported for the spectral identification of galacturonic acid in peptide
polysaccharides*??. |t could be then seen from the two graphs that the peaks for extracted and
commercial pectin were at around the same wavelengths, thus indicating structural and bonding

similarity between the two ones.

0.20
0.18
0.16
0.14
0.12
0.10

Absorbance

0.08
0.06
0.04

0.02

0.00

4000 3500 3000 2500 2000 1500 1000 500

B APPLE @ cocoa
Wavenumber (cm™)
Figure 15: FTIR spectrum of Pectin extracted from cocoa biowaste after basic extraction (0.05M - pH 12).
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5.1.3 Dynamic Light Scattering - DLS
Table 6 showed the zeta potential of the extracted pectin samples. This data showed that the charge

of the diluted pectin was strongly negative with the highest negative value for sample 8 with -58.8mV.
As it could be seen from the results, a strong negative charge was observed for each of the samples.
The strong negative charge means that the pectin can be used easily as a polyelectrolyte (polyanion) in
the production of the nanocoating, for our LbL-NPs, through layer-by-layer assembly, using it in
conjunction with a positively charged substance, like chitosan!*??(:23]_ The process parameters of the
best sample in term of charge were then 70°C for temperature, 90min and ratio of 50g/ml. In Figure

16 was reported an example of zeta potential result calculated for an extracted pectin sample through

DLS analysis.
Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -40.0 Peak 1: -40.0 100.0 3.00
Zeta Deviation (mV): 3.00 Peak 2: 0.00 0.0 0.00
Conductivity (mS/cm): 0.673 Peak 3: 0.00 0.0 0.00

Result quality

Zeta Potential Distribution
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Figure 16: Zeta potential of extracted Pectin. Measured using Dynamic Light Scattering analysis.
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Table 6: Zeta Potential measurements of the different samples from pectin extracted.

Trial
No.

O 00 N O U b W N P

R N N e e e e e e
O O 60 N o L M W N L O

5.1.4 Galacturonic acid measurement
Table 7 showed the Galacturonic acid (GA) content of the extracted pectin at the measured pH 12. It

was important in order to evaluate the quality of the final extract, taking into account that commercial
pectins have a galacturonic acid content greater than 65%'2% .The greater is the Galacturonic acid
content, the greater is the quality of the extracted pectin. The Galacturonic acid content of the
extracted pectin reranged from 16% (samples 6 and 13) to of 42% (sample 3, 5 and 8). High percentage
of GA was also seen in samples 4, 9, 12 and 14 with percentage of around 35%. All these were
characterized by extraction temperature from 60°C on, so this observation could suggested that higher
values of temperature extraction could lead to higher percentage of galacturonic acid. It was actually
seen in statistical result section that temperature parameter was significant in influencing galacturonic

acid content, in particular at higher values of temperature corresponded higher percentages of

galacturonic acid.

Mean ZP + Dev.st ZP
(mV)

-57.72+1.70
-53.77+1.05
-51.70+2.23
-44.64 +1.11
-47.91+2.66
-51.67 £2.99
-50.68 + 1.88
-58.81 +2.39
-50.79 £ 2.36
-47.57 £2.47
-49.96 + 3.18
-50.18 +1.93
-52.01+3.61
-43.00+2.41
-47.24+4.01
-39.48 + 3.96
-48.52+1.63
-48.90 + 2.26
-51.66 +1.22
-50.90+ 1.52
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Table 7: Galacturonic acid content (%) of the different samples from pectin extracted.

TNrsl T(C) Time (min)  Ratio (g/ml) GA (%)
1 70.00 45.000 30.00 26.9697
2 50.00 90.000 50.00 221212
3 60.00 67.500 40.00 42.1210
4 70.00 90.000 30.00 35.7143
5 60.00 67.500 40.00 42.3810
6 50.00 45.000 30.00 16.2771
7 70.00 45.000 50.00 29.2208
8 70.00 90.000 50.00 41.8571
9 60.00 67.500 40.00 38.3983
10 50.00 90.000 30.00 18.8745
11 50.00 45.000 50.00 25.8442
12 60.00 67.500 40.00 35.1080
13 60.00 67.500 23.67 15.7576
14 60.00 67.500 40.00 39.3070
15 43.67 67.500 40.00 21.4900
16 60.00 67.500 40.00 32.5540
17 60.00 104.243 40.00 26.1039
18 60.00 67.500 56.33 31.8182
19 60.00 30.758 40.00 33.2200
20 76.33 67.500 40.00 24.9351

The pectin thus obtained from the cocoa biowaste was used as a polyelectrolyte in the preparation of
the LbL-NPs. The parameters that were found to be the most optimal for the required coating, regarded
sample 8, since it showed the highest values of yield and galacturonic acid, which therefore symbolize
higher quality of the extracted pectin. Sample 8 also exhibited the biggest negative zeta potential
among all, which was very important since a strong negative charge was required to homogeneously
complex around the positively charged miRDxRs-NPs. The chosen sample had a zeta potential value of
-58.81mV, GA percentage of 41.8% and Yield equal to 22.65%; as extraction parameters, from Table 2
70°C, 90 time 50g/ml ratio were used. From this optimized extracted pectin MeO degree and
esterification degree were calculated as previously reported in section 4.3 and there were found MeO

percentage equal to 25.8 % (st dev 5.7%) and DE of 58.9% (st dev5.3%).
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5.1.5 Statistical results
The parameters varied in each trial could be seen in Table 2. Using Minitab, the results were input, and

statistical analysis was performed to evaluate whether either parameter was statistically significant in
influencing the yield, galacturonic acid content and zeta potential of the extracted pectin. Contour and
surface plots of the results against the parameters could be seen in Figures 18, 19 and 20 for yield, zeta
potential and GA respectively, as well as Pareto charts — these display how close each parameter, or a

combination of each, was to being statistically significant — Figure 17.

Pareto Chart of the Standardized Effects
{response is GA (%): & = 0.05)

Pareto Chart of the Standardized Effects Pareto Chart of the Standardized Effects
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Term 2260

oo s 10 15 20 25 Etl s oo a5 10 15 20 25
Standardized Effect Standardized Effect Standardized Effect

Figure 17: (a) Pareto charts for GA (%) showing the alpha value and the standardized effect of each parameter on the resulting
GA of the extracted Pectin, (b) Pareto charts for Zeta Potential (mV) showing the alpha value and the standardized effect of
each parameter on the resulting Zeta Potential of the extracted Pectin, (c) Pareto charts for Yield (%), showing the alpha value
and the standardized effect of each parameter on the resulting Yield of the extracted Pectin. All created on Minitab.
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Figure 18: (a) Surface plot of Yield (%) against Ratio (g/mol) and T (°C), (b) Surface plot of Yield (%) against Ratio (g/mol) and
Time (min), (c) Surface plot of Yield (%) against Time (min) and T (°C), (d) Contour plot of Yield (%) against Ratio (g/mol) and T
(°C), (e) Contour plot of Yield (%) against Ratio (g/mol) and Time (min), (f) Contour plot of Yield (%) against Time (min) and T
(°C). All created on Minitab.
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Figure 19: (a) Surface plot of Zeta potential (mV) against Ratio (g/mol) and T (°C), (b) Surface plot of Zeta potential (mV)
against Ratio (g/mol) and Time (min), (c) Surface plot of Zeta potential (mV) against Time (min) and T (°C), (d) Contour plot of
Zeta potential (mV) against Ratio (g/mol) and T (°C), (e) Contour plot of Zeta potential (mV) against Ratio (g/mol) and Time
(min), (f) Contour plot of Zeta potential (mV) against Time (min) and T (°C). All created on Minitab.
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Figure 20: (a) Surface plot of GA (%) against Ratio (g/mol) and T (°C), (b) Surface plot of GA (%) against Ratio (g/mol) and Time
(min), (c) Surface plot of GA (%) against Time (min) and T (°C), (d) Contour plot of GA (%) against Ratio (g/mol) and T (°C), (e)
Contour plot of GA (%) against Ratio (g/mol) and Time (min), (f) Contour plot of GA (%) against Time (min) and T (°C). All
created on Minitab.

Based on Pareto chart of the galacturonic acid, temperature (°C) and ratio (g/mol) exceeded the alpha
value and, therefore, they were significant in influencing the GA of the extracted pectin. Looking at its
Surface plot and Contour plot indeed centre points of temperature and ratio seemed to produce the
most consistent results with the highest value of galacturonic acid. In Pareto chart of the zeta potential,
temperature (°C) and time (min) exceeded the threshold value so they were significant in influencing
the zeta potential of the pectin, although the greatest influence in this case was attributed to the
combination of time (min) and ratio (g/ml) which exceeded the threshold by far more than the previous

two parameters. From the pareto chart of the yield it could be seen that the combination of
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temperature (°C) and ratio (g/mol) and the temperature (°C)-temperature (°C) exceeded the threshold
slightly, while greater was the case of time which was significant in influencing the yield of the pectin.
Looking at the surface plots, It was noticed some specific comfortable regions, especially for GA plot in
which the central points were, for all of the combination, the most comfortable region. In order to have
maximum values of GA, temperature (°C) was found to be in range 55-75°C, Ratio (g/ml) in 37-53g/ml
and time (min) in 50-100 minutes. Changing parameters around these intervals gave the maximum
percentage of galacturonic acid. Looking at the contour plot of the zeta potential, the most comfortable
region with the highest negative values was achieved with high values of temperature (around 75-
80°C), time in range 30-40 minutes and ratio above 55 g/ml. Based of Contour plot of the vield, a
comfortable region with high values was achieved with high values of time, between around 90-110

minutes, low value of ratio (under 25 g/ml) and temperature in range 60-75°C.

R-squared values for each case from Minitab were also considered, the values were 78.8% for GA and
71.84% for yield and 90.54% for zeta potential; this suggests that for all the three characteristics there
was optime correlation between the resulting values and the regression model. The full statistical

results can be found in the appendix, section 9.1.

On these data it was performed also the Response Optimization using Response Optimizer on Minitab,
in order to find the optimal parameters for minimize the zeta potential and maximize yield and

galacturonic acid content. The results are shown in Figure 21.
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Figure 21: Response Optimization using Response Optimizer on Minitab
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5.2 Characterization of manufactured NPs
5.2.1 Characterisation and Morphology

The size, zeta potential, and PDI were found using DLS analysis and the samples were prepared
following the method previously described. The nanoparticles with Chitosa-PLGA-miR-140
demonstrated a mean diameter of 259.2nm, a mean PDI of 0.35 and a mean zeta potential of +17.4mV.
While the nanoparticles with Chitosa-PLGA-miR-34a showed a mean diameter of 271.5nm, a mean PDI
of 0.30 and a mean zeta potential of +29.1mV. PLGA is a polyanion, meaning it cannot interact with the
miRNA; the chitosan packages the miRNA by electrostatic interaction between its positive amino
residues and the negative phosphate residues of the miRNA, this provides the mean positive charge of
the particle as well as helping to condense and protect the miRNA - as they form polyelectrolyte

111 The results for miR-140 were shown

complexes - preventing some levels of nuclease degradation.
in Table 8 and a graphical display of size distributions were presented in Figure 22, while in Table 9 and
Figure 23 were shown the results for miR-34a and a graphical display of it, showcasing some of the
differences from each trial; larger, thinner peaks correspond to a smaller PDI as the particles are less
distributed, meaning the standard deviation is also proportionally smaller than what is seen for the

particles with a large variety, as well as giving a mean size that is similar to the size found by the most

appropriate peak.

Table 8: Characteristics of chitosan PLGA nanospheres with miR-140, obtained through DLS analysis.

Trial Mean size Size (by intensity) Peak Zeta.
No. (nm) (nm) percentage(%) Pl Potential

(mV)

Control 325.70 429.5+197.00 88.9 0.369 46.4+7.84

1 220.00 231.2+£96.10 92.3 0.301 34.2+£8.93

2 301.30 370.6 +£178.00 100.0 0.193 23.0+9.19

3 204.90 209.5+70.26 96.9 0.209 11.4+9.85

4 245.60 346.0 +195.20 100.0 0.272 1.1+3.72

5 179.90 196.4+57.12 100.0 0.111 28.6+4.22

6 186.40 229.4+£109.40 100.0 0.167 30.6+£9.48

7 513.00 196.7 + 44.56 31.9 0.619 1.8+3.46

8 257.10 249.9 + 89.88 95.7 0.326 36.5+£5.26

9 1176.00 247.2 £ 45.66 17.6 0.485 89+4.68

10 504.40 276.6 £67.75 61.8 0.715 25.0+3.44

11 463.70 259.0+44.16 100.0 0.503 17.5+2.12

12 507.60 151.4 £ 37.00 12.1 0.421 17.0+6.01

13 307.00 405.0+£233.00 100.0 0.176 -9.07+115

Mean 385.19 259.1+123.16 78.4 0.350 17.43 +7.50
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Figure 22: (a) Size distribution by intensity for trial 5 and (b) Size distribution by intensity for trial 12 for chitosan PLGA
nanoparticles with miR-140.

The source used for the method achieved smaller, more charged particles with great consistency
between each trial, where they altered miRNA concentration from 100ug to 500ug. They had a mean
size of 166nm, and a mean zeta potential of +35.3mV."%") The source was also able to achieve a much
lower PDI, with a mean value of 0.19. It could be seen from Table 9 that almost all of the samples
exhibited very good positive zeta potential, with the exception of samples 4 and 7, which exhibited a
very low charge close to one, and sample 13 unexpectedly negative charged. Samples 5 and 12 turned
out to be the best in terms of size, in fact they presented a size of 196.4 nm and 151.4 nm, respectively,
which was significantly lower than the other samples. Their charge was quite high, with values of
28.6mV and 17mV respectively. In addition, sample 5 showed the smallest value of PDI, which was very
important to be able to say that indeed most of the particles in the sample were in the vicinity of the
detected peak, with little deviation from the latter.

All the samples with miRNA-34a showed very high surface charge, significantly higher than that with
mMiRNA-140, and less variability. Looking at the Table 9, the best samples were 5 and 7 with a size of
178.8nm and 148.3nm respectively and charge among the highest with 42.0mV for sample 5 and
42.6mV for sample 7. The value of PDI was, in general, acceptable for most of the samples, especially
for sample 5 it turned out to be very low with a value of 0.077 while sample 7 had a PDI of 0.245. The
optimal parameters thus turned out to be 27500rpm homogenization speed and 75s time of
homogenization, since these two parameters were common to both selected best samples 5 and 7.
These two parameters were used then for the manufacture of the others three types of designed

nanoparticles.
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Table 9: Characteristics of chitosan PLGA nanospheres with miR-34a, obtained through DLS analysis.

_ Mean size Size (by intensity) Peak Zeta Potential
TrialNo. (nm) (nm) percentage(%) Pl (mV)

Control 364.9 4355+ 155.0 93.9 0.351 444 +5.76

1 329.5 415.6+£215.0 98.3 0.291 17.9+4.37

2 165.0 187.1 £87.02 96.1 0.424 9.86 £ 3.90

3 233.2 283.9+144.3 97.2 0.245 44.3+7.31

4 325.7 429.5+197.0 88.9 0.369 28.61£4.22

5 160.7 178.8 £49.87 100.0 0.077 42.0+£5.67

6 186.9 246.8 £130.4 97.1 0.321 30.6 £5.87

7 136.1 148.3+£107.3 98.2 0.245 42.6 £6.85

8 220.0 231.2+96.10 92.3 0.301 42.9+£5.26

9 155.8 191.9+105.2 96.2 0.406 22.5+8.84

10 164.2 204.5 £ 100.2 99.4 0.332 10.8+£4.21

11 237.0 258.3+112.9 92.1 0.312 12.6+4.13

12 174.4 263.7+138.1 94.5 0.326 34.3+5.62

13 252.6 327.1+162.0 100.0 0.219 23.8+7.93

Mean 221.85 271.5+128.6 96.0 0.301 29.1+£5.71
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Figure 23: (a) Size distribution by intensity for trial 5 and (b) Size distribution by intensity for trial 7 for chitosan PLGA
nanoparticles with miR-34a.




The morphology of the nanoparticle with miRNA-140 was shown to be primarily spherical, through
TEM analysis, and is in line with what was produced from the source used for the method.**”’ A

schematic of the particle, as well as the TEM images, can be seen in Figure 24.

Chitosan
PLGA
miRNA-140
Plurenic F-127

j—100nm *

Figure 24: (a) schematic of a mean-sized chitosan PLGA nanoparticle, created using BioRender, (b) TEM
image of a smaller chitosan PLGA nanoparticle — bar 100nm, and (c) TEM image of a larger chitosan
PLGA nanoparticle — bar 200nm.

After analysis on Imagel, the diameters of the particles in the images were calculated. The particle
displayed in Figure 24 (b) was revealed to have a mean diameter of 113.7nm, and theparticle displayed
in Figure 24 (c) was revealed to have a mean diameter of 372.6nm. Considering Chitosan-PLGA-miR140
NPs, altogether, the size, charge, and PDI were all found to not be in line with the engineering
specifications in Table 1 with the particle being larger, less charged, and more diverse than desired.
When it is established that the trials were performed for statistical analysis rather than all of them
being the optimized values, the results do demonstrate some of the trials satisfying the specifications,
namely trials 5and 6. On the other hand, for Chitosan-PLGA-miR34a NPs, almost all trials seemed
to meet the engineering specifications better than those with miR140. The shape produced fulfilled
the specification, from TEM analysis revealing it to be a spherical nanoparticle, as well as the method
being reproducible, with no complications or difficulties being experienced when carrying out the

methods.
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The morphology of the miR-NPs, miRDx-NPs, miRDxRs-NPs and LbL-NPs was analyzed through TEM
analysis. A schematic of the particles, as well as the TEM images, could be seen in Figure 25 (miR-NPs),

Figure 26 (miRDx-NPs), Figure 27 (miRDxRs-NPs) and Figure 28 (LbL-NPs).

Chitosan
PLGA
miRNA-34a
Pluronic F-127

(a)

Figure 25: (a) schematic of a mean-sized chitosan PLGA miR-34a nanoparticle (miR-NPs), created using BioRender, (b) TEM

image of a chitosan PLGA miR-34a nanoparticle — bar 100nm, (c) TEM image of three chitosan PLGA miR-34a nanoparticle —
bar 100nm.
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Figure 26: (a) schematic of a mean-sized chitosan PLGA miR-34a-Doxo nanoparticle (miRDx-NPs), created using BioRender,

(b) TEM image of a chitosan PLGA miR-34a-Doxo nanoparticle — bar 200nm, (c) TEM image of a chitosan PLGA miR-34a-Doxo
nanoparticle — bar 200nm
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Figure 27: (a) schematic of a mean-sized chitosan PLGA miR-34a-Doxo-Resv nanoparticle (miRDxRs-NPs), created using
BioRender, (b) TEM image of a chitosan PLGA miR-34a-Doxo-Resv nanoparticle —bar 100nm, (c) TEM image of a chitosan
PLGA miR-34a-Doxo-Resv nanoparticle — bar 100nm.
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Figure 28: (a) schematic of a mean-sized pectin-chitosan layer by layer nanoparticle (LbL-NPs), created using BioRender, (b)
TEM image of a pectin-chitosan layer by layer nanoparticle — bar 100nm, (c) TEM image of a pectin-chitosan layer by layer
nanoparticle —bar 100nm.
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From the reported results, it was observed a larger miR-NP in Figure 25 (b) and three smaller ones in
Figure 25 (c) and, measuring their diameter by ImageJ, mean values of 178nm and 101nm were found,
respectively. TEM results of miRDx-NPs were shown in Figure 26 (b)(c) and their diameters were
analyzed by using ImagelJ as well, finding mean values of 251nm and 230nm, respectively. A remarkable
different morphology was noticed between miRDx-NPs and miR-NPs, probably due to the presence of
the Doxorubicin inside miRDx-NPs, instead absent in miR-NPs. Looking at the TEM results of miRDxRs-
NPs in Figure 27, its diameter was compared with that obtained for miRDx-NPs and it was noticed a
very little difference, probably attributed to the poor encapsulation of the Resveratrol in the second
types, as it was confirmed in section 5.2.3. In Figure 27 (b), a peculiar internal morphology was
observed, similar to that of miRDx-NPs, probably because of the presence of the drugs inside the core.
Figure 28 (a) showed the schematization of the LbL-NPs and its TEM results in Figure 28 (b) and (c): it
was immediately observed a larger size of the core and a circular superficial halos clearly reported
outside the surface, that could be the homogeneously arranged forming layers around the core of the
nanoparticle. An outermost superficial circular halo was found also in Figure 26 and 27, probably due
to the chitosan homogeneously laid around the nanoparticle core.

In Figure 30 was reported a bar chart showing the diameter values of miR, miRDx, miRDxRs-NPs and
their schematization, created using BioRender, in Figure 29, as well as for bare miRDxRs and its first
and second layer (making LbL-NPs) in Figure 31 and 32. Figure 32(b) showed the zeta potential results
obtained from bare miRDxRs-NPs core and the same core covered with the first and second layer,

respectively.

(a) (b)

100 nm

Figure 29: Showing the increasing size of the manufactured nanoparticles; (a) schematic of a chitosan-PLGA miR-34a
nanoparticle (miR-NPs), (b) schematic of a chitosan-PLGA miR-34a-Doxorubicin nanoparticle (miRDx-NPs), (c) schematic of
chitosan-PLGA miR-34a-Doxorubicin-Resveratrol nanoparticle (miRDxRs-NPs), created using BioRender
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Figure 30: (a) Line graph showing the behavior of the sizes of the manufactured nanoparticles, (b) Bar chart showing the
behavior of the sizes of the manufactured nanoparticles, created using GraphPad.

Figure 31: Showing the increasing size of the layer by layer manufactured nanoparticle; (a) schematic of a mean-sized chitosan-
PLGA miR34a-Doxo-Resv nanoparticle (miRDxRs-NPs), (b) schematic of a chitosan-PLGA miR34a-Doxo-Resv nanoparticle
covered with the first layer of Pectin, (c) schematic of the finale nanoparticle with the second layer of Chitosan, final result of the
layer by layer technique (LbL-NPs), created using BioRender.
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Figure 32: (a) Line graph showing the sizes of the manufactured layer by layer nanoparticle, (b) Line graph showing the charge
of the manufactured layer by layer nanoparticle.

55



From the bar graph in Figure 30 it was noticed an increasing trend of the diameters size of the different
types of NPs, as the drug was added, in fact starting with the miR-NPs and adding Doxorubicin, the size
increased from 159.87nm to 242nm of the miRDx-NPs. By inserting Resveratrol, obtaining the miRDxRs-
NPs, the size did not increase significantly, in fact it seemed to remain roughly equal to that for miRDx-
NPs . This could be due to the low Resveratrol encapsulation in the core, as previously mentioned and
as reported in section 5.2.3. By creating the two polyelectrolyte layers around the core of the miRDxRs-
NPs, the size increased to almost twice the initial size of the miR-nanoparticles. These values were
analyzed by ANOVA statistical test in order to understand whether the four diameters were significantly
different from each other or whether this difference was due to a variability, within each group, greater
than the variability between them. Figure 31 showed the schematization of the LbL nanoparticle,
starting with the core of the bare miRDxRs nanoparticle (on the left), coated with the pectin layer (in
the middle) and finally coated with chitosan (on the right). Looking at the Figure 32, it was noticed from
the two graphs that the sizes and charges changed as a layer was added: the size increased while the
charge, as it was expected, changed from the positively charged surface of the miRDxRs-NPs to the
negative charge of the pectin layer complexed to the positive surface and then the again positive

charge given by the chitosan layer interacted with the pectin surface.
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5.2.2 Entrapment Efficiency of miR-140
The entrapment efficiency was calculated by looking at the concentration remaining in the supernatant

and dividing this by the total concentration in the sample (280ng/ul). These values, as well as the purity

values, can be seen in Table 10.

Table 10: Entrapment efficiencies of chitosan PLGA nanoparticles, and the purity values of the samples in the NanoDrop.

Trial No. Entrapment Efficiency (%) Purity (protein) Purity (salt)
1%t Centrifuge
5 72.7 -0.04 1.38
6 28.9 3.2 0.75
2" Centrifuge
5 73.1 1.09 1.34
6 27.6 0.02 1.41

The results show that in trial 5 a suitable mean value of 72.9% was achieved, meeting the engineering
specification. In trial 6, the value was far lower than expected, achieving a value of 28.25% - this did
not meet the engineering specification and was not comparable to the source, which achieved

1071 Chitosan acts as a condensing agent, electrostatically interacting with the

exceptional results.
miRNA due to their opposing charge. The purity values calculated indicate that in all but the first
centrifuge of trial 6 the values were lower than the optimal, indicating a significant number of
impurities and contaminated samples. The entrapment efficiency for Chitosan-PLGA-miR140 NPs also
fulfilled the specification in one of the samples for those nanoparticles. Given the purity values were
predominantly different to the optimal values, it could be assumed that there was an issue in the
sample that failed to meet the specifications as it was also not close to the values achieved by the
source.’?”l The factors behind a large portion of the specifications failing to be met have been
investigated and could be explained. The differences in the results from the source followed for the
method %) were likely based on various contributing factors. One of the most prominent differences
was the substitution of Pluronic F-127 in place of poloxamer 188. This material acts as a surfactant;
these are ampbhiphilic molecules 42 which help to limit the aggregation of the newly formed
nanoparticles as well as playing a role in the eventual sizes of the nanoparticles.**! In one article,
different surfactants were investigated for their effects on PLGA nanoparticles; the nanoparticles
prepared with poloxamer 188 were found to be smaller than those prepared with an alternative
surfactant, Pluronic F-108.0%4 This demonstrated that the use of Pluronic F-127 in the method would
have had a direct effect on the size of the nanoparticle and the aggregation potential, leading to
different values of PDI and charge. In this project, it could be assumed it had a negative effect on what
was trying to be achieved: the particles created were larger, less charged, and exhibited larger
distributions than both the source and the engineering specification. Poloxamer 188 was specifically

selected for this, as noted by the source, so the use of Pluronic F-127 may also lead to a difference in
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cytotoxicity by exhibiting an inferior orsuperior ability to preserve cell membranes compared to
poloxamer 188. Another difference was the speed of centrifugation; the source stated that the solution
was to be centrifuged at 70,000rpm for 1 hour,*”! a value that could not be met. Instead, the solution
was centrifuged at 13,000rpm for the same period. The centrifugation process was a necessary step to
help separate the particles from the remaining solution, a lower speed may have resulted in many of
the smaller, and therefore lighter, particles not being involved in the formation of the sediment, and
so when the supernatant was removedin preparation for the DLS, some of the particles may have been
removed, influencing the results. The particles were also subject to long waiting times between
manufacturing and testing which may have influenced the results. In the source, it doesn’t state
whether there was a delay between the final step of the method and the DLS analysis.” In this project,
there was sometimes 7 days between these steps which may have been the cause of increased
aggregation, altering the results output for all characteristics. The final 7 results were subject to this
waiting time between production and analysis, and it is evident in the PDI; excluding 13, the PDI values
were generally larger than those of the first 6 trials, demonstrating the presence of a larger mass
distribution and, therefore, more aggregates having formed in the sample. There were also some
anomalies in the tabulated data; in trials 4 and 7, the zeta potential was far lower than expected, and
in 13 it was negative. The DLS analysis was performed on a machine called a Zetasizer and special
cuvettes were used. Due to the mechanism DLS uses, being light scattering, some issues can arise; the
sensitivity of DLS is extremely high, with the light scattered by particles being 10° the magnitude of its
diameter. It often means larger particles will end up suppressing the signals from the smaller ones and,
hence, the results will be exaggerated in favour of these, and they may even reveal peaks that do not
even exist.'*) This could solve why some of the particles had size values far greater than what was
expected. Another factor that may have had some influence on the randomness of the data was the
homogenizer itself. The homogenizer used was the labGEN 125 (Cole-Parmer LabGEN 125
Homogenizer; 115V) which does not feature a digital display, but rather a slide button with 9
increments between 5,000 and 35,000 rpm. This means that there was sometimes difficulty selecting
the required speed quickly, as the process was also timed, which may have led to some trials being
performed over the intended level. If the midpoints are to be considered the most consistent results,

performing some of these at different levels of speed may have caused the anomalies highlighted.
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5.2.3 Entrapment Efficiency of miR-34a, Doxorubicin and Resveratrol
The encapsulation values of miRNA, Doxorubicin and Resveratrol for any of the manufactured NPs were

shown in the Tables 12-15 and in Figures 33 and 34. Table 12, Table 13 and Figure 33 exhibited their
entrapment efficiency (%) while Table 14, Table 15 and Figure 34 reported their entrapped amounts in
terms of pg. First, the amounts of miRNA-34a, Doxorubicin and Resveratrol initially inserted during the

manufacturing process of the nanoparticles were shown in Table 11.

Table 11: Amounts of miRNA-34a, Doxorubicin and Resveratrol initially inserted during the manufacturing NPs processes

Manufactured _ -

NPs miRNA 34a (ug) Doxorubicin (pg) Resveratrol (ug)
miR-NPs 14 - -
miRDx-NPs 14 10.8 -
miRDxRs- NPs 14 10.8 40.1
layer1® - 27.1 100.4
layer2°® - 27.1 100.4
LbL-NPs 14 65.0 240.9

MiR-34a and Doxorubicin seemed to be well encapsulated in any of the types of manufactured NPs;
the highest entrapment efficiency was found in miR-NPs, where miRNA-34a was the only drug inside,
reporting an entrapment efficiency of 80.24%. However, the encapsulation of miRNA-34a looked to be
higher than 50% in the other three types of NPs as well. Looking at the entrapment efficiency of the
Doxorubicin, the highest values were observed for miRDx-NPs with a percentage of 76.24%. In LbL-NPs,
a greater quantity of Doxo was found in the first Pectin layer, probably due to the fact that, since
Doxorubicin possessed a slightly positive charge, it was more encapsulated in the negative layer of
pectin rather than in the positive chitosan layer. However, even in this case the differences in
percentages were not far apart: in the first layer there was 19.91% of Doxo encapsulation while in the
second layer 12.98%, with a bigger variability in the first layer. Overall, Resveratrol encapsulation
seemed to be very low in both the core of miRDxRs-NPs and the layers of LBL-NPs. Indeed, compared
to the amounts of Resveratrol originally encapsulated in the core (40.1 ug) and in the layers (100.4 ug,
respectively in both layers), the entrapped amounts turned out to be were very small, reporting 4.16

pg in the core and 12.96 pg in the overall LBL-NPs.
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Figure 33: Bar graph showing the entrapment efficacy (%) of miRNA-34a in miR-NPs, miRNA-34 and Doxorubicin in miRDx-
NPs, miRNA-34a Doxorubicin and Resveratrol in miRDxRs-NPs and all of these in LbL-NPs plus Doxorubin and Resveratrol
entrapped in the two forming layer
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Figure 34: Bar graph showing the amount entrapped (ug) of miRNA-34a in miR-NPs, miRNA-34 and Doxorubicin in miRDx-
NPs, miRNA-34a Doxorubicin and Resveratrol in miRDxRs-NPs and all of these in LbL-NPs plus Doxorubin and Resveratrol
entrapped in the two forming layer.
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Table 12: Entrapment efficiencies (%) of miR-34a, Doxorubicin and Resveratrol

Manufactured Size Zeta Potential miRNA 34a EE = Doxorubicin EE

NPs (nm) (mV) (%) (%)
miR-NPs 159.87 £ 20.91 34.23+234 80.24+12.79 -
miRDx-NPs 242.00 +33.98 35.58 +5.33 63.61+6.25 76.24+13.32
miRDxRs- NPs 242.40 £ 24.58 33.60 + 14.02 60.63 +11.31 69.95+12.62
LbL-NPs 343.55 + 69.99 24.00£6.79 60.63+11.31 25.31+4.37

Resveratrol EE
(%)

10.36 £2.16
3.66+0.76

Table 13: Entrapment efficiencies (%) of Doxorubicin and Resveratrol in the two forming layer of LbL nanoparticle.

N° layer

1° Layer (Pectin)
2° Layer (Chitosan)

Size

(nm)
281.87 +19.25
343.55 £ 69.99

Zeta Potential miRNA 34a EE = Doxorubicin EE
(mv) (%) (%)

-31.10+£5.61 - 1991 +7.27

24.00 £6.79 - 12.98 £3.52

Table 14: Entrapment of miR-34a (ug), Doxorubicin (ug) and Resveratrol (Ug).

Manufactured
NPs
miR-NPs
miRDx-NPs
miRDxRs- NPs
LbL-NPs

Size

(nm)
159.87 +20.91
242.00 £ 33.98
242.40 + 24.58
343.55 £ 69.99

Zeta Potential

(mVv)
34.23+2.34
35.58 £5.33
33.60 + 14.02

24.00 £6.79

miRNA 34a Enc.
(Hg)
11.23+1.79
8.90 £ 0.87
8.48 +1.58
8.48 +1.58

Doxorubicin Enc.
(ug)
8.23+1.43
7.55+1.36
16.49 + 4.33

Table 15: Entrapment of Doxorubicin (ug) and Resveratrol (Ug) in the two forming layer of LbL NP.

N° layer

1° Layer (Pectin)
2° Layer (Chitosan)

Size
(nm)

281.87 £19.25
343.55 +£69.99

Zeta Potential

(mV)

(ng)

-31.10+£5.61
24.00+£6.79

miRNA 34a Enc.

Doxorubicin Enc.
(ug)
5.41+2.10
3.52+0.86

Resveratrol EE
(%)

4,14 +£2.02

4.64+1.53

Resveratrol Enc.
(ug)

4.16 £0.86
12.96 +4.42

Resveratrol Enc.

(Lg)
4.14+2.02
4.64+1.53
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5.2.4 Release of miR-34a, Doxorubicin and Resveratrol

To evaluate the release of miR-34a, Doxorubicin and Resveratrol from the manufactured NPs, the
nanoparticles were incubated at 37°Cin PBS at pH 7.4, mimicking storage and blood plasma conditions,
and analyzing their releases following the method previously described. Figure 35-38 showed their
cumulative release over a period of 6 days. Looking at the cumulative release of miR-34a from miR-
NPs, in Figure 35, it could be noticed that from the originally entrapped amount (11.23 pug),
approximately 70% of the total miR-34a cargo was released within 2 days. This consideration was very
similar to the miR-34a release from miRDx-NPs and miRDxRs-NPs showed in Figure 36 and 37. Looking
at the cumulative release of the Doxorubicin from miRDx-NPs and miRDxRs-NPs, approximately 70% of
the total entrapped amount (8.23 pg for miRDx-NPs and 7.55 pg for miRDxRs-NPs) was released within
2 days and almost 45% was released within 5 hours from the incubation. In LbL-NPs miR-34a release
turned out to be slower compared to the other NPs and there was not a gradual and regular release of
Doxorubicin and Resveratrol, in fact almost 40% of their total amount was released within 10 minutes,
followed by a bigger drastic increase after 24h of incubation, plateaued until the end of the evaluation
time point (6 days). This consideration could be due to the presence of the two superficial layers on
the surface of the nanoparticle, which have two different times of degradation, that could prevent a
gradual e regular release, leading to a sudden and consistent release of the drugs once each layer was
degradated. For this reason, miRNA and the drugs could then find more difficult to leave the
nanostructure. It was realized that these conditions of incubation in PBS did not perfectly mimic
physiological or intracellular environments (pH 5.5 for mimicking endolysosomal conditions), and that
future studies should be performed to investigate miR-34a and drugs release in serum and under
conditions representing in vivo mixing. However, these studies did provide valuable information
regarding the release profile of miR-34a, Doxo and Resv from the manufactured NPs under extracellular

pH conditions.
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Figure 36: Cumulative release (ug) of miRNA-34a and Doxorubicin from miRDx-NPs.
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Figure 37: Cumulative release (ug) of miRNA-34a, Doxorubicin and Resveratrol from miRDxRs-NPs
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Figure 38: Cumulative release (ug) of miRNA-34a, Doxorubicin and Resveratrol from LbL-NPs.
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5.3 NPs Statistical Results

5.3.1 Chitosan-PLGA miRNA34a NPs
The parameters varied in each trial could be seen in Table 4. Using Minitab, the results were input, and

statistical analysis was performed to evaluate whether either parameter was statistically significant in
influencing the size and/or charge of the nanoparticle. Contour and surface plots of the results against
the parameters could be seen in Figure 39 (a, ¢, e, f), as well as Pareto charts — these display how close
each parameter, or a combination of each, was to being statistically significant — Figure 39 (b, d).

(a) Contour Plot of Size (nm) vs Time (s), Speed (rpm) (b) Surface Plot of Size (nm) vs Time (s), Speed (rpm)
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(C) Contour Plot of Zeta Potential (mV) vs Time (s), Speed (rpm) (d) Surface Plot of Zeta Potential (mV) vs Time (s), Speed (rpm)
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Figure 39: (a) Contour plot of Size (nm) against Speed (rpm) and Time (s), (b) Surface plot of Size (nm) against
Speed (rom) and Time (s), (c) Contour plot of the Zeta Potential (mV) against Speed (rom) and Time (s), (d) Surface
plot of Zeta Potential (mV) against Speed (rpm) and Time (s), (e) Pareto charts for Size (nm), showing the alpha
value and the standardised effect of each parameter on the resulting size of the particle, (f) Pareto charts for
Zeta Potential (mV), showing the alpha value and the standardised effect of each parameter on the resulting
zeta potential of the particle. All created on Minitab.
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Based on the Pareto charts, no parameter exceeded the alpha value and, therefore, they were not
significant in influencing the size or zeta potential of the nanoparticle. The surface plots and tabulated
results indicate that, although satisfactory results were achieved at certain combinations, there was
little to no pattern, prohibiting accurate predictions of either characteristic. From the contour plots of
the zeta potential, it could be seen a most comfortable region for about 24000-34000rpm interval of
speed and 60-130s as interval of time of homogenization, region where the highest negative values of
zeta potential didn’t change. Looking at the contour plots of Size, it could be seen a most comfortable
region over 30000rpm for speed and 60-90s as interval of time of homogenization, region where the

lowest size cold be reached. The full statistical results can be found in the appendix, section 9.1.

5.3.2 ANOVA — The four manufactured NPs
Statistical analysis, by using one-way ANOVA method, was done on the results obtained in terms of size

and cumulative release in order to understand whether there was indeed statistically significant
difference between the various groups in terms of size and releases or whether this difference was due
to the fact that the variability within each group was greater than the variability between them and
thus lead to numerically different but not statistically significant values. ANOVA one- way tested the
hypothesis that the averages of the populations were equal (t-test extension) and tells whether there
were statistically significant differences between them. It compares mean values in pair, formulating
an hypothesis Ho of equality between them and, for a p-value lower than the threshold value (0.05),
the hypothesis Ho can be rejected. ANOVA analysis require basic assumptions in order to be used:
normal distribution of residues, sampling them as randomly as possible, and homogeneity of variance
of the data sampled. First of all the residuals plots were presented, allowing to understand if it made
sense to do the ANOVA, because the residuals must had normal distribution in the histogram plot,
there had to be no trend over time in the versus order plot, they must followed the normal probability
plot line and there had to be uniform distribution around 0 in the versus fits plot.

Size on overall NPs
Figure 40 showed the residueals plots where it could be seen that the data had no normal distribution

in the Histogram plot, there were no trends over time in the versus order plot and they homogenously

followed the line in the Normal Probability plot.
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Figure 40: Residual plot, created using Minitab.

Figure 41 (a) exhibited the interval plot in which all the midpoints were plotted with together the
standard deviation of each group, while Figure 42 (b) presented the individual plot in which the mean
but also the respective points were represented, thus observing where they were placed and whether

there may were outliers.

(a) Interval Plot of Size (nm) vs NPs (b) Individual Value Plot of Size (nm) vs NPs
95% ClI for the Mean

400

350

200

Size (nm)

£
=
250 Py
N
(7]
200

150

100

LbL-NPs miR-NPs MIRDX-NPs MIRDXRS-NPS 100
NPs LbL-NPs miR-NPs miRDx-NPs miRDxRs-NPs
NPs

The pooled standard deviation is used to calculate the intervals.

Figure 41: (a) Interval Plot of Size (nm) vs NPs, (b) Individual Value Plot of Size (nm) vs NPs, creating using ANOVA
one-way in Minitab.

The results of the ANOVA test were shown in Table 18, where the 95% confidence level intervals were
all reported. The p-value obtained was less than 0.05% (alpha value) which meant that some
comparisons of mean of groups could be statistically different. If the 95%Cl intervals had no overlap,
it meant that there was a statistically significant difference between the averages of the two groups,
otherwise it was not possible to confirm that. From Table 16, it could be seen that LBL-NPs particles
had no numerical overlap with all other NPs, different was the case with miRDx-NPs and miRDxRs-NPs,
which thus seemed to have no difference between their averages, given the high numerical overlap
between the two groups. The concept was investigated through Tukey's comparison, Tukey Pairwise
Comparisons. From the results obtained in Table 17 and Figure 42 it could be seen that only the

differences with LbL-NPs were statistically different as they did not share letters, furthermore
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confirmed that by the p-values of the combinations with LbL-NPs that were lower than alpha-value,

looked at the Table 18, in concert with no presence of 0 value in their intervals.

Table 16: ANOVA one-way analysis on Size measurement of the different four manufactured NPs.

Manufactured Size mean StDev

NPs (nm) (mV) 95%cl
LbL-NPs 3435 70.0 (297.7; 389.4)
miRDxRs-NPs 159.9 20.9 (114.0; 205.8)
miRDx-NPs 242.0 34.0 (196.1; 287.9)
miR-NPs 242.4 24.6 (196.5; 288.3)

Table 17: Grouping Information Using the Tukey Method and 95% Confidence, Size measurement of the different
four manufactured NPs

Manufactured Mean )
NPs (nm) Grouping
LbL-NPs 3435 A
miRDxRs-NPs 242.4 B
miRDx-NPs 242.0 B
miR-NPs 159.9 B

Table 18: Tukey Simultaneous Tests for Differences of Means, on Size measurement of the different four
manufactured NPs

. Difference SE of Adjusted

Difference of Levels of Means Difference 95% ClI T-Value P—{/alue
miR-NPs - LbL-NPs -183.7 29.8  (-272.1;-95.2) -6.17 0.000
miRDx-NPs - LbL-NPs -101.5 29.8  (-190.0;-13.1) -3.41 0.023
miRDxRs-NPs - LbL-NPs -101.1 29.8 (-189.6;-12.7) -3.40 0.024
miRDx-NPs - miR-NPs 82.1 29.8 (-6.3; 170.6) 2.76 0.072
miRDxRs-NPs - miR-NPs 82.5 29.8 (-5.9; 171.0) 2.77 0.070
mMiRDxRs-NPs - miRDx-NPs 0.4 29.8 (-88.0; 88.8) 0.01 1.000
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Figure 42: Tukey Simultaneous 95% Cls on Size measurement of the different four manufactured NPs.
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Size on Layer-by-Layer NPs
Figure 43 showed the residues plots where it could be seen that the data had no normal distribution in

the Histogram plot, there were no trends over time in the versus order plot follow the line in the Normal

Probability plot.
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Figure 43: Residual plot, created using Minitab

Figure 44 (a) exhibited the interval plot in which all the midpoints are plotted with together the
standard deviation of each group, while Figure 44 (b) presented the individual plot in which the mean
but also the respective points were represented, thus observing where they were placed and whether

there may were outliers.
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Figure 44: (a) Interval Plot of Size (nm) vs LbL, (b) Individual Value Plot of Size (nm) vs LbL, creating using ANOVA
one-way in Minitab.

The results of the ANOVA test were shown in Table 19, in which the 95% confidence level intervals
were presented. The p-value obtained was 0.03, lower than 0.05% (alpha value). From 95%Cl interval
in Table 19, It could be seen that the bare miRDxRs-NPs were overlapped with the size of the
nanoparticles composed with the same core plus the first layer of pectin, while there was no overlap
with the final nanoparticle coated also with the second layer of chitosan. The concept was investigated
through Tukey Pairwise Comparisons and, from the results obtained in Table 20 and Figure 45, it was

seen that the first layer NPs shared the same letter with the bare NPs and the final NPs, so there was
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no significance difference between them. This was confirmed ulteriorly by the p-values, showed in
Table 21, of the different levels in combination with the first layer NPs, which presented a p-value
bigger than 0.05. The concept was again supported by the presence of 0 value in their 95%Cl intervals,

showed in Table 21.

Table 19: ANOVA one-way analysis on Size measurement from the bare miRDxRs-NPs, miRDxRs-NPs with pectina layer (1°
layer) and miRDxRs-NPs with Chitosan layer (2° layer).

Manufactured Size mean StDev

NPs (nm) (mV) 9%l
miRDxRs-NPs 242.4 24.6 (192.3; 292.5)
layerl 281.8 19.2 (231.8; 331.9)
layer2 3435 70.0 (293.5; 393.6)

Table 20: Grouping Information Using the Tukey Method and 95% Confidence.

Manufactured Mean )

NPs (nm) Grouping
layer2 343.5 A
layerl 281.8 AB

miRDxRs-NPs 242.4 B

Table 21: Tukey Simultaneous Tests for the bare miRDxRs-NPs, miRDxRs-NPs with pectina layer (1° layer) and
miRDxRs-NPs with Chitosan layer (2° layer).

. Difference SE of Adjusted
Difference of Levels of Means  Difference 95% ClI T-Value P-{/alue
layerl - miRDxRs-NPs 39,5 31,3  (-47,9; 126,9) 1.26 0.450
layer2 - miRDxRs-NPs 101,1 31,3 (13,8;188,5) 3.23 0.025

layer2 - layerl 61,7 31,3  (-25,7;149,1) 1.97 0.175

Tukey Simultaneous 95% Cls
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if an interval does not contain zero, the corresponding means are significantly different.

Figure 45: Tukey Simultaneous 95% Cls on Size measurement of the bare miRDxRs-NPs, miRDxRs-NPs with pectina
layer (1° layer) and miRDxRs-NPs with Chitosan layer (2° layer).
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Cumulative Release
By one-way ANOVA statistical test with Tukey comparison, it was evaluated the final two time points

of release of the drugs in order to understand whether a final release plateau was present or not. If
there was a release plateau, it would meant that the averages of the end points were not statistically
different from each other, so the release between the two time points could not be considered
statistically different which means that the drug was released completely in the earlier time points. The
results were shown in Table 22 and Table 23. The mean, standard deviation and corresponding 95%
confidence intervals were shown in Table 22, from which we could understand whether, for each
analyzed pair, there was overlap of the intervals and therefore no significant difference. In Table 23 the
comparison was made, for each pair of points, and the confidence interval and p-value were identified.
It was immediately noticed that only three of the 9 analyzed pairs of points presented a p-value less
than 0.05, and these concerned miRNA-34a and Doxorubicin from miRDxRs-NPs release and miRNA-
34th release from LbL-NPs. In fact, these pairs were the only ones with a confidence interval in which
the numerical value 0 was not present, as could also be confirmed by Figure 46 in which the Tukey
simultaneous plots were depicted. Thus, it could be deduced that only for these three pairs of values
it was possible to confirm a statistically significant difference between the averages of the values at
time point 7200 min and 8640 min, so no release plateau was present. Instead, in all other cases it was
impossible to come up with this consideration, not being able to reject the hypothesis of equality

Table 22: ANOVA one-way analysis on cumulative release of the last two time points of the analyzed nine
cumulative releases

NPs release TP (min) Mean StDev 95% Cl
miRNA-34a 7200 9.518 0.671 (8.184; 10.851)
from miRNPs 8640 9.904 0.966 (8.570; 11.237)
miRNA-34a 7200 8.027 1.158 (5.956; 10.099)
from miRDxNPs 8640 8.593 1.414 (6.522; 10.665)
Doxorubicin 7200 7.111 0.500 (6.003; 8.218)
from miRDxNPs 8640 7.353 0839 (6.246; 8.460)
miRNA-34a 7200 7.544 0.125 (7.351; 7.737)
from miRDxRsNPs 8640 8.196 0.114 (8.003; 8.389)
Doxorubicin 7200 6.747 0.152 (6.471; 7.024)
from miRDxRsNPs 8640 7.320 0.190 (7.044; 7.597)
Resveratrol 7200 3.568 0.543 (2.757; 4.379)
from miRDxRsNPs 8640 3.827 0.466 (3.016; 4.638)
miRNA-34a 7200 7.005 0.320 (6.490; 7.520)
from LbLNPs 8640 7.809 0.323 (7.294; 8.324)
Doxo 7200 15.035 0.948 (13.555; 16.515)
from LbLNPs 8640 15.065 0.898 (13.585; 16.545)
Resv 7200 12.144 0.357 (11.544; 12.745)
from LbLNPs 8640 12.156 0.392 (11.555; 12.756)
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Table 23: Tukey Simultaneous Tests for cumulative release of the last two time points of the analyzed nine
cumulative releases.

Diffi Diff SE of Adjusted
ifference ifference o 95% Cl T-Value juste

NPs release of Levels  of Means Difference P-Value

miRNA-34a
from miRNPs
miRNA-34a
from miRDxNPs
Doxorubicin
from miRDxNPs
miRNA-34a
from miRDxRsNPs
Doxorubicin
from miRDxRsNPs
Resveratrol
from miRDxRsNPs
miRNA-34a
from LbLNPs
Doxo
from LbLNPs
Resv
from LbLNPs

8640 -7200 0.386 0.679  (-1.500; 2.271) 0.57 0.600

8640 - 7200 0.570 1.060  (-2.360; 3.500) 0.54 0.620

8640 - 7200 0.242 0.564  (-1.323;1.808) 0.43 0.690

8640 - 7200 0.651 0.098 (0.379; 0.924) 6.64 0.003

8640 - 7200 0.573 0.141 (0.182; 0.964) 4.07 0.015

8640 - 7200 0.259 0.413 (-0.888; 1.406) 0.63 0.564

8640 - 7200 0.804 0.262 (0.076; 1.533) 3.06 0.038

8640 - 7200 0.030 0.754 (-2.064; 2.123) 0.04 0.971

8640 - 7200 0.011 0.306 (-0.838; 0.861) 0.04 0.972

Tukey Simultaneaus 95% Cls Tukey Simultaneous 95% Cls Tukey Simultaneous 95% Cls
Differences of Means for miRNA-24a from miRNPs Differences of Means for miRNA-24a from miRDsNPs ences of Means for Doxa from miRDy

WNPs

8540 - 7200 | 864 - 7200- ‘ 8640 - 7200 ‘
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Figure 46: Tukey Simultaneous 95% Cls on cumulative release of the last two time points of the analyzed nine

cumulative releases.
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5.4 Morphological characterization of Sarcospheres
SaoS-2 and U20S were chosen as Osteosarcoma cells to create the spheroids*?*(1%! Figure 47 showed
the U20S and SaoS-2 cells in 2D culture at day 7 and in spheroids models at 6 and 15 days of culture.

2D cells 3D Sarcosphere — 6 Days 3D Sarcosphere — 15 Days

2R f» L‘ -

Figure 47: (a) Bidimensional U20S cell culture at 7 days of culture, (b) U20S Sarcosphere at 6 days, (c) U20S

Sarcosphere at 15 days of culture, (d) Bidimensional SaoS-2 cell culture at 7 days of culture, (e) SaoS-2 Sarcosphere

at 6 days, (f) SaoS-2 Sarcosphere at 15 days of culture.

1-day 3-day 5-day

Figure 48: U20S Sarcospheres over time.

Figure 49 and 50 show the trend of spheroids size over a 21-day period with U20S and SaoS-2 cells
respectively. The trend seemed similar for both SaoS-2 and U20S spheroids!*2>1140141 |n fact, starting
at 24h with a medium diameter ("750um), this gradually decreased up to day 6 and then increased
again to almost twice the initial size. The difference, however, lies in the fact that the spheroids with
U20S cells appeared to have greater roundness and were more compact, therefore these were slightly
smaller than those with SaoS-2 cells, which appeared to be less compact and homogeneous*?41%] The
size decreased over the first 6 days because the cells initially tended to aggregate to each other, to give
rise to the spheroid, then, as they proliferated they increased in number and, thus, the diameter

increased over time!**?, as shown in Figures 49 and 50.
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Figure 49: (a) U20S Sarcospheres diameter over 21 days analyzing values with ImageJ software, (b) U20S Sarcospheres
images taken with EVOS M5000 Fluorescence Microscope over 21 days — bar 300nm, (c) TEM images U20S
Sarcospheres —bar 20 um (above), 200 um (below).
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Figure 50: (a) SaoS-2 Sarcospheres diameter over 21 days analyzing values with Imagel software, (b) SaoS-2
Sarcospheres images taken with EVOS M5000 Fluorescence Microscope over 21 days, (c) TEM images SaoS-2
Sarcospheres - bar 20 um (above), 200 um (below).
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5.5 Cell Tests

5.5.1 Cell-interacting drugs amount
In Table 24 and 25 have been reported the amount of NPs, mixed with DMEM medium, incubated with

the cell and the different amounts of miRNA and drugs used for the treatments. In particular, these
amounts refer to the total per well, showing in Table 24 and 25 the amounts used to treat cell in one
well of 2D cell model and one well with one Sarcosphere, respectively. Regarding the concentration of
nanoparticles used with the 2D cell model, it was chosen to take 200ul from each of the four types of
NPs (previously suspended in SAB) and add 800 pl of DMEM medium®”121 From this resulting 1ml of
solution, 500 ul were taken to interact with the cells, pipetting this quantity into each well of the 2D
culture. Regarding the concentration of NPs used for the spheroids, it was taken, from each of the four
types of nanoparticles, 200 ul and added to this 50ul of DMEM medium. The obtained 250ul, was
incubated with one cellular Sarcosphere, pipetting the total 250ul of the solution into each well. The
amounts of miRNA-34a and drugs actually incubated with the cells were calculated and the results
were shown in Table 24 (for the amounts interacted with 2D cell model) and in Table 25 (for the
amounts interacted with Sarcosphere model), taking into account the amount of miRNA and drugs was

previously encapsulated by each of the four NPs.

Table 24: Amount of miR-34a and drugs made to interact with 2D cell model (for one well).

Withdrawn = Added medium Withdrawn miR-34a (ug) Doxorubicin (ug) Resveratrol (ug)
NPs amount of totheamount = amount (pl) of = in withdrawn in withdrawn in withdrawn
NPs (ul) of NPs (ul) NPs+medium amount amount amount
miR-NPs 200 800 500 1.00 - -
miRDx-NPs 200 800 500 1.00 0.95 -
miRDxRs-NPs 200 800 500 1.00 0.88 0.50
LbL-NPs 200 800 500 1.00 1.90 1.00

Table 25: Amount of miR-34a and drugs made to interact with 3D Sarcosphere model (for one well).

Withdrawn = Added medium Withdrawn miR-34a (ug) Doxorubicin (ug) Resveratrol (ug)
NPs amount of totheamount = amount (pl) of = in withdrawn in withdrawn in withdrawn
NPs (pl) of NPs (pl) NPs+medium amount amount amount
miR-NPs 200 50 250 2.58 - -
miRDx-NPs 200 50 250 2.09 1.90 -
miRDxRs-NPs 200 50 250 1.97 1.77 0.97

LbL-NPs 200 50 250 2.82 3.88 2.07



5.5.2 Live and Dead essay
Live and Dead essay on bidimensional model
Figures 51-59 show the live and dead tests conducted on cells in the two-dimensional model, in order

to evaluate cells viability with and without incubation with the different manufactured nanoparticles,
at different time points (2,5,7 days) and cell densities (2000,4000,8000 cells/well). In Figure 51 live and
dead images of the SaoS-2 cells were shown at three different time points, without the incubation with
any of the manufactured nanoparticles, as well as for the U20S cells in Figure 52. First of all, the
morphology of the two cell types was different, reporting SaoS-2 cells more elongated and bigger than
U20S cells®™9 |t was also seen how both cell types proliferated and thus grew in numbers as the
number of days of culture increased**. In Figure 53 were shown live and dead images of the U20S
cells at three different density, after 24h, 48h and 72h of incubation with the miR-NPs, as well as for
U20S cells incubated with miRDx-NPs, miRDxRs-NPs and LbL-NPs in Figure 54-56. In the upper part,

live (green) and dead (red) cells were shown together while in lower part just the dead ones.

2-Day

5-Day

7-Day

Figure 51: Live and dead images of non-treated SaoS-2 cells in bidimensional culture, at different time points.
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Figure 52: Live and dead images of non-treated U20S cells in bidimensional culture, at different time points.

Looking at the Figure 53, no marked cell death was noticed, indicating low apoptotic activity of miR-
NPs, in fact the amount of dead cells didn’t change significantly between the different time points. It
seemed that the amount of live cells remained approximately the same but, at 48h and 72h, they
changed their morphology conformation becoming smaller and more compact compared to the cells
after 24h of incubation!*?. The cells treated with miRDx-NPs showed reduced cell viability, suggesting
that intracellular restoration of miRNA-34a and delivery of Doxorubicin could have led to the apoptosis
of U20S cells, in particular the amount of dead cells increased as the hours of incubation increased.
Previous studies reported in fact that miRNAs have synergistic antitumor effects with conventional
chemotherapy as Doxo!**%.. Furthermore, it was seen a remarkable change of morphology as the time
of incubation increased. In Figure 55 the incubation with miRDxRs-NPs turned out to have a slight
influence on the vitality of the cells because the number of dead cells remained approximately the
same, increasing a little from 24h to 72h of incubation, while the morphology seemed to change, as
previously reported, with the other NPs treatments. Significant decreases in cell viability were observed
in U20S cells treated with LbL-NPs compared to the cells treated with the other three types of NPs, in
fact, in Figure 56, it was noticed the LbL-NPs remarkable apoptotic activity on U20S cells, yet from 24h
of incubation; the dead cells were very high in number yet at 24h of incubation, rapidly increasing at
48h and 72h. This suggested that nanoparticles with natural nanocoating materials achieved by layer-
by-layer technique might be more efficient in carrying miR-34a, Doxo, and Resv internal to the core
without excessive dispersion of them out of the target site™*®, and would also be able to carry more

drugs due to their additional presence in the various layers. The more cytotoxic effect could therefore
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be due to the synergistic action of the various drugs that manage to reach the target#”1148 considering

also the small amount of resveratrol that had been encapsulated and therefore may also have

succeeded in treating the cells***!,

24h 48h 72h

(a)

2000 cells/well

300 um

(b)

4000 cells/well

300 um

()

8000 cells/well

300 um

300 um 300 um

Figure 53: (a) Live and dead U20S cells with 2000cells/well as density, after 24h,48h,72h of miR-NPs incubation,
(b) Live and dead U20S cells with 4000cells/well as density, after 24h,48h,72h of miR-NPs incubation, (c) Live
and dead U20S cells with 8000cells/well as density, after 24h,48h,72h of miR-NPs incubation

78



24h 72h

y e i
ve 4
3 ’ . . - .
Pt . N B
. ™ 71 &
- 8 . o :
300 pm ® 300pm »y . ¥V . - 300 um
-—t = E e . e
4 .

]
3
S~
)
o
(&)
o
o
o
(@]
300 um 300 um 300 um
— — —
(b)
o 300m 300 um
3
S~
)
Io]
(&)
o
o
o
<
E % 3000m " o 3004im * T i
; - .l.—“—-l T XH (1
< e 4 -
)
Io]
(&)
o
o
o
[o¢]
300 pm 3004m
| | Fa—

Figure 54: (a) Live and dead U20S cells with 2000cells/well as density, after 24h,48h,72h of miRDx-NPs incubation,
(b) Live and dead U20S cells with 4000cells/well as density, after 24h,48h,72h of miRDx-NPs incubation, (c) Live
and dead U20S cells with 8000cells/well as density, after 24h,48h,72h of miRDx-NPs incubation.
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Figure 55: (a) Live and dead U20S cells with 2000cells/well as density, after 24h,48h,72h of miRDxRs-NPs
incubation, (b) Live and dead U20S cells with 4000cells/well as density, after 24h,48h,72h of miRDxRs-NPs
incubation, (c) Live and dead U20S cells with 8000cells/well as density, after 24h,48h,72h of miRDxRs-NPs

incubation.
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Figure 56: (a) Live and dead U20S cells with 2000cells/well as density, after 24h,48h,72h of LbL-NPs incubation,
(b) Live and dead U20S cells with 4000cells/well as density, after 24h,48h,72h of LbL-NPs incubation, (c) Live and
dead U20S cells with 8000cells/well as density, after 24h,48h,72h of LbL-NPs incubation.

81



In Figure 57 have been shown live and dead SaoS-2 cells after 24h, 48 and 72h of incubation with any
of manufactured nanoparticles. Live (green) and dead (red) cells were shown together. First of all, a
remarkable difference between miR-NPs and the other treatments was observed, noticing a not
remarkable influence of miR-NPs on cell viability after 24h and 48h of incubation. In fact, the number
of dead cells after 24h and 48h of treatment was almost null, showing on the other hand, a difference
in the morphology conformation of the cells, which became smaller and more compact. Conversely,
after 72h of incubation, the number of live cells notably decreased**1*44] together with the decreased
dimension and changed morphology of the cells. The effect of miRDx, miRDxRs and LbL NPs looked to
be very similar to each other, with a very low number of dead cells after 24h of treatment, whereas
almost all died after 72h of incubation; this suggested again more efficient synergistic antitumor effects
of combinations with conventional chemotherapy drugs™?7*471148] Moreover, it seemed that SaoS-2
cells needed longer incubation times in order to completely kill them, compared to the times required

from U20S cells.
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Figure 57: (a) Live and dead SaoS-2 cells with 2000cells/well as density, after 24h,48h,72h of LbL-NPs incubation,
(b) Live and dead SaoS-2 cells with 4000cells/well as density, after 24h,48h,72h of LbL-NPs incubation, (c) Live
and dead SaoS-2 cells with 8000cells/well as density, after 24h,48h,72h of LbL-NPs incubation.
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Live and Dead essay on Sarcosphere model
Figure 58 and 57 showed live and dead U20S and SaoS-2 cells in Sarcospheres models

(100000cells/well) respectively, after 24h, 48h and 72h of incubation with any of the manufactured
NPs. In the upper part, live and dead cells were shown together while in lower part there were shown
just the dead cells. Both SaoS-2 and U20S Sarcospheres seemed to have similar trends toward NPs
treatments. As the time of incubation increased, the green circular structure, represented live cells,
became smaller, while the necrotic core, represented the dead cells, seemed to increase, remarking
the growth of dying cells in the core as the time of the treatment increased. The presence of the
necrotic core confirmed that this model was characterized by hypoxic regions and necrotic centers,
and thus it represented a valid model capable of mimicking tumor micro-regions or micro-metastasis

131 No study has been conducted in the literature on the effect of miR-

as reported in previous studies!
34a on U20S and SaoS-2 spheroids models of osteosarcoma but, from what it was reported during this
study, it seemed that the addition of Doxorubicin and Resveratrol in the NPs increased their apoptotic
and interfering activity in the spheroids, in fact a bigger necrotic core was observed, compared to
necrotic core of spheroid treated with NPs with just miRNA-34a inside. This consideration was in line
with others studies, where doxorubicin was proved to have a remarkable cytotoxic effect on OS
spheroids*!* and the that miRNAs could have more efficient synergistic antitumor effects with

conventional chemotherapy drugs as Doxolt?711471148]
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Figure 58: (a) live and dead U20S Sarcosphere cells after 24h,48h,72h of miR-NPs incubation, (b) live and dead
U20S Sarcosphere cells after 24h,48h,72h of miRDx-NPs incubation (c) live and dead U20S Sarcosphere cells

after 24h,48h,72h of miRDxRs-NPs incubation, (d) live and dead U20S Sarcosphere cells after 24h,48h,72h of
LbL-NPs incubation.
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Figure 59: (a) live and dead SaoS-2 Sarcosphere cells after 24h,48h,72h of miR-NPs incubation, (b) live and dead
SaoS -2 Sarcosphere cells after 24h,48h,72h of miRDx-NPs incubation (c) live and dead SaoS -2 Sarcosphere cells

after 24h,48h,72h of miRDxRs-NPs incubation, (d) live and dead SaoS -2 Sarcosphere cells after 24h,48h,72h of
LbL-NPs incubation.
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5.5.3 PrestoBlue essay
PrestoBlue essay on bidimensional model
Figures 60 and 61 show the PrestoBlue essay conducted on the cells in two-dimensional model, in order

to evaluate the metabolic activity of the cells, before and after the treatment with any of the
manufactured nanoparticles. Figure 60 reported metabolic activity, in terms of fluorescence values of
the PrestoBlue solution, of U20S cells at four time points of the evaluation of the essay (1h,2h,3h,4h),
after 24h,48h and 72h of incubation with the nanoparticles, as well as for the SaoS-2 cells in Figure 61.
It was immediately noticed that greater fluorescence values, and thus greater metabolic activity, were
shown after the incubation with miR-NPs, which therefore seemed to interfere less, compared to the
other NPs, with cell metabolic activity. Fluorescence values increased rapidly as the period of
incubation with the PrestoBlue solution increased and as the cell density within each time point grew.
This trend was quite common to all the 4 combinations of NPs tested. Looking at the three different
time pointsin Figure 60, it was reported that, after 24h of incubation, the cells showed higher metabolic
activity with fluorescence growth slopes steeper (for any of the treatments) compared to the
subsequent time points (48h and 72h).

Samples treated with LbL-NPs, after 48h of incubation, showed a gradual small increase of the
fluorescence value, indicating a reduced metabolic activity, as well as for samples treated with any of
the NPs after 72h of incubation, at exception of the miR-NPs treatment. Figure 61 reported the values
of fluorescence obtained for SaoS-2 cells: 24 and 48h of incubation looked to be very similar to the
values obtained at same time points for U20S cells, while 72h of incubation in SaoS-2 cells showed
many differences. In fact, even after 72h of incubation with any of the manufactured NPs, the metabolic
activity of SaoS-2 cells were not affected as greatly as U20S cells were, but instead their fluorescence
appeared to still be rapidly growing during the different time points. This suggested greater resistance
from SaoS-2 cells to the NPs treatment. The reported general decrease in cells metabolic activity, after
the different nanoparticles treatments, could be due to the fact that NPs interfered with their
metabolic activity, killing many of them so that fewer cells remained to contribute to the fluorescence

signal.
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Figure 60: Fluorescence of PrestoBlue reagent analyzed at 1,2,3,4h on U20S bidimensional cells at 2000, 4000 and
8000cells/well as densities, after 24h,48h,72h of incubation with any of the manufactured NPs.
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Figure 61: Fluorescence of PrestoBlue reagent analyzed at 1,2,3,4h on SaoS-2 bidimensional cells at 2000, 4000 and
8000cells/well as densities, after 24h,48h,72h of incubation with any of the manufactured NPs.
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PrestoBlue essay on Sarcosphere model
Figures 62 showed the PrestoBlue essay evaluated on Sarcosphere model, in order to analyze the

metabolic activity before and after the incubation with the different manufactured nanoparticles. In
Figure 62 (a) metabolic activity, in terms of fluorescence of the PrestoBlue solution, of U20S
Sarcospheres was shown at four different time points (1h,2h,3h,4h), after 24h,48h and 72h of
incubation with any of the manufactured nanoparticles, as well as for the SaoS-2 Sarcospheres in Figure
62 (b). Table 26 reported the fluorescence values of non-treated Sarcospheres, analyzing the essay at
the different time points. Looking at the Figure 62, an overall common behavior was observed: the
biggest values of fluorescence were found after 24h of incubation and they became smaller as the time
of incubation increased. This consideration was particularly marked for U20S cells where the
fluorescence, from 24h incubation, greatly decreased to 48h and 72h where it seemed to stay
approximately to the same value of 25000. An exception was the treatment with miR-NPs during which
fluorescence values gradually decreased between the different time of incubation. After 24h, spheroids
didn’t show relevant changes in their metabolic activity, when incubated with any of the manufactured
NPs and this consideration, at the initial stage, could be due to spheroid densification and a reduction
in drug permeability!**!. However, both SaoS-2 and U20S spheroids at 72h had essentially collapsed,
with the exception of the spheroids treated with miR-NPs that seemed to have a less marked cytotoxic

effects.

Table 26: Fluorescence of PrestoBlue reagent of non-treated U20S and SaoS-2 sarcospheres at 20min, 40min,1h and 1.5h.

Cells 20 min 40 min 1h 1,5h
uU20s 187325 188542 195996 198536
SaoS-2 188244 188429 190421 191232
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Figure 62: (a)Fluorescence of PrestoBlue reagent analyzed at 20min, 40min, 1h and 1.5h on SaoS-2 sarcospheres, after
24h,48h,72h of incubation with any of the manufactured NPs. (b) Fluorescence of PrestoBlue reagent analyzed at
20min, 40min, 1h and 1.5h on U20S sarcospheres, after 24h,48h,72h of incubation with any of the manufactured NPs.

1,5h
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5.5.4 Immunostaining
Figures 63, 64, 65 and 66 showed the immunostaining essay evaluated on both types cells, in order to

discern the cytoskeletons and nucleus of treated and non-treated cells. Figure 63 showed the results
of non-treated SaoS-2 cells at three different culture times (2,5,7 days), as well as for U20S cells in
Figure 64 . Figure 65 reported instead the results of the treated U20S cells after 24h, 48h and 72h of
incubation with any of the manufactured nanoparticles, as well as for the SaoS-2 cells in Figure 66. It
was noticed that non treated cells were more elongated, uniformly occupying the space and growing
as the culture time increased, while both treated SaoS-2 and U20S cells became smaller and narrower,
as the incubation time increased, getting then to the difficulty of discerning cytoskeleton from nucleus.
Both treated cells types seemed to have similar particulate morphology, therefore finding it difficult to

establish a morphological difference between them after the NPs treatments.
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Figure 63: Immunostaining of non-treated SaoS-2 bidimensional model at 2,5 and 7 days.
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Figure 64: Immunostaining of non-treated U20S bidimensional cells at 2,5 and 7 days
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Figure 65: Immunostaining of treated U20S cells in bidimensional model, after 24, 48 and 72h of incubation with any
of the manufactured nanoparticles.
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Figure 66: Immunostaining of treated SaoS-2 cells in bidimensional model, after 24, 48 and 72h of incubation with any
of the manufactured nanoparticles.
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6. Conclusions
In this thesis, it is reported an effective application of manufactured nanocarriers systems to

simultaneously deliver tumor suppressive miRNA-34a, Doxorubicin and Resveratrol into an in vitro
manufactured Osteosarcoma spheroids and bidimensional cell models. Chitosan and PLGA showed to
be ideal materials in nanocarrier applications to combat Osteosarcoma, displaying suitable features (
excellent mechanical properties, biodegradability, biocompatibility...) in addition to having FDA and
EMA approval for pharmaceutical applications.’*”) Starting from miR-NPs (Chitosan-PLGA-miR34a
NPs), these nanoparticles evidenced a suitable size and preferential charge for use in Osteosarcoma,
as well as displaying the ability to encapsulate miRNAs efficiently, while preserving the spherical shapes
and sizes. The resulting manufactured nanoparticles have shown interesting properties: miRDx and
miRDxRs NPs showed slightly larger size than miR-NPs, probably due to the inserting of Doxo and Doxo
plus Resv, respectively. Looking at TEM results, it was revealed a distinct morphological change,
showing a different pattern core probably due to the internal presence of drugs. These two types of
nanoparticles still evidenced a suitable size and preferential charge for use in Osteosarcoma, as well as
displaying the ability to encapsulate the miRNA and Doxorubicin efficiently, regarding both types. In
contrast, the encapsulation of Resveratrol by the miRDxRs-NPs was less efficient, in fact there was just
a 10% of encapsulation rate. The last type of manufactured nanoparticles were the LbL-NPs,
nanocoating the miRDxRs-NPs with a first layer of pectin successfully extracted from the cocoa
biowaste during this work and a second layer of chitosan. LbL-NPs showed bigger size compared to the
previous ones but still suitable in terms of size and charge for use in Osteosarcoma. TEM images
confirmed the different core morphology comparing to the miR-NPs, in fact the LbL-NPs core looked
like miRDx and miRDxRs NPs, probably due to the presence of drugs internally to the structure. In LbL-
NPs TEM images it appeared the presence of the two forming layers around the nanoparticle as circular
surface halo around the spherical structure. Zeta potential results, reported during the preparation
phases of the LbL-NPs, confirmed the charge variation as expected, alternating positive to negative
charge depending on the layer. The encapsulation efficiency of miRNA and Doxo was acceptable,
although it encapsulated very little Doxo in relation to the amount that had been inserted, but this was
nonetheless greater than Doxo encapsulated in the other manufactured NPs. Insufficient, again, was
the encapsulation of Resveratrol. All the four NPs showed suitable sustained releases of miRNA and
drugs, in fact they remained stable enough not experiencing an immediate burst release but releasing
half of the amount gradually within around 3 days from incubation. Manufactured nanoparticles were
tested both on two-dimensional cell models at three different cell densities and on monoculture
Osteosarcoma spheroids successfully manufactured for both types of cells. The dimension of the
manufactured spheroids was analyzed and it was noticed a common trend for both cell types of

spheroids: the cells initially tended to cluster together to form the spheroid, gradually decreasing in
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size because of their ability to interact and agglomerate, but then, at about 7 days, it began to grow
again as the tumor cells began to proliferate and thus the size of the spheroid increased. Nanoparticles
with Doxo and miRNA resulted to have a more pronounced cytotoxic activity with both U20S cells and
SaoS-2 in two-dimensional culture models as expected, due to the synergistic antitumor effects of
miRNAs and conventional chemotherapy as Doxo*?”.. Looking at the effects of the NPs on the
spheroids, it cannot be appreciated the different NPs treatments but it was noticed the presence of
necrotic core, bigger as the time of incubation increased, suggesting that the amount of dead cells
increased. Evaluation of the metabolic activity of cells showed that LbL-NPs are more cytotoxic and
interfering with the metabolic activity of both cell types, for both cell models tested: the metabolic
fluorescence values were lower than those obtained with the other treatments and these values
tended to decrease as incubation time increased. This suggests that nanoparticles with natural
nanocoating materials achieved by layer-by-layer technique might be more efficient in carrying miR-
34a, Doxo, and Resv internal to the core without excessive dispersion of them out of the target site*",
and would also be able to carry more drugs due to their additional presence in the various layers. In
contrast, miRDx and miRDxRs NPs showed similar behavior to each other towards cellular metabolic
activity, however lower than those obtained with miR-NPs treatment, which was found to be the less
cytotoxic and less interfering as treatment. This study also produced a viable and effective pectin
extraction process that could be used on an industrial scale, helping to overcome food waste that is
one of the biggest worldwide problems. In particular, the cheap and renewable resource from which
we extracted pectin was cocoa biowaste which turned out to be an excellent source of pectin for our
purposes. These experiments confirmed that using ultrasonic assisted extraction at higher
temperatures produced higher yields. The best combination of input parameters was a temperature of
70°C, 90 min of time and 50g/ml of ratio, which gave the highest values of extracted analytical
determinations: zeta potential value of -58.81mV, GA percentage of 41.8% and 22.6% of yield. The high

1281 and the strong negative charge

value of GA confirmed the good quality of the extracted pectin!
observed was necessary in order to use this pectin as a polyelectrolyte (polyanion) in the production
of a nanocoating through layer-by-layer assembly. It was successfully used in conjunction with a

positively charged substance (chitosan) to make a 2-layers coating nanoparticle.
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7. Future insights

Future modifications and refinements can be considered for next insights and developments of this
project. First, manufactured NPs could be further functionalized with surface ligands and proteins in
order to specifically deliver them into OS cells without systemic dispersion, optimizing then targeting
and internalization of the NPs. Another development could be testing different concentrations of the
constituent NPs materials in order to achieve better encapsulation of Resveratrol thereby being able
to test its antioxidant and antitumor efficacy by e.g. ROS essay. It could be necessary also to evaluate
not only the antioxidant effect of the resveratrol but also of the pectin used as the first layer in the LbL-
NPs. Another future insight could be the evaluation of the release of the encapsulated drugs at pHs
more similar to physiological and tumor conditions, such as analysis of drugs releases in citrate buffer
at pH 5.5, in order to understand how NPs behave in a more biomimetic tumor-site. Concerning the
manufactured spheroids, an even more complex and biomimetic model could be obtained by making,
for example, multiculture spheroids with different osteosarcoma and ECM cell types. Another
important development could be the use of different concentrations of miR-34a, Doxo and Resv
encapsulated in the NPs but also different concentration of NPs used to treat 2D cells and spheroids
models. Furthermore, to appreciate significant changes in spheroids viability and activity It will be
necessary to increase the NPs treating doses. Another insight worth exploring could be the
internalization of NPs by flowcytometry and the evaluation of cells gene expression, before and after

treatment with NPs, by using gRT-PCR in order to evaluate gene effects contributed by miR-34a.
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9. Appendix

9.1 Full Statistical Results
9.1.1 Galacturonic Acid Pectin

Response Surface Regression: GA (%) versus T (C); Time (min); Ratio (g/ml)

Coded Coefficients

Term Coef SE Coef T-Value P-Value VIF
Constant 38,12 2,21 17,28 0,000
T(Q) 6,89 2,43 2,84 0,018 1,00
Time (min) 1,06 2,43 0,44 0,672 1,00
Ratio (g/ml) 5,81 2,43 2,39 0,038 1,00
T(C)*T (C) -13,16 3,98 -3,31 0,008 1,01
Time (min)*Time (min) -6,71 3,98 -1,69 0,123 1,01
Ratio (g/ml)*Ratio (g/ml) -12,59 3,98 -3,16 0,010 1,01
T (C)*Time (min) 7,50 5,12 1,47 0,173 1,00
T (C)*Ratio (g/ml) -1,47 5,12 -0,29 0,779 1,00
Time (min)*Ratio (g/ml) -0,81 5,12 -0,16 0,877 1,00
Model Summary
S R-sq R-sq(adj) R-sq(pred)
5,42545 78,89% 59,89% 0,00%
Analysis of Variance
Source DF Adj SS Adj MS F-Value P-Value
Model 9 1099,87 122,208 4,15 0,018
Linear 3 411,83 137,275 4,66 0,027
T(C) 1 237,48 237,480 8,07 0,018
Time (min) 1 5,59 5,592 0,19 0,672
Ratio (g/ml) 1 168,75 168,754 5,73 0,038
Square 3 621,55 207,183 7,04 0,008
T(C)*T (C) 1 321,65 321,648 10,93 0,008
Time (min)*Time (min) 1 83,64 83,640 2,84 0,123
Ratio (g/ml)*Ratio (g/ml) 1 294,14 294,139 9,99 0,010
2-Way Interaction 3 66,50 22,166 0,75 0,545
T (C)*Time (min) 1 63,32 63,318 2,15 0,173
T (C)*Ratio (g/ml) 1 2,44 2,442 0,08 0,779
Time (min)*Ratio (g/ml) 1 0,74 0,737 0,03 0,877
Error 10 294,36 29,436
Lack-of-Fit 5 218,87 43,774 2,90 0,134
Pure Error 5 75,48 15,097
Total 19 1394,23
Regression Equation in Uncoded Units
GA = -245,5 +5,72 T (C) + 0,004 Time (min) + 4,55 Ratio (g/ml) - 0,0494 T (C)*T (C)
(%) -0,00497 Time (min)*Time (min) - 0,0472 Ratio (g/ml)*Ratio (g/ml)
+0,01250 T (C)*Time (min) - 0,0055 T (C)*Ratio (g/ml)
-0,00135 Time (min)*Ratio (g/ml)
Fits and Diagnostics for Unusual Observations
Obs GA (%) Fit Resid Std Resid
20 24,94 31,85 -6,91 -2,01 R

R Large residual
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9.1.2 Yield Pectin

Response Surface Regression: Yield (%) versus T (C); Time (min); Ratio (g/ml)

Coded Coefficients

Term Coef SE Coef T-Value P-Value VIF
Constant 17,731 0,751 23,60 0,000
T(C) 1,536 0,826 1,86 0,093 1,00
Time (min) 2,108 0,826 2,55 0,029 1,00
Ratio (g/ml) -0,542 0,826 -0,66 0,526 1,00
T (C)*T (C) 3,32 1,36 2,45 0,034 1,01
Time (min)*Time (min) -0,06 1,36 -0,04 0,967 1,01
Ratio (g/ml)*Ratio (g/ml) 1,80 1,36 1,32 0,215 1,01
T (C)*Time (min) 1,61 1,74 0,92 0,378 1,00
T (C)*Ratio (g/ml) 4,22 1,74 2,42 0,036 1,00
Time (min)*Ratio (g/ml) -0,68 1,74 -0,39 0,704 1,00
Model Summary
S R-sq R-sq(adj) R-sq(pred)
1,84733 71,84% 46,50% 0,00%
Analysis of Variance
Source DF Adj SS Adj MS F-Value P-Value
Model 9 87,072 9,6746 2,83 0,060
Linear 3 35,486 11,8287 3,47 0,059
T(C) 1 11,797 11,7973 3,46 0,093
Time (min) 1 22,219 22,2190 6,51 0,029
Ratio (g/ml) 1 1,470 1,4698 0,43 0,526
Square 3 28,167 9,3891 2,75 0,098
T(C)*T (C) 1 20,452 20,4518 5,99 0,034
Time (min)*Time (min) 1 0,006 0,0062 0,00 0,967
Ratio (g/ml)*Ratio (g/ml) 1 5,987 5,9871 1,75 0,215
2-Way Interaction 3 23,418 7,8061 2,29 0,141
T (C)*Time (min) 1 2,903 2,9032 0,85 0,378
T (C)*Ratio (g/ml) 1 19,994 19,9944 5,86 0,036
Time (min)*Ratio (g/ml) 1 0,521 0,5205 0,15 0,704
Error 10 34,126 3,4126
Lack-of-Fit 5 20,641 4,1283 1,53 0,326
Pure Error 5 13,485 2,6970
Total 19 121,198

Regression Equation in Uncoded Units

Yield =

21,040,774 T (C) - 0,052 Time (min) - 1,444 Ratio (g/ml) - 0,01244 T (C)*T (C)
(%) -0,00004 Time (min)*Time (min) + 0,00673 Ratio (g/ml)*Ratio (g/ml)
+0,00268 T (C)*Time (min) + 0,01581 T (C)*Ratio (g/ml)

-0,00113 Time (min)*Ratio (g/ml)
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9.1.3 Zeta potential Pectin

Response Surface Regression: Zeta potential (mV) versus T (C); Time (min); Ratio (g/ml)

Coded Coefficients

Term Coef SE Coef T-Value P-Value VIF
Constant -50,392 0,506 -99,58 0,000
T(C) -1,722 0,556 -3,09 0,011 1,00
Time (min) 1,368 0,556 2,46 0,034 1,00
Ratio (g/ml) -0,449 0,556 -0,81 0,438 1,00
T(C)*T(C) 0,408 0,913 0,45 0,664 1,01
Time (min)*Time (min) -0,615 0,913 -0,67 0,516 1,01
Ratio (g/ml)*Ratio (g/ml) -1,223 0,913 -1,34 0,210 1,01
T (C)*Time (min) 2,38 1,17 2,03 0,070 1,00
T (C)*Ratio (g/ml) -1,13 1,17 -0,96 0,359 1,00
Time (min)*Ratio (g/ml) -9,95 1,17 -8,48 0,000 1,00
Model Summary
S R-sq R-sq(adj) R-sq(pred)
1,24436 90,54% 82,04% 38,94%
Analysis of Variance
Source DF Adj SS Adj MS F-Value P-Value
Model 9 148,281 16,476 10,64 0,000
Linear 3 25,196 8,399 5,42 0,018
T(C) 1 14,830 14,830 9,58 0,011
Time (min) 1 9,356 9,356 6,04 0,034
Ratio (g/ml) 1 1,009 1,009 0,65 0,438
Square 3 3,826 1,275 0,82 0,510
T(C)*T (C) 1 0,310 0,310 0,20 0,664
Time (min)*Time (min) 1 0,703 0,703 0,45 0,516
Ratio (g/ml)*Ratio (g/ml) 1 2,777 2,777 1,79 0,210
2-Way Interaction 3 119,259 39,753 25,67 0,000
T (C)*Time (min) 1 6,386 6,386 4,12 0,070
T (C)*Ratio (g/ml) 1 1,429 1,429 0,92 0,359
Time (min)*Ratio (g/ml) 1 111,444 111,444 71,97 0,000
Error 10 15,484 1,548
Lack-of-Fit 5 11,795 2,359 3,20 0,114
Pure Error 5 3,689 0,738
Total 19 163,765

Regression Equation in Uncoded Units

Zeta = -88,2-0,388 T (C) + 0,524 Time (min) + 1,713 Ratio (g/ml)
potential +0,00153 T (C)*T (C) - 0,000456 Time (min)*Time (min)
(mV) -0,00459 Ratio (g/ml)*Ratio (g/ml) + 0,00397 T (C)*Time (min)

-0,00423 T (C)*Ratio (g/ml) - 0,01659 Time (min)*Ratio (g/ml)

Fits and Diagnostics for Unusual Observations

Zeta

potential
Obs (mV) Fit Resid Std Resid
8 -56,100 -54,682 -1,418 -2,01

R Large residual
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9.1.4 Size miR34a-NPs

Response Surface Regression: Size (nm) versus Speed (rpm); Time (s)

Coded Coefficients

Term Coef SE Coef T-Value P-Value VIF
Constant 221,8 39,5 5,62 0,001
Speed (rpm) -59,4 44,3 -1,34 0,222 1,03
Time (s) -0,8 42,4 -0,02 0,986 1,05
Speed (rpm)*Speed (rpm) 10,9 70,8 0,15 0,882 1,07
Time (s)*Time (s) 131,0 63,7 2,06 0,079 1,05
Speed (rpm)*Time (s) 10,9 94,7 0,12 0,912 1,05
Model Summary
S R-sq R-sq(adj) R-sq(pred)
82,7253 47,43% 9,88% 0,00%
Analysis of Variance
Source DF Adj SS Adj MS F-Value P-Value
Model 5 43220,2 8644,0 1,26 0,375
Linear 2 12293,5 6146,7 0,90 0,450
Speed (rpm) 1 12292,2 12292,2 1,80 0,222
Time (s) 1 2,4 2,4 0,00 0,986
Square 2 29608,0 14804,0 2,16 0,186
Speed (rpm)*Speed (rpm) 1 162,2 162,2 0,02 0,882
Time (s)*Time (s) 1 28985,5 28985,5 4,24 0,079
2-Way Interaction 1 90,7 90,7 0,01 0,912
Speed (rpm)*Time (s) 1 90,7 90,7 0,01 0,912
Error 7 47904,3 6843,5
Lack-of-Fit 3 38642,5 12880,8 5,56 0,065
Pure Error 4 9261,8 2315,5
Total 12 91124,5
Regression Equation in Uncoded Units
Size = 682 - 0,0141 Speed (rpm) - 5,32 Time (s)
(nm) +0,000000 Speed (rpm)*Speed (rpm)
+0,0325 Time (s)*Time (s) + 0,000018 Speed (rpm)*Time (s)
Fits and Diagnostics for Unusual Observations
Obs Size (nm) Fit Resid Std Resid
2 292,1 -105,0 -2,30 R
4 323,5 106,0 2,29 R

R Large residual
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9.1.5 Zeta potenial miR34a-NPs

Response Surface Regression: Zeta Potential (mV) versus Speed (rpm); Time (s)

Coded Coefficients

Term Coef SE Coef T-Value P-Value VIF
Constant 32,47 6,50 4,99 0,002
Speed (rpm) 6,77 7,31 0,93 0,385 1,03
Time (s) 7,69 6,98 1,10 0,307 1,05
Speed (rpm)*Speed -11,2 11,7 -0,96 0,370 1,07
(rpm)
Time (s)*Time (s) -6,9 10,5 -0,66 0,529 1,05
Speed (rpm)*Time -3,5 15,6 -0,22 0,830 1,05
(s)
Model Summary
R_
S R-sq sq(adj sq(pred)
13,6307 33,49% 0,00% 0,00%
Analysis of Variance
Source DF Adj SS Adj MS F-Value P-Value
Model 5 654,94 130,987 0,71 0,638
Linear 2 383,79 191,897 1,03 0,405
Speed (rpm) 1 159,57 159,574 0,86 0,385
Time (s) 1 225,53 225,531 1,21 0,307
Square 2 210,42 105,211 0,57 0,592
Speed 1 170,26 170,260 0,92 0,370
(rpm)*Speed (rpm)
Time (s)*Time (s) 1 81,50 81,495 0,44 0,529
2-Way Interaction 1 9,18 9,184 0,05 0,830
Speed 1 9,18 9,184 0,05 0,830
(rpm)*Time (s)
Error 7 1300,57 185,796
Lack-of-Fit 3 1019,51 339,838 4,84 0,081
Pure Error 4 281,06 70,265
Total 12 1955,51
Regression Equation in Uncoded Units
Zeta = -99 +0,00767 Speed (rpm) + 0,527 Time (s)
Potential - 0,000000 Speed (rpm)*Speed (rpm)
(mV) -0,00172 Time (s)*Time (s)
- 0,000006 Speed (rpm)*Time (s)
Fits and Diagnostics for Unusual Observations
Zeta
Potential
Obs (mV) Fit Resid Std Resid
8 42,90 28,10 14,80 2,19 R
11 12,60 32,96 -20,36 -2,07 R

R Large residual
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9.2 Supplementary Images

Non-treated U20S cells showing a peculiar heart Two U20S cells interacting each other. It is shown
shape at 7days of culture. There are shown theinteraction between the two nucleus (blue) and
cytoskeletons in red and nucleus in blue. cytoskeletons (red).
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U20S Sarcospheres

SaoS-2 Sarcospheres
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