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ABSTRACT 

 

Osteosarcoma is a primary malignant bone tumour with elevated mortality rates in 

youngsters and adolescents. Current therapeu.c approaches entail preliminary 

chemotherapy followed by surgical removal and supplementary chemotherapy. Roughly 

30% of pa.ents experience recurrence, underscoring the limita.ons, as surgery alone 

cannot effec.vely manage metastasis. Nanopar.cle-mediated targeted drug delivery 

systems present a promising therapeu.c avenue for osteosarcoma, as they overcome 

the constraints of conven9onal chemotherapy by augmen.ng reten.on, permeability, 

and ac.ve targe.ng. 

Objec.ves 

Devise and construct systemic drug co-delivery systems by u9lizing nanoscale 

modifica9on of miR-34a and doxorubicin via layer-by-layer (LbL) assembly for precise 

osteosarcoma treatment. 

Approaches 

PLGA-CS polyplexes were produced using op.mized nano-complexa.on and LbL 

assembly techniques. LbL-NPs were examined on two-dimensional SaoS-2 and U2OS cell 

models to gauge metabolic ac.vity and cellular demise via PrestoBlue and Live/dead 

assessments. Encapsula9on efficiency and drug release kine.cs were appraised using the 

Quan9Fluor® RNA System and UV-VIS Spectroscopy. 

Findings 

Manufactured PLGA-CS polyplexes exhibited impressive mean encapsula9on efficiencies 

for miR-34a and doxorubicin, 99.97% and 69.74%, respec9vely. Only the fabricated LbL-

NPs P4 and PC4 displayed substan.al, sustained release of miR-34a over a ten-day period 

(P-value 0.002 and 0.011). All LbL-NPs, at concentra9ons of 500 and 1000μg/ml, 

markedly diminished the metabolic ac9vity of U2OS cells ader five days of incuba9on (P-

value <0.001). LbL-NPs P5 and PC5 induced apopto.c ac.vity and cell demise in U2OS 

cells. 

Conclusion 

The engineered PLGA-CS polyplexes and LbL-NPs serve as effec.ve nanocarrier systems, 

inducing cytotoxicity by delivering tumour-suppressing miR-34a and doxorubicin into in 

vitro osteosarcoma cell models. The incorpora.on of hyaluronic acid and addi.onal 
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nanocoa.ng further enhances the cytotoxicity of LbL-NPs against U2OS cells through 

ac.ve targe.ng. 
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1. INTRODUCTION 
 

1.1. BONE TISSUE 
 

“Every change in the form and func.on of bone or of its func.on alone is followed by 

certain definite changes in the bone internal architecture, and equally definite altera.on 

in its external conforma.on, in accordance with mathema.cal laws”. This is the Wolf’s 

low, which states that any changes in the form or func.on of bone, or solely in its 

func.on, result in specific and well-defined altera.ons in both the internal architecture 

and external appearance of bones, following mathema.cal principles. Recent 

advancements in bone biology, physiology, and orthopaedic research have provided 

extensive insights into the mechanisms responsible for transmirng mechanical s.muli 

to bone cells. These mechanisms are vital for the con.nuous process of bone 

remodelling, involving various bone cell types such as osteoblasts, osteoclasts, and 

osteocytes in conver.ng external mechanical signals(16,36). Addi.onally, various non-

mechanical factors contribute to bone mechanotransduc.on(62). A major challenge in 

the field of biomaterials is to create polymer scaffolds suitable for specific cell types, 

allowing them to secrete extracellular matrix and form .ssue under the right condi.ons. 

Bone serves several crucial roles in maintaining bodily func.ons, including: (1) 

safeguarding vital organs, (2) offering support and anchorage for muscles involved in 

movement, (3) producing red and white blood cells for immune defence and oxygena.ng 

other .ssues, and (4) storing essen.al minerals like calcium, phosphate, and other ions. 

Consequently, bone pathologies can have severe consequences, impac.ng a broad 

spectrum of bodily func.ons. Bone deficiencies can arise from abnormal development, 

tumours, or various types of trauma(56). 

Bone is a robust connec.ve .ssue characterized by an inner matrix with a honeycomb-

like structure, providing it with its inherent strength(58). The bone .ssue consists of 

various types of bone cells, including osteoblasts and osteocytes, which play roles in 

.ssue forma.on and mineraliza.on, and osteoclasts, responsible for .ssue resorp.on. 

Figure 1 illustrates that the mineralized .ssue can be categorized into two types based 

on its structural arrangement: compact (cor.cal) bone and spongy bone. Compact bone 

comprises an organic component composed of collagen fibers (ossein) and an inorganic 
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component containing minerals like calcium, magnesium, and phosphate ions, which 

collec.vely form the mineral hydroxyapa.te. This mineralized phase, combined with the 

flexible collagen phase, imparts hardness to the bone without making it britle. This 

arrangement forms concentrically organized lamellae, which, in turn, make up osteons, 

the structural units of compact bone. Collagen fibres are aligned in the same direc.on 

within each layer and in various direc.ons between adjacent lamellae. Addi.onally, 

bones contain other types of .ssue, such as bone marrow, endosteum, periosteum, 

nerves, blood vessels, and car.lage. 

 

 
Figure 1: bone -ssue structure (93)  

 

1.2. OSTEOSARCOMA: AN ONVERVIEW 
 

Osteosarcoma (OS) is a rare malignant bone tumour, ouen found in children and young 

adults, with a bimodal age distribu.on. It typically occurs in the long bones, such as the 

femur, .bia, and humerus. OS is known for its heterogeneity, both at the intra-tumoral 

and inter-individual levels, making it challenging to iden.fy common targetable events. 

While some cases are associated with inherited cancer syndromes, most OS cases are 

sporadic(43,59). 

Treatment for OS typically involves a combina.on of chemotherapy and surgery. In 

recent years, research has focused on understanding the complex molecular and gene.c 

mechanisms associated with OS, as well as its interac.ons with the bone 
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microenvironment. This understanding has led to the explora.on of poten.al 

therapeu.c targets to block disease progression. 

Among the immune cell popula.on, tumour-associated macrophages (TAMs) play a 

crucial role in the TME. In most solid cancers, increased TAM infiltra.on is associated 

with poor pa.ent prognosis, making them valuable diagnos.c and prognos.c 

biomarkers. 

Studies have shown that TAMs in OS can have varying effects they can also be implicated 

in angiogenesis and the ac.va.on of intracellular signalling pathways involved in cancer 

progression. 

Osteosarcoma remains a significant clinical challenge, especially in cases with metasta.c 

progression to pulmonary .ssue. Despite advances in treatment, the overall prognosis 

for OS pa.ents is s.ll poor, par.cularly for those with metasta.c disease. Therefore, 

improving therapy for OS is a major goal for many research and clinical groups 

worldwide. 

One cri.cal aspect of OS research is the tumour microenvironment (TME) is its high 

degree of heterogeneity, both at the gene.c and molecular levels. The bone 

microenvironment, where OS tumours grow, is a highly dynamic and specialized 

environment consis.ng of various cell types, including bone cells (osteoclasts, 

osteoblasts, osteocytes), stromal cells (MSCs, fibroblasts), vascular cells (endothelial 

cells and pericytes), immune cells (macrophages, lymphocytes), mineralized 

extracellular matrix (ECM), chromosomal aneuploidy, muta.ons, copy number 

varia.ons, genomic instability, and localized hypermutated regions. Although some 

genes, such as TP53, RB, MDM2, ATRX, and DLG2, are recurrently mutated in OS, there 

are s.ll no clear targetable events. 

In physiological condi.ons, these cells engage in paracrine and cellular communica.on 

to maintain bone homeostasis. 

In OS, tumour cells hijack these physiological pathways to promote their growth and 

survival. This interac.on involves numerous environmental signals, such as cytokines, 

chemokines, and soluble growth factors, as well as communica.on through extracellular 

vesicles (EVs), which serve as vectors for cell-to-cell communica.on. 

One key interac.on in OS involves the vicious cycle of bone remodelling between 

osteoclasts and tumour cells, leading to the release of growth factors from the degraded 
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bone matrix. EVs secreted by both osteoclasts and OS cells can enhance this cycle. RANK-

EVs secreted by osteoclasts may ac.vate RANKL expressed on OS cells, contribu.ng to 

tumour progression. High levels of RANKL expression in OS biopsy samples have been 

associated with poor pa.ent outcomes (Figure 2). 

Understanding the complex interac.ons within the OS microenvironment and the role 

of TAMs in tumour progression is crucial for developing targeted therapies. Current 

research is exploring mul.-kinase inhibitors (MKI) that target both tumour cells and 

microenvironmental cells. Addi.onally, the role of EVs as mediators of informa.on 

transfer in OS biology is gaining aten.on. 

In summary, OS is a challenging bone tumour with a complex gene.c landscape and 

heterogeneous microenvironment. Developing effec.ve therapies for OS requires a deep 

understanding of these complexi.es and the iden.fica.on of poten.al therapeu.c 

targets within the tumour and its microenvironment (Figure 3). 

 

 
Figure 2: Mechanism of ac-on in OS(9) 
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Figure 3: Characteris-cs of different bone tumours(94) 

 

1.3. CONVENTIONAL TREATMENTS & LIMITS 
 

The treatment of osteosarcoma has evolved significantly over the years. Before 1970, 

the primary treatment was surgical excision, ouen involving amputa.ons of extremi.es 

to achieve clear margins(41). However, the survival rate for pa.ents with high-grade 

tumours was less than 20%. In the following two decades, neoadjuvant (preopera.ve) 

and adjuvant (postopera.ve) chemotherapy became effec.ve treatments. Today, the 

standard approach for osteosarcoma involves neoadjuvant chemotherapy, followed by 

surgical resec.on and adjuvant chemotherapy. Radia.on therapy is rarely used due to 

its limited effec.veness and associated risk. The current five-year survival rate for non-

metasta.c disease is over 70%. 

Neoadjuvant chemotherapy aims to shrink the tumour, reduce the number and size of 

lung metastases, and make limb-salvage surgery more feasible. Adjuvant chemotherapy 

helps prevent postsurgical metastasis. Effec.ve chemotherapy drugs for osteosarcoma 

include high-dose methotrexate, doxorubicin (Adriamycin), and cispla.n. 

Surgical resec.on remains the defini.ve treatment, with the goal of achieving clear 

margins to minimize recurrence and metastasis; including the "reac.on zone" and 

satellite nodules Advances in preopera.ve planning, sou .ssue surgery techniques, and 
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the use of endoprostheses have improved the success of limb-salvage surgery. 

Amputa.ons are s.ll necessary in certain cases with large tumours, compromised 

vascular structures, or poor response to chemotherapy. 

The surgical margin is classified as intra-lesioned, marginal, wide, or radical, depending 

on the extent of .ssue removed. Achieving adequate surgical margins is crucial for 

prognosis (Figure 4). 

Chemotherapy has played a significant role in improving osteosarcoma outcomes. The 

combina.on of high-dose methotrexate, doxorubicin, and cispla.n (MAP) has been the 

most effec.ve regimen for non-metasta.c disease, resul.ng in a 60-70% five-year event-

free survival. 

Immunotherapy is an emerging field in osteosarcoma treatment, focusing on harnessing 

the immune system to target tumour cells. Targeted therapies and precision medicine 

are also being explored to improve treatment outcomes. Gene.c studies have iden.fied 

poten.al targetable genes and pathways, including the PI3K-mTOR pathway, IGF 

pathway, VEGF pathway, and others(6). 

Several novel approaches are under inves.ga.on, such as photodynamic therapy, 

nanotechnology-based drug delivery systems, and the use of mesenchymal stromal cells 

for drug delivery. These innova.ons provide hope for further advancements in 

osteosarcoma treatment. 

In conclusion, the treatment of osteosarcoma has evolved from primarily surgical 

excision to a mul.modal approach involving neoadjuvant and adjuvant chemotherapy, 

surgical resec.on, and emerging therapies like immunotherapy and precision medicine. 

Advancements in surgical techniques and drug regimens have significantly improved 

survival rates, offering hope for beter outcomes in the future. 
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Figure 4: Overview of cancer margin to perform chirurgical treatment(95) 
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2. POLYMERIC DRUG DELIVERY AS A NEW TECHNOLOGY TO 
AFFORD OSTEOSARCOMA 

 

Polymeric nanopar.cles (Polymeric NPs) in cancer diagnosis and treatment have 

garnered increasing aten.on due to their ability to be customized with 

chemotherapeu.c drugs, an.bodies, or nucleic acid ligands, enabling them to recognize 

cancer markers on cell membranes or within cancer cells(42). They are employed for 

targeted drug or nucleic acid transport during chemotherapy or gene therapy. Various 

s.muli such as enzyma.c reac.ons, ultrasound, magne.sm, electricity, light, pH 

changes, and REDOX responses can trigger drug release from these polymeric NPs, 

making them suitable for transpor.ng drugs to tumour cells. 

The development of diverse nanopar.cle playorms that allow for size, composi.on, and 

func.onality adjustments has significantly contributed to the field of nanomedicine. 

These playorms encompass organic, inorganic, and hybrid nanopar.cles. Organic 

nanopar.cles, including synthe.c polymers (e.g., polyethyleneimine, polyethylene 

glycol), synthe.c hydrogels (e.g., polyacrylamide), natural polymers (e.g., chitosan, 

hyaluronic acid), and degradable polymers (e.g., collagen, polylac.c acid), have been 

widely explored. These polymer-based nanopar.cles can passively carry cargo or release 

it in response to specific triggers(12). 

Nanopar.cle-based drug delivery systems (Figure 5) offer new possibili.es for 

overcoming limita.ons associated with tradi.onal drug therapies, providing both 

therapeu.c and diagnos.c func.ons(2). The efficiency of drug or gene delivery depends 

on the physical and chemical proper.es of the delivery playorm, along with physiological 

constraints like clearance by the mononuclear phagocyte system and extravasa.on from 

circula.on at tumour sites through the enhanced permeability and reten.on effect. 

The applica.on of nanotechnology in cancer therapy, known as cancer nanotechnology, 

holds promise in early diagnosis, predic.on, preven.on, personalized therapy, and 

medicine. It emphasizes target-specific drug therapy and early pathology diagnosis. 

Various nanocarrier systems have been developed for cancer treatment, including 

an.body-conjugated nanopar.cles, nuclear drug delivery systems, and controlled drug 

release formula.ons. 
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Combina.on therapy, which combines mul.ple therapeu.c agents to enhance 

an.cancer effects while reducing toxicity and drug resistance, has gained popularity. 

Nanotechnology-based combina.on drug delivery systems have emerged as effec.ve 

strategies to overcome biological barriers and enable controlled, targeted delivery of 

chemotherapeu.c drugs, achieving enhanced an.cancer effects with reduced side 

effects(51). 

To address the challenges of conven.onal chemotherapy, nanotechnology offers 

opportuni.es to op.mize drug delivery, reducing toxic side effects. Nanocarriers, 

including liposomes, dendrimers, micelles, carbon nanotubes, polymer-drug conjugates, 

and nanopar.cles (NPs), can protect drugs from degrada.on, enable transport through 

biological barriers, and increase drug availability at targeted sites. Combina.on drug 

delivery using various types of nanopar.culate systems is a fron.er in cancer research, 

showing significant therapeu.c poten.al. 

The role of biodegradable polymeric NPs in drug delivery is the basis for cancer 

treatment, par.cularly targe.ng osteosarcoma. Surface modifica.ons with ligands allow 

these NPs to target specific receptors on cancer cells. Various polymer-based drug 

delivery systems have been developed and tested in preclinical and clinical serngs, with 

promising results. 

In summary, the significance of polymeric nanopar.cles and various nanopar.cle 

playorms in cancer diagnosis and treatment is a new important challenge. 

Nanotechnology-based drug delivery systems offer opportuni.es to enhance 

therapeu.c outcomes while minimizing side effects, making them a promising avenue 

for future cancer therapies. 
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Figure 5: Different polymeric drug delivery in human beings(2) 

 
2.1. POLIPLEXES: STATE OF THE ART 

 

Various types of polymers, including synthe.c, natural, and microbial polymers can be 

used for targeted drug delivery in cancer treatment. These polymers are harnessed to 

create tailored drug delivery systems with specific proper.es suited for their intended 

applica.ons. 

Biodegradable polymers have emerged as key materials for designing safe and efficient 

drug carriers aimed at delivering therapeu.c agents selec.vely to cancer cells. These 

polymeric carriers are employed for both systemic targe.ng and localized drug delivery. 

Their tunable physicochemical characteris.cs, high loading capacity, and extensive 

research in polymer chemistry have led to the development of diverse systems for 

polymer-based drug delivery. 

These systems include polymeric nanopar.cles, polymeric micelles, polymerosomes, 

polyplexes, polymer-lipid hybrid nanopar.cles, polymer-drug/protein conjugates, and 

dendrimers, all intended for systemic drug targe.ng (Figure 6). These polymeric 

nanosystems are typically administered intravenously, enabling them to target tumour 

masses effec.vely. Surface modifica.ons, such as PEGyla.on or ligand func.onaliza.on, 

can provide long-term circula.on of the drug carriers in the bloodstream. The coupling 

of low molecular weight drugs to polymers enhances stability in the bloodstream and 

promotes localiza.on in the tumour site by taking advantage of extended circula.on 

.mes. 
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These localized systems offer advantages like controlled and prolonged drug release in 

cancer cells, one-.me administra.on, and the avoidance of systemic exposure to an.-

neoplas.c agents. 

The primary strategy for targe.ng an.-cancer drugs using polymeric carriers relies on 

blood circula.on and the extravasa.on effect, ouen referred to as passive targe.ng. 

Ac.ve targe.ng involves ataching ligands like monoclonal an.bodies, aptamers, cell-

specific pep.des, carbohydrates, and small molecules to the polymeric nano-systems. 

These ligands target specific receptors overexpressed on tumour cells. Addi.onally, 

s.muli-responsive carriers release drugs in response to external s.muli or intrinsic 

features of cancerous .ssues, such as pH and hyperthermia. Intracellular drug targe.ng 

focuses on delivering drugs to specific cellular compartments, while intratumorally drug 

targe.ng involves direct injec.ons into tumors or the placement of drug-containing 

millirods or wafers auer surgical tumour resec.on. Tumor vasculature drug targe.ng is 

achieved by coupling an.-angiogenic drugs to polymers like PEG and HPMA. 

In summary this is an overview of the diverse applica.ons of polymers in cancer drug 

delivery, highligh.ng their role in both systemic and localized targe.ng strategies, as well 

as their responsiveness to various s.muli for precise drug release. These polymer-based 

drug delivery systems hold significant poten.al in improving the effec.veness and safety 

of cancer treatment. 

 

 
Figure 6: Overview of polymeric products in trial and in use(96) 
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2.2. OSTEOSARCOMA COMBINATION THERAPY 
 

2.2.1. MIRNA IN CANCER 
 

MiRNAs are small noncoding RNAs that play a complex role in postranscrip.onal gene 

expression and have the poten.al to serve as diagnos.c, prognos.c, and therapeu.c 

tools in cancer, including OS(8,39). While the molecular mechanisms underlying skeletal 

sarcomas like OS are not fully understood, miRNAs have emerged as crucial players in 

cancer biology, ac.ng as both oncogenes and tumour suppressors, they also have an 

high diagnos.c poten.al. 

Immunotherapy approaches, such as dendri.c cell (DC) therapy and cytokine therapy, 

have shown promise in preclinical and clinical studies. Targe.ng tumour stem cells (TSCs) 

is another area of inves.ga.on in OS treatment, as these cells are associated with 

tumour progression, recurrence, and chemoresistance. 

 

The role of microRNAs (miRNAs) in various diseases can be summarized in this 

way(47,72,73): 

 

1. Discovery of miRNA's Role in Disease: In 2002, it was discovered that dysregula.on of 

miRNAs could contribute to the development of chronic lymphocy.c leukemia. This 

discovery led to increased research into the role of miRNAs in various diseases, including 

cardiovascular diseases, fibrosis, diabetes, neurodegenera.ve diseases, and cancer. This 

dysregula.on of miRNAs make them promising candidates for further explora.on in 

skeletal sarcomas. 

 

2. Dual Role of miRNAs in Cancer: MiRNAs can func.on as either oncogenes (onco-miRs) 

or tumour suppressors in cancer, depending on their specific mRNA targets within 

tumour cells. 

 

3. Extracellular and Circula.ng miRNAs: MiRNAs have been found in various bodily fluids, 

including blood, saliva, and urine. They are highly stable in these fluids and are ouen 

packaged into exosomes, small vesicles released by cells. Researchers have iden.fied 
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specific miRNA expression profiles in both serum and bone .ssue, providing a basis for 

diagnosing and monitoring OS. Various miRNAs, including miR-124, miR-221, miR-101, 

miR-375, miR-144-3p, miR-215-5p, and others, have been found to be differen.ally 

expressed in OS pa.ents compared to healthy individuals. 

 

4. Poten.al of Circula.ng miRNAs as Biomarkers: Scien.sts are exploring the use of 

miRNAs found in circula.ng exosomes as biomarkers for different diseases. These 

miRNAs can poten.ally serve as diagnos.c biomarkers, prognos.c, and disease 

surveillance tools and their expression levels correlate with disease stage, metastasis, 

and pa.ent prognosis. 

 

5. Methods for miRNA Detec.on: Several methods for miRNA analysis have been 

developed, including amplifica.on-based, hybridiza.on-based, microarray, capillary 

electrophoresis-mass spectrometry, and label-free miRNA electrochemical biosensors. 

Standardiza.on of miRNA analysis methods is a challenge that needs to be addressed. 

 

6. Therapeu.c Poten.al: MiRNAs play diverse roles in both normal and disease 

condi.ons. Some miRNAs act as tumour suppressors by targe.ng oncogenes, while 

others promote cancer progression. This knowledge has led to the development of 

therapeu.c molecules that can modulate miRNA ac.vity. MiRNAs also play a role in OS 

treatment, par.cularly in rela.on to chemotherapy and radiotherapy. Some miRNAs, 

such as miR-328-3p and miR-513a-5p, have been shown to enhance the sensi.vity of OS 

cells to radia.on therapy. In terms of chemotherapy, miRNAs like miR-19a-3p, miR-92a, 

miR-34a, miR-29 family, miR-590-3p, and miR-340 have been associated with 

chemosensi.vity and chemoresistance in OS cells (Figure 7). Modula.ng these miRNAs 

may offer a poten.al avenue to improve the efficacy of chemotherapy for OS pa.ents. 

 

7. Role of miRNAs in Bone Development: MiRNAs also play a role in bone development, 

influencing processes like osteoblastogenesis and osteoclastogenesis, osteosarcoma, 

and their associa.on with cancer progression. Various miRNAs have been iden.fied as 

either promoters or inhibitors of these processes. Several miRNAs have been associated 

with primary bone tumors, including Ewing's sarcoma, chondrosarcoma, osteosarcoma, 
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and giant cell tumors, and their expression paterns change during tumour progression. 

In osteosarcoma, new oncomiRs (tumour-promo.ng miRNAs) have been iden.fied, 

including miR-21, miR-92b, miR-603, miR-130a, miR-488, miR-301a, miR-9, and miR-

130b. 

 

These findings suggest that miRNAs play crucial roles in bone development and cancer 

progression, including osteosarcoma(47). 

In summary, miRNAs have emerged as important regulators of gene expression in both 

health and disease. They have the poten.al to serve as diagnos.c tools, therapeu.c 

targets, and biomarkers for various condi.ons, including cancer and bone-related 

disorders(4,50,64). 
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Figure 7: Summary of important miRNA type associated with OS(72) 
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2.2.2. MIR34a 
 

MiR-34a, a microRNA play a crucial role in osteosarcoma. This microRNA is a direct target 

of the tumour suppressor gene p53 and plays a pivotal role in regula.ng numerous 

cellular processes, including cell cycle control, senescence, and apoptosis. 

MiR-34a has a nega.ve regulatory effect on osteosarcoma by inhibi.ng cell prolifera.on, 

migra.on, and invasion. It also highlights its role in targe.ng Sox-2, a transcrip.on factor 

cri.cal for osteosarcoma cell self-renewal and tumorigenesis(67). 

Recent studies have demonstrated that MiR-34a, along with its family members miR-34b 

and miR-34c, is downregulated in osteosarcoma stem-like cells (OSCs) and 

osteospheres(74). The introduc.on of miR-34a mimics and short hairpin RNA targe.ng 

Sox-2 mRNA (shSox-2) effec.vely reduces the transforma.on proper.es of human OSCs 

in vitro and their ability to form tumors in sou agar. Furthermore, miR-34a and shSox-2 

epigene.cally suppress the expression of stem cell markers, including stem cell an.gen-

1 (Sca-1), ul.mately hindering osteosphere forma.on. 

miR-34a is a direct regulator of Sox-2, which not only influences prolifera.on and 

metastasis but also the self-renewal capacity of OSCs. It suggests that miR-34a's 

inhibitory effect on osteosarcoma tumour growth and metastasis is linked to its ability 

to reduce self-renewal capacity, eliminate tumorigenic poten.al, and impede invasion in 

vitro. 

Furthermore, it is necessary to focus on the rela.onship between miR-34a, p53, and 

osteosarcoma. miR-34a is highlighted as a transcrip.onal target of p53 and an essen.al 

factor in p53-dependent cellular processes such as cell cycle arrest and apoptosis. 

Overexpression of miR-34a is found to inhibit the growth and metastasis of 

osteosarcoma cells both in vitro and in vivo(46). 

Some studies also inves.gates the response of osteosarcoma cells to etoposide, an 

an.tumor drug. The results indicate that wt-p53 cells induce p53-dependent miR-34a 

expression upon etoposide treatment, leading to cell cycle arrest in the G1 phase and 

downregula.on of CDK4. In contrast, p53-deficient cells exhibit a different response, 

with cell cycle arrest in the G2/M phase. 
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Moreover, the role of miR-34 family members, including miR-34a, is important in 

suppressing cancer growth by targe.ng various genes involved in cell cycle regula.on, 

apoptosis, and DNA repair. 

In summary, the importance of miR-34a is founded in regula.ng osteosarcoma by 

targe.ng Sox-2 and highlights its associa.on with p53-mediated processes. It suggests 

that enhancing miR-34a expression could be a poten.al therapeu.c strategy for trea.ng 

osteosarcoma and also it has an impact in inhibi.ng cancer growth by targe.ng key 

genes involved in tumorigenesis(63,37). 

 

2.2.3. DOXORUBICIN (DOX) 
 

Doxorubicin is one of the most effec.ve drugs for the first-line treatment of high-grade 

osteosarcoma, specifically in the case of metasta.c cancer. 

DOX is a potent but cardiotoxic drug, limi.ng its use. 

Conven.onal an.cancer drugs(71) like DOX are limited in efficacy due to their lack of 

specific targe.ng and associated high doses, leading to side effects. Nanotechnology 

offers a poten.al solu.on to overcome these limita.ons by delivering DOX in 

nanopar.cles (NPs), to enhance drug delivery and efficacy (Figure 8): they loaded DOX 

into nanoscaled, injectable, and non-toxic drug delivery systems designed to have high 

specificity for bone .ssue using a bisphosphonate (BP)(57). The goal was to improve the 

preferen.al accumula.on of DOX at the site of osteoly.c metastases, taking advantage 

of BP's strong binding to bone .ssue. Previous studies had characterized NPs made of a 

conjugate between PLGA and ALE, demonstra.ng their biocompa.bility and binding to 

hydroxyapa.te. 

The drug loading procedure did not affect the op.mal proper.es of the NPs. 

Subsequently, the researchers inves.gated the intracellular uptake of DOX into tumour 

cells when delivered by the NPs compared to the free drug. They observed clear nuclear 

accumula.on of DOX in most tumour cell lines, indica.ng its effec.veness. 

It was also evaluated the an.tumor effects of DOX-loaded NPs in a mouse model of bone 

metastases induced by human breast carcinoma cells (MDA-MB-231). The results 

showed that DOX-loaded NPs effec.vely reduced the incidence of metastases compared 

to unloaded NPs and free DOX. The reduc.on in the incidence of metastases was more 
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pronounced with the highest dose of DOX-loaded NPs. Importantly, the treatment did 

not induce severe toxicity in the bone marrow, likely due to the low doses of DOX used. 

It is necessary to analyze the specific case of doxorubicin resistance in osteosarcoma and 

the poten.al of H2S-releasing doxorubicins (Sdox) to overcome this resistance. Sdox was 

found to preferen.ally accumulate within the endoplasmic re.culum (ER) and induce 

ER-dependent apoptosis in osteosarcoma cells, including those with doxorubicin 

resistance. Sdox's mechanism of ac.on involves sul{ydra.on of ER-associated proteins, 

leading to their ubiqui.na.on and degrada.on. This unique property of Sdox makes it a 

promising candidate for further evalua.on in preclinical models of osteosarcoma, 

especially in cases of doxorubicin resistance(5). 

So finally we can focus on the poten.al of nanocarrier-based drug delivery systems and 

innova.ve approaches like H2S-releasing doxorubicins that improve the effec.veness of 

an.cancer treatments, especially in cases of drug resistance and metasta.c bone cancer. 

These advancements offer hope for more targeted and less toxic cancer therapies in the 

future. 

 

 
Figure 8: DOX internaliza-on into cell(61) 
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2.2.4. CURCUMIN 
 

The dietary phytochemical curcumin, derived from the rhizomes of Curcuma longa, has 

been used in tradi.onal medicine for its diverse therapeu.c proper.es. It has been 

employed to treat various condi.ons, including inflamma.on, skin lesions, coughs, 

rheuma.sm, hepa.c dysfunc.on, and bacterial and fungal infec.ons. 

Curcumin is a polyphenol with the chemical formula C21H20O6 and a molecular weight 

of 368.38. Its poten.al therapeu.c benefits have been demonstrated in a wide range of 

chronic diseases, including cancer, with par.cular aten.on to its applica.on in the 

treatment of osteosarcoma. 

Curcumin is known for its various biological ac.vi.es, including an.-inflammatory, 

an.oxidant, cytotoxic effects on human osteosarcoma cell lines, including U2OS, MG-63, 

and Saos-2 and an.cancer proper.es (Figure 9). It has been studied for its poten.al to 

inhibit tumour growth, angiogenesis, and induce apoptosis (cell death) in cancer cells(27). 

Specifically, curcumin increases the levels of the transcrip.on factor p53 while 

simultaneously reducing the levels of Sp1, another transcrip.on factor. These factors 

play a crucial role in regula.ng cellular pathways that lead to apoptosis. Curcumin also 

affects the expression of their target genes, including DNA methyltransferase 1 (DNMT1) 

and growth arrest and DNA damage-inducible 45 alpha gene (Gadd45a). 

While curcumin holds promise as a therapeu.c agent for various cancers, its limited 

stability and poor bioavailability auer inges.on have led to the search for structural 

analogues with improved proper.es. 

In conclusion, Curcumin, either alone or in combina.on with other agents, holds promise 

as an effec.ve cancer therapy, par.cularly in the context of osteosarcoma(33,69). 
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Figure 9: Schema-c diagram of Cur-NPs regula-ng the apopto-c signaling pathway in human osteosarcoma U2OS 

cells(52) 

 

2.3. LBL COATING TECHNIQUE 
 

Layer-by-layer (LbL) self-assembly is a versa.le technique u.lized for crea.ng func.onal 

surface coa.ngs, par.cularly under aqueous assembly condi.ons. LbL assembly involves 

the sequen.al deposi.on of mul.valent compounds with complementary interac.ons, 

resul.ng in the forma.on of a mul.layered structure (Figure 10). Ini.ally applied to 

charged colloids, the use of LbL gained significant aten.on when it was adapted for 

polyelectrolytes in 1991. This technique offers various advantages, especially in 

biomedical applica.ons, as it allows for the gentle and conformal coa.ng of substrates 

with diverse physicochemical proper.es and geometries without causing damage. LbL 

assembly can efficiently coat large surface areas while maintaining nanoscale resolu.on, 

which is crucial for precise control over biological surface interac.ons. Addi.onally, its 

mild, aqueous assembly condi.ons enable the incorpora.on of small molecules and 

biological agents without compromising their stability. 

The applica.ons of LbL in biomaterials are extensive, encompassing cellular engineering, 

.ssue engineering, biosensors, an.microbial materials, vaccines, drug delivery systems, 

and more (Figure 11). It is necessary to underscore how the modularity of LbL assembly 

has been leveraged to create mul.func.onal delivery systems that enhance treatment 

efficacy, improving biological performance and targe.ng specific .ssues. 
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LbL assembly primarily relies on electrosta.c interac.ons between oppositely charged 

compounds, although other forces like hydrophobic interac.ons, hydrogen bonding, 

covalent bonding, and more can also contribute to film growth. Various methods have 

been employed for mul.layer assembly, including dipping, spraying, spin coa.ng, 

electromagne.c assembly, 3D prin.ng, and micropaterning. Polyelectrolytes, both 

synthe.c and naturally derived, are commonly used building blocks, but other 

macromolecules, nanopar.cles, and inorganic materials can also be incorporated. 

The growth and stability of LbL films are influenced by assembly parameters such as 

temperature, ionic strength, pH, molecular weight, species concentra.on, incuba.on 

.me, and assembly method. 

It enables the encapsula.on of diverse therapeu.c cargo, from small molecules to 

nucleic acids to large macromolecules like proteins and cells. The loading capacity can 

be tailored based on the molecule's characteris.cs and desired release profile. 

Addi.onally, LbL films protect cargo from environmental factors, prolong shelf-life, and 

minimize toxicity. 

In summary, Layer-by-layer self-assembly is a versa.le technique with numerous 

applica.ons in biomaterials, including drug delivery. Its modularity, gentle assembly 

condi.ons, and ability to tailor proper.es make it a powerful tool in the development of 

advanced biomaterials and drug delivery systems(44,22). 

 

 
Figure 10: LBL technique(1) 
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Figure 11: LBL applica-on in different fields(1) 

 

2.3.1. POLYELECTROLITES MATERIALS 
 

2.3.1.1. CHITOSAN 
 

Chitosan (Figure 12), a natural polysaccharide, has garnered substan.al scien.fic interest 

over the past two decades due to its biocompa.bility and chemical versa.lity. Chitosan's 

-NH2 groups and varying molecular weights have made it a valuable material in drug 

delivery and .ssue engineering, holding promise for various healthcare applica.ons. 

Chitosan-based nanocarriers have gained aten.on due to their biodegradability, 

biocompa.bility, non-toxicity, and low immunogenicity. The presence of glucosamine 

groups imparts a posi.ve charge to the carrier, enhancing drug delivery. Chitosan can 

also interfere with tumour cell metabolism, inhibi.ng cell growth or inducing apoptosis. 

N-trimethyl chitosan (TMC), a quaternized chitosan deriva.ve, offers aqueous solubility 

and tunable biodegradability. Physical crosslinking using nega.vely charged ions like 

tripolyphosphate (TPP) forms stable nanopar.cles, preven.ng toxicity and undesirable 

effects. Modifying nanopar.cles with Pluronic block copolymers can enhance their 

an.cancer proper.es. 
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Chitosan's ca.onic nature makes it suitable for forming par.cles with anionic polymers 

to encapsulate microRNA (miRNA) or create polyplexes(32,68). Fine-tuning chitosan 

characteris.cs is crucial for successful formula.ons. It is also inves.gated chitosan 

miRNA formula.ons in the last decade, highligh.ng differences in materials, formula.on 

processes, and intended applica.ons. Factors contribu.ng to op.mized systems' 

superiority are also discussed to maximize the poten.al of chitosan miRNA nanocarriers. 

Chitosan is increasingly used for safe nucleic acid delivery in gene therapy due to its 

bioadhesive, low toxicity, biodegradability, and biocompa.bility. Chitosan can be 

modified to enhance solubility and stability of chitosan-nucleic acid complexes, improve 

target cell delivery, and facilitate intracellular processes like endosomal escape, 

unpacking, and nuclear import of expression plasmids. 

In summary, chitosan's unique proper.es make it a valuable material in drug delivery, 

.ssue engineering, and gene therapy(29,11). 

 

 
Figure 12: Chitosan structure(20) 

 

2.3.1.2. PECTIN 
 

Pec.n is a complex polysaccharide naturally present in plant cell walls and can be 

efficiently extracted from edible plant materials such as sugar beet, citrus peel, and apple 

pomace. It is composed of par.al methyl esters of polygalacturonic acid and their salts, 

with molecular weights reaching approximately 200 kDa. Pec.n is classified into two 

main types: high methoxy pec.n (> 50% DE) and low methoxy pec.n (< 50% DE). 

Pec.n has gained aten.on for its poten.al use as a colon-selec.ve drug delivery carrier 

due to its ability to prolong reten.on in the upper gastrointes.nal tract and undergo 

degrada.on by colonic enzymes. Numerous studies since the 1990s have explored 

pec.n's applica.ons in drug delivery and its poten.al for targe.ng the colon. 
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One of the focuses of research involves redox-responsive microbeads containing 

thiolated pec.n-doxorubicin (DOX) conjugate coated with an enteric polymer. The in 

vitro and in vivo an.cancer efficacy of these microbeads, along with their specificity for 

the target site, is being evaluated. Pec.n's complex structure and various biological 

ac.vi.es make it a versa.le material. 

In conclusion, pec.n has demonstrated an.-metasta.c proper.es in various 

malignancies. Its ability to inhibit galec.n-3, which is overexpressed in cancer, has been 

a key focus of research. Pec.n’s well-tolerated nature has led to its explora.on in clinical 

serngs for condi.ons like B-chronic lymphocy.c leukemia relapse(24). 

 

2.3.1.3. HYALURONIC ACID 
 

Hyaluronic acid (HA) is a linear mucopolysaccharide composed of alternately repeated 

N-acetylglucosamine and glucuronic disaccharide units. It is a major component of the 

extracellular matrix and has hydroxyl and carboxylic groups, as well as an N-acetyl group, 

which makes it amenable to various chemical modifica.ons. HA possesses several 

advantageous proper.es, including a high water-binding capacity, nontoxicity, 

biodegradability, cytocompa.bility, and nonimmunogenicity. These atributes have led 

to significant interest in developing HA-based nanomaterials for various biomedical 

applica.ons, par.cularly in drug delivery systems (DDS) and molecular imaging. 

Many cancer cells are known to overexpress HA-binding receptors, including CD44, LYVE-

1 receptors, and RHAMM. Overexpression of CD44 receptors has been observed in 

various cancer cell types, such as those found in colon, ovarian, breast, and squamous 

carcinoma. 

HA has been frequently modified with drug carriers to improve drug delivery to cancer 

cells that overexpress CD44. HA is commonly used in nanopar.cle (NP) formula.ons 

(Figure 13), which leverage the enhanced permeability and reten.on (EPR) effect in 

tumour areas. By conjuga.ng HA to the surface of NPs, researchers can enhance the 

selec.vity of drug delivery to cancer cells through ac.ve targe.ng. 

The HA-CD44 binding pair is well-characterized and suitable for inves.ga.ng ligand 

func.onaliza.on and presenta.on. HA binds avidly to the CD44 cell-surface receptor, 

facilita.ng cell targe.ng and internaliza.on. Researchers have used this interac.on to 
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create stable layer-by-layer (LbL) NPs that target cell-surface CD44. These NPs have 

demonstrated increased circula.on half-lives and enhanced tumour accumula.on, 

par.cularly in ovarian cancers that overexpress CD44. 

In summary, HA-based nanomaterials hold promise for cancer therapy, especially in 

targe.ng cancer cells that overexpress CD44 receptors. These nanomaterials can be 

tailored for drug delivery and imaging applica.ons, offering poten.al advancements in 

cancer treatment(13). 

 

 
Figure 13: Formula-on of hyaluronic acid (HA)-based nanomaterials(30) 

 

2.4. ADVANTAGES OF THE INTERACTION BETWEEN MATERIALS 
 

2.4.1. Mir34 / CHITOSAN / PLGA 
 

In this sec.on is evaluated the poten.al of combining together these different materials 

to reach an efficient formula.on of NPs, these nanopar.cles are designed to enhance 

the targeted delivery of miR-34a. 

It is focused to the development of LbL nanopar.cles with a biodegradable poly(lac.c-

co-glycolic acid) (PLGA) core. This choice is significant because PLGA is an FDA-approved 

biocompa.ble polymer that can degrade into lac.c acid and glycolic acid, both easily 

metabolized by the body. This characteris.c reduces the risk of systemic toxicity 
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associated with nanopar.cle-based drug delivery systems. Addi.onally, the tunable size 

and controlled RNA release offered by LbL nanopar.cles make them suitable for precise 

drug delivery. 

There are some advantages of using PLGA-based LbL nanopar.cles for miR-34a delivery: 

biocompa.bility, the poten.al for co-delivery of therapeu.c agents, and the ability to 

achieve controlled drug release. Moreover, PLGA cores are biodegradable, addressing 

concerns about the long-term presence of non-biodegradable materials in the body(28). 

This delivery results in gene regula.on, inhibi.on of cell prolifera.on, and induc.on of 

cell cycle arrest, demonstra.ng the poten.al therapeu.c impact of this approach. 

Chitosan-modified PLGA nanopar.cles are inves.gated as an alterna.ve drug delivery 

system to improve the men.oned features(40,35). These nanopar.cles were found to 

improve drug release profiles and enhance cellular uptake and effec.vely formed 

complexes with miRNA, indica.ng their poten.al for gene regula.on in cancer therapy. 

In summary, it is presented the development of nanopar.cles with biodegradable cores, 

primarily PLGA, for the targeted delivery of miR-34a and other therapeu.c agents and 

auer the addi.on of chitosan to combine their advantages and poten.al limita.ons(70,10). 

 

2.4.2. CHITOSAN / HA 
 

Chitosan is widely employed as a polymer in nanopar.cles for drug delivery systems, 

both passive and ac.ve. Ac.ve targe.ng involves the use of ligands with specific affini.es 

for certain receptors to enhance drug effec.veness. Nanopar.cles are coated with 

ligands to facilitate cellular absorp.on through receptor-mediated endocytosis, leading 

to increased drug accumula.on in cancer cells. Hyaluronic acid (HA) is a commonly used 

polysaccharide ligand for ac.ve targe.ng due to its high selec.vity and affinity for CD44 

receptors, which are overexpressed in various tumour cells. 

Chitosan-hyaluronic acid nanopar.cles (CHA-Np) combine the natural polysaccharides 

chitosan and hyaluronic acid as ligands. Their opposite charges simplify the formula.on 

of nanopar.cles, relying on electrosta.c interac.ons between chitosan's posi.ve charge 

and hyaluronic acid's nega.ve charge(54). CHA-Np provides controlled drug release with 

pH-responsive behavior, par.cularly in the acidic environment of cancer cells, owing to 

the protona.on of chitosan's amide group. Addi.onally, the presence of hyaluronic acid 
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ligands enables ac.ve targe.ng, enhancing the accumula.on of nanopar.cles in tumour 

cells expressing CD44 receptors. 

CHA-Np has found extensive applica.on in delivering cancer therapeu.cs to various solid 

tumour types, including brain tumors, breast cancer, lung cancer, liver cancer, and colon 

cancer. Nevertheless, the level of CD44 receptor expression varies among different cell 

types, promp.ng researchers to collect and evaluate exis.ng evidence to elucidate the 

significance and efficacy of CHA-Np in diverse cancer cells(7). 
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3. AIM AND OBJECTIVES 
 

The primary objec.ve of this project is to develop an innova.ve approach to design and 

produce co-delivery systems for drugs, with the aim of improving the effec.veness of 

poorly soluble drugs used in trea.ng osteosarcoma. The central concept involves the 

nanoscale func.onaliza.on of miR-34a and DOX through Layer-by-Layer (LbL) assembly. 

This process creates a mul.-layered coa.ng to encapsulate the drug payload, facilita.ng 

targeted drug delivery. 

 

To achieve this, the following steps will be taken: 

 

1. The physical and chemical proper.es of the LbL-NPs produced will be characterized 

using techniques such as dynamic light scatering (DLS), Fourier-transform infrared 

spectroscopy - atenuated total reflectance (FTIR-ATR), X-ray photoelectron 

spectroscopy (XPS), and transmission electron microscopy (TEM). 

 

2. In vitro assessments of the Novel Targeted Drug Delivery System (NTDDS) for 

osteosarcoma treatment will be conducted, including drug release studies and 

cytocompa.bility tests using U2OS and SaoS-2 cell lines. 

 

3.1. SPECIFIC OBJECTIVES 
 

• Func.onalize PLGA-CS NPs containing miR-34a and DOX and carry out Layer-by-Layer 

(LbL) assembly. 

• Analyse the characteris.cs of the manufactured LbL-NPs through FTIR-ATR, XPS, DLS, 

QCM-D and TEM analyses. 

• Use UV-Vis spectroscopy to evaluate the capability of PLGA-CS polyplexes in 

encapsula.ng and releasing miR-34a and DOX under physiological condi.ons. 

• Determine the ideal density of U2OS and SaoS-2 spheroids to create a 3D cell model. 

• Evaluate the LbL-NPs produced as a drug delivery system for osteosarcoma treatment 

by conduc.ng in vitro cytocompa.bility assessments, including PrestoBlue and 

Live/dead assays, using 2D cell models of U2OS and SaoS-2. 
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3.2. HYPOTHESIS 
 

- The cytotoxicity of LbL-NPs incorpora.ng pec.n/curcumin and chitosan layers is 

expected to be higher in U2OS cell lines when compared to LbL-NPs with pec.n 

and chitosan layers alone. This effect can be atributed to the an.-inflammatory 

and an.oxidant proper.es of curcumin, in addi.on to the benefits of the triple 

combina.on therapy. 

 

- LbL-NPs featuring an outer layer of hyaluronic acid (HA) are an.cipated to exhibit 

increased accumula.on in osteosarcoma cells in contrast to those lacking HA. 

This improvement in accumula.on is atributed to the u.liza.on of both ac.ve 

and passive targe.ng strategies. 
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4. MATERIALS AND METHODS 
 

4.1. NPs PREPARATION 
  

Nanopar.cles containing a miRNA-34 core were synthesized using a nano-complexa.on 

method following procedures op.mized in literature(10). Here there are the steps 

involved in the prepara.on of the nanopar.cles (Figure 14). 

In the first step, 60mg of PLGA was introduced into a beaker containing 20ml of acetone 

at room temperature. Magne.c s.rring was employed, aided by an IKATMC-MAG MS 7 

Magne.c S.rrer, within a fume cupboard to expedite PLGA dissolu.on, which took 

approximately 30 minutes. 

In a separate process, 3mg of chitosan was added to 50ml of ace.c acid (0.5% v/v), along 

with 0.5g of Pluronic F-127 (1% w/v). This second solu.on was then filtered using a 0.22 

μm polyamide filter to eliminate any chitosan aggregates. 

Subsequently, 50μl of miRNA was added to 600 μl of the chitosan solu.on. This mixture 

was homogenized at 24,000rpm (notch 7) for 75 seconds to reduce par.cle size. 

The two prepared solu.ons were then combined, with 200μl of the PLGA-containing 

solu.on being added to 650μl of the second solu.on (chitosan + miRNA). Mechanical 

s.rring at 600rpm was maintained for 3 hours to facilitate solvent evapora.on. 

Auer prepara.on, the samples were centrifuged at 13,000rpm using a Thermo 

Scien.ficTM PicoTM 17 Microcentrifuge for 1 hour to separate the nanopar.cles from 

the remaining liquid. 

Once the op.mal parameters for miRNA-containing nanopar.cles were established, it 

was decided to incorporate an.-cancer drugs into the core to achieve mul.ple an.-

cancer effects. This led to the crea.on of miRNA-Doxorubicin nanopar.cles (miRDx-NPs) 

using the following procedure: 

A 10mM doxorubicin solu.on was prepared in DMSO:PBS at a 1:1 ra.o. Specifically, 

5.4mg of doxorubicin was weighed and combined with 500ml of DMSO and 500ml of 

PBS in a 1.5ml Eppendorf tube. The tube was vortexed to ensure proper mixing and drug 

dissolu.on. 
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During the nanopar.cle prepara.on, 2μl of the doxorubicin solu.on was introduced at 

the same .me as the 50μl of miRNA, resul.ng in the forma.on of miRNA-Doxorubicin 

nanopar.cles (miRDx-NPs). 

 

 
Figure 14: Polyplexes prepara-on, image created using Biorender 

 

4.2. LAYER BY LAYER FORMULATION 
 

The prepara.on of PLGA-CS polyplexes for Layer-by-Layer (LbL) assembly involved the 

following steps (Figure 15). 

First, the polyplexes underwent centrifuga.on at 13,300rpm for 10 minutes using an 

AccuSpin Micro 17 centrifuge from Fisher Scien.fic. This step was performed to remove 

the supernatant. 

Following centrifuga.on, 2ml of an electrolyte solu.on was cau.ously added to an 

Eppendorf tube containing the pellet. It was gently pipeted to disperse the pellets. The 

purpose of this step is elaborated in Table 2. 

The Eppendorf tube, now holding the pellet and electrolyte solu.on, was placed on a 

Mini Orbital Shaker (Stuart) and shaken at 93rpm for 10 minutes. This shaking ac.on was 

crucial for ensuring the uniform arrangement of layers around the posi.vely charged 

PLGA-CS polyplex, facilita.ng the entrapment of miR-34a and DOX. 

Subsequently, the Eppendorf tube underwent another round of centrifuga.on at 

13,300rpm for 10 minutes, resul.ng in the removal of the supernatant. This step aimed 

to collect the nega.vely charged pellet. 



 40 

To eliminate any non-electrosta.cally atached residues, the Eppendorf tube was 

washed with a 1.5ml dis.lled water (dH2O) pH 6 buffer solu.on. It was then shaken for 

a shorter dura.on. Following this, the Eppendorf tube was centrifuged at 13,300rpm for 

5 minutes, and the supernatant was removed to collect the nega.ve pellet. 

This en.re process, from centrifuga.on to washing, was repeated for each layer of each 

type of LbL-NP, ensuring the proper construc.on of the mul.-layered nanopar.cles. 

Table 1 displays the reagents and instruments used in the prepara.on of the electrolyte 

solu.on for each biomaterial. 

 
Table 1: Composi-on of all the electrolytes used during LBL 

Electrolyte solu.on Reagents, brands, amounts 

1mg/ml chitosan 50mg chitosan (Sigma-Aldrich) 

- 250µl ace.c acid (Merck) 

- 49.75ml deionized water 

2mg/ml chitosan - 100mg chitosan (Sigma-Aldrich) 

- 250µl ace.c acid (Merck) 

- 49.75ml deionized water 

1mg/ml pec.n - 50mg pec.n (Sigma-Aldrich) 

- 50ml deionised water 

1mg/ml pec.n/curcumin - 50mg pec.n (Sigma-Aldrich) 

- 50mg curcumin (Sigma-Aldrich) 

- 50ml deionised water 

1mg/ml hyaluronic acid - 50mg hyaluronic acid (Sigma-Aldrich) 

- 50ml deionised water 

 

Table 2: Composi-on of the four different samples 

Type of 

LBL 

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 

PecKn 4 1mg/ml 

Pec.n 

1mg/ml 

Chitosan 

1mg/ml Pec.n 2mg/ml 

Chitosan 

N/A 
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PecKn 5 1mg/ml 

Pec.n 

1mg/ml 

Chitosan 

1mg/ml Pec.n 2mg/ml 

Chitosan 

1mg/ml 

Hyaluronic 

Acid 

PecKn – 

Curcumin 

4 

1mg/ml 

Pec.n/Curcu

min 

1mg/ml 

Chitosan 

1mg/ml 

Pec.n/Curcumin 

2mg/ml 

Chitosan 

N/A 

PecKn – 

Curcumin 

5 

1mg/ml 

Pec.n/Curcu

min 

1mg/ml 

Chitosan 

1mg/ml 

Pec.n/Curcumin 

2mg/ml 

Chitosan 

1mg/ml 

Hyaluronic 

Acid 

 

 
Figure 15: LBL prepara-on steps, image created using Biorender 

 

4.3. PYSICOCHEMICAL CHARACTERIZATION OF LAYERS 
 

4.3.1. DYNAMIC LIGHT SCATTERING (DLS) 
 

Following the comple.on of each layer, the final pellet was carefully dispersed by gently 

piperng the samples. Then, it was diluted in dis.lled water (dH2O) to achieve a 

concentra.on of 0.1% w/v. Subsequently, the diluted sample was pipeted into a cuvete. 

These cuvetes were equipped with two gold electrodes used to measure the zeta 

poten.al by applying an electrical charge between these two electrodes. 
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In the zeta poten.al measurement process, a laser beam was directed through the 

sample, and the instrument measured the intensity of scatered light as the par.cles 

within the sample moved through the medium. This scatering of light allowed the 

instrument to determine the frequency equivalent to the velocity of the par.cles, which, 

in turn, helped calculate the voltage. Mul.ple voltages were applied during the 

measurement process to accurately determine the zeta poten.al. 

The final zeta poten.al value was calculated as an average of three measurements, with 

each measurement being obtained auer a maximum of 100 runs. This measurement 

process was carried out using a Zetasizer Nano ZS Instrument from Malvern Panaly.cal 

Ltd. 

 

4.3.2. FTIR-ATR 
 

FTIR-ATR spectroscopy (Figure 16) was employed to analyze the manufactured LbL-NP 

samples. This analysis was conducted using a Spectrum Two PE instrument equipped 

with a horizontal atenuated total reflectance crystal made of ZnSe, and the instrument 

was provided by PerkinElmer Inc., USA. 

To prepare the LbL-NP samples for FTIR analysis, the following steps were followed. 

The samples were first dried in an oven at 37°C for a dura.on of 24 hours prior to 

analysis. This drying process ensured that the samples were in a suitable state for FTIR 

analysis. 

The FTIR analysis covered a spectral range from 4000 to 550 cm^-1, allowing for the 

examina.on of a wide range of molecular vibra.ons and interac.ons within the samples. 

The analysis was conducted with a resolu.on of 2 cm^-1, ensuring detailed spectral 

informa.on could be obtained for precise characteriza.on. 

This FTIR-ATR spectroscopy approach was employed to inves.gate the molecular 

composi.on and structure of the LbL-NPs, providing valuable insights into their chemical 

proper.es and interac.ons. 
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Figure 16: Example of FTIR technology, image created using Biorender 

 
4.3.3. XPS 

 

The XPS (X-ray Photoelectron Spectroscopy) analysis of the manufactured PLGA-CS 

polyplexes and LbL-NPs was carried out using a Kratos Axis UltraDLD XPS spectrometer 

with a scanning microprobe, equipped with a monochroma.c AlKα X-ray radia.on 

source. 

Before analysis, all samples were thoroughly freeze-dried to remove moisture and 

ensure their stability. These prepared samples were then stored in Eppendorf tubes. 

The XPS analysis was conducted at an XPS facility, specifically the EPSRC Harwell XPS 

Service located in Cardiff, UK. 

The spectrometer used a monochroma.c AlKα X-ray radia.on source to irradiate the 

samples. 

The ini.al analysis involved performing a survey scan to determine the atomic 

percentage (At%) of the elements present within the samples. This step provided an 

overview of the elemental composi.on. 

CasaXPS souware was employed to analyze the survey scan data and detect the binding 

energy (BE), which represents the chemical binding states of each element within the 

films. 

The XPS spectra obtained for the chemical elements present in the films were subjected 

to peak deconvolu.on using the same CasaXPS souware. This process helped in resolving 

the individual peaks and obtaining detailed informa.on about the chemical states and 

bonding configura.ons of the elements. 
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XPS analysis is a powerful technique for characterizing the surface chemistry and 

composi.on of materials, providing valuable insights into the chemical proper.es of 

PLGA-CS polyplexes and LbL-NPs. 

 

4.3.4. TEM 
 

The size and shape of the LbL-NPs (Layer-by-Layer nanopar.cles) were determined 

through Transmission Electron Microscopy (TEM) using a Phillips CM 100 compustage 

transmission electron microscope. Here are the details of the TEM analysis: 

 

Voltage Serng: TEM imaging was conducted at a high voltage (HV) of 100.0 kV, which is 

a typical serng for many TEM instruments. 

 

Magnifica.on: Digital images were captured using an AMT CCD camera with a 

magnifica.on range of 130,000x. This high level of magnifica.on allowed for detailed 

visualiza.on of the nanopar.cles. 

 

Sample Prepara.on: LbL-NP samples were prepared for TEM analysis by drop-cas.ng 

10µL of aqueous solu.ons containing the nanopar.cles onto copper grids, specifically 

Scien.fic Agar grids. Auer drop-cas.ng, the samples were allowed to air dry for 

approximately 20 seconds before capturing the TEM images. 

 

TEM is a powerful microscopy technique that provides high-resolu.on images, allowing 

for the visualiza.on of nanopar.cles at the nanoscale, which is crucial for characterizing 

their size and shape accurately. 

 

4.3.5. QCM-D 
 

The inves.ga.on of the interac.on between different layers was conducted using      

QCM-D analysis(19,49). This characteriza.on process encompassed plasma 

func.onaliza.on, treatment of sensors, and QCM-D experimenta.on. 
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For plasma func.onaliza.on: 

 

The process involved aptes polymeriza.on to introduce amino groups (nega.ve charge) 

on the surface. 

A bubbler was u.lized to vaporize aptes, transforming it from a liquid to a vapor state. 

High-pressure gas was employed to create aptes vapors, with plasma facilita.ng aptes 

polymeriza.on. 

The machine setup featured a central channel for argon and a second channel for vapor 

monomers, commonly used for func.onalizing gold sensors in QCM-D experiments. 

Opera.onal parameters included aptes flow (2 L/min), discharge voltage (10 KV), argon 

flow (7.7 L/min), nitrogen flow (8 L/min), and power (20 W). Nitrogen served as the 

cooling gas during the process. 

Plasma func.onaliza.on could be conducted in either a con.nuous or pulsa.le mode, 

depending on specific requirements. 

 

For the treatment of sensors: 

 

The process began with a 20-second etching step without polymer to enhance surface 

hydrophilicity and prepare it for radical ac.va.on during polymeriza.on. 

Subsequently, a 1-minute pulsa.le treatment with aptes was carried out for 

polymeriza.on. 

Cleaning followed the treatment, using compressed air with ethanol to remove excess 

aptes and prevent crystalliza.on. 

 

Regarding QCM-D analysis: 

 

Quartz crystal was u.lized, relying on its piezoelectric proper.es for this technique. 

Changes in the proper.es of the func.onalized surface led to shius in resonance 

frequency. 

The experiment involved introducing 300 uL of solu.on for each electrolyte and buffer 

into the QCM-D setup. 
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Harmonics were examined, with the first harmonic represen.ng resonance frequency, 

and other odd harmonics were mul.ples of the first. 

A baseline was established with two minutes of air exposure. 

The most influenced harmonics (f1 and f13) were eliminated, and preference was given 

to working with f5/f7/f9 harmonics. 

The QCM-D experiment concluded with a wash, displaying the actual deposited mass on 

the sensor. 

Data was acquired throughout the experiment. 

The sensor was washed with detergent at 40°C, and a gap in the graph during the 

washing step indicated correct material linkage and effec.ve removal of unbound 

material. 

 

 
Figure 17: a) treatment of sensors; b) QCM-D technology 

 
4.4. ENCAPSULATION EFFICENCY 

 

4.4.1. MIRNA 
 

To determine the encapsula.on efficiency (EE) of miR-34a, the Quan.Fluor® assay 

(Figure 18) was employed(77). This assay u.lizes a fluorescent RNA-binding dye, enabling 

the sensi.ve quan.ta.on of small RNA amounts in purified samples. The procedure 

involved using an ultraviolet-visible (UV-Vis) spectrofluorometer to measure the 

fluorescence value generated by the RNA-binding dye. 

 

b) 
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The steps taken in accordance with the Quan.Fluor® RNA system's quick protocol for a 

mul.well plate were as follows: 

 

1. Prepara.on of Working Solu.on and Standard Curve: The low-concentra.on working 

solu.on and a standard were prepared as per the protocol. 

 

2. Plate Prepara.on: A black 96-well plate was prepared for the analysis. 

 

3. Incuba.on: The prepared plate was incubated at room temperature for 5 minutes, 

with protec.on from light. 

 

4. Fluorescence Measurement: Auer incuba.on, the plate was subjected to fluorescence 

measurement at 492nmEx (excita.on wavelength) and 540nmEm (emission 

wavelength). This measurement was performed using a FLUOstar Omega 

spectrofluorometer from DMG Labtech in Germany. 

 

The fluorescence values obtained through this process allowed for the quan.fica.on of 

miR-34a. By analyzing the supernatant, the encapsula.on efficiency of miR-34a in the 

nanopar.cles could be accurately determined. Each sample was read in triplicate and 

referred to the standard curve generated using the standard RNA concentra.on. 

The encapsula.on efficiency (EE) was calculated using Equa.on 1 as follows: 

 

𝐸𝐸(%) = 	 '
(𝐴	 − 	𝐵)

𝐴 + ∗ 	100 

 

In this equa.on: 

- EE(%) represents the encapsula.on efficiency as a percentage. 

- A represents the total amount (in µg) of miR-34a that was ini.ally added or entered 

into the system. 

- B represents the weight (in µg) of the unencapsulated miR-34a that was recovered from 

the supernatant auer centrifuga.on. 
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By using this formula and the data obtained from the Quan.Fluor® assay, you can 

calculate the encapsula.on efficiency, which quan.fies the percentage of miR-34a that 

was successfully encapsulated within the nanopar.cles. 

 

 
Figure 18: Quan-flour assay  

 
4.4.2. DOX 

 
To determine the encapsula.on efficiency (EE) of DOX within the polyplex cores, an 

indirect measurement method was employed based on quan.fying unencapsulated 

DOX present in the supernatant auer centrifuga.on. 

Auer centrifuga.on, supernatants containing unencapsulated DOX were collected from 

the samples. 

The amount of unencapsulated DOX in the supernatant was determined using a UV-Vis 

spectrofluorometer by measuring its absorbance. This measurement was conducted at 

a wavelength of 480nm, specifically to detect DOX. The instrument used for this 

purpose was the FLUOstar Omega from DMG Labtech in Germany. 

For each sample, triplicate measurements were taken, and the fluorescence values 

obtained were compared to a standard curve generated using free DOX at known 

concentra.ons. This standard curve served as a reference for quan.fica.on. 

To ensure accurate quan.fica.on, the fluorescence values were corrected by 

subtrac.ng the fluorescence values obtained from the supernatant of the polyplex 

without DOX (blank). This baseline correc.on helped account for any background 

fluorescence. 
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The encapsula.on efficiency (EE) of DOX was calculated using Equa.on 1, similar to the 

method used for miR-34a encapsula.on. This formula allowed for the determina.on of 

the percentage of DOX that was successfully encapsulated within the polyplex cores. 

 
4.5. DRUG RELEASE 

 

The evalua.on of drug release, specifically miR-34a and DOX, was conducted using 

UV/Vis spectroscopy. The release study involved mul.ple steps. 

Firstly, each sample, comprising manufactured nanopar.cles (NPs), was prepared as 

described before. Subsequently, the final pellet of each sample was dispersed in 1 mL of 

sterile PBS (pH 7.4) to create a suitable environment for drug release. 

The samples were stored in an oven at 37°C, and the release analysis was conducted at 

various .me points, including 10 minutes, 30 minutes, 60 minutes, 2 hours, 4 hours, 7 

hours, 24 hours, 48 hours, 72 hours, 96 hours, and 192 hours. This allowed for a 

comprehensive understanding of drug release kine.cs. 

At each .me point, 120 µL of each sample was pipeted into a Corning Costar 96-well 

mul.-plate. To maintain a consistent volume, 120 µL of sterile PBS was pipeted into the 

original samples to replace the solu.on that was removed. The samples were then 

returned to the 37°C oven un.l the next .me point. 

Auer all .me points were completed, the microplate wells were analyzed for miR-34a 

release using the Quan.Fluor® Assay, which measured absorbance. For the analysis of 

DOX release, absorbance was measured at 480nm using a FLUOstar Omega 

spectrofluorometer from DMG Labtech in Germany. 

Standard curves were previously generated using known concentra.ons of miR-34a and 

DOX. These standard curves served as references for quan.fying the concentra.on (in 

ng/well) of released miR-34a and DOX. 

The cumula.ve release was calculated for each type of nanopar.cle by adding the 

release values from each .me point to the previous ones. This cumula.ve release 

informa.on provides insights into the overall drug release behavior over .me. 
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4.6. CELLS CULTURE 
 
The human osteosarcoma cell lines SaoS-2 and U2OS were obtained from Sigma-Aldrich 

and cultured under specific condi.ons. These cells were maintained in Dulbecco's 

Modified Eagle's Medium (DMEM) with high glucose (Gibco, 10313-021), supplemented 

with 10% Fetal Bovine Serum and an.bio.cs (100 U/mL penicillin and 100 µg/mL 

streptomycin). The cultures were maintained in a controlled environment at 37°C with 

5% carbon dioxide (CO2).  

The cell culture process involved seeding the cells in 75cm^2 flasks, and sub-culturing 

was performed when the cells reached a confluence level of 70-80%. These condi.ons 

were carefully maintained to ensure the op.mal growth and propaga.on of the cells for 

experimental use. 

 

4.7. SPHEROIDS PREPARATION AND CHARACTERIZATION 
 

Spheroids of SaoS-2 and U2OS cells were generated using a modified low-atachment 

technique. The process began with the prepara.on of a 0.25% Methylcellulose medium 

in DMEM with high glucose, which was done at least 24 hours prior to spheroid 

forma.on. 

To ini.ate spheroid forma.on, cells were seeded in a Costar UltraLow Atachment 96-

well plate at different densi.es, such as 50,000 (50K) and 100,000 (100K) cells per well, 

in the 0.25% Methylcellulose DMEM. This step followed the previous culture of cells in 

a flask un.l they reached around 90% confluence. Auer rinsing with sterile PBS, the cells 

were detached using trypsin and counted. The cell suspension was adjusted to achieve 

the desired cell densi.es. 

The calcula.on of the total number of cells to be retained auer the centrifuga.on step 

was performed using equa.on2. 

 

𝑛°𝑐𝑒𝑙𝑙𝑠	 = 	𝑛°𝑤𝑒𝑙𝑙	 ∗ 	𝑐𝑒𝑙𝑙	𝑑𝑒𝑛𝑠𝑖𝑡𝑦	𝑛𝑒𝑒𝑑𝑒𝑑 

 

 Subsequently, the cell suspension was centrifuged at 1,200 rpm for 5 minutes, and the 

resul.ng cell pellet was resuspended in fresh 0.25% Methylcellulose DMEM. Vigorous 

piperng was employed to encourage cell aggrega.on and ensure even dispersion. 
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In each well of the 96-well plate, 150 µL of the cell suspension, containing cells and 0.25% 

Methylcellulose DMEM, was added. The plate was then incubated at 37°C in an 

environment with 5% CO2 to facilitate spheroid forma.on. 

During the spheroid culturing process, fresh 0.25% Methylcellulose DMEM was added 

every two days. The Costar UltraLow Atachment 96-well plate was cultured for a total 

of ten days to observe spheroid forma.on. 

The spheroids derived from both SaoS-2 and U2OS cells were subjected to analysis at six 

different .me points (1, 2, 3, 4, 7, and 10 days) to monitor their growth and changes over 

.me. This analysis involved imaging the spheroids at each .me point using the TRANS 

filter on the EVOS M5000 Fluorescence microscope. The spheroids' diameters were 

quan.ta.vely analyzed at each .me point using Image J souware, a widely used image 

processing and analysis tool. 

The collected data on spheroid diameter at each .me point provided valuable insights 

into the growth and dynamics of these 3D cell models. This informa.on was essen.al for 

various studies and experiments involving spheroid cultures, allowing researchers to 

track their development and assess changes in size and morphology (Figure 15). 

 

 
Figure 19: Prepara-on of spheroids star-ng from cell pellet, image created using Biorender 
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4.8. CELLS TEST 
 

To create 2D cell models using U2OS and SaoS-2 cell cultures, we followed this 

procedure. 

First, when the cell culture reached approximately 90% confluence in a 75cm^2 flask, we 

removed the Dulbecco's Modified Eagle's Medium (DMEM). Next, we washed the cells 

in the flask with phosphate-buffered saline (PBS). To detach the cells from the flask 

surface, we added 3 mL of trypsin to the flask and incubated it at 37°C for 5 minutes. 

Auer incuba.on, we added DMEM to the flask to reach a total volume of 10 mL. We then 

centrifuged the solu.on in the flask at 1200 rpm for 5 minutes. 

For cell coun.ng (Figure 20), following centrifuga.on, we carefully removed the DMEM 

from the cell pellets and added fresh DMEM to the cell pellets, homogenizing the 

mixture. To count the cells, we placed 10 µL of the cell solu.on on a grid glass slide and 

examined it under a microscope. We calculated the number of cells present in the 10 mL 

solu.on using Equa.on 3: 

 

𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝐶𝑒𝑙𝑙𝑠	 = 	𝐴𝑣𝑒𝑟𝑎𝑔𝑒	𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑐𝑒𝑙𝑙𝑠	𝑐𝑜𝑢𝑛𝑡𝑒𝑑	 × 	10	 ×	10! 

 

 

To prepare the cell solu.on for experiments, we u.lized Equa.on 2 to determine the 

number of cells required. We then prepared the cell solu.on to achieve 8,000 cells per 

well by applying propor.on calcula.ons as shown in Equa.on 4: 

 

𝑛°𝑐𝑒𝑙𝑙	𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑: 𝑢𝑛𝑘𝑛𝑜𝑤𝑛	 = 	𝑛°𝑐𝑒𝑙𝑙𝑠	𝑖𝑛	𝑓𝑙𝑎𝑠𝑘: 10	𝑚𝐿 

 

The calculated amount of cell solu.on needed to achieve the desired number of cells 

(8,000 cells per well) was pipeted into a separate falcon tube, and fresh DMEM was 

added to the cell solu.on to ensure that 150 µL of cell solu.on could be added to each 

well. 

For cell seeding and incuba.on, we seeded the cell solu.on onto a Corning Costar 96-

well mul.-plate and incubated it at 37°C in a 5% CO2 environment for 24 hours before 

treatment with manufactured LbL-NPs. 
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In the treatment and analysis phase, the 2D cell models were treated with manufactured 

LbL-NPs, and they were further incubated at 37°C in a 5% CO2 environment for 24 hours 

and 5 days. Cell viability and metabolic ac.vity were assessed at each .me point using 

different concentra.ons of each type of LbL-NPs, including 100, 500, and 1000 µg/mL. 

This protocol enabled the crea.on of 2D cell models and the evalua.on of cell viability 

and metabolic ac.vity following treatment with LbL-NPs at various concentra.ons and 

.me points. 

 

 
Figure 20: Cells on grid for coun-ng 

 
4.8.1. LIVE AND DEAD ASSAY 

 

To assess the impact of different types and concentra.ons of manufactured LbL-NPs on 

the viability of U2OS cells, we employed the Live/Dead assay(98). Here's a descrip.on of 

the procedure (Figure 21). 

First, we prepared the Live/Dead staining solu.on by mixing 4 mL of sterile phosphate-

buffered saline (PBS) with eight drops of NucBlue Live (for live cells) and Propidium 

Iodide (for dead cells). 

Next, the 2D cell models, which had been treated with the manufactured LbL-NPs and 

incubated for either 24 hours or 5 days, as per our experimental setup, were used. 

We washed the cell samples twice with sterile PBS auer the respec.ve incuba.on 

periods. 
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Then, we applied 100 µL of the prepared Live/Dead staining solu.on to both the LbL-NP 

treated samples and the cell control for each sample. 

To protect them from light, we covered the Corning Costar 96-well mul.-plate with foil. 

We incubated the plate at 37°C in a 5% CO2 environment for 20-30 minutes to allow for 

proper staining. 

Auer staining, we used an EVOS M5000 fluorescence microscope from Thermo Fisher 

Scien.fic to capture images of each well. We u.lized both 4ʹ,6-diamidino-2-phenylindole 

(DAPI) and red fluorescent protein (RFP) filters to visualize Live and Dead cells, 

respec.vely. 

By following this Live/Dead assay procedure, we were able to assess the viability of U2OS 

cells treated with different concentra.ons of various LbL-NPs at two different .me points 

(24 hours and 5 days). The fluorescent staining provided valuable insights into cell 

viability and allowed for the differen.a.on of live and dead cell popula.ons within the 

samples. 

 

 
Figure 21: L&D assay protocol 

 

4.8.2. PRESTO BLUE ASSAY 
 

The PrestoBlue assay is a valuable technique for evalua.ng cell viability and metabolic 

ac.vity based on the reduc.on power of living cells (Figure 22)(97). To perform this assay, 

the PrestoBlue solu.on is prepared by dilu.ng the PrestoBlue reagent in Dulbecco's 

Modified Eagle's Medium (DMEM) at a 1:10 ra.o.  
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The 2D cell models, which were previously incubated at 37°C in a 5% CO2 environment 

for the specified .me points, had their cell culture medium (DMEM) removed from each 

well. Then, 200 µL of the prepared PrestoBlue solu.on was added to each well auer 

washing them with sterile phosphate-buffered saline (PBS). Controls, including a 10 nM 

DOX solu.on and cells without treatment, were also included.  

To protect the samples from light, the mul.-plate was covered with foil, and the samples 

were incubated for one hour. This allowed the PrestoBlue reagent to interact with the 

cells. Auer incuba.on, the fluorescence was measured at Ex544nm/Em590nm using 

appropriate fluorescence serngs. 

This PrestoBlue assay allows for the assessment of metabolic ac.vity and cell viability of 

both SaoS-2 and U2OS cells under different experimental condi.ons, including exposure 

to different concentra.ons of various LbL-NPs at specific .me points. The change in 

fluorescence provides valuable informa.on about the health and metabolic ac.vity of 

the cells in response to these condi.ons. 

 

 
Figure 22: Presto blue protocol 
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5. RESULTS 
 

5.1. PYSICOCHEMICAL CHARACTERIZATION OF LBL 
 

5.1.1. DLS 
 

In order to assess the electrosta.c interac.ons within the LbL assembly layers, we 

conducted zeta poten.al measurements, following the previously outlined procedure. 

When comparing the P4/P5 and PC4/PC5 samples, it was observed that the 1mg/mL 

pec.n/curcumin biomaterial in layer 3 exhibited a notably more nega.ve zeta poten.al 

compared to the 1mg/mL pec.n alone. For layer 2 in all LbL-NPs, a 1mg/mL CS solu.on 

was employed, yielding zeta poten.al values of -2.93 (+- 1.27) mV and -2.84 (+- 14.9) 

mV. Consequently, the zeta poten.al differences between the P4/P5 and PC4/PC5 

samples were not found to be sta.s.cally significant (refer to Table 3, 4) (Figure 23, 24). 

To atain a posi.ve zeta poten.al for layer 4 comprised of CS, we op.mized and prepared 

an electrolyte solu.on containing 2mg/mL CS. For the ac.ve-targe.ng layer 5, a 1mg/mL 

HA electrolyte solu.on was u.lized, resul.ng in a nega.ve zeta poten.al that did not 

exhibit significant varia.ons between the P5 and PC5 samples. 

 
Table 3: Mean Zeta poten-al and standard devia-on of each layer without curcumin 

Layer 

Number 

P4/P5 Mean Zeta Potential 

(mV) 

St Dev 

1 Pectin/Curcumin (1mg/mL 

pH6) 

-38.4 2.48 

2 Chitosan (1mg/mL pH6) -2.93 1.27 

3 Pectin/Curcumin (1mg/mL 

pH6) 

-14.8 4.08 

4 Chitosan (2mg/mL pH6) 11.8 3.74 

5 Hyaluronic acid (1mg/mL pH6) -9.62 2.24 
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Figure 23: Zeta poten-al across layers without curcumin 

 

Table 4: Mean Zeta poten-al and standard devia-on of each layer with curcumin 

Layer Number PC4/PC5 Mean Zeta Potential 

(mV) 

St Dev 

(mV) 

1 Pectin (1mg/mL pH6) -43.36 2.11 

2 Chitosan (1mg/mL pH6) -2.84 14.9 

3 Pectin (1mg/mL pH6) -18.63 4.36 

4 Chitosan (2mg/mL pH6) 15.13 3.87 

5 Hyaluronic acid (1mg/mL pH6) -28.93 15.08 
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Figure 24: Zeta poten-al across layers without curcumin 

 

5.1.2. FTIR 
 

The samples were prepared using the method previously outlined. Figure 25 and Table 

5 illustrate a comparison between the spectra of the manufactured PLGA-CS polyplex 

and LbL-NPs. Similar absorp.on peaks were observed at wavelengths 2250, 2700, and 

2800 cm-1 in the spectra of PLGA-CS polyplex, P4, and P5. These peaks correspond to 

the stretching vibra.ons of C-O, O-H, and C-H in the CH2 groups. 

In contrast, samples PC4 and PC5 exhibited absorp.on peaks in the ranges of 2300-2800 

cm-1 and 3400-3500 cm-1, which were atributed to C-H stretching and O-H stretching. 

Furthermore, absorp.on peaks at approximately 1001 cm-1 were indica.ve of C-O-C 

bonds. Notably, N-H bond-related peaks were discernible at around 3437 cm-1 and 500 

cm-1 in PC4 and PC5. 

The analysis of all the manufactured NP samples was carried out across a wavelength 

range spanning from 4000 to 550 cm-1, u.lizing a resolu.on of 2 cm-1. The absorbance 

was graphed against the respec.ve wavelengths, and the bonds corresponding to the 

absorp.on peaks have been indicated with arrows. In the graphical representa.on, the 

miRD-NP sample is denoted in black, the P4 LbL-NP sample in pink, the P5 LbL-NP sample 

in green, the PC4 LbL-NP sample in blue, and the PC5 LbL-NP sample in yellow(76,78,79). 
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Figure 25: FTIR spectrum of NPs 

 

Table 5: FTIR analysis of NPs 

Type of NP Wavelength 

(cm1) 

Bond 

PLGA-CS 

polyplex 

2250 C-O 

2700 O-H 

2800 C-H 

3100 O-H 

P4 2250 C-O 

2700 O-H 

2800 C-H 

P5 2250 C-O 

2700 O-H 

2800 C-H 

PC4 500 C=C 

1001 C-O-C 

2300-2800 C-H 

3100 O-H 
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3400-3500 O-H/N-H 

PC5 500 C=C 

1001 C-O-C 

2300-2800 C-H 

3100 O-H 

3400-3500 O-H/N-H 

 

5.1.3. XPS 
 

The manufactured PLGA-CS polyplex, encapsula.ng DOX and miR-34a, as well as the LbL-

NPs, underwent in-depth chemical characteriza.on using CasaXPS souware. This 

analysis generated an XPS survey and components of both C1s and O1s were calculated, 

allowing for the iden.fica.on of specific chemical bonds. 

In the XPS analysis of the PLGA-CS polyplex, the presence of C1s was confirmed, 

represen.ng C=O and C-O bonds (doxo and chitosan presence respec.vely) (Figure 26) 

(Table 6). The dominant components of O1s were atributed to C=O bonds, accoun.ng 

for 67.69%. Silicon was observed in all samples at low atomic percentages (At%), ranging 

from 0.89% to 6.89%. 

Comparing the P5 and P4 samples, similari.es were evident. The O1s XPS analysis 

recorded approximately 75 At% of C-O bonds. Addi.onally, both P4 and P5 samples 

exhibited the presence of nitrogen, with P5 having a slight increase in nitrogen content 

(0.78%) compared to P4 (Figure 27, 28) (Table 7, 8). However, differences were also 

observed; specifically, the P4 sample contained fluorine, while the P5 sample did not. 

From the O1s and C1s XPS analysis, dispari.es between the PC4 and PC5 samples were 

evident (Figure 29) (Table 9, 10). PC5 exhibited the highest At% (65.48%) for the C=O 

bond in the O1s spectrum, while PC4 had the highest At% (63.68%) atributed to the C-

C bond in the C1s spectrum(80,81). 
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Figure 26: XPS spectrum of core (OS1, CS1) 

 
Table 6: XPS analysis of core 

Element  Bond  Posi.on 
(eV) 

% At Conc 

C1s C-N 286.08 65.66 
C1s C-O 284.87 14.61 
C1s C-C/C-H 284.35 14.90 
C1s C=O 287.18 0.00 
C1s O-C-O 287.26 4.87 
O1s C=O 532.37 67.69 
O1s C-O 533.87 17.55 
O1s SiO2 532.47 14.76 

 

 
Figure 27: XPS spectrum of P4 (OS1,CS1) 

 
Table 7: XPS analysis of P4 

Element  Bond  Posi.on 
(eV) 

% At Conc 

C1s C-C/C-H 284.88 56.85 
C1s C-O 286.33 32.90 
C1s C=O 287.11 10.25 
O1s C=O 532.55 24.50 
O1s C-O 532.76 75.50 
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Figure 28: XPS spectrum of P5 (OS1, CS1) 

 
Table 8: XPS analysis of P5 

Element  Bond  Posi.on 
(eV) 

% At Conc 

C1s C-O 286.17 74.13 
C1s C-C 284.58 20.15 
C1s C=O/O-C-

O 
288.68 5.72 

O1s C-O 532.61 74.99 
O1s C=O 532.60 25.01 

 

 

 
Figure 29: XPS spectrum of PC4 and PC5 

 
Table 9: XPS analysis of PC4 

Element  Bond  Posi.on 
(eV) 

% At Conc 

C1s C-C 284.85 63.68 
C1s C=O/O-C-

O 
288.65 7.97 

C1s C-H 284.45 16.19 
C1s C=C 283.45 12.17 
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Table 10: XPS analysis of PC5 

Element  Bond  Posi.on 
(eV) 

% At Conc 

O1s C=O 532.85 65.48 
O1s C-O 533.26 34.16 

 

 

5.1.4. TEM 
 

The morphology of LbL-NPs was examined using TEM analysis, as illustrated in Figure 30. 

Subsequently, an analysis was conducted using Image J souware to calculate the mean 

size of the nanopar.cles observed in the TEM image. The results indicated that LbL-NPs 

P4 exhibited a mean diameter of 247.17 nm. It's important to note that the diameter 

sizes of the LbL-NPs varied within a range from 198.83 nm to 347 nm. 

P5/pc5  

 
Figure 30: TEM images of P5 and PC5   

 
5.1.5. QCM-D 

 

The interac.on between the different materials composing layers was evaluated using 

QCM-D. 

It was analyzed separately the two formula.ons: the fist one was the 4 layers formula.on 

with chitosan and pec.n, the second one was the 5 layers formula.on with the addi.on 

of hyaluronic acid as the last layer. 

It’s preferred to chose the 7 frequency and 7 dispersion to reach a more stable 

measurement. 
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In the first formula.on it is evident a litle gap between the washing step and the 

polyelectrolyte deposi.on, so it means that there is a good interac.on between pec.n 

and chitosan. 

In the second formula.on there is the adding of hyaluronic acid as fiuh layer and it is 

shown that it have a litle influence in the interac.ons demonstrate by the increase of 

the graphic gap (Figure 31). 

 

 
Figure 31: QCM-D spectrum of PC4 
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Figure 32: QCM-D spectrum of PC5 

 
5.2. CHARACTERIZATION OF NPS 

 

5.2.1. ENCAPSULATION EFFICENCY OF MIRNA AND DOX 
 

The encapsula.on efficiencies (EE) of PLGA-CS polyplexes containing miR-34a (miR-NPs) 

and PLGA-CS polyplexes containing both miR-34a and DOX (miRD-NPs) were compared 

and are depicted in Figure 32. 

For miR-34a, a mean EE of 99.97% was calculated for both miR-NPs and miRD-NPs. 

Notably, there was no significant difference observed in the EE of miR-34a between miR-

NPs and miRD-NPs, as indicated by a p-value of 0.117. 

Furthermore, in the case of DOX, the mean EE of 69.74% was calculated for miRD-NPs. 

This suggests that the PLGA-CS polyplexes exhibit a notably higher encapsula.on 

efficiency for miR-34a compared to DOX. 
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Figure 33: Encaosula-on efficency of miRNA-34 and dox 

 

5.2.2. RELASE OF MIRNA AND DOX 
 

To assess the release profiles of miR-34a and DOX from all the manufactured 

nanopar.cles (NPs), the NPs were incubated at 37°C in PBS at pH 7.4, mimicking 

condi.ons relevant to storage and blood plasma. The analysis of the release followed 

the method previously described. The comparison of the cumula.ve release of miR-34a 

and DOX from the four different types of manufactured LbL-NPs is presented in Figure 

34, Figure 35. 

From the 3-day to 8-day .me points, it was observed that both the P4 and P5 samples 

had a significantly higher cumula.ve release of miR-34a compared to the PC4 and PC5 

samples (Figure 35). In contrast, the PC4 samples displayed the lowest cumula.ve 

release of miR-34a between the 24-hour and 4-day .mepoints (Figure 35). 

Addi.onally, both the P4 and PC5 samples exhibited a significantly higher cumula.ve 

release of DOX from the 48-hour to 8-day .me points compared to the P5 and PC4 

samples (Figure 34). Furthermore, different trends were observed among the five LbL-

NP types. Specifically, the P5 samples demonstrated a significantly lower cumula.ve DOX 

release from the 48-hour .me point compared to P4, while PC5 exhibited a significantly 

higher cumula.ve DOX release from the 48-hour .me point compared to PC4 (Figure 

34). 

A one-way ANOVA sta.s.cal test with Tukey comparison was conducted to compare the 

cumula.ve release from the last two .me points (4-day and 8-day) and iden.fy the 

confidence intervals and p-values for each type of LbL-NPs manufactured. This sta.s.cal 

test revealed that P4 and PC4 samples had a significantly different cumula.ve release of 

miR-34a between the last two .me points, whereas PC5 and P5 samples did not exhibit 
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significant differences (P-values < 0.05). Furthermore, all the manufactured LbL-NP types 

did not display a significantly different cumula.ve release of DOX between the last two 

.me points (P-values > 0.05) (Figure 34). 

 

 
Figure 34: Release profile of dox 

 

Figure 35: Release profile of dox, focus on burst release 
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Figure 36: Release profile of miRNA-34 

  

 
Figure 37: Release profile of miRNA-34, focus on burst release 

 

5.3. MORPHOLOGY OF SPHEROIDS 
 

The 3D models of U2OS and SaoS-2 cell lines were constructed using the previously 

described method. Figure 35, 36 provides an illustra.on of the spheroid morphology 

over a ten-day period, while the mean diameters at each .me point were determined 

using Image J and are presented in Figure 37. 
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There are notable differences in the morphology of the U2OS and SaoS-2 spheroids. 

U2OS spheroids appear to exhibit a greater roundness and compactness, whereas SaoS-

2 spheroids are less compact (Figure 35). 

Addi.onally, the trends in spheroid growth vary between the U2OS and SaoS-2 spheroid 

models. In the case of SaoS-2 spheroids, they began with a mean diameter of 972.32 µm 

at 24 hours and gradually increased in size, reaching 2252.29 µm by ten days. 

Conversely, the growth paterns of U2OS spheroids differ depending on the ini.al cell 

densi.es. The 50K U2OS spheroids displayed fluctua.ons in mean diameter between 24 

and 72 hours, maintaining a rela.vely consistent diameter over the course of ten days. 

In contrast, the 100K U2OS spheroids exhibited varia.ons in mean diameter that 

increased and decreased over the ten-day period. 

 

 
Figure 38: 50 k SAOS spheroids shape along -me (24h, 48, 3d, 4d, 7d, 10d) 

 

 
Figure 39: 20k U2OS spheroids shape along -me (24h, 48, 3d, 4d, 7d, 10d) 

 

   
Figure 40: Mean diameter of U2OS and SAOS along -me 

 
5.4. EVALUATION OF INTERACTION BETWEEN CELL LINES AND NPS 

 
5.4.1. LIVE AND DEAD ASSAY 

 
Figures 38, 39 depict live (in blue) and dead (in red) U2OS cells in the 2D model, providing 

a visual representa.on of cell viability when exposed to different manufactured LbL-NPs. 
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The analysis is conducted at two .me points, 24 hours and five days, and with varying 

LbL-NP concentra.ons, including 100, 500, and 1000 µg/ml. 

When examining the cells treated with P5 and PC5 LbL-NPs for 24 hours (Figure 38), a 

striking observa.on is the notably higher level of apopto.c ac.vity compared to cells 

treated with P4 and PC4 LbL-NPs. Nevertheless, it's important to note that cell death is 

also present in the cells treated with P4 and PC4 LbL-NPs (Figure 38). 

Over the course of five days, there is a significant reduc.on in the number of live cells in 

cultures exposed to the manufactured LbL-NPs compared to the 24-hour .me point 

(Figure 38, 39). Furthermore, as the LbL-NP concentra.ons increase, apopto.c ac.vity 

rises over the five-day period, except in the case of cells treated with PC5 (Figure 39). Of 

par.cular note is the remarkable difference observed with LbL-NP PC5 compared to the 

other treatments; there is a significantly higher level of cell death in all concentra.ons 

of PC5 treatment (Figure 39). 
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Figure 41: L&D imaging of U2OS aeer 24 hours 
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Figure 42: L&D imaging of U2OS aeer 5 days 
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on the metabolic ac.vity of SaoS-2 and U2OS cell models. The analysis covers two .me 

points: 24 hours and five days. 

For SaoS-2 cells treated with all the manufactured LbL-NPs for 24 hours and five days, 
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concentra.ons, it appears that PC4 and PC5 LbL-NPs may slightly reduce the metabolic 

ac.vity of SaoS-2 cells compared to P4 and P5 LbL-NPs (Figure 40,41). 

In contrast, the effect of LbL-NPs on the metabolic ac.vity of U2OS cells was compared 

to untreated U2OS cells, as shown in Figures 40 and 41. U2OS cells treated with LbL-NPs 

PC4 and PC5 for 24 hours exhibited significantly lower metabolic ac.vity compared to 

untreated U2OS cells (P-value < 0.05 with 100µg/ml LbL-NPs and P-value < 0.001 with 

500 and 1000µg/ml LbL-NPs) (Figure 40, 41). Conversely, U2OS cells treated with LbL-NP 

P5 for 24 hours had significantly higher metabolic ac.vity compared to untreated U2OS 

cells (P-value < 0.001 with 100µg/ml NPs and P-value < 0.05 with 500µg/ml NPs) (Figure 

40, 41). 

The reduc.on in metabolic ac.vity of U2OS cells compared to untreated U2OS cells was 

significantly higher auer five days of LbL-NP PC4 and PC5 treatment at all concentra.ons 

(P-value < 0.001) (Figure 40, 41). U2OS cells treated with LbL-NPs P4 did not exhibit a 

significantly different metabolic ac.vity compared to untreated U2OS cells (P-value > 

0.05) (Figure 40, 41). However, U2OS cells treated with LbL-NPs P5 had significantly lower 

metabolic ac.vity compared to untreated U2OS cells (P-value < 0.05 with 100µg/ml NPs 

and P-value < 0.001 with 500 and 1000µg/ml NPs) (Figure 40, 41). 

 

   
Figure 43: Presto blue results aeer 24 hours 
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Figure 44: Presto blue results aeer 5 days 
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6. DISCUSSION 
 

6.1. CHARACTERIZATION OF MANUFACTURED NPS 
 

DLS, XPS, QCM-D and FTIR-ATR analyses were conducted to characterize the physical and 

chemical proper.es of the LbL-NPs, which were fabricated using either pec.n or 

pec.n/curcumin. 

The zeta poten.als of the mul.-layered coa.ngs, specifically the P4/P5 and PC4/PC5 

samples, showed no significant differences in posi.ve and nega.ve electrolytes. This 

implies that they exhibit similar electrosta.c interac.on strengths, resul.ng in equally 

effec.ve mul.-layered coa.ngs of PLGA-CS polyplexes through LbL assembly. 

The LbL-NPs with four layers had an outer CS layer, rendering them posi.vely charged. 

It's widely recognized that posi.vely charged NPs tend to be more internalized by cells 

due to favorable electrosta.c interac.ons with the nega.vely charged cell membrane. 

Consequently, P4 and PC4 samples are expected to exhibit greater cell internaliza.on 

compared to P5 and PC5 samples, which have an overall nega.ve charge from the outer 

HA layer. However, it's noteworthy that a 24-hour treatment of LbL-NP P4 showed the 

least cytotoxic effects on U2OS cells and did not significantly reduce metabolic ac.vity 

compared to untreated cells. This contradicts the literature, as increased cell 

internaliza.on is typically associated with greater cytotoxic effects(82,83). 

The QCM-D confirms the results obtained with DLS: it is evident, using this analysis, that 

there is a significant interac.on between the chosen polyelectrolytes, and also it is 

evident that the adding of curcumin doesn’t change this propriety. The only difference 

is observed in the 5 layers formula.ons in which hyaluronic acid provide a nega.ve 

charge to all the formula.on (increasing of the final gap). 

FTIR-ATR analysis allowed for a comparison of the chemical characteris.cs of the four 

different types of LbL-NPs. Similar absorp.on peaks were observed in PLGA-CS 

polyplexes, P4, and P5 samples, such as those around 2250, 2700, and 2800 cm-1, 

corresponding to C-O, O-H, and C-H stretching of the CH2 groups produced by CS. In P4 

and P5, these peaks could also correspond to O-H and C-H bond stretching from pec.n 

(63, 64). Addi.onally, C-H and O-H stretching peaks were present in PC4 and PC5 samples 
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around 2300-2800 and 3400-3500 cm-1. These peaks could be atributed to pec.n and 

curcumin. 

XPS analysis further characterized the chemical composi.on of the LbL-NPs and PLGA-

CS polyplexes. The O1s analysis of PLGA-CS polyplexes revealed the presence of PLGA, 

DOX, and CS due to the high At% of 67.69, corresponding to the C=O bonds at 532.37 eV. 

P4 and P5 samples exhibited similar high At% values, around 75, for C-O bonds, which 

may correspond to pec.n and CS. Furthermore, nitrogen was detected in both XPS 

surveys of P4 and P5, indica.ng the presence of CS and DOX due to N-H and C-N bonds. 

However, P5 had approximately double the At% of nitrogen compared to P4, atributed 

to the NH2 bonds in HA and CS. 

PC5 samples' XPS survey confirmed the presence of nitrogen due to the HA outer layer. 

This presence was also evident in the O1s analysis of PC5, with a high At% corresponding 

to the C-O bond at 532.85 eV (66). This bond was also present in pec.n and curcumin, 

highligh.ng their concentra.on. In contrast, the XPS survey of PC4 revealed the presence 

of pec.n and curcumin, with the highest At% for C-C bonds at 63.68. Curcumin presence 

was confirmed in the C1s XPS analysis, as indicated by the C=C bond. 

Notably, silicon was detected in all manufactured NPs via XPS analysis, sugges.ng the 

presence of contaminants in the samples, although silicon At% levels were low (0.89 to 

6.89%). These contaminants may originate from the Eppendorf equipment used in the 

manufacturing process. Addi.onally, fluorine was present in the XPS survey of P4 

samples, possibly binding primarily to cell wall pec.n. However, no fluorine was 

recorded in the XPS survey of P5, possibly due to the higher concentra.ons of HA and 

CS and lower concentra.ons of pec.n in the sample on the XPS films(84). 

 

6.2. ENCAPSULATION & PROLONGED DRUG RELEASE OF DOX AND 
MIRNA NPS  

 

Both the manufactured miR-NPs and miRD-NPs demonstrated equally high efficacy in 

encapsula.ng miR-34a, with a mean encapsula.on efficiency (EE) of 99.97%. The lack of 

significant differences in mean EE between the two formula.ons (P-value >0.05) was 

evident. Notably, the manufacturing process for PLGA-CS polyplexes resulted in a 

superior miR-34a encapsula.on efficiency compared to exis.ng PLGA-CS NPs. This 
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highlights the op.miza.on of the polyplex manufacturing protocol, achieved by 

incorpora.ng 50uL of miR-34a during polyplex prepara.on (see Sec.on 3.1). Although 

miRD-NPs exhibited a slightly lower mean EE for DOX (69.74%) than for miR-34a, the 

PLGA-CS polyplexes s.ll achieved an effec.ve DOX EE of over 60%, thus minimizing drug 

wastage and manufacturing costs(35). 

To assess the drug release profiles, a one-way ANOVA sta.s.cal test with Tukey 

comparisons was performed on the final two .me points of drug release. This analysis 

aimed to determine whether a drug release plateau was reached. If a plateau was 

observed, the mean endpoints would not exhibit significant differences (P-value >0.05), 

indica.ng that the drug had been en.rely released in earlier .me points. Conversely, if 

the mean endpoints differed significantly (P-value <0.05), it suggested ongoing drug 

release, indica.ng prolonged release. 

Upon analyzing the data, it was observed that two out of the eight pairs of points 

examined exhibited p-values of less than 0.05. Specifically, the manufactured P4 and PC4 

LbL-NPs displayed significantly different mean endpoints (P-value 0.002 and P-value 

0.011). Consequently, only these two types of LbL-NPs showed prolonged miR-34a 

release. Conversely, P5 and PC5 samples did not display significantly different mean 

endpoints (P-value 0.0611 and P-value 0.173), sugges.ng that miR-34a was released at 

earlier .me points. This implies that the use of four mul.-layered coa.ngs in the LbL 

assembly on PLGA-CS polyplexes was more effec.ve in achieving prolonged miR-34a 

release. However, all manufactured LbL-NPs did not exhibit significantly different mean 

endpoints for DOX release, indica.ng that none of the LbL-NPs enabled prolonged DOX 

release. This suggests that DOX is more challenging to encapsulate, as it was released at 

earlier .me points. 

 

6.3. EVALUATION OF CYTOTOXICITY IN THE TWO CELLS LINE 
 

In order to assess the impact of the manufactured LbL-NPs on osteosarcoma cells, a 

series of cellular assays were conducted, which included the Live/Dead assay and the 

PrestoBlue assay. These assays were employed to evaluate both the cell viability and 

metabolic ac.vity of the cells in response to the LbL-NPs. 
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6.3.1. SAOS-2: NPS HAD NO CYTOTOXIC EFFECTS 
 

The results from the PrestoBlue assay showed that the metabolic ac.vity of SaoS-2 cells 

treated with all concentra.ons of the manufactured LbL-NPs for both 24 hours and five 

days was not significantly different from that of the untreated SaoS-2 cells (P-value 

>0.05). These findings suggest that the manufactured LbL-NPs did not induce significant 

cytotoxic effects on the SaoS-2 cells. However, it's important to note that the Live/Dead 

assay could not be conducted on the SaoS-2 cells due to limited supplies, which 

highlights a limita.on in the study as only the PrestoBlue assay was performed. 

 

6.3.2. U2OS: NPS HAD CYTOTOXIC EFFECTS 
 

In contrast to the SaoS-2 cells, the U2OS cells exhibited reduced metabolic ac.vity and 

showed signs of apopto.c ac.vity when exposed to the manufactured LbL-NPs, 

indica.ng cytotoxic effects. Specifically, when treated with concentra.ons of 500µg/ml 

and 1mg/ml, the LbL-NPs significantly reduced the metabolic ac.vity of U2OS cells auer 

five days of treatment (P-value <0.001). Addi.onally, apopto.c ac.vity and cell death 

were observed in U2OS cells treated with various concentra.ons of LbL-NPs at both 

incuba.on .mes. 

Notably, among the LbL-NPs, P4 had the least cytotoxic effects on both U2OS and SaoS-

2 cells. Live/dead imaging demonstrated that cells treated with LbL-NP P4 experienced 

the lowest level of cell death during both incuba.on dura.ons. Furthermore, auer 24 

hours of treatment with LbL-NP P4, the metabolic ac.vity of both U2OS and SaoS-2 cells 

was not significantly different from untreated cells (P-values >0.05). These results 

suggest that the LbL-NPs with four mul.-layered nanocoa.ngs of pec.n and curcumin 

are less effec.ve at delivering miR-34a and DOX, and therefore, they have a reduced 

ability to reach the drug target and induce cytotoxic effects. 

 

6.4. USE OF CURCUMIN IN CANCER TREATMENT 
 

The manufactured LbL-NP PC4 and PC5 led to a decrease in the metabolic ac.vity of 

U2OS cells when compared to P4 and P5 at all concentra.ons of NPs. This suggests that 
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curcumin may play a role in reducing the metabolic ac.vity of osteosarcoma cells(87).It's 

worth no.ng that curcumin is believed to exert its an.cancer effects by targe.ng various 

aspects of mitochondrial func.on, including glucose metabolism and the produc.on of 

reac.ve oxygen species, which are crucial for cancer cell survival and prolifera.on. 

However, it's important to men.on that the results of the live/dead assay did not show 

an increase in cell death in U2OS cells treated with PC4 and PC5 LbL-NPs. This suggests 

that while curcumin may affect the metabolic ac.vity of osteosarcoma cells, it does not 

necessarily impact cell viability to the extent of inducing significant cell death. Other 

factors may also be contribu.ng to the observed reduc.on in metabolic ac.vity without 

a corresponding increase in cell death. 

These findings indicate the complex and mul.faceted nature of curcumin's effects on 

cancer cells and highlight the need for further research to fully understand its 

mechanisms of ac.on and its poten.al as a therapeu.c agent in cancer treatment. 

 

6.5. HA: LAST LAYER TO INCREASE CELL VIABILITY 
 

The U2OS cells treated with P5 and PC5 LbL-NPs exhibited a higher level of apopto.c 

ac.vity and cell death compared to those treated with P4 and PC4 LbL-NPs, both auer 

24 hours and five days of treatment. These findings support previous research sugges.ng 

that hyaluronic acid effec.vely targets osteosarcoma cells by binding to the CD44 

receptor and facilita.ng receptor-mediated endocytosis. This process allows more LbL-

NPs to enter osteosarcoma cells, enabling a greater delivery of miR-34a and DOX to their 

intended drug targets and subsequently resul.ng in increased cytotoxicity (91,92). 

However, it remains unclear whether the enhanced cytotoxic effect is primarily 

atributed to the ac.ve targe.ng of hyaluronic acid or to the increased number of mul.-

layered nanocoa.ngs. The increased number of nanocoa.ngs may enable more efficient 

transporta.on of miR-34a and DOX, which, in turn, could lead to a higher concentra.on 

of these agents reaching their intended drug targets, thereby exer.ng synergis.c 

an.tumor effects(85,86). 

It's worth no.ng that PC4 and P4 were the only LbL-NPs that demonstrated prolonged 

release of miR-34a and DOX. Consequently, PC5 and PC5 released most of the drugs at 

earlier .me points, which may have contributed to the heightened cytotoxic effects 
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observed at the .me points used for cell tests. These findings underscore the importance 

of drug release kine.cs in determining the efficacy of these LbL-NPs in cancer therapy. 
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7. FUTURE DEVELOPMENTS 
 

The cytotoxicity assessment relied on live/dead assay results. However, this method 

detects non-viable cells through fluorescent reagents exclusive to those with 

compromised membrane permeability. Consequently, exogenous labeling necessitates 

incuba.on for op.mal staining, making rapid evalua.on challenging. Addi.onally, 

staining-induced toxicity can induce cell death, impeding long-term inves.ga.ons into 

LbL-NP effects. Furthermore, LbL-NP size determina.on via transmission electron 

microscopy was hindered by subpar sample quality. Consequently, assessing LbL-NPs' 

cell penetra.on and evasion of the re.culoendothelial system is infeasible. 

We demonstrated that manufactured LbL-NPs had no significant cytotoxic impact on 

SaoS-2 cells compared to untreated ones, implying limited efficacy against osteosarcoma 

cells. However, live/dead assays weren't conducted on 2D or 3D SaoS-2 cell models due 

to recurrent culture contamina.on, resul.ng in the loss of all cells. Consequently, LbL-

NPs may induce cell death but not significantly reduce SaoS-2 cell metabolic ac.vity. 

Valida.on may entail live/dead assays on 2D and 3D SaoS-2 cell models. 

The cytotoxicity assessment of manufactured LbL-NPs indicates that PC5 and PC5 LbL-

NPs exhibit superior cytotoxicity against U2OS cells compared to P4 and PC4. Enhanced 

cytotoxicity might stem from two factors: effec.ve targe.ng of osteosarcoma cells by 

hyaluronic acid or enhanced mul.-layered nanocoa.ng through LbL assembly, 

facilita.ng miR-34a and DOX transport to drug targets. Therefore, conduc.ng PrestoBlue 

and live/dead assays on osteosarcoma cells treated with P5 LbL-NPs and four-layered 

LbL-NPs containing pec.n, chitosan, pec.n, and hyaluronic acid could provide valuable 

insights. Addi.onally, exploring NP internaliza.on via flow cytometry and evalua.ng cell 

gene expression pre- and post-LbL-NP treatment, using qRT-PCR to assess gene effects 

driven by miR-34a, is worth inves.ga.ng. 
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8. CONCLUSIONS 
 

This thesis discusses the effec.ve applica.on of nanocarrier systems to deliver tumour 

suppressive miRNA-34a, Doxorubicin and curcumin simultaneously into in vitro 

manufactured Osteosarcoma spheroids and two-dimensional cell models. Chitosan and 

PLGA emerged as ideal materials for nanocarriers in comba.ng Osteosarcoma due to 

their excellent mechanical proper.es, biodegradability, biocompa.bility, and FDA and 

EMA approvals. The ini.al nanopar.cles (miR-NPs), comprising Chitosan-PLGA-miR34a 

NPs, exhibited suitable size, favourable charge for Osteosarcoma applica.on, and 

efficient miRNA encapsula.on while preserving their spherical shape. 

The subsequent nanopar.cles, miRDx, incorporated Doxorubicin, showing slightly larger 

sizes. Transmission electron microscopy (TEM) revealed dis.nct morphological changes, 

possibly due to the internal presence of drugs. These nanopar.cles maintained 

appropriate size, charge, and efficient encapsula.on of miRNA and Doxorubicin. 

Finally, Layer-by-Layer nanopar.cles (LbL-NPs) were created by nanocoa.ng miRDx-NPs 

with a pec.n layer, in two formula.on: with and without pec.n, a chitosan layer and a 

hyaluronic acid layer. LbL-NPs had a larger size but remained suitable in size and charge 

for Osteosarcoma. TEM images confirmed differences in core morphology compared to 

miR-NPs, likely due to drug presence. Zeta poten.al results demonstrated alterna.ng 

posi.ve and nega.ve charges during layer prepara.on. 

All types of nanopar.cles exhibited sustained miRNA and drug release, with gradual 

release over approximately three days. The nanopar.cles were tested on two-

dimensional cell models at various cell densi.es and monoculture Osteosarcoma 

spheroids. Spheroid size analysis revealed an ini.al decrease followed by growth, 

sugges.ng cell prolifera.on. Doxorubicin and miRNA-loaded nanopar.cles 

demonstrated enhanced cytotoxicity in two-dimensional cell models due to synergis.c 

an.tumor effects. 

While spheroid-level differences weren't apparent, the presence of a necro.c core 

increased with incuba.on .me, indica.ng more dead cells. Metabolic ac.vity 

assessment revealed that LbL-NPs were more cytotoxic and interfered with metabolic 

ac.vity in both cell types and models. They carried miR-34a, Doxorubicin, and Curcumin 



 84 

effec.vely to the core without excessive dispersion, poten.ally due to their natural 

nanocoa.ng via layer-by-layer assembly. 
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