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Nanomedicine represents a promising strategy to enhance the therapeutic potential of 

conventional drugs through the design of advanced drug delivery systems. Pancreatic cancer 

remains one of the most aggressive cancers, with a poor prognosis due to late diagnosis and 

resistance to chemotherapy. The aim of this work was the development of nanocarriers for 

the targeted and efficient delivery of gemcitabine (GEM) and its prodrugs (GEM-C12 and 

GEM-C18), with the goal of overcoming drug resistance and enhancing GEM therapeutic 

efficacy in pancreatic cancer.  

In the first part of the project, carbon nano-onions (CNOs) were covalently functionalized 

with hyaluronic acid (HA) to selectively target CD44-overexpressing pancreatic cancer 

cells. These nanocarriers exhibited excellent biocompatibility and selective uptake in CD44+ 

pancreatic cancer cell lines. CNOs were successfully loaded with GEM-C12 and GEM-C18, 

which showed strong cytotoxic activity even in GEM-resistant pancreatic cancer cells, with 

enhanced efficacy when delivered via the nanocarrier. 

In the second part, mixed micelles based on PEG-DSPE and HA-phospholipid conjugate 

(HA-DPPE) were developed to encapsulate GEM-C18. Mixed micelles demonstrated 

suitable physico-chemical characteristics, high encapsulation efficiency, and specific uptake 

by CD44+ cells. The presence of HA enabled active targeting without compromising micelle 

structure.  

The third part of the work included a literature review of current and emerging therapeutic 

strategies in pancreatic cancer, highlighting the limitations of standard chemotherapy 

regimens and exploring the potential of drug repurposing. In this context, the combination 

of GEM with disulfiram (DSF), a repurposed ALDH inhibitor, emerged as a promising 

approach to enhance cytotoxicity and overcome resistance mechanisms. 

Finally, two different liposomal formulations were developed to encapsulate either GEM or 

its prodrug GEM-C18. Both systems were characterized for their physico-chemical 

properties and in vitro release profiles. While the free drugs in combination with DSF 

demonstrated a significant increase in cytotoxicity in resistant pancreatic cancer cells, further 

studies are needed to confirm whether the liposomal formulations can replicate or enhance 

this synergistic effect. Nevertheless, their physico-chemical properties and controlled release 

profiles support their potential for combination therapy. 

Overall, this work presents complementary nanomedicine approaches to improve drug 

delivery and therapeutic outcomes in pancreatic cancer, offering promising strategies to 

overcome the limitations of conventional treatments. 
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1. Pancreatic cancer 

Pancreatic cancer, particularly the form known as pancreatic ductal adenocarcinoma 

(PDAC), is characterized by its aggressiveness and high mortality rate. In fact, the five-year 

survival rate is less than 10% [1]. The disease progresses silently in many cases and often 

goes undetected until it has spread to other organs. This, coupled with the fact that symptoms 

often do not manifest until the disease is already in a late stage, poses significant challenges 

to early detection and effective treatment. A distinguishing feature of pancreatic cancer is its 

tendency to metastasize rapidly to distant organs, often before the onset of symptoms, which 

further complicates early intervention [2]. The deep anatomical location of the pancreas 

represents a significant challenge in the context of routine screening, underscoring the need 

for effective biomarkers to facilitate early detection [3]. 

In the contemporary clinical context, surgical intervention, in conjunction with 

chemotherapy and radiation therapy, constitutes the primary therapeutic modality for 

pancreatic cancer [4]. Amongst the chemotherapeutic agents employed in clinical praxis, 

gemcitabine (GEM) has emerged as the prevailing standard. GEM is a nucleoside analog 

which enters cells via nucleoside transporters and needs to be phosphorylated to its active 

forms to fulfil its function. Concurrently, combination therapies comprising other 

chemotherapeutic agents, such as 5-fluorouracil, irinotecan, leucovorin, and oxaliplatin 

(FOLFIRINOX) and nanoparticle albumin-bound paclitaxel (nab-paclitaxel), have been 

introduced with the aim of enhancing clinical outcomes [5, 6]. Nab-paclitaxel is a 

formulation of the chemotherapy drug paclitaxel bound to albumin nanoparticles (of around 

130 nm in size). This improves drug solubility, enhances delivery to the tumor via the 

albumin transport mechanism, and reduces the need for toxic solvents. Nab-paclitaxel helps 

to break down stromal barriers (such as desmoplastic tissue), making it easier for GEM to 

penetrate and accumulate in the tumor. It may also inhibit cytidine deaminase, the enzyme 

that breaks down GEM, thereby increasing its intracellular concentration [7]. Since its 

approval, the nab-paclitaxel + gemcitabine regimen has become the standard first-line 

treatment for patients with advanced or metastatic pancreatic cancer, particularly in those 

who are ineligible for more aggressive regimens such as FOLFIRINOX. On the other hand, 

FOLFIRINOX is significantly more effective than GEM monotherapy in terms of survival 

and response rate. It attacks cancer cells through multiple mechanisms: i) 5-FU disrupts 

DNA and RNA synthesis; ii) irinotecan inhibits topoisomerase I, preventing DNA 

replication; iii) oxaliplatin forms DNA cross-links, damaging the DNA structure; iv) 

leucovorin enhances the effect of 5-FU. Nevertheless, FOLFIRINOX is associated with a 
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higher degree of toxicity in comparison to alternative treatment options and is not universally 

appropriate for all patients. Common adverse effects include neutropenia, febrile 

neutropenia, diarrhea, nausea, vomiting, peripheral neuropathy (from oxaliplatin), fatigue, 

mucositis, and weight loss. To enhance the tolerability of the treatment, modified 

FOLFIRINOX (mFOLFIRINOX) with reduced doses is frequently employed in clinical 

practice [8]. 

Furthermore, targeted therapies, which are directed towards specific molecular pathways 

driving tumor progression, have been developed. However, these have demonstrated only 

limited success [9]. Moreover, immunotherapy, a field which has undergone rapid 

development in the treatment of other cancers, is still in its initial stages for pancreatic cancer 

and has met with disappointing results in clinical trials [10]. Despite these advancements, 

the overall prognosis for pancreatic cancer patients remains poor, underscoring the urgent 

need for novel therapeutic strategies. 

A significant challenge in the management of pancreatic cancer is the inherent and acquired 

resistance to chemotherapy, which is attributable to the dense stromal microenvironment of 

PDAC tumors. This microenvironment is characterized by extracellular matrix components 

and cancer-associated fibroblasts, which contributes to poor drug delivery and limits the 

effectiveness of chemotherapies [11]. The complexity of the genetic profile of pancreatic 

tumors, in which various resistance mechanisms are frequently activated, further 

complicates treatment strategies. These include the upregulation of drug efflux pumps (e.g., 

P-glycoprotein) [12], mutations in key tumor suppressor genes (e.g., TP53) [13], and 

dysregulation of DNA repair pathways [14]. Consequently, these factors contribute to 

frequent relapses and the inability to achieve long-term survival, even with aggressive 

treatment regimens [15]. 

To address the challenges currently being faced in the management of pancreatic cancer, 

several new treatments are currently in clinical trials. Immunotherapy approaches, such as 

immune checkpoint inhibitors (e.g. pembrolizumab and nivolumab), are being tested in 

combination with traditional therapies to enhance the immune response against pancreatic 

tumor cells [16]. Notably, studies on tumor-infiltrating lymphocytes and CAR-T cell 

therapies are in their early phases, but have shown promising results in preclinical studies, 

suggesting that these could enhance immune-mediated tumor destruction [17]. Additionally, 

vaccines targeting specific tumor antigens, such as the GVAX vaccine, are under 

investigation for their potential to stimulate a more effective immune response. GVAX is an 

investigational therapeutic cancer vaccine, rather than a preventative one. Its objective is to 
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stimulate the patient's immune system to recognize and attack pancreatic cancer cells. Its 

composition for pancreatic cancer consists of irradiated allogeneic pancreatic tumor cells 

that have undergone genetic modification to secrete granulocyte-macrophage colony-

stimulating factor. This cytokine helps recruit and activate antigen-presenting cells (such as 

dendritic cells), which are essential for initiating an immune response [18]. Within the 

domain of research, there is a promising avenue that has emerged. This pertains to the 

utilization of PARP inhibitors, including olaparib, in tumors exhibiting defects in DNA 

repair mechanisms, particularly those that harbor BRCA1/2 mutations. Clinical trials are 

underway to assess the efficacy of these agents in combination with chemotherapy or other 

targeted therapies [19, 20]. Moreover, there has been rigorous testing on targeted therapies 

that inhibit key molecular pathways, including the KRAS signaling pathway. This pathway 

is frequently mutated in PDAC. For instance, agents that target KRAS G12C mutations (e.g., 

adagrasib and sotorasib) have shown early promise in preclinical models and are currently 

entering clinical trials for patients with PDAC [21]. Moreover, nanomedicine approaches 

are being explored with a view to improving drug delivery and overcoming the dense tumor 

stroma. Nanoparticle-based delivery systems have been developed for the more effective 

targeting of PDAC cells, ensuring higher drug concentrations in the tumor while minimizing 

off-target effects. The use of nanoparticles to deliver chemotherapeutic agents or targeted 

therapies, including small RNA molecules or gene editing tools, has been demonstrated to 

hold significant potential in overcoming drug resistance and improving therapeutic outcomes 

[22-24]. 

Metabolic reprogramming represents a dynamic domain of research that holds considerable 

promise for the development of new therapeutic interventions targeting the metabolic 

vulnerabilities of PDAC cells. These interventions involve the inhibition of specific enzymes 

implicated in glycolysis or the pentose phosphate pathway, a process that has been the focus 

of recent research [25]. Furthermore, investigations are currently underway into the capacity 

of cell-based therapeutic interventions delivered by means of extracellular vesicles to target 

the tumor microenvironment and disrupt the communication between malignant cells and 

surrounding stromal components [26]. 

These innovative therapeutic interventions, which are currently undergoing clinical 

evaluation, have generated a renewed optimism for enhancing the efficacy of PDAC 

treatment. They exemplify novel approaches to addressing the resistance mechanisms that 

limit the effectiveness of existing therapeutic modalities, thereby offering a more 

personalized and effective strategy for combating this deadly disease. 
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2. Nanomedicine 

The advent of nanotechnology has deeply transformed several disciplines of science, 

facilitating advancements in different fields. The domain of nanoscience encompasses a 

wide array of research, including the study of structures, devices and systems that exhibit 

distinctive characteristics and functionalities. These properties are a consequence of the 

nanoscale arrangement of atoms, with a diameter ranging from 1 to 100 nm. The emergence 

of nanoscience has been met with a heightened level of public awareness, accompanied by 

a surge in controversies in the early 2000s. Concurrently, this period also witnessed the 

inception of commercialized applications of nanotechnology. The field of nanotechnologies 

has had a profound impact on different scientific disciplines, including physics, materials 

science, chemistry, biology, computer science, and engineering. A notable development in 

recent years has been the application of nanotechnologies in the field of human health, with 

particularly encouraging results in cancer treatment [27, 28]. The field of nanomedicine has 

undergone a paradigm shift with the advent of these novel entities, which have been shown 

to possess advantageous properties such as small size, large surface area, and the capacity 

for customization of surfaces. In comparison with conventional methodologies, these 

innovations have been demonstrated to enhance the pharmacokinetics and distribution of 

therapeutic agents [29]. A variety of nanosystems have been developed for the targeted 

delivery of therapeutic nucleic acids, chemotherapeutic agents, and immunotherapeutic 

agents. These include lipid-based, polymeric, and inorganic nanoparticles. The evaluation 

of these nanosystems has been conducted in preclinical studies [30, 31]. Furthermore, some 

of these nanomedicines have progressed to clinical trials and are currently being utilized in 

clinical treatments. Since the early 1990s, nano-formulations have been marketed for 

medical use against cancer. Examples include the polymer-protein conjugate zinostatin 

stimalamer [32], which was approved in Japan for the treatment of hepatocellular carcinoma. 

In the intervening period, a plethora of additional nano-formulations have been developed 

and authorized for medical use by numerous global agencies. Among the nanosystems 

approved for clinical use, liposomes are the most widely used. These drug delivery systems 

are biocompatible, biodegradable and have been extensively studied for their bioavailability 

and biodegradability due to their composition, which makes them similar to the cell 

membrane. Numerous studies have demonstrated the efficacy of liposomes in the treatment 

of solid tumors. The use of liposomes has been shown to protect the incorporated molecule 

from being inactivated following intravenous administration. This, in turn, results in a 

reduction in accumulation of the anticancer drug in healthy tissues before it reaches the 
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desired site of action [33]. There are several approved liposomal systems for the delivery of 

doxorubicin, used in Kaposi's sarcoma, ovarian and breast cancer. The first of these to be 

approved is Doxil®, which has been on the market in the United States since 1995. It is a 

pegylated liposomal formulation that exploits the Enhanced Permeability and Retention 

(EPR) effect to accumulate in tumor tissue, which was marketed as an anti-ovarian cancer 

drug formulation [34]. Another interesting commercialized liposomal formulation is 

Vyxeos®, the first formulation specifically approved by FDA for the treatment of acute 

myeloid leukemia (2017-EMA, 2019-FDA). Vyxeos® is based on the co-encapsulation of 

two drugs, daunorubicin and cytarabine; daunorubicin works by intercalating into DNA and 

inhibiting topoisomerase II, while cytarabine inhibits DNA synthesis [35]. For pancreatic 

cancer treatment, Onvyde® a liposomal formulation of the topoisomerase I inhibitor 

irinotecan has reached the clinic in 2015. The encapsulation of irinotecan leads to increased 

drug accumulation at the tumor site via the EPR effect. Onivyde® has been approved for use 

in combination with fluorouracil and leucovorin for the treatment of metastatic pancreatic 

cancer following progression on GEM-based therapy. Clinical studies have demonstrated 

that this formulation improves overall survival and progression-free survival in comparison 

to conventional irinotecan. Furthermore, it has been shown to mitigate some of the 

gastrointestinal toxicity that is commonly associated with the free drug [36]. 

In clinical treatments, antibody-drug conjugates (ADCs) represent a transformative class of 

targeted cancer therapies that combine the specificity of monoclonal antibodies (Mab) with 

the cytotoxic potency of chemotherapy. Two HER2-targeted ADCs, Kadcyla® (ado-

trastuzumab emtansine) and Enhertu® (trastuzumab deruxtecan), have been approved for 

clinical use and have demonstrated significant advancements in the treatment of HER2-

positive breast cancer [37]. The pharmaceutical compound known as Kadcyla® functions by 

linking trastuzumab, an antibody directed against the HER2 receptor, to the microtubule 

inhibitor DM1. This linkage is facilitated by a non-cleavable linker, a synthetic molecule 

that serves to connect the two drugs. The result of this linkage is that Kadcyla® delivers 

cytotoxic activity directly to tumor cells that express HER2, while retaining the antibody's 

anti-HER2 properties [38]. In contrast, Enhertu® utilizes a cleavable linker and a 

topoisomerase I inhibitor payload (deruxtecan), which facilitates a potent bystander effect 

and broader antitumor activity, including efficacy in HER2-low tumors. These agents 

underscore the capacity of ADCs to circumvent resistance mechanisms and broaden the 

therapeutic scope in the field of oncology [39]. Another ADC is Mylotarg® (gemtuzumab 

ozogamicin), which comprises a humanized anti-CD33 Mab linked to the cytotoxic agent 
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N-acetyl gamma calicheamicin. Mylotarg® has been engineered to target CD33, a cell 

surface antigen expressed on myeloid cells, with the objective of delivering direct cytotoxic 

effects to malignant cells. It was approved by FDA in 2000 but withdrawn from the US 

market in 2010 due to safety concerns and lack of survival benefit in clinical trials. It was 

associated with higher mortality and serious side effects, including veno-occlusive disease. 

However, it was reintroduced in 2017 with a revised dosing regimen and updated clinical 

data demonstrating improved safety. Clinical studies have demonstrated its efficacy, with 

remission rates ranging from 26% to 30% in relapsed AML patients. However, its use is 

associated with significant adverse effects, necessitating careful patient selection and 

monitoring [40]. Numerous others are presently in clinics, some examples are summarized 

in Table 1 [41, 42]. 

Although nanomedicine holds great promise for the treatment of pancreatic cancer, only a 

few formulations have been approved for clinical use. One of the most notable examples is 

Abraxane, a nanoparticle albumin-bound formulation of paclitaxel approved for advanced 

pancreatic cancer in combination with GEM [43]. This formulation increases the 

bioavailability of paclitaxel and reduces some of the side effects associated with 

conventional therapy. Despite progress in nanomedicine research, most nanoparticle-based 

therapies for pancreatic cancer remain in preclinical or early clinical stages, highlighting the 

need for further investigation to establish their efficacy and safety in this challenging 

malignancy. 
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Table 1 Example of approved nanomedicine drugs in the market for cancer treatment [41, 42]. 

Material Drug Product name Cancer type Characteristics (pros and cons) Approval year 

Liposome 

Doxorubicin 

hydrochloride 
Doxil (Caelyx) 

Ovarian cancer and AIDS-

related Kaposi's sarcoma 

Prolonged drug circulation time and 

tumor targeting 

Long-term administration could 

predispose female patients to oral 

squamous cell carcinoma 

1995 (FDA) 

Daunorubicin DaunoXome HIV-related Kaposi sarcoma 
Slow release into circulation 

Cardiotoxicity 
1996 (FDA) 

Doxorubicin Lipo-Dox 
Kaposi's sarcoma, breast and 

ovarian cancer 

Longer half-life and better tolerance 

Mild myelosuppression and other 

nonhematological toxicities 

1998 (Taiwan) 

Doxorubicin Myocet Breast cancer 
Less cardiotoxicity 

Relative instability 
2000 (EMA) 

Muramyl tripeptide 

phosphatidyl 

ethanolamine 

Mepact 
Non-metastatic 

osteosarcoma 

Longer half-life and less toxicity 

Chills, fever, headache, myalgias 
2009 (EMA) 

Paclitaxel Lipusu 
Breast cancer, non-small-

cell lung cancer 

Less toxicity 

Nausea, vomiting, dyspnea, 

peripheral neuritis 

2013 (EMA) 
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Cytarabine Depocyt 
Lymphomatous malignant 

meningitis 

Improve delivery and reduce toxicity 

Arachnoiditis and neurotoxicity 
1999 (FDA) 

Vincristine Marqibo Leukemia 
Slow release into circulation 

Drug toxicity and adverse side effect 
2012 (FDA) 

Irinotecan Onivyde Pancreatic cancer 

Enhanced delivery and reduced 

systemic toxicity 

Diarrhea, nausea, vomiting, 

neutropenia, and febrile neutropenia 

2015 (FDA) 

Daunorubicin and 
cytarabine 

Vyxeos 
Acute myeloid leukemia 

(AML) 

Improved overall survival 

Febrile neutropenia, fatigue, 
pneumonia, hypoxia, hypertension, 

bacteremia, and sepsis 

2017 (EMA) 

Lipid nanoparticles Paclitaxel DPH107 Advanced gastric cancer 

Absorption without the need for P-

glycoprotein inhibitors or Cremophor 

EL 

Neutropenia and leukopenia 

2016 (Korea) 

Polymeric micelle 

Paclitaxel Genexol-PM Non-small cell lung cancer 

Controlled and targeted drug delivery 

Neuropathy, myalgia, and 

neutropenia 

2006 (South Korea) 

Paclitaxel Apealea 
Ovarian, peritoneal and 

fallopian tube cancer 

Improve progression-free survival in 

combination with carboplatin 

Neutropenia, diarrhea, nausea, 

vomiting, and peripheral neuropathy 

2018 (EMA) 



 

 13 
 
 

Docetaxel Nanoxel 

Breast and ovarian cancers, 

NSCLC, and AIDS-related 

Kaposi's sarcoma 

Good efficacy and pharmacokinetic 

properties 

Myalgia, nausea, anemia, 

paresthesia, alopecia, diarrhea, and 

vomiting 

2006 (India) 

Polymeric nanoparticles Leuprolide acetate Eligard Advanced prostate cancer 

Controlled release and longer 

circulation time 

Hot flushes followed by 

malaise/fatigue testicular atrophy, 

dizziness, gynaecomastia and nausea 

2002 (FDA) 

Paclitaxel formulated as 

albumin bound 

nanoparticles 

Paclitaxel Pazenir 

Metastatic breast cancer, 

metastatic adenocarcinoma 

of the pancreas, non-small 

cell lung cancer 

Higher solubility and less toxicity 

Affects non-cancer cells such as 

blood and nerve cells 

2019 (EMA) 

Paclitaxel Abraxane 

Various cancers including 

metastatic and pancreatic 

cancers 

Higher solubility 

Non-specific binding of paclitaxel to 

albumin 

2005 (FDA) 

Hafnium oxide 

nanoparticles 

Hafnium oxide 

nanoparticles stimulated 

with external radiation to 

enhance tumor cell 

death via electron 

production 

NBTXR3 (Hensify) 

 

Locally advanced squamous 

cell carcinoma 

Radiotherapy enhancer 

Injection site pain, hypotension, and 

radiation skin injury 

2019 (CE Mark) 
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Nanoparticles of 

superparamagnetic iron 

oxide coated with amino 

silane 

Fe2O3 NanoTherm Glioblastoma 

High blood circulation time, tumor 

uptake and theranostic properties 

Moderate adverse effect 

2013 (EMA) 

Drug-antibody 

conjugates 

Brentuximab vedotin and 

Auristatin Derivative 

MMAE 

Adcetris (SGN-35) 
CD30 Anaplastic Large Cell 

Lymphoma 

Shown to improve progression-free 

survival in frontline and post-

transplant settings 

Peripheral neuropathy 

2011 (FDA) 

Gemtuzumab 

ozogamicin and 

Calicheamicin (DNA 

targeting) 

Mylotarg 
CD33 Acute Myelogenous 

Leukemia 

Improves event-free survival in 

combination, can be used in adults 

and children 

myelosuppression 

2017 (FDA) 

Trastuzumab, covalently 

linked to DM1 via the 

stable thioether linker 

MCC 

Kadcyla HER2+ breast cancer 

High blood circulation time, 

selectivity and less toxicity 

Nausea, fatigue, thrombocytopenia, 

headache, constipation, diarrhea, 

elevated liver enzymes, anorexia, and 

epistaxis 

2013 (FDA, EMA) 

Inotuzumab ozogamicin 

and N-acetyl-γ 
Calicheamicin 

Besponsa 

CD22 Acute Lymphoblastic 

Leukemia 6Non-Hodgkin's 
Lymphoma 

Can be used to reduce tumor burden 

before allogeneic stem cell 

transplantation (allo-HSCT) 
Risk of veno-occlusive disease, 

neutropenia, thrombocytopenia, and 

anemia 

2017 (FDA) 

Trastuzumab deruxtecan 

and 

deruxtecan/Camptothecin 

Enhertu HER2+ breast cancer 

High overall response rates, even in 

HER2-low breast cancer 

Interstitial lung disease, nausea, and 

fatigue 

2019 (FDA) 
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PEGylated conjugate l-Asparaginase Oncaspar 
Acute lymphoblastic 

leukemia 

Improved stability of drug loading 

Venous thromboembolism, 

pancreatitis, and hyperglycemia 

2006 (FDA) 

Gel containing 5-

aminolevulinic acid, 

E211, SoyPC, and PG 

5-Aminolevulinic acid Ameluz 
Superficial and/or nodular 

basal cell carcinoma 

Sustained release and low toxicity 

Transient pain and erythema 
2011 (EMA) 

Recombinant DNA 

derived cytotoxic protein 
Denileukin diftitox Ontak Cutaneous T cell lymphoma 

Targeted delivery 

Acute hypersensitivity-type reactions, 

asthenia, nausea/vomiting 

1999 (FDA) 

Polymer protein 

conjugate 

Styrene maleic anhydride 

neocarzinostatin 

(SMANCS) 

Zinostatin stimalamer 
Primary unresectable 

hepatocellular carcinoma 

Enhanced accumulation 

Slightly toxic (liver dysfunction) 
1994 (Japan) 
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3. Active targeting strategies in nanomedicine 

Nanomedicine, a multidisciplinary field, utilizes nanoscale materials and systems to enhance 

the diagnosis, treatment, and monitoring of diseases. A significant potential lies in the 

development of nanocarriers capable of delivering therapeutic agents with greater precision 

and efficiency to diseased tissues, particularly tumors [44]. Conventional chemotherapeutic 

agents frequently exhibit systemic toxicity and inadequate selectivity, resulting in substantial 

side effects and suboptimal therapeutic outcomes. The utilization of nanocarriers provides a 

promising avenue for enhancing drug solubility, extending circulation time, and modulating 

drug release. However, to achieve efficient and site-specific drug accumulation, targeting 

strategies are interesting [45]. Nanocarriers can reach tumor tissues through two main 

mechanisms. 

1. Passive targeting utilizes the EPR effect, a phenomenon characterized by the 

accumulation of nanoparticles in tumor tissues due to compromised vasculature and 

inefficient lymphatic drainage. While this phenomenon enables the initial 

localization of tumors, it exhibits a lack of specificity at the cellular level and can 

demonstrate substantial inter-tumor and patient variability [46]. 

2. Active targeting is a process that involves the functionalization of nanocarriers with 

ligands that have the ability to specifically bind to receptors that are overexpressed 

on target cells. This receptor-mediated endocytosis results in the subsequent 

intracellular delivery of the therapeutic agent. The employment of this strategy has 

been demonstrated to enhance the specificity of the delivery system, thereby 

increasing therapeutic efficacy while simultaneously reducing systemic side effects 

[47]. 

3.1 Principles of active targeting 

Active targeting relies on the specific interaction between a ligand—either covalently or 

non-covalently anchored to the nanocarrier surface—and a receptor that is overexpressed or 

uniquely present on diseased cells. This binding event triggers receptor-mediated 

endocytosis, enabling the internalization of the nanocarrier and the subsequent intracellular 

delivery of its therapeutic payload [48]. Key requirements for effective active targeting 

include: i) overexpression of the receptor in the target tissue and low expression in healthy 

tissues; ii) high affinity and specificity of the ligand-receptor interaction; iii) surface 

accessibility of the ligand on the nanocarrier; iv) preservation of nanoparticle stability and 

functional properties after ligand conjugation [49]. 
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A wide range of targeting ligands has been employed in nanomedicine, each with distinct 

advantages and challenges.  

Mab are among the most widely used ligands for active targeting, thanks to their high affinity 

and specificity for a wide range of cellular receptors. Their clinical use is well established, 

and they have been successfully applied in both diagnostics and therapeutics. However, Mab 

relatively large molecular size can limit its diffusion within tissues, thereby negatively 

affecting its pharmacokinetics. This, in turn, may result in a reduction in tumor penetration. 

Furthermore, the administration of Mab has been observed to elicit immune responses in 

some cases, and the production costs associated with their development are often substantial 

[50]. To overcome these limitations, several engineered antibody derivatives -such 

as fragment antigen-binding region (Fab), single-chain variable fragments (scFv), and 

nanobodies (VHH domains)- have been introduced [51, 52]. These smaller formats preserve 

the high specificity of full-length antibodies, while improving tissue penetration, lowering 

immunogenicity, and offering increased flexibility for chemical conjugation to nanocarrier 

surfaces [53, 54]. 

Peptides, which are composed of short amino acid sequences, can be rationally designed to 

selectively bind to specific cellular receptors. Examples of such receptors include 

integrins—particularly αvβ3, which is commonly targeted using the RGD motif—and 

vascular endothelial growth factor (VEGF) receptors. Their small molecular size has been 

demonstrated to enable deep tumor penetration and efficient diffusion within tissues. 

Furthermore, peptides generally exhibit low immunogenicity and offer distinct advantages 

in terms of ease of synthesis and chemical modification [55]. However, these molecules 

generally exhibit reduced binding affinity in comparison to antibodies and are susceptible to 

enzymatic degradation within biological environments. These limitations can be mitigated 

through structural modifications, such as the incorporation of D-amino acids or peptide 

cyclization, which enhance stability and biological half-life [56, 57]. 

Aptamers are defined as single-stranded DNA or RNA oligonucleotides that fold into 

specific three-dimensional structures, capable of binding molecular targets with high affinity 

and specificity. These structures are synthetically produced, cost-effective, and exhibit low 

immunogenicity, making them suitable for biomedical applications. Their diminutive 

proportions facilitate effective penetration of the tissue, and their malleability allows for 

straightforward modification. However, aptamers are susceptible to degradation by 

nucleases in vivo, necessitating structural optimization to ensure stability and functionality 
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[58]. A notable example is the AS1411 aptamer, which targets nucleolin, a protein 

overexpressed in several cancer types [59]. 

The use of small ligands such as folic acid, galactose, and mannose has emerged as a 

prevalent approach in targeted receptor modulation, particularly in the context of 

overexpressed receptors on specific cell types. Folic acid has been observed to bind folate 

receptors in various types of cancer, while galactose has been shown to target ASGPRs in 

hepatocytes. These ligands are characterized by their stability, cost-effectiveness, and lack 

of immunogenicity. However, they generally exhibit reduced binding affinity and may be 

internalized by non-target cells that express basal receptor levels [60, 61]. 

Natural polymers such as hyaluronic acid (HA) and dextran are frequently utilized as 

targeting ligands due to their high affinity for specific receptors. It has been demonstrated 

that HA binds to CD44 receptor, which is frequently overexpressed in tumors and cancer 

stem cells. In contrast, dextran has been shown to target scavenger receptors found on both 

macrophages and liver cells. These ligands possess both biocompatible and biodegradable 

properties, thereby enabling their utilization in both structural and targeting roles [62].  

The selection of a targeting ligand is of pivotal significance in the design of actively targeted 

nanocarriers. A specific ligand typology offers a certain combination of advantages and 

limitations. These should be methodically evaluated based on the biological target, the 

context of the disease, and the physicochemical properties of the delivery system. As 

targeting strategies continue to evolve, the integration of multiple ligands, stimuli-

responsive mechanisms, and personalized receptor profiles will presumably drive the next 

generation of precision nanomedicines [63]. Within the field of nanomedicine, active 

targeting represents a rational and highly promising approach to enhance both the selectivity 

and therapeutic efficacy of drug delivery systems. By exploiting specific receptor–ligand 

interactions, this strategy enables the overcoming of key limitations associated with 

conventional chemotherapy, allowing for controlled, cell-specific delivery of therapeutic 

agents. The functionalization of nanocarriers with targeting moieties—such as HA, which 

binds selectively to CD44 receptors—has facilitated the development of multifunctional 

platforms with enhanced precision. In oncological applications, such targeted systems offer 

the dual advantage of increased drug accumulation at the tumor site and reduced systemic 

toxicity, thereby improving the overall therapeutic index [49]. 

3.2 Hyaluronic acid 

HA, or hyaluronan, is a naturally occurring linear polysaccharide composed of repeating 
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disaccharide units of D-glucuronic acid and N-acetyl-D-glucosamine. These monomers are 

connected via alternating β-1,4 and β-1,3 glycosidic linkages, resulting in a high-molecular-

weight polymer that can reach several million Da. Unlike other glycosaminoglycans 

(GAGs), HA is non-sulfated and is synthesized at the plasma membrane by hyaluronan 

synthases (HAS1, HAS2, and HAS3), bypassing the Golgi apparatus [64]. The unique 

physico-chemical characteristics of HA-specifically its pronounced hydrophilicity, 

viscoelasticity, and capacity for hydrogen bonding-stem from its linear structure and 

abundance of hydroxyl and carboxyl functional groups. These features enable strong 

interactions with water and biological macromolecules, endowing HA with exceptional 

water retention and space-filling properties that are critical for its physiological roles in 

tissue hydration, lubrication, and structural integrity [65]. 

HA is abundantly distributed throughout the human body and constitutes a fundamental 

component of the extracellular matrix (ECM), particularly within connective tissues, 

synovial fluid, the vitreous humor, and the dermis. It plays crucial roles in a variety of 

physiological processes, including: i) tissue hydration and lubrication, owing to its 

remarkable water-binding capacity; ii) regulation of cell migration and proliferation, 

particularly during wound healing and tissue remodeling; iii) angiogenesis and 

morphogenesis, mediated by interactions with cell surface receptors and other ECM 

components; iv) modulation of inflammatory responses, where HA fragments of varying 

molecular weights can exert either pro- or anti-inflammatory effects [66]. In vivo, HA is 

continuously synthesized and degraded, with its turnover tightly regulated by the 

coordinated activity of hyaluronan synthases and hyaluronidases. Importantly, the biological 

activity of HA is strongly influenced by its molecular weight: high-molecular-weight HA is 

generally associated with anti-inflammatory and immunosuppressive properties, whereas 

low-molecular-weight HA and its oligomeric forms are known to promote inflammation, 

stimulate angiogenesis, and enhance cell proliferation [67]. 

One of the most relevant features of HA in the context of targeted drug delivery is its ability 

to bind selectively to specific cell surface receptors. Of these, CD44 is the most extensively 

studied. This transmembrane glycoprotein is critical for interactions between cells and the 

surrounding extracellular matrix, as well as for cell adhesion and migration. CD44 exists in 

multiple isoforms resulting from alternative splicing and is notably overexpressed in a 

variety of malignancies, including breast, ovarian, colorectal, and pancreatic cancer [68, 69]. 

In addition to CD44, several other HA-binding receptors have been identified: 
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1. receptor for HA-mediated motility (RHAMM): critical component of the regulatory 

network that governs cell migration and intracellular signaling pathways 

2. lymphatic vessel endothelial HA receptor (LYVE-1): mainly expressed in the 

lymphatic endothelium and is implicated in lymphatic trafficking 

3. HA Receptor for endocytosis (HARE): involved in systemic HA clearance and is 

involved in HA turnover in the liver and lymphoid tissues [70]. 

Among these, CD44 remains the most widely exploited target in nanomedicine, primarily 

due to its high expression levels in tumor cells and cancer stem cell populations. Its selective 

interaction with HA has been strategically employed to engineer receptor-mediated drug 

delivery systems, with the objective of enhancing the specificity and efficacy of anticancer 

therapies [71]. 

3.2.1 Hyaluronic acid as targeting ligand in nanomedicine 

The high binding affinity of HA for CD44 has established it as a widely utilized ligand for 

the surface functionalization of nanocarriers aimed at the active targeting of cancer cells 

[72]. Functionalization of nanosystems—such as liposomes, polymeric micelles, 

dendrimers, or nanoparticles—with HA has been shown to enhance selective accumulation 

at tumor sites and to promote receptor-mediated endocytosis in CD44-overexpressing cells. 

The HA-mediated targeting mechanism relies on two fundamental steps: i) specific 

recognition and binding of HA to CD44 receptors expressed on the tumor cell surface; ii) 

receptor-mediated internalization of the HA-decorated nanocarrier, facilitating intracellular 

drug delivery [73]. 

This strategy offers several advantages, including enhanced cellular uptake by target cells, 

reduced off-target toxicity owing to the lower CD44 expression in normal tissues, prolonged 

systemic circulation due to HA’s hydrophilic and stealth-like properties, and favorable safety 

characteristics such as biodegradability and low immunogenicity [74]. Notably, the 

molecular weight of HA plays a critical role in modulating targeting efficiency. High-

molecular-weight HA generally exhibits stronger and more stable interactions with CD44. 

However, it can also influence key physicochemical properties of the nanocarrier, including 

but not limited to particle size, colloidal stability, and drug release kinetics. Therefore, 

careful tuning of HA's molecular weight is essential during the design and optimization of 

HA-functionalized delivery systems to achieve the desired balance between targeting 

performance and formulation stability [62]. 
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The chemical structure of hyaluronic acid (HA) provides multiple functional groups-

carboxyl, hydroxyl, and N-acetyl moieties-that can be exploited for chemical modification 

without substantially altering its intrinsic biological activity. These functional handles have 

been widely utilized to introduce a variety of chemical entities, enabling: 

• covalent conjugation of therapeutic agents, typically via esterification or amidation 

reactions 

• binding to hydrophobic moieties such as lipids or polymers, facilitating the 

incorporation of HA into amphiphilic systems including micelles and liposomes 

• crosslinking for the formation of HA-based hydrogels or injectable depots for 

sustained drug release [75]. 

A significant focus has been placed on the synthesis of HA–lipid conjugates, which facilitate 

the stable incorporation of HA into the lipid bilayer of nanocarriers. This configuration 

ensures the surface presentation of the HA chains, thereby enhancing the likelihood of 

receptor-mediated interactions with CD44 and improving the targeting specificity of the 

delivery system [76]. 
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4. Inorganic nanosystems 

In recent years, a considerable number of nanosystems have been developed for the 

treatment of cancer. Among all the drug delivery systems that have been the subject of study, 

inorganic nanosystems have seen a notable increase in interest, particularly in terms of their 

application in various fields of medicine. They include carbon [77], gold [78], iron oxide 

[79] and silica nanoparticles [80]. One of the salient properties of these nanosystems pertains 

to the surface plasmon resonance phenomenon. This phenomenon enables the conversion of 

light into heat by inorganic particles, with the subsequent scattering of this heat leading to 

the destruction of cancer cells through the irradiation of nanoparticles. Furthermore, the 

surface functionalization of inorganic nanoparticles engenders enhanced biocompatibility 

and versatility, rendering these systems highly promising for utilization in biomedical 

applications [81]. In the preceding decade, a substantial volume of research has been 

conducted on carbon-based nanoparticles, which represent one of the most widely utilized 

categories of nanomaterials. These carbon-based nanoparticles have the potential to 

substitute conventional therapeutic modalities, to counteract drug resistance, and to facilitate 

novel approaches for concurrent treatment and diagnosis [82, 83]. 

4.1 Carbon-based nanosystems 

Carbon nanosystems represent a class of materials that have garnered significant attention 

in the fields of diagnosis and treatment. The unique properties of these particles, which 

include their high surface-to-volume ratio, ease of surface modification, and capacity for 

loading diverse therapeutic and imaging agents, have led to their consideration as promising 

candidates for a range of applications. These particles include graphene, fullerenes, and 

carbon nanotubes, which have demonstrated remarkable properties that make them ideal for 

various biomedical applications [84]. Nevertheless, it is important to note that many 

challenges remain that require further and extensive studies. These challenges encompass 

reduced toxicity, optimal dimensions, and enhanced biodegradability. A significant disparity 

persists between laboratory research and clinical translation, underscoring the necessity for 

further research and development in this field. Notably, the biodegradability and metabolism 

of carbon nanomaterials represent substantial challenges in this field [85-87]. 

4.1.1 Classification of carbon-based nanosystems 

Given the considerable heterogeneity of carbon nanomaterials regarding size, shape, 

composition, etc., there are numerous possible classifications [88]. In general, researchers 
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are commonly used to classify carbon nanomaterials into 0-dimensional, 1-dimensional and 

2-dimensional carbon nanomaterials according to their spatial dimension characteristics 

(Figure 1). It has been determined that carbon nanotubes are categorized within the family 

of one-dimensional nanomaterial. Conversely, carbon nanodiamonds and carbon nano-

onions are classified as zero-dimensional nanomaterials [89]. 

 

Figure 1. Carbon-based nano drug delivery systems (created with Biorender). 

Carbon nanotubes (CNTs) are a distinctive type of one-dimensional carbon nanomaterial 

that possess an exceptional hollow tubular morphology, with a hemispherical fullerene 

structure serving as a cap. The generation of nanotubes is predominantly accomplished by 

the bottom-up method [90]. CNTs can be composed of single-layer or multilayer carbon 

atomic structures, according to which they can be divided into single-walled CNTs 

(SWCNTs) and multiwalled CNTs (MWCNTs) [91]. Since the first discovery and 

subsequent reporting on the subject, carbon nanotubes have been the focus of intensive 

research in the domain of carbon nanomaterials. The exploration of their physical and 

chemical properties is ongoing, and the development of their industrial macro-scale 

preparation and related application fields is a current focus [92-94]. 

Nanodiamonds (NDs) with a diameter smaller than 100 nm are regarded as zero-dimensional 

carbon nanomaterials [95]. In NDs, carbon atoms are primarily sp3-hybridised and arranged 

in a cubic crystal structure known as a diamond lattice [96]. Imperfections and defects in 

this structure may take the form of interstitial impurities or vacancies, which can give NDs 

properties that are very different from those of other carbon nanosystems [97-99]. Among 

the various defects, numerous negatively charge nitrogen-vacancy (N-V) defects have the 

function of acting as fluorescent emission centers. It is due to these centers that application 

as fluorescent sensors for quantum information processing, specific sensing and bioimaging 

is possible for NDs [100-102]. 

Carbon nano-onions (CNOs), a recent and widely studied class of carbon nanostructure, 

were discovered in 1980 by Iijima et al. [103] and subsequently defined in 1992 by Ugarte 

et al. [104]. CNOs consist of concentric, multilayered, closed nanographene shells that 
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enrobe one another around a fullerene inner core, forming a structure that bears a 

resemblance to an onion. Morphologically, CNOs are positioned between fullerenes and 

multiwall nanotubes, and they have a low density and high surface-area-to-volume ratio 

[105]. The diameter of CNOs typically ranges from 2 to 100 nm [106]. The distinctive onion-

like structural arrangement of CNOs is known to result in the presence of small graphitic 

sp2-hybridised carbon atoms and a notable degree of localization of π-electrons [107]. 

Recent investigations have highlighted the potential of CNOs as nanocarriers in drug 

delivery systems. This growing interest can be attributed to unique properties that CNOs 

offer over traditional drug delivery systems. Notably, their biocompatibility has been 

validated through extensive in vitro, in vivo, and ex vivo studies [108-110]. CNOs production 

is known to require a rigorous process, resulting in a product of high purity and narrow 

polydispersity, obviating the necessity for any subsequent removal of catalysts, as is often 

the case in the synthesis of nanotubes. Moreover, their high stability further reduces the 

requirement for specialized storage conditions. Another advantage of CNOs is their ease of 

functionalization. The large sp² hybridized carbon surface allows for functionalization with 

various moieties, enabling CNOs to be tailored for a wide range of applications. However, 

a significant challenge regarding CNOs pertains to their limited dispersibility, but this can 

be mitigated through the employment of specific solvents and surfactants [111-113]. 

Several studies have explored the use of CNOs for targeted drug delivery. It has been 

observed that most research conducted thus far on CNOs in the field of drug delivery is of 

recent origin, signifying a rapidly escalating degree of interest in this domain. The versatility 

and promising applications of CNOs underscore their viability as a leading candidate for 

future nanocarrier technologies [114-116]. 

4.1.2 Functionalization of carbon-based nanosystems surface 

The surface functionalization of carbon-based nanomaterials is a critical step in enhancing 

their solubility, stability, biocompatibility, and targeting capabilities in biomedical 

applications. Pristine carbon nanostructures, including CNTs, graphene derivatives, and 

CNOs, possess an intrinsic hydrophobic nature and are susceptible to aggregation in aqueous 

environments. This necessitates surface modifications to enhance their dispersion and 

biological performance [117]. 

Functionalization strategies are broadly categorized into two approaches: covalent and non-

covalent. Each of these categories offers distinct advantages and limitations [118]. 
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Covalent functionalization is defined as the process of forming stable chemical bonds 

between functional groups and the carbon surface. This is typically achieved through 

oxidative treatments (e.g., with nitric or sulfuric acid) that introduce carboxyl and hydroxyl 

groups onto the surface. These moieties can then undergo further modification via amide or 

ester formation, carbodiimide coupling, or click chemistry, allowing the covalent attachment 

of drugs, polymers, or targeting ligands [119]. For instance, carboxylated CNTs have been 

conjugated with PEG to enhance biocompatibility and circulation time in drug delivery 

systems [92, 120]. In a similar manner, graphene oxide has been modified with amine-

terminated molecules to enable the attachment of anticancer drugs [121]. Covalent strategies 

have been demonstrated to provide enhanced stability and control over surface chemistry. 

However, these strategies have also been observed to disrupt the sp²-hybridized π-

conjugated network, which may potentially affect the electronic and optical properties of the 

nanomaterial [122]. 

Conversely, non-covalent functionalization maintains the structural integrity and electronic 

properties of the carbon core. The observed phenomenon is attributable to weaker 

interactions, including π–π stacking, van der Waals forces, hydrophobic interactions, and 

electrostatic adsorption. Non-covalent agents that are frequently utilized include surfactants 

(e.g., SDS, Pluronic), biopolymers (e.g., chitosan, dextran), and aromatic molecules (e.g., 

pyrene derivatives), which adsorb onto the surface without altering the carbon framework 

[123]. For instance, SWCNTs have been non-covalently functionalized with DNA strands 

for biosensing applications [124]. Furthermore, graphene oxide has been coated with PEG 

through π–π interactions to enhance its solubility and facilitate the loading of hydrophobic 

drugs. This method enables reversible modification and facile substitution of surface 

functionalities; however, it may exhibit reduced stability under physiological conditions in 

comparison to covalent approaches [125]. 

The choice between covalent and non-covalent functionalization depends on the intended 

biomedical application. Covalent strategies are preferred for stable, long-term modification 

and controlled ligand attachment, particularly for drug delivery and active targeting. In 

scenarios where preserving the inherent electronic or optical properties of a specimen is 

paramount, such as in imaging or sensing applications, non-covalent methodologies emerge 

as advantageous. In this context, a hybrid approach integrating both methods has emerged 

as a strategy to optimize the balance between stability and functional performance [126].  
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5. Lipid nanosystems 

The employment of lipid-based nanoparticles as carriers has emerged as a promising 

approach due to their favorable physicochemical properties, with specific applications and 

strengths that are particularly useful in the delivery of chemotherapeutic agents [28]. The 

typical lipid-based drug delivery nanosystems consist of liposomes, lipid nanoparticles 

(LNPs), solid lipid nanoparticles (SLNs), nanostructured lipid carriers (NLCs), 

nanoemulsions, and hybrid lipid nanoparticles [127, 128]. Lipid-based drug delivery systems 

offer several advantages over alternative delivery mechanisms, including enhanced 

solubility, bioavailability, and cellular uptake. This property allows for the loading of both 

hydrophilic and hydrophobic drugs, thereby ensuring the versatility and effectiveness of 

these delivery systems as carriers for therapeutic agents. In addition to these properties, lipid-

based delivery systems can offer protection to drugs from degradation, controlled release, 

and potential targeting to specific tissues or cells, thus increasing therapeutic efficacy [129-

131]. 

5.1 Classification of lipid-based nanosystems 

The classification of lipidic nanosystems can be undertaken based on their internal structure 

(Figure 2).  

 

Figure 2. Lipid-based nano drug delivery systems (created with Biorender). 

In recent years, liposomes have emerged as the most prevalent and extensively researched 

drug delivery system [132]. Liposomes can be defined as bilayer vesicle structures 

consisting of an aqueous-phase core encapsulated by a bilayer of lipids that display special 

biocompatibility, high encapsulation rate, and good biodegradability. These structures 

provide both hydrophilic and lipophilic compounds with a convenient means of 

encapsulation, thereby facilitating co-administration of drugs [133]. In the field of drug 

delivery, liposomes exhibit enhanced transport and uptake capabilities, thereby prolonging 
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the circulation time of drugs in vivo, extending the half-life, and mitigating adverse effects 

in comparison to free drugs [134-137].  

Another class of lipid-based nanosystem is constituted of lipid-based nanoparticles (LNPs), 

which represent a highly adaptable class of nanocarriers. LNPs have seen considerable usage 

in medical research and pharmacology [138]. Their ability to encapsulate a diverse array of 

therapeutic agents, encompassing small molecules, nucleic acids, and monoclonal 

antibodies, renders them highly versatile for a variety of applications. LNPs are typically 

composed of cationic or ionizable lipids, which facilitate interactions with negatively 

charged nucleic acids, thereby enhancing the capacity for drug loading [139, 140]. 

Furthermore, solid lipid nanocarriers are a category of lipid-based nanosystems 

characterized by the exploiting of lipids that possess high biocompatibility and 

biodegradability, with a melting point that is above 40 °C [141, 142]. This ensures that these 

nanosystems maintain a solid form at both ambient and body temperatures. These primarily 

comprise solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC). The 

internal matrix of SLN is characterized by a well-organized 'brick wall' structure, in contrast 

to the more unstructured configuration observed in NLCs [143, 144]. 

Another class owing to lipid nanocarriers are nanoemulsions, colloidal systems of reduced 

size and dimensions that are kinetically stable and serve as carriers for drug molecules. They 

feature negatively charged, amorphous, and lipophilic surfaces. The classification of 

nanoemulsions can be categorized into different types: water-in-oil nanoemulsions (W/O) 

and oil-in-water nanoemulsions (O/W) [145]. The composition of nanoemulsions comprises 

an oil phase, an aqueous phase, and an emulsifier, with the presence of these components 

contributing to the stability of the drug-carrying system [146, 147]. 

Finally, the emergence of lipid-polymer hybrid nanoparticles (LPNs) as a novel 

nanoplatform for drug delivery has garnered significant attention in the field of 

nanotechnology. These particles are composed of lipids and polymers, which serve as the 

fundamental building blocks. LPNs offer several advantages when compared to free drug 

solutions, including alterations to pharmacokinetics, biodistribution, and toxicity profile of 

the drug payload. This enhanced physical stability, and biocompatibility can be attributed to 

the integration of the advantageous properties of biomimetic lipid-based nanoparticles (e.g. 

SLNs and NLCs) and biocompatible polymeric nanoparticles [148]. The incorporation of 

lipids has been demonstrated to enhance the capacity for drug loading and permeability 

across biological membranes, whilst the polymeric composition serves to regulate the release 

rate of encapsulated drugs [149]. 
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6. Polymer nanosystems 

The utilization of polymer-based nanocarriers for targeted drug delivery has witnessed a 

marked increase in popularity in recent years, owing to the numerous advantages they offer. 

These include their physicochemical properties, such as non-toxicity, water solubility, and 

biodegradability. The extensive range of polymers employed in their composition identifies 

polymer NPs as optimal candidates for the delivery of molecules of a wide type. 

Furthermore, polymer-based nanosystems can be administered via a variety of routes, 

including intravenous injection, due to their size [150]. 

These nanocarriers possess a prolonged circulation time in the bloodstream, thereby 

reducing the risk of biological clearance. Moreover, these nanocarriers possess the ability to 

accumulate and remain in tumor locations, and when decorated with receptor-mediated 

ligands, they can selectively target cancer cells, thereby enhancing their efficacy as anti-

cancer agents [151]. 

6.1 Classification of polymer-based nanosystems 

The field of nanotechnology has seen a proliferation of research and development over 

recent decades, with a particular emphasis on polymer-based nanosystems. The 

classification of these systems is primarily based on structural, compositional, and functional 

criteria. The structural classification is centered on the different shapes and forms that 

polymeric nanosystems can assume (Figure 3).  

 

Figure 3. Polymer-based nano drug delivery systems (created with Biorender). 

It is noteworthy that each structural category offers distinct advantages, including enhanced 

stability, controlled release of drugs or other substances, and targeted delivery [152].  

Polymeric nanoparticles (NPs) can be defined as solid, nanosized particles which are 

produced with synthetic or natural polymers, and have the capacity to encapsulate drugs, 

genes, or other therapeutic agents [153]. Of the polymers utilized in the synthesis of NPs, 

those that are biodegradable and biocompatible are given preferential selection to minimize 
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the toxicity of the nanocarrier. These particles can assume a spherical, rod-like or irregular 

shape [154, 155]. 

Polymeric dendrimers are defined by their highly branched, tree-like polymer structures, 

which bear multiple functional groups at their surfaces. They possess a structure comprising 

layers of repeating monomer units, resulting in a compact and symmetrical nanosystem. The 

precise encapsulation of drugs or bioactive agents is enabled by their highly controlled 

structure [156, 157]. 

Polymersomes have been the focus of significant research due to their potential applications 

in the field of drug delivery. These vesicular macromolecular assemblies consist of a 

hydrophobic and a hydrophilic block, with the membrane composed of a bilayer structure. 

The properties of the polymersomes, including membrane rigidity, fluidity, stability, and 

responsiveness to external stimuli, are dictated by the chemical composition and length of 

these blocks [158]. The therapeutic potential of polymersomes has garnered attention in the 

realm of drug delivery for various conditions, such as cancer, inflammation, and metabolic 

diseases [159, 160]. 

Polymeric micelles are composed of amphiphilic block copolymers, which self-assemble in 

aqueous environments to form micelles. These micelles are endowed with a hydrophobic 

core, an essential feature for the encapsulation of drugs, in conjunction with a hydrophilic 

shell, which contributes to their stability in water. Typically, they manifest as spherical in 

shape, with the hydrophobic drugs and other lipophilic substances being encapsulated within 

the core [161]. A notable example of this class of polymer-based nanosystem is mixed 

micelles. These are self-assembled nanostructures formed by combining different 

surfactants or amphiphilic molecules (e.g. lipids and polymers). These systems offer several 

advantages, including enhanced solubilization and stability, as well as the capacity for 

targeted delivery at the cellular level [162]. Mixed micelles have found application in the 

fields of drug delivery [163], gene therapy [164] and cosmetic formulations [165]. It is 

important to note that these micellar systems offer distinct advantages, including reduced 

toxicity and enhanced treatment effectiveness. Nevertheless, challenges concerning 

formulation and large-scale production must not be overlooked [166, 167]. 
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Pancreatic ductal adenocarcinoma is a highly lethal malignancy, primarily due to late-stage 

diagnosis, aggressive progression, and high resistance to conventional chemotherapies. 

While GEM has long been the mainstay of treatment, its efficacy is significantly hampered 

by intrinsic and acquired resistance mechanisms. Despite the advances made, therapeutic 

outcomes remain unsatisfactory and there is an urgent need for more effective and better 

tolerated options. In this context, nanomedicine, drug combination and repurposing are 

emerging as promising strategies to overcome the limitations of current pancreatic cancer 

therapies. 

Main Aim of the Work 

This review aims to explore the potential of nanomedicine, drugs combination and drug 

repurposing, which are emerging as promising approaches to overcome the limitations of 

current pancreatic cancer therapies. Among all the strategies, the combination of GEM and 

DSF has been examined. 

Specific Objectives 

• To analyze the biological basis and molecular mechanisms behind GEM resistance 

in pancreatic cancer. 

• To present current standard and emerging drug combinations used in clinical and 

preclinical settings. 

• To describe the anti-cancer potential and mechanism of action of DSF, especially in 

combination with GEM. 

• To review the design and performance of lipid-based nanosystems developed for the 

delivery of drugs and their combination or co-delivery in pancreatic cancer models. 

• To highlight criteria for designing optimal nanocarriers coencapsulating GEM and 

DSF, capable of overcoming the solubility, stability, and resistance issues associated 

with these drugs. 

Highlights 

• Complex resistance mechanisms limit GEM efficacy in pancreatic cancer treatment. 

• Nanomedicine and multi-drug therapies show potential to overcome pancreatic 

cancer treatment resistance. 

• DSF, when repurposed and combined with GEM, demonstrates synergistic anti-

tumor activity. 
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• Lipid-based nanosystems enhance the efficacy of combination therapies by 

improving drug targeting, release control, and reducing side effects. 
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Highlights 

• Complex resistance mechanisms limit GEM efficacy in PDAC treatment 

• Nanomedicine and multi-drug therapies could overcome resistance to PDAC treatments 

• Combining GEM with repurposed Disulfiram for an improved anti-cancer therapy 

• Lipid-based nanosystems boost the efficacy of combination therapies in pancreatic cancer 

 

Abstract 

Pancreatic ductal adenocarcinoma (PDAC) is among the most aggressive cancers, with a poor prognosis due 

to late diagnosis and resistance to chemotherapy. Gemcitabine (GEM) monotherapy was the gold standard 

treatment for PDAC until the early 2010s, when two combinatorial therapies, FOLFIRINOX and GEM 

combined with Nab-paclitaxel, showed the benefits of the multi-drug approach and became the reference 

treatments for PDAC. Despite their undisputed efficacy, the overall survival of treated PDAC patients is very 

low, reaching approximately 12% at 5 years, and the side effects of these therapeutic protocols remain severe 

and not tolerated by all patients. Recent advances in understanding PDAC biology have led to new therapeutic 

strategies, including new drug combinations and nanomedicine. This review summarizes background 

information about past and present PDAC therapeutic regimens with their benefits and the drawbacks including 

the appearance of treatment resistance and focuses on two potential strategies to counteract the limitations of 

the actual therapies. First, we highlight the interest of combining disulfiram, a repurposed anti-alcoholism drug, 

with GEM, based on evidence of synergism between the two molecules. We then emphasize on the use of drug 

delivery nanosystems for their ability to improve drug stability, targeting and to potentially overcome 

resistance and reduce side effects. Finally, we discuss the combination of multi-drug therapies and 

nanomedicine through the design of apposite drug delivery nanocarriers capable of encapsulating more than 

one drug and ensuring sustained release. This all-in-one approach should be promising for more effective 

therapies of this challenging disease.  
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1) Introduction 

Pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive cancer that remains a significant clinical 

challenge due to its late diagnosis and resistance to chemotherapy. Approximately 90% of PDAC cases are 

diagnosed at an advanced stage, with unresectable disease and after metastases have occurred. This late 

detection has a significant impact on the efficacy of the anticancer therapies and therefore on the survival rate 

of the patients, which is nearly 12% at 5 years [1]. The median survival time for patients drops to less than one 

year when the disease is diagnosed at stage IV, regardless of the best available chemotherapy protocols [2]. 

Consequently, PDAC exhibits one of the poorest survival rates among all types of cancer [3] and unfortunately 

old molecules such as gemcitabine (GEM), a drug approved in 1996, are still the standard of care for this 

disease, particularly for patients with fragile overall health, who cannot support more effective but less 

tolerated therapeutic options [4].  

Nevertheless, over the past decade, new avenues for potential therapies have been discovered because of the 

better understanding of the biological mechanisms underlying PDAC. However, when it comes to patients 

diagnosed at later stages, there is still an urgent need for more effective treatments for the metastatic and 

chemotherapy-resistant diseases [5]. In addition, pre-existing or acquired resistance can limit the clinical 

benefit of even the most advanced therapies. 

Overcoming resistance and providing new treatment options can be achieved applying strategies such as the 

combination of cancer drugs and the nanovectorization of chemotherapeutics, namely nanomedicine. 

Combinations of targeted anticancer agents have the potential to improve response to existing drugs and expand 

treatment options. For example, FOLFIRINOX combination therapy [oxaliplatin, irinotecan, leucovorin 

calcium, 5-fluorouracil (5-FU)] has shown promising results in treating patients with PDAC at stage IV, 

extending the overall survival from 6.6 months when GEM was administered as monotherapy to 11.3 months 

when the FOLFIRINOX protocol was introduced [6, 7]. When looking for new drug combinations, repurposed 

therapeutics may also attract much attention in particular if their molecular mechanism of action is well known. 

In this context, disulfiram (DSF), a drug approved for the treatment of alcohol dependency, has recently been 

repositioned to exploit its anti-cancer properties [8].  

Another fruitful strategy to overcome resistance is the loading of therapeutics into nanodelivery systems, which 

act as carriers and modify the solubility, distribution, mechanisms of cellular uptake and, ultimately, the 

efficacy of the active principles. This leads to improved treatments and, if the nanodelivery system is properly 

modified to recognize specific cell types, the result is a more selective drug delivery and a reduction in side 

effects. The two approaches - combining drugs and using nanomedicine - can be successfully merged, as in the 

case of the formulation of paclitaxel-loaded albumin (Nab-paclitaxel), which was combined with GEM in a 

randomized phase III trial. This treatment increased the overall survival compared to the treatments alone [9]. 

This review will explore how combination of multi-drug therapies and nanomedicine could help overcome 

resistance to traditional PDAC treatments. 

 

2) GEM treatment of PDAC and occurrence of resistance 

Since 1996 and until a few years ago, GEM monotherapy was the first-line treatment for patients with advanced 

PDAC, as clinical and survival benefits were observed compared to patients treated with 5-FU [10, 11]. For 

patients with compromised health, this molecule remains the standard of care. 

 

a) GEM and its mechanism of action 
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GEM is a synthetic nucleoside analog widely used as an antimetabolite antineoplastic drug. The molecular 

targets of GEM are intracellular and therefore crossing the plasma membrane is necessary to obtain its 

pharmacological activity. GEM uses complex transport systems to penetrate the cell (Figure 1). These systems 

consist of several nucleoside transporter proteins (NTs). There are two major classes: the human equilibrative 

nucleoside transporters (hENTs) and the human concentrative nucleoside transporters (hCNTs) [12]. The 

hENTs’ family is composed of four members, the first three differ in nucleoside specificity while hENT4 has 

poor affinity for nucleosides and is mainly a monoamine transporter (e.g., dopamine, serotonin). The hCNTs’ 

family is composed of three members, which are responsible of the unidirectional co-transport of nucleosides 

and sodium (Na+) or protons (H+) into cells. The hENT1 is likely the main transporter of GEM [13]. After 

internalization, GEM is subsequently phosphorylated by deoxycytidine kinase (dCK) and nucleoside mono- 

and di-phosphate kinases to become the active form of GEM: GEM triphosphate (20,20-difluoro-20-

deoxycytidine triphosphate, GEM-TP) [14]. 

GEM-TP acts mainly by competing with deoxycytidine triphosphate to interfere with DNA synthesis. GEM-

TP is incorporated into a single DNA strand by the DNA polymerase during replication. Once incorporated 

into DNA, GEM-TP leads to premature chain termination after the insertion of another nucleotide triphosphate 

(dNTP). This GEM-TP position, known as “masked chain termination”, inhibits the removal of GEM-TP by 

DNA repair enzymes, ultimately leading to single-strand breakage [15] (Figure 1). Among all the other 

mechanisms of action of GEM, the active molecule could also be incorporated into RNA to limit RNA 

synthesis, inhibit topoisomerase I cleavage complexes by enhancing their stability, and be used to improve the 

efficacy of immunotherapies against cancers that are traditionally unresponsive. In addition, metabolites of 

GEM may also inhibit other metabolic enzymes to increase the relative cytotoxicity of GEM, indirectly [12, 

16]. 

 

 

Figure 1. Mechanisms of GEM action (created with Biorender). 



 

 54 

 

b) GEM and its mechanisms of resistance 

Cancer therapy resistance can be classified as primary, when treatment is ineffective from the outset, or 

acquired, when resistance develops after an initial response. Resistance may arise from changes within cancer 

cells (cell-intrinsic mechanisms) or the tumor microenvironment (non-cell autonomous resistance). Both types 

pose significant challenges in treating PDAC. Cancer cells can evade treatment by reducing GEM uptake, 

enhancing detoxification, or undergoing epigenetic changes that alter their state, making them less responsive 

to therapy [5]. 

GEM resistance in PDAC is driven by several mechanisms. The role of nucleoside transporters like hENT1 is 

debated, with some studies linking low hENT1 expression to poor survival, while others find no survival impact 

[12, 17]. Resistance can also result from the downregulation of dCK, which activates GEM, with high dCK 

expression associated with better survival [18, 19]. GEM must outcompete endogenous deoxycytidine, but 

increased ribonucleotide reductase (RR) activity, especially RRM1, can reduce its incorporation into DNA, 

contributing to resistance [20]. Elevated glucose uptake and flux into the pentose phosphate pathway (PPP) 

also support resistance by enhancing nucleotide synthesis [21]. Cytidine deaminase (CDA) mediated GEM 

detoxification, influenced by genetic polymorphisms, further reduces treatment efficacy, with high CDA 

activity linked to poor outcomes and low activity associated with toxicity [22].  

New mechanisms of resistance include p53 gene mutations, which is one of the most commonly mutated 

genes encountered in tumors (mutation rate of p53 in PDAC can be as high as 80%) [23]. GEM treatment 

induces a cellular DNA damage response signaling cascade that involves the activation of several factors, 

including p53. Once activated, p53 induces cell cycle arrest, allowing and facilitating DNA repair. However, 

once mutated, p53 loses its cell growth inhibitory action, and its "Gardian of genome" function, therefore, 

cancer cells can survive and carry even more mutations, increasing their aggressiveness. It is proposed that 

mutation of p53 increases resistance to GEM [24]. 

These findings underscore the variety of resistance mechanisms that limit the efficacy of GEM in PDAC and 

the need of alternative treatment options. 

 

3) Current combinatorial treatments in clinic  

In 2011 and 2013, two large phase III clinical trials proved the clear benefit of two multi-agent regimens: the 

FOLFIRINOX and GEM combined with Nab-paclitaxel compared with GEM monotherapy in terms of overall 

survival, which was significantly improved in both cases [6, 9]. 

These two combinatorial therapies are now the two main first-line options for patients with advanced PDAC, 

however, both treatments are associated with severe adverse effects and cannot be administered to all patients. 

Nevertheless, the major breakthrough of drug combination to treat PDAC and the necessity to find less toxic 

regimens have paved the way for the examination of new multi-drug therapeutic options. GEM remains one of 

the most widely used drugs in the combination therapies, as its side effects are much less than those of the 

above-mentioned drugs [25].  

Indeed, in clinical trials, GEM is being combined with various classes of drugs, including other antimetabolites. 

In particular, the effects of combining GEM with S-1 and capecitabine (5-FU prodrug) have been studied [26, 

27]. Another widely used drug combination option is GEM administration together with kinase or 

farnesyltransferase inhibitors (e.g. erlotinib, afatinib, AL2846). Among them, tyrosine kinase inhibitors are the 

most frequently used. These combinations stop the tumor from progressing and induce programmed cell death 
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[28-30]. Monoclonal antibodies have been combined with GEM in the treatment of pancreatic cancer to 

enhance its efficacy [31-34].  

More recently, multi-drugs therapeutic options reconsider the combination of standard-of-care drugs with 

repurposed drugs whose mechanism of action and side effects are already known. The chapter below will focus 

on the combination of the old drug DSF with GEM and the potential interest of this combination for the 

treatment of PDAC. 

 

4) Potential new combinations with the repurposed drug: disulfiram 

Repurposing (or repositioning) drugs is a strategy for identifying new applications for existing drugs that offer 

advantages over developing entirely new drugs. The main advantages include a reduced risk of failure, a faster 

development time and a lower cost, as the pre-clinical testing and safety assessments have already been 

completed. Savings in the early stages of development can make repurposed drugs more cost-effective, 

although regulatory and phase III costs can remain similar to those of new drugs [35]. 

 

a. DSF and its mechanism of action 

DSF is a drug candidate with significant potential for repositioning in cancer treatment; it is an anti-alcohol 

drug approved by the US Food and Drug Administration in 1951 [36]. It acts as a non-selective and irreversible 

acetaldehyde dehydrogenase (ALDH-1 and -2) inhibitor and causes acetaldehyde accumulation after alcohol 

consumption. This accumulation provokes several unpleasant reactions including tachycardia, nausea, flushing 

accompanied with headache and vomiting symptoms which should diminish the desire to consume alcohol 

[37]. Interestingly, the ability to reduce the expression of ALDH has also been described as an anticancer 

property as ALDH is a marker of cancer stem cells (CSCs) within a wide variety of tumors, and a key enzyme 

for the stemness of CSCs [38]. Indeed, DSF was found to possess several anticancer properties [39-41] with 

excellent tumor-selective toxicity [42]. 

 

b. DSF in cancer therapy 

The mechanism by which DSF exerts its anti-cancer effect has been investigated for many years and in various 

cancers [36], revealing its multi-functional role. Li et al. identified the disruption of the ubiquitin-proteasome 

system by DSF, which results in cancer cell death [43]. Several studies suggest an anti-proliferative effect by 

upregulating the production of reactive oxygen species (ROS), which are involved in apoptosis-related cell 

death. Indeed, elevated ROS level leads to molecular damage and oxidative stress [44]. Furthermore, DSF can 

form disulfide bridges with the cysteines of enzymes or other proteins, inhibiting their function. One such a 

protein is the glycoprotein P (P-gp), an adenosine triphosphate efflux pump localized in the plasma membrane 

and capable of expelling a wide variety of drugs from the cell, thus conferring multidrug resistance to cancer 

cells. DSF, by inactivating the P-gp, contributes to reducing the development of resistance to anticancer-drugs 

[39].  

 

c. DSF for PDAC treatment and synergistic effects when combined with GEM in preclinical and 

clinical trials 

When the effects of DSF were studied on PDAC, Xu Y. et al. found that DSF suppressed the survival of 

pancreatic cancer cells after ionizing radiation exposure, both in vitro and in vivo. The results suggested that 
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DSF may function as a radiosensitizer for pancreatic cancer, potentially by enhancing DNA damage, cell cycle 

arrest, and apoptosis [8].  

Furthermore, some studies have been focused on enhancing the synergistic antitumor effect of DSF by 

complexing it with copper (Cu) [45]. Yao Z. et al. observed that the DSF/Cu combination inhibited cell 

proliferation and induced apoptosis. In fact, DSF/Cu treatment induced autophagy by the upregulation of the 

transcription factor p8 and activation of the PI3K/mTOR pathway [46]. Zhang X. et al. investigated the role of 

DSF/Cu in autophagy and apoptosis in pancreatic and breast cancer cells. DSF/Cu induced autophagy-

dependent apoptosis by activating the IRE1α-XBP1 pathway, a key component of the unfolded protein 

response (UPR). These results suggest that the use of DSF/Cu, which induces ER stress and contributes to 

autophagy-dependent cancer cell death, could lead to the development of new therapeutic strategies for 

pancreatic and breast cancer [47].  

DSF has also been combined with several other anticancer drugs, among them, GEM. Dalla Pozza E. et al. 

investigated the combination of GEM and DSF, with and without zinc (Zn), on pancreatic cancer cells and 

tumor growth in mice. Their findings revealed that the combination therapy resulted in enhanced cell death 

compared with drugs used alone, showing a link between cancer cell resistance to GEM and low levels of ROS. 

Combining GEM and DSF increased ROS levels, which was enhanced by Zn. In human pancreatic cancer 

models, the combination of GEM, DSF, and Zn exhibited robust antitumor effects. Indeed, this combination 

led to a substantial reduction in tumor mass, nearly halting tumor growth [45].  

Kim, S.K. et al. investigated the role of DSF in suppressing a pancreatic cancer cell subpopulation expressing 

high levels of ALDH and known for its high resistance to GEM. As DSF is an irreversible ALDH inhibitor, 

the reduction of ALDH levels induces apoptosis in cancer cells, preventing them from regaining their resistant 

properties. Combining DSF with low-dose GEM has shown promising results in suppressing tumor growth in 

experimental models while sparing hematopoietic stem cells from significant damage [48]. 

Although the literature on the combination of DSF and GEM in pancreatic cancer is limited, the promising 

results (both for the efficacy of this combination in pancreatic cancer and its effectiveness in other types of 

tumors [49, 50]) have allowed the development of two clinical trials.  

Jatoi M. started a phase I clinical study in the USA that was conducted in patients with refractory solid tumors 

or metastatic pancreatic cancer to assess the optimal dose of DSF in combination with GEM and other 

chemotherapy. The trial was also evaluating whether DSF could reduce tumor-induced muscle wasting and 

increase the sensitivity of tumor cells to chemotherapy. This trial aimed to determine the maximum tolerated 

dose (MTD) of DSF combined with GEM in patients with inoperable solid tumors. Among the secondary aims, 

are the evaluation of side effects, toxicity profile, overall survival, and response rate. The study was recently 

closed due to a lack of fundings (https://clinicaltrials.gov/search?cond=NCT02671890).  

Jameson G. set up a phase II study to evaluate DSF and copper gluconate in patients with metastatic pancreatic 

cancer who have increased levels of the tumor biomarker carbohydrate antigen 19-9 (CA-19-9) levels, despite 

treatment. Enrolled patients must have received at least 8 weeks of treatment with Nab-paclitaxel plus GEM, 

FOLFIRINOX, or GEM alone and have increased levels of CA-19-9 levels without radiographic progression. 

The study had three treatment arms of five patients, each based on prior treatment. The study measured changes 

in plasma CA-19-9 level (at least 30%) from baseline and overall response rate. One patient was treated, but 

this patient was on study for 6 weeks and ended trial participation due to progressive disease. The study was 

closed due to the low subject enrollment at site (https://clinicaltrials.gov/search?cond=NCT03714555).  

 



 

 57 

d. Limitation of GEM and DSF in clinical use  

Despite the high efficacy of DSF in various cancer cells, its clinical effectiveness as cancer treatment has been 

limited. This is due to its rapid metabolism and degradation by the liver and consequently its short half-life, 

which prevents it from reaching and accumulating in the tumor.  

Similarly, GEM faces limitations due to its rapid clearance, limited stability, and significant adverse effects. 

In addition, the cellular uptake of GEM depends on membrane transporters and its activation requires 

intracellular phosphorylation. Consequently, its efficacy is closely related to the expression of the 

corresponding transporters and kinases, the reduction of which leads to the occurrence of resistance [15, 51].  

To improve the therapeutic efficacy of DSF and GEM and to overcome their drawbacks, researchers have 

explored the use of advanced drug delivery systems in addition to the aforementioned drug combination 

strategy. These include nano-encapsulation techniques to protect the functional groups and increase drug 

concentration at the tumor site. Section 5 describes the latest nanodelivery systems used to encapsulate GEM 

or DSF and the therapeutic benefits of this encapsulation. When the use of nanodelivery systems to protect the 

molecules joins the strategy of combinatorial treatments, one can imagine the use of co-delivery systems to 

load different molecules in the same nanovector. The combination of these two strategies may further enhance 

the synergistic effect and help overcome drug resistance (section 5c) [52]. 

 

5) Nanomedicine 

a. Benefits of using nanomedicine to treat PDAC  

Surgical removal of tumors followed by systemic chemotherapy has constituted the primary treatment modality 

for PDAC for the past decade. However, factors such as late-stage diagnosis, metastasis, and the dense tumor 

microenvironments (TMEs) observed in many cases impede the efficacy of this approach. PDAC TMEs are 

characterized by desmoplasia. This rigid barrier hinders the infiltration of immune cells and the penetration of 

therapeutic agents, contributing to multidrug resistance and poor patient treatment outcomes. Despite 

advancements in tumor resection and combination therapy, there is an urgent need for research into the 

advanced stages of PDAC to develop effective therapeutic strategies [53].  

Nanomedicine has gained significant attention in cancer therapy due to its ability to enhance drug absorption, 

permeability, site specificity, and controlled release. Nanosystems can bypass biological barriers, prevent early 

drug degradation, and improve cancer diagnosis and treatment. They can be passively targeted to tumors 

through the enhanced permeability and retention (EPR) effect or actively targeted using ligands to improve the 

targeting ability [54]. The following chapters will focus on the analysis of GEM- or DSF-loaded lipid-based 

nanosystems that are among the most biocompatible and biodegradable nanodelivery tools, and the 

combination of different anticancer agents within the same nanocarrier with the aim of improving efficacy 

against pancreatic cancer. 

 

b. Lipid-based nanosystems for improved delivery of GEM and DSF as single agents 

i. GEM encapsulating liposomes 

 Many research groups have focused on studying nanosystems to encapsulate GEM to increase its stability, 

cellular uptake and safely maximize drug efficacy and therapeutic index [55]. 
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Higuchi T. and his group developed the liposomal GEM formulation FF-10832 with improved stability and 

longer circulation half-life compared to the free drug. Its safety and efficacy are currently being assessed in 

two ongoing clinical trials (https://clinicaltrials.gov/search?cond= NCT05318573) [56, 57].  

Among the various strategies proposed to overcome GEM resistance with delivery nanocarriers, the possibility 

of formulating liposomes functionalized with an active targeting agent is worth of consideration. This approach 

consists in decorating the surface of the nanovector with ligands, aptamers or monoclonal antibodies that 

recognize specific receptors expressed on tumor cells. This allows the nanosystems to deliver the GEM 

preferentially to the target site and achieve higher in vitro and in vivo efficacy and better uptake [58-60].  

The formulation of thermosensitive liposomes can enhance the efficacy of GEM in pancreatic cancer cells by 

prolonging the residence time of the drug and increasing its release through mild hyperthermia (mHT). GEM-

loaded thermosensitive liposomes caused greater tumor regression with reduced dosage, supporting the interest 

of this type of drug delivery for treating pancreatic cancer [61, 62].  

Moreover, numerous researchers have pursued the synthesis of lipophilic prodrugs of GEM to improve its 

encapsulation within the liposomes. Wang X. et al. bound a C13 chain to GEM, which allowed the preparation 

of liposomes stable for over two years at temperatures between 2 and 10 °C without any leakage of the drug 

[63].  

Kim B. et al. prepared GEM-C16 lipid chain-loaded liposomes fused with human PDAC extracellular vesicles. 

This platform showed the potential to be an effective approach for chemotherapy in patients with PDAC [64].  

Li P. et al. prepared GEM-C16-loaded liposomes with a surface modification consisting in the binding of a 

linear propanediamine derivative to the phospholipid component of liposomes [65].  

Masetto F. et al. prepared GEM prodrugs with nitric oxide (NO)-donor moieties to enhance the metabolic 

stability and lipophilicity, facilitating encapsulation in liposomes. The release of NO from GEM into cells 

demonstrated to induce anti-tumor effects and the most effective treatment was identified when the NO-donor 

diethylamine NONOate was attached to GEM and encapsulated into the liposomes [66].  

Bulanadi J.C. and colleagues synthesized GEM-phytanyl and formed lipid nanoparticles (GEM-LPNPs) with 

1,2-dimyristoyl-sn-glycero-3-phosphocholine and cholesterol. GEM-LPNPs exhibited reduced toxicity 

compared to free GEM, likely attributable to the sustained release of the drug [67].  

Dora C.P. et al. developed lipid nanoparticles incorporating a phospholipid complex of GEM (GEM-NPs). The 

characterization of GEM revealed that it existed in an amorphous state within the lipid matrix, which allowed 

a controlled release via diffusion, with an initial burst release followed by a sustained release. GEM-NPs 

demonstrated notable cytotoxicity against pancreatic adenocarcinoma cell lines [68].  

Table 1 includes further information on the lipid-based nanosystems encapsulating GEM. 
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Table 1:  Summary of lipid-based nanosystems for GEM delivery 

Therapeutic system Loaded drug 
Phospholipid composition 

(molar ratio) 

Pancreatic tumor models  

in vitro/ex vivo 

 &  

in vivo (in italic characters) 

Remarks Ref. 

Liposomes GEM (FF-10832) 
CHOL/HSPC/N-MPEG-DSPE 

4/15/1  

GEM metabolism and transport 

assessed in fractions of the liver, 
small intestine, tumor homogenates 

and isolated hepatocytes 

 

Human Capan-1and BxPC-3 

xenografted subcutaneously; SUIT-2 
orthotopically administered in 

BALB/cAJcl-nu/nu mice 

Liposome formulation enhanced tumor drug 

targeting and improved therapeutic outcomes. A 

PBPK model revealed the pivotal roles of liposome 

stability, tumor accumulation, and metabolic 

activation in determining therapeutic success. 

[56, 57] 

Fucoidan-coated cationic 
liposomes 

 

GEM 
DPPC/DMPC/DOTAP  

4/1/1 

Capan-1 (human) 

Panc-1 (human) 

Human tissues from resectable 

pancreatic ductal adenocarcinoma 

Fucoidan helped to stabilize the liposomes and 

then improved the drug delivery in the tumor, 

showing that optimized PEGylated liposomes can 

be a promise and effective drug delivery system. 

[58, 59] 

Hyaluronic acid (HA) 

functionalized pH-

sensitive liposomes 

GEM 

DOPE/CHEMS/DSPC/CHOL/DSPE-

mPEG2000 
HA-DOPE/CHEMS/DSPC/CHOL/DSPE-

mPEG2000 

4/2/2/2/0.3 

 

MiaPaCa-2 (human)  

Gr2000 (MIA-PaCa-2 resistant)  

 

MiaPaca-2 and Gr2000 xenografted 
in NOD Scid mice 

HA pH-sensitive liposomes showed improved 

cellular uptake and in vitro cytotoxicity. In vivo 

efficacy studies also showed that decorated 

liposomes only partially resensitized cancer cells to 
GEM therapy. 

[60] 

Thermosensitive liposomes GEM 
DPPC/DSPC/DSPC-PEG2000 

80/15/50 

KPC (mouse) 

BXPC3 (human)  

Only the KPC cell line exhibited a response to 
liposomal treatment that was consistent with the 

anticipated response of an ideal thermosensitive 

liposome formulation. 

[61] 

Thermosensitive liposomes GEM-copper complex 

DPPC/Lyso-PPC/mDSPE-PEG2000  

86/10/4 

DPPC/Lyso-SPC/mDSPE-PEG2000  

86/10/4 

DPPC/MPPC/mDSPE-PEG2000 
89/7/4 

DPPC/MSPC/mDSPE-PEG2000 

89/7/4 

DPPC/DSPC/mDSPE-PEG2000 

80/15/5 

KPC (mouse) 

 

KPC xenografted in C57BL/6 mice 

The interaction between copper and GEM is 
imperative for achieving elevated GEM 

concentrations within the loading buffers. This 

resulted in passive loading of GEM at 

concentrations that are increased compared to 

those reported in the literature. 
 

[62] 

Liposomes 
GEM-C13 diester 

prodrug 

GEM-C13/DMPC/CHOL/mDSPE-

PEG2000 

1/3/0.45/0.75 

AsPC-1 (human metastatic)  

SU.86.86 (human) 

 
BALB/c nude mice and BALB/c mice 

bearing AsPC-1 subcutaneous 

xenografted tumors 

The uptake of liposomes by pancreatic cancer cells 

was observed to be more effective than the free 

drug. In vivo, liposomes demonstrated a prolonged 
plasma half-life, increased tumor accumulation, 

and superior antitumor efficacy compared to free 

drug. 

[63] 
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Notes: Abbreviations: Cholesterol: CHOL; hydrogenated soy phosphatidylcholine: HSPC; N-(carbonyl-methoxypolyethylene glycol 2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine sodium salt: N-MPEG-DSPE or 

DSPE-mPEG2000; 1,2-dipalmitoyl-sn-glycero-3-phosphocholine: DPPC; 1,2-dioleoyl-3-triethylammonium-propane: DOTAP; 1-myristoyl-2-palmitoyl-sn-glycero-3-phosphocholine: MPPC; 1,2-dipalmitoyl-sn-glycero-3-

phospoethanolamine-N-diethylenetriaminepentaacetic acid (gadolinium salt): Gd-DSPE; 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine: Lyso-PPC; 1-stearoyl-2-hydroxy-sn-glycero-3-phosphocholine: Lyso-SPC; 1-

myristoyl-2-stearoyl-sn-glycero-3-phosphocholine: MSPC; 1, 2-dimyristoyl-sn-glycero-3-phosphocholine: DMPC; 1,2-dioleoly-sn-glycero-2-phosphocholine: DOPC; N,N-dimethyl-1,3-propanediamine conjugated to DSPE-
PEG: DSPE-PEG-2N. 

Table 1 (continued)      

Liposomes GEM-C16 prodrug 
DOPC/CHOL/mDSPE-PEG2000  

70:25:5 

Panc-1 (human) 
KPC (mouse) 

 

The hybrid nanosystem had enhanced targeting 

ability, resulting in increased accumulation at the 

tumor site and the potential for overcoming GEM 
resistance. 

[64] 

Liposomes GEM-C16 prodrug 

LipoidE80/CHOL/mDSPE-PEG/DSPE-

PEG-2N 

3:1:0.8:0.2 

BxPC3 (human) 
AR42J (rat) 

Panc02-luc (luciferase-tagged 

murine) 

 

Female C57BL/6 mice bearing   
Panc02-luc 

Liposomes demonstrated superior therapeutic 

outcomes in an orthotopic pancreatic cancer mouse 

model relative to unmodified liposomes. 

[65] 

Liposomes 
Oxide-releasing GEM 

prodrug 

DSPC/CHOL/mPEG-DSPE 

65:30:5  

MiaPaCa-2 (human) 

Panc-1 (human) 

In vitro, liposomal delivery of the drug led to an 

increase in the level of apoptosis in PDAC cells 

and increased the expression of pro-apoptotic 
proteins in comparison with standard GEM 

treatment. 

[66] 

Liposomes 
GEM-phytanyl 

conjugate prodrug 

DMPC/CHOL 

73.5/8.1 

CFPAC-1 (human) 

BxPC3 (human) 

MiaPaCa-2 (human) 

 

NOD/SCID mice bearing CFPAC-1 
xenografted tumors 

The in-situ enzymatic conversion of the prodrug to 

GEM was achieved with a high degree of 

effectiveness, depending on the enzyme 

concentration. In vivo, these liposomes exhibited 

superior antitumor efficacy in comparison with 
free GEM. 

[67] 

Lipid nanoparticles 

incorporating a phospholipid 
complex 

Phospholipid complex 

of GEM (GEM-PC) 

GEM-PC/TPGS 

(0.5-1% of surfactant) 

 

MiaPaCa-2 (human) 
Panc-1 (human)  

 

Pancreatic adenocarcinoma was 

 induced in Sprague−Dawley rats 

using a chemical (DMBA) 
 carcinogenesis approach 

In vitro investigations revealed that liposomes 

containing GEM demonstrated enhanced stability, 

efficacy, and safety. These systems exhibited 

resistance to enzymatic degradation. 

[68] 



 

ii. DSF-encapsulating liposomes 

The encapsulation of DSF in liposomes has shown promising results to treat various type of cancer [69], 

however the number of studies concerning pancreatic cancer is limited. Marengo et al. focused on the 

development of hyaluronic acid-decorated liposomes, containing the DSF derivative diethyldithiocarbamate-

copper (Cu(DDC)2), to target the CD44 receptor, a marker of CSCs in PDAC. The characterization of the 

liposomes revealed high encapsulation efficiency, and cryo-TEM analysis confirmed the presence of 

Cu(DDC)2 crystals in the aqueous core. The liposomes exhibited robust antiproliferative effects on CSCs from 

PDAC cell lines or patient derived CSCs, predominantly through mechanisms involving ROS species [45]. 

 

c. Lipid-based nanosystems for drugs co-delivery to improve PDAC treatment outcomes  

Drug-combined delivery in pancreatic cancer has many advantages, such as the potential to overcome drug 

resistance, reduce toxicity, and address the problem of inadequate drug accumulation in tumor tissue [70]. 

A considerable body of research has been conducted in recent years examining the potential of GEM in 

combination with other pharmaceutical agents within the same drug delivery nanosystem (Figure 2). This 

approach is meant to enhance the anticancer impact of GEM and decrease or delay the appearance of resistance 

to GEM [71, 72].  

Yang W. et al. successfully developed an antibody fragment (AF) conjugated to GEM/paclitaxel-loaded 

liposomes (AF-GPL), with enhanced uptake in pancreatic cancer cells compared to non-targeted liposomes 

(GPL). Moreover, it was observed that AF-GPL cytotoxic effect was markedly increased in comparison to 

GPL. It is noteworthy that AF-GPL induced a substantial number of cancer cells to undergo apoptosis, with 

most cells exhibiting characteristics of late apoptosis [73].  

Tang M. et al. developed a dual-drug liposomal system (pSL-GEM&ZEB) co-encapsulating GEM and 

zebularine. Apart from observing an improvement in GEM uptake due to the use of liposomes, its efficacy was 

also enhanced. Indeed, zebularine inhibited cytidine deaminase (CDA), which is the enzyme responsible for 

GEM inactivation. In vivo, liposomes reduced GEM clearance and prolonged its circulation time, increasing 

its bioavailability and half-life. In rats, pSL-GEM&ZEB showed better pharmacokinetics and tumor treatment 

than free drugs; co-delivery with zebularine also prevented cancer cell regrowth and resistance [74]. 

The potential of curcumin to augment the efficacy of GEM in pancreatic cancer by impeding the activity of 

the MRP5 transporter, a primary contributor to GEM resistance, was examined by Xu H. et al. The developed 

pH-sensitive liposomes (PSL), co-encapsulating GEM and curcumin, resulted in increased GEM accumulation 

and cytotoxicity within MiaPaCa-2 pancreatic cancer cells. In rats, PSL increased GEM exposure and half-life, 

while curcumin reduced its clearance. This dual-drug system offers enhanced drug delivery and efficacy, 

overcoming GEM resistance; but additional optimization is necessary for clinical use [75]. 

Emamzadeh M. et al. examined the potential of thermoresponsive liposomes (PMTL) to enhance the delivery 

and efficacy of GEM and cisplatin (Cis) at 40 °C. PMTL incorporation led to significant enhancement in the 

drugs cytotoxicity in MiaPaCa-2 and BxPC-3 pancreatic cancer cells. PMTL performed better than standard 

liposomes (TTL): GEM and Cis in PMTL worked synergistically at 40 °C, unlike the free drugs. PMTL 

formulations enhanced drug delivery and tumor cell killing through a controlled, synergistic approach to multi-

drug therapies while minimizing systemic toxicity [76].  

A study by Wang Y. et al. investigated combining GEM chemotherapy and Mcl-1 siRNA to treat pancreatic 

cancer. The Mcl-1 protein is overexpressed in pancreatic cancer cells and was found to enhance the effect of 

GEM when silenced. A liposomal formulation (LP-Gem-siMcl-1) was developed to deliver GEMs and protect 
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the siRNA, enhancing its uptake by tumor cells. LP-Gem-siMcl-1 was successfully internalized by PANC-1 

and BxPC-3 pancreatic cancer cells, silencing Mcl-1 and increasing tumor cell death. In vitro, LP-Gem-siMcl-

1 demonstrated markedly enhanced efficacy, with a substantially higher reduction in cell viability compared 

to free GEM or siMcl-1 alone. In mice, LP-Gem-siMcl-1 was more effective than free GEM or siMcl-1 at 

slowing tumor growth, and led to increased tumor necrosis [77]. 

Shrestha P. et al. investigated the potential of combining, within the same liposome, dordaviprone (ONC201) 

an inhibitor of AKT/ERK pathways and the stearoyl lipid-GEM conjugate. This liposome was further 

decorated with the lipidic mucin 1 (MUC1)-binding peptide for selective drug delivery to the pancreatic tumor. 

This combination has been observed to enhance cell cycle arrest, induce ER stress, disrupt metabolic pathways 

and overcome GEM resistance by inhibiting the Akt/ERK pathways. In vivo studies demonstrated the efficacy 

of lipid-GEM-ONC201 liposomes in reducing tumor growth and size, upregulating pro-apoptotic proteins, and 

inducing caspase-dependent apoptosis. Liposomes demonstrated prolonged drug release and enhanced tumor 

penetration. The targeted delivery of liposomes resulted in a more effective reduction of cell proliferation and 

weakening of the PDAC stroma [78].  

In addition to drug combinations within the same nanosystem, the following two studies are noteworthy: each 

drug is encapsulated in a separate nanocarrier and both nanocarriers are then administrated together. Meng H. 

et al. combined two distinct types of nanoparticles: TGFβ inhibitor (LY364947)-loaded mesoporous silica 

nanoparticles (TGFβi-MSNP) and GEM-encapsulating liposomes. The TGFβi-MSNP demonstrated efficacy 

in targeting the tumor stroma, reducing stromal cell coverage of blood vessels, enhancing vascular 

permeability, and improving drug delivery. GEM was encapsulated in the liposomes using the ammonium 

sulfate gradient to reduce toxicity and improve tumor shrinkage. The carriers were PEGylated to prolong the 

circulation time, and LY364947 was efficiently loaded onto the MSNPs to interfere with TGF-β signaling. 

This approach demonstrated the potential to enhance drug delivery and immune responses by modifying the 

tumor microenvironment [79]. 

Kim C. et al. examined the potential of cromolyn, an S100P inhibitor, as a therapeutic agent for PDAC 

treatment. S100P overexpression is a common occurrence in pancreatic cancers, making it an ideal target for 

therapeutic intervention. Cromolyn was encapsulated in PEGylated liposomes (PEG-lipo-cro), resulting in an 

improved drug delivery system with enhanced anti-cancer effects on S100P-expressing BxPC-3 pancreatic 

cancer cells and, when combined with GEM (PEG-lipo-GEM), inhibited NF-κB, thereby enhancing the tumor 

response. In vivo, the PEG-lipo-cro formulation outperformed free cromolyn in inhibiting tumor growth and, 

when combined with PEG-lipo-GEM, showed enhanced effects without significant side effects, suggesting a 

promising cancer treatment strategy [80]. 

Figure 2 summarize some of the studies reported in this paragraph. 
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Figure 2. Examples of drug co-delivery with GEM using liposomes (created with Biorender). 

 

d. Criteria of the ideal nanodelivery system for Gem/DSF combination 

The use of nanosystems has emerged as a strategy for delivering conventional drugs. A variety of nanocarriers 

have been formulated for combinational therapy, including polymer nanoparticles (NPs) [81], liposomes [82], 

polymersomes [83], polymers/dendrimers [84], carbon nanotubes [85], magnetic NPs [86], and mesoporous 

silica [87]. As previously discussed, GEM is a hydrophilic drug, while DSF is a hydrophobic drug. To 

encapsulate both drugs in a single nanosystem, it is necessary to employ a nanocarrier composed of two distinct 

compartments, each exhibiting higher compatibility with one of the drugs [15]. Moreover, previous studies 

have shown that the increasing of ROS production by DSF could promote the effect of GEM on pancreatic 

cancer cells [88], so it is reasonable to propose that the administration of the two drugs should be sequential, 

first DSF and then GEM. Liposomes are one of the most suitable delivery systems to obtain this sequential 

release as DSF would be mostly encapsulated in the lipophilic bilayer of the nanocarrier and therefore released 

quickly while GEM would be loaded in the aqueous core of the liposomes thanks to its hydrophilicity, and it 

would be released with a slower kinetics. 

Among other types of nanosystems that can be exploited there are the hyalurosomes, which are composed of 

phospholipids and hyaluronic acid. Hyalurosomes can be exploited to encapsulate two drugs: in this case 

lipophilic drugs are encapsulated in the phospholipid layer, and the hydrophilic therapeutic agents are 

entrapped in the aqueous core of the system. In a recent study, luteolin (LUT) and dexamethasone (DEX) were 

co-encapsulated into hyalurosomes for the transdermal treatment of rheumatoid arthritis (RA). The co-loading 

of these two active molecules within a single carrier enabled synergistic anti-inflammatory effects while 

minimizing systemic exposure. The dual encapsulation strategy resulted in enhanced drug retention, sustained 

release, and targeted delivery to inflamed tissues. Notably, in vivo results showed that the co-encapsulated 
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system outperformed individual formulations in reducing joint inflammation and oxidative stress, offering a 

promising non-invasive alternative to conventional RA injections [89]. 

Another study investigated the co-encapsulation of paclitaxel (PTX) and 5-fluorouracil (5-FU) into folic acid-

modified, lipid-coated hollow mesoporous silica nanoparticles, which enabled the simultaneous delivery of 

both hydrophobic and hydrophilic drugs. In biological studies, the efficacy of this dual-loading strategy was 

demonstrated to be superior to single-drug-loaded or free drug treatments in MCF-7 breast cancer cells, with 

increased apoptosis and cell growth inhibition [90]. 

Polymersomes, similar in structure to liposomes but synthesized from a polymer instead of a lipid component, 

can encapsulate hydrophilic molecules in their aqueous interior and hydrophobic molecules in their membrane. 

Depending on the properties of the polymer or the encapsulated molecule, the drug release of polymersomes 

can be manipulated by pH, light, magnetic field and temperature [91]. 

 

6) Conclusions  

Treatment options for PDAC have been stagnant for many years until the last decade, since when a better 

understanding of the complex biology of PDAC and the development of innovative therapeutic strategies have 

transformed the therapeutic landscape. Nevertheless, there are still persistent challenges ahead, particularly in 

terms of earlier diagnosis and overcoming chemoresistance. Recent preclinical promising results offer hope 

for more effective treatments. For instance, the combination of GEM with other drugs, such as DSF, has been 

shown to enhance antitumor effects and overcome resistance mechanisms. The synergistic potential of these 

combinations, particularly when paired with nanomedicine, represents a cutting-edge therapeutic approach.  

In fact, nowadays, the development of multi-drug delivery systems for simultaneous delivery of multiple 

therapeutic agents is a key focus in nanotechnology-based pharmacology. These systems use several 

compartments to encapsulate drugs with different physicochemical properties, enabling release rates to be 

controlled and mitigating adverse effects. In fact, if the drugs work synergistically, therapeutic doses can be 

reduced, resulting in less toxicity for patients. Nevertheless, the inability to precisely manage the ratio of loaded 

drugs, the difficulty in regulating release mechanisms, and the lack of targeting are limitations to be addressed. 

The integration of advanced drug delivery systems such as multifunctional nanocarriers will tackle these 

limitations and provide better treatment outcomes in PDAC.  

Over the coming years, continued research and clinical trials are essential to translate these promising strategies 

into concrete therapies for patients, offering new prospects in the fight against this aggressive cancer. 
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List of abbreviations 

5-FU: 5-fluorouracil 

ALDH: acetaldehyde dehydrogenase 

CA-19-9: Carbohydrate antigen 19-9 (tumor biomarker) 

CD44 receptor: hyaluronic acid receptor 

CDA: cytidine deaminase 

CHOL: cholesterol 

CSCs: cancer stem cells 

Cu(DDC)2: diethyldithiocarbamate-copper 

dCK: deoxycytidine kinase 

DEX: dexamethasone 

DMPC: 1,2-dimyristoyl-sn-glycero-3-phosphocholine 

dNTP: nucleotide triphosphate 

DOPC: 1,2-dioleoyl-sn-glycero-2-phosphocholine 

DOTAP: 1,2-dioleoyl-3-triethylammonium-propane 

DPPC: 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

DSF: disulfiram 

DSPE-PEG-2N: N,N-dimethyl-1,3-propanediamine conjugated to DSPE-PEG-NHS 

EPR: enhanced permeability and retention 

FOLFIRINOX combination therapy: oxaliplatin, irinotecan, leucovorin calcium, 5-fluorouracil 

Gd-DSPE: 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-diethylenetriaminepentaacetic acid 

(gadolinium salt) 

GEM-TP: GEM triphosphate (20,20-difluoro-20-deoxycytidine triphosphate)  

GEM: gemcitabine 

hCNTs: human concentrative nucleoside transporters 

hENTs: human equilibrative nucleoside transporters  

HSPC: hydrogenated soy phosphatidylcholine 

Lyso-PPC: 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine 

Lyso-SPC: 1-stearoyl-2-hydroxy-sn-glycero-3-phosphocholine 

LUT: luteolin 

mHT: mild hyperthermia (mHT) 

MPPC: 1-myristoyl-2-palmitoyl-sn-glycero-3-phosphocholine  

MSPC: 1-myristoyl-2-stearoyl-sn-glycero-3-phosphocholine 

MTD: maximum tolerated dose 

MUC1: lipidic mucin-1 binding peptide 
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N-MPEG-DSPE or DSPE-mPEG2000: N-(carbonyl-methoxypolyethylene glycol 2000)-1,2-distearoyl-sn-

glycero-3-phosphoethanolamine sodium salt 

Nab-paclitaxel: paclitaxel-loaded albumin 

NF-κB: nuclear factor-kappa B 

NTs: nucleoside transporter proteins 

ONC201: dordaviprone 

P-gp: glycoprotein P 

PDAC: pancreatic ductal adenocarcinoma 

PPP: pentose phosphate pathway 

PTX: paclitaxel 

ROS: reactive oxygen species 

RA: rheumatoid arthritis  

RR: ribonucleotide reductase  

siPlk1: small interfering RNA against Polo-like kinase-1 

TMEs: tumor microenvironments 

UPR: unfolded protein response 
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Pancreatic cancer is one of the most aggressive and lethal malignancies, currently ranking 

as the fourth leading cause of cancer-related death in developed countries. Its high mortality 

rate is primarily due to late-stage diagnosis (typically occurring after metastatic 

dissemination) and to its complex biological behavior, which includes extensive genetic 

heterogeneity, a dense desmoplastic stroma, and a pronounced resistance to conventional 

therapies. 

A defining feature of pancreatic cancer is its fibrotic stromal barrier, which not only hinders 

drug penetration but also contributes to a tumor-protective microenvironment. Furthermore, 

both intrinsic and acquired chemoresistance remain major obstacles to the success of current 

treatment strategies. 

GEM has long been a cornerstone in the chemotherapy of advanced pancreatic cancer, 

primarily exerting its cytotoxic effects through inhibition of DNA synthesis. However, its 

clinical utility is significantly limited by its short plasma half-life, rapid metabolic 

deactivation by cytidine deaminase, and poor tumor tissue penetration. Moreover, the 

emergence of resistance over the course of treatment greatly compromises its therapeutic 

efficacy. 

DSF, an aldehyde dehydrogenase inhibitor originally used for the treatment of alcoholism, 

has emerged as a potential anticancer agent. DSF exhibits anticancer activity by generating 

reactive oxygen species (ROS), inducing oxidative stress and apoptosis in cancer cells. 

Additionally, DSF has been shown to inhibit efflux pumps, such as P-glycoprotein, thereby 

reducing drug extrusion and improving the intracellular retention of chemotherapeutic drugs 

in resistant cancer cells, as GEM. It has been demonstrated that DSF can also form a complex 

with Cu (DSF/Cu); this compound has exhibited pro-apoptotic activity, the ability to induce 

oxidative stress, and the suppression of cancer stem cell populations in pancreatic cancer 

cells. Nonetheless, clinical application of DSF remains limited due to its poor bioavailability 

and non-specific biodistribution, underscoring the need for delivery strategies to fully exploit 

its therapeutic potential. Consequently, increasing attention has been directed toward the 

development of innovative drug delivery systems aimed at improving GEM stability, 

enhancing its tumor-specific accumulation, and overcoming resistance mechanisms.  

The primary objective of this doctoral thesis was to develop and characterize innovative 

nanocarrier-based drug delivery systems for the treatment of pancreatic cancer, with 

particular emphasis on the encapsulation of GEM. A comprehensive investigation into the 

full spectrum of drug encapsulation strategies was conducted, encompassing the exploration 

of lipophilic GEM prodrugs, specifically GEM-C12 and GEM-C18. This investigation 
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enabled the formulation of different types of nanosystems, including carbon nano-onions 

(CNOs), mixed micelles, and liposomes. Furthermore, the functionalization of CNOs and 

mixed micelles with active targeting moieties was undertaken to evaluate the potential for 

receptor-mediated internalization, with the objective of enhancing tumor-specific delivery. 

Finally, to further enhance the antitumor efficacy of GEM and GEM-C18 against 

chemoresistant pancreatic cancer, both free drugs were tested in vitro in combination with 

DSF. Subsequently, the liposomal formulations of GEM and GEM-C18 were also 

administered in combination with DSF to assess whether encapsulation could further 

enhance their antitumor activity.   

To achieve these objectives, three distinct types of nanosystems were developed. 

The initial focus of this research was on CNOs that were prepared by Prof. Silvia Giordani's 

research group at the Dublin City University. Specifically, CNOs were functionalized with 

HA via covalent coupling through a PEG linker. Both decorated and undecorated CNOs 

were evaluated for their cellular uptake and bioavailability in pancreatic cancer cell lines. 

Subsequently, the loading of GEM-C12 and GEM-C18 was performed, followed by 

physico-chemical characterization and in vitro release studies. These formulations were then 

tested by Prof. Riganti (Oncology Department of the University of Turin) for cytotoxicity in 

CD44+ and CD44- pancreatic cancer cells to assess the targeting efficiency. 

In the second part of the thesis, the investigation focused on mixed micelles, that were 

prepared using the commercially available 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (ammonium salt) (PEG-

DSPE) and a conjugate between HA and 1,2-dipalmitoyl-sn-glycero-3-

phosphorylethanolamine (HA-DPPE). The HA-DPPE conjugate was synthesized in our 

laboratory and designed to achieve active targeting via the interaction of HA-CD44. Mixed 

micelles were loaded with GEM-C18 and characterized in terms of size, polydispersity index 

(PdI), and zeta potential. Structural analyses (FESEM, SAXS, and X-ray diffraction) were 

also conducted to better understand micellar morphology. These formulations were further 

evaluated in vitro for cytotoxicity and cellular uptake in pancreatic cancer cells, again in 

collaboration with Prof. Riganti’s team.  

The third system investigated was liposomes. Two liposomal formulations with identical 

phospholipid composition were developed: one encapsulating GEM in the aqueous core, and 

the other incorporating GEM-C18 within the lipid bilayer. Both systems were characterized 

for physico-chemical properties, drug loading efficiency, and in vitro release profile. These 

formulations were tested during a research stay at Gustave Roussy Institute (Villejuif, 
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France), in collaboration with Dr. Giorgia Urbinati and Dr. Nazanine Modjtahedi. 

Cytotoxicity assays were performed to compare the efficacy of the liposomal formulations 

to that of free drugs, and combination studies with DSF were conducted to evaluate potential 

synergistic effects.  

Throughout the PhD project, an extensive literature review was carried out, focusing on 

pancreatic cancer pathophysiology, mechanisms of GEM resistance, and strategies to 

enhance drug delivery using lipid-based nanosystems. Particular attention was given to dual-

drug delivery systems capable of co-encapsulating GEM and DSF. This research culminated 

in the drafting of a review article submitted to WIREs Nanomedicine and Nanobiotechnology 

(WILEY), which is included as part of this thesis. 
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GEM, the standard chemotherapeutic agent for pancreatic cancer, suffers from rapid 

degradation and systemic toxicity, limiting its therapeutic efficacy. Nanocarriers offer a 

promising strategy to overcome these challenges by improving drug stability, targeting, and 

controlled release. Among them, CNOs are attractive due to their unique multi-layered 

graphitic structure, biocompatibility, and high surface functionalization capacity. 

Main Aim 

To develop and evaluate a smart, actively targeted drug delivery system based on 

functionalized CNOs for the selective and efficient delivery of GEM-derived prodrugs 

(GEM-C12 and GEM-C18) to pancreatic cancer cells. 

Specific Objectives 

• To functionalize CNOs surface with diamino-PEG and HA to achieve an active 

targeting towards CD44 receptor overexpressing pancreatic cancer cell lines. 

• To load CNOs with GEM-derived prodrugs to increase their efficacy and obtain a 

controlled drug release. 

• To characterize the nanocarriers in terms of structure, drug loading, release profile, 

and stability. 

• To assess cellular uptake, cytotoxicity, and selectivity assays of the HA-targeted 

CNOs in vitro on PANC-1, CAPAN-1 and MIA PaCa-2 pancreatic cancer cell lines.  

Highlights 

• The synthesis and characterization of HA-functionalized CNOs were presented. 

CNOs were successfully loaded with GEM-C12 or GEM-C18, providing stable 

systems for controlled drug delivery.  

• Significantly increased cellular uptake and cytotoxicity was observed in pancreatic 

cancer cells due to HA receptor-mediated endocytosis. 

• The study confirmed the potential of HA-targeted CNOs as an effective and selective 

nanoplatform for PDAC therapy. 
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Micellar nanocarriers have garnered significant attention for their biocompatibility and 

capacity to solubilize hydrophobic drugs. HA mixed micelles represent a promising 

platform, as HA selectively binds CD44 receptors, which are commonly overexpressed on 

the surface of pancreatic cancer cells. This active targeting strategy has been shown to 

enhance cellular internalization and therapeutic efficacy, while minimizing systemic toxicity 

and off-target accumulation. 

Main Aim 

The study aimed to design and evaluate a smart, HA-functionalized micellar system for the 

delivery of a lipophilic gemcitabine prodrug (GEM-C18), with the goal of enhancing its 

antitumor activity and stability while promoting selective uptake by CD44-overexpressing 

cancer cells. 

Specific Objectives 

• To formulate stable mixed micelles using PEG-DSPE and HA-DPPE conjugate, 

incorporating GEM-C18. 

• To assess the physicochemical characteristics and stability of the HA-GEM-C18 

micelles. 

• To evaluate in vitro uptake, cytotoxicity, and selectivity in overexpressing CD44 

cancer cell lines. 

Highlights 

• Successfully formulated DSPE-PEG/HA micelles (composed of 1% molar ratio of 

HA, relative to the total amount of PEG-DSPE) with high encapsulation efficiency 

and good colloidal stability. 

• Demonstrated enhanced cellular uptake of loaded decorated micelles in CD44 

positive pancreatic cancer cells compared to non-targeted micelles or free drug. 

• Loaded decorated micelles showed strong cytotoxicity in vitro. 

• The HA-functionalized nanocarrier proved to be an effective strategy to boost the 

efficacy and selectivity of a GEM-based treatment. 
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Supplementary Material 

 

 

 

Fig. S1. GemC18 release from PEG-M, PEG-M/HA4800 and PEG-M/HA14800 as a function 

of time in PBS pH 7.4 at 37 °C. 
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Fig. S2. FESEM representative image showing the presence of elongated structures as for 

the GemC18-PEG-M sample collected with in-beam SE detector in Ultra High-resolution 

mode at 15 keV. Instrumental magnification: 10000×. 
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Fig. S3. A) FESEM representative image showing the presence of spherical structures 

decorated by residual crystal salts formed during evaporation of the PEG-M/HA14800 solution 

collected with in-beam SE detector in Ultra High-resolution mode at 5 keV. Instrumental 

magnification: 22000×. B) EDS sum map of the region shown in A) and maps of the single 

elements. 
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Fig. S4. FESEM representative image showing the presence of elongated superstructures 

decorated by residual crystal salts formed during evaporation of the GemC18-PEG-

M/HA14800 solution collected with in-beam SE detector in Ultra High-resolution mode at 15 

keV. Instrumental magnification: 10000×. 
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Liposomes have emerged as a powerful strategy in cancer therapy due to their ability to 

enhance the pharmacokinetic profile, stability, and bioavailability of chemotherapeutic 

agents while reducing systemic toxicity. In the context of pancreatic cancer, where drug 

resistance and poor therapeutic efficacy pose significant clinical challenges, liposomes 

represent a promising platform to improve treatment outcomes by synergistic drug 

combinations. 

Main Aim 

The main aim of this study was to develop lipid-based delivery systems capable of improving 

GEM’s therapeutic performance by combining it with DSF, a repurposed drug with anti-

cancer potential, in a synergistic liposomal formulation. 

Specific Objectives 

• Design and prepare liposomes encapsulating GEM or its lipophilic prodrug, GEM-

C18. 

• Evaluation and comparison of in vitro toxicity of the free drugs and the liposomal 

formulations. 

• Combining free drugs and liposomal formulations with DSF. 

• Find a synergy among these drugs combinations. 

Highlights of the Article 

• The study demonstrated the successful preparation of stable liposomal systems 

encapsulating GEM or GEM-C18, which resulted in the controlled release of the 

drugs. 

• Combining GEM or GEM-C18 free drugs with DSF enhances anticancer activity and 

may help overcome chemoresistance mechanisms in pancreatic cancer. 

• Liposomal formulations may require extended exposure times in PANC-1 cells to 

achieve enhanced efficacy when administered in combination with DSF. 
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Abstract 

Pancreatic cancer is a highly lethal malignancy, frequently diagnosed at an advanced stage due 

to its asymptomatic progression and the lack of effective screening methods. Gemcitabine has 

long been the standard chemotherapeutic agent for pancreatic cancer treatment, although its 

clinical efficacy is limited by rapid degradation and the occurrence of drug resistance. In this 

study, liposomal formulations were developed to deliver gemcitabine and its lipophilic 

prodrug 4-(N)-stearoyl-gemcitabine, and combined with disulfiram, a repurposed drug known 

to inhibit aldehyde dehydrogenase and P-glycoprotein-mediated drug efflux, thereby 

enhancing the cytotoxic effects of chemotherapy. The formulations were characterized in 

terms of size, polydispersity index, zeta potential, encapsulation efficiency, and drug release 

profile. 4-(N)-stearoyl-gemcitabine-loaded liposomes exhibited a more sustained release 

profile compared to gemcitabine-loaded liposomes. Moreover, the combination with 

disulfiram significantly augmented the in vitro efficacy of gemcitabine in resistant pancreatic 

ductal adenocarcinoma cell line (PANC-1), and the synergistic effect was observed through 

MTT assays and confirmed by the combination index analysis. These findings support the 

potential of combining lipophilic prodrugs in nanocarrier systems with repurposed agents as a 

promising strategy to improve therapeutic outcomes in pancreatic cancer. 

 

Keywords 

Pancreatic cancer; gemcitabine; disulfiram; liposomes; synergism. 

 

1. Introduction 

Pancreatic cancer (PC) is a particularly challenging and deadly form of cancer. Often 

described as a "silent" disease due to its asymptomatic onset and rapid progression, PC is 
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typically diagnosed at an advanced stage, contributing to its poor prognosis [1]. Its high 

metastatic potential and the late appearance of non-specific symptoms-such as jaundice, 

weight loss, abdominal pain, and digestive disturbances-further complicate early diagnosis 

[2]. The challenges associated with the early detection of PC are further exacerbated by the 

absence of reliable screening methods and the deep location of the pancreas, which makes it 

difficult to assess through routine imaging. Despite advancements in medical research, the 

survival rate for PC remains low [3]. Numerous chemotherapeutic agents have been explored 

for PC treatment, yet therapeutic progress has been hampered by the tumor intrinsic 

resistance mechanisms. Standard chemotherapeutics such as gemcitabine (GEM) and 5-

fluorouracil (5-FU) are routinely used, although with limited clinical benefit [4]. In the 

clinical management of PC, combination chemotherapy regimens have demonstrated 

superior efficacy in comparison to monotherapy. Two common protocols are FOLFIRINOX 

(5-FU, leucovorin, irinotecan, and oxaliplatin) and nab-paclitaxel/GEM. FOLFIRINOX has 

improved survival, especially in patients with good performance status, but has more 

toxicity. Nab-paclitaxel/GEM is more tolerable but remains a standard first-line treatment 

for patients who may not tolerate intensive regimens. These combination treatments are the 

current mainstay of therapy for advanced PC [5]. Given the toxicity of the current treatment 

modalities, there is an imperative to explore alternative therapeutic interventions. Novel 

targeted therapies aim to block specific molecular pathways involved in cancer cell 

proliferation, although their success has been inconsistent. Moreover, recent advancements 

in nanoparticle-based drug delivery systems show promise in enhancing the effectiveness of 

existing treatments while reducing side effects. Ongoing research continues to explore new 

drug combinations and precision medicine approaches to improve outcomes for PC patients 

[6].  

GEM has been a fundamental component in the therapeutic management of PC for an 

extended period. As a nucleoside analog, GEM functions by hindering DNA synthesis, 

thereby preventing cancer cells from replicating. While GEM has demonstrated some degree 

of efficacy in enhancing overall survival and ameliorating symptoms in patients with PC, its 

benefits are frequently minimal, and resistance to the drug can occur within few months. As 

a result, there is a need for ongoing research to identify ways to enhance the efficacy of 

GEM, including combination therapies and strategies to overcome resistance mechanisms, 

as synthesis of prodrugs or encapsulation in nanosystems [7-9]. As previously stated, 

nanomedicine has the potential to address the challenges posed by drug resistance and the 

efficacy of pharmaceuticals. The field of nanomedicine has attracted considerable interest in 
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the domain of cancer therapy, owing to its capacity to enhance various pharmacological 

parameters, including drug absorption, permeability, site-specific targeting, and controlled 

release. The utilization of nanosystems in this field has the potential to bypass biological 

barriers, prevent premature drug degradation, and improve cancer diagnosis and treatment 

[10-12]. In this context, we decided to encapsulate GEM in stealth liposomes and further 

exploit 4-(N)-stearoyl-gemcitabine (GEM-C18), a prodrug previously synthesized by our 

research group, to overcome the challenges encountered with GEM [13].  

With the intent of unrevealing the synergy of new combination therapies, disulfiram (DSF) 

has garnered attention as a potential repurposed pharmaceutical agent for cancer therapy, 

including PC. The therapeutic effects of DSF are attributed to its capacity to inhibit the 

enzyme aldehyde dehydrogenase, which plays a crucial role in the detoxification of reactive 

aldehydes [14]. Researchers have demonstrated that DSF can augment the cytotoxic effects 

of chemotherapy drugs such as GEM by sensitizing PC cells to treatment through the 

inhibition of the P-glycoprotein efflux pump. Furthermore, DSF has been found to disrupt 

the capability of cancer stem cells to repair DNA damage, a critical process for sustaining 

tumor growth and resistance to therapy [15, 16]. Nevertheless, a more comprehensive study 

of DSF was deemed necessary. 

In this study, we evaluated the antitumor efficacy of free DSF, its copper complex (DSF/Cu), 

GEM, and GEM-C18. To address limitations associated with the free forms of GEM and 

GEM-C18, both were encapsulated in liposomes and characterized for their physicochemical 

properties. We then tested the combination of these liposomal formulations with free DSF 

in vitro, aiming to enhance cytotoxic activity and overcome drug resistance in PANC-1 

pancreatic cancer cells.  

2. Materials and Methods 

2.1 Materials 

Fetal bovine serum (FBS) and dimethylthiazol-2-yl-2,5-diphenyltetrazolium bromide 

(MTT) were purchased from Merck (Saint-Quentin-Fallavier, France). Dulbecco’s Modified 

Eagle Medium (DMEM) culture medium and TrypLE™ Express Enzyme were obtained 

from Thermo Fisher Scientific (Courtaboeuf, France). Gemcitabine (GEM) was purchased 

from Trylead Chemical (Tianjin, China). All other reagents were purchased from Merck 

(Milan. Italy) unless otherwise specified.  



 

 130 

4-(N)-stearoyl-gemcitabine (GEM-18) was previously synthesized in our laboratory 

according to the method of Immordino et al. [13]. Disulfiram copper complex (DSF/Cu) was 

prepared according to the method described by Marengo et al. [17]. 

2.2 Liposomes preparation 

Gemcitabine-loaded liposomes (LipoGEM) were prepared using the pH gradient method. 

Liposomes were obtained by mixing chloroform solutions of the lipids 1,2-distearoyl-sn-

glycero-3-phosphocholine (DSPC)/cholesterol (CHOL)/1,2-distearoyl-sn-glycero-

phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (PEG-DSPE) in 65:30:5 molar 

ratio, respectively. The solution was evaporated on a rotary evaporator; the resulting thin 

film was dried under vacuum overnight and then hydrated with 900 μL of citrate buffer (100 

mM, pH 4.5), vortexed, and bath sonicated for 60 min at 60 °C. The formulation was then 

sequentially extruded (Extruder, Lipex, Vancouver, Canada) under nitrogen onto 400 and 

200 nm polycarbonate filters (Costar, Corning Incorporated, NY, USA) at 60 °C. In the 

following step, the external pH of the liposomal suspension was modified through a gel 

filtration conducted with a Sepharose CL-4B column (Merck). This alteration in the 

external environment was achieved through the elution with [4-(2-hydroxyethyl) piperazine-

1-ethanesulfonic acid] (HEPES) buffer (40 mM, pH 7.4). Thereafter, 100 μL of a solution 

of GEM hydrochloride (5 mg/ml in HEPES buffer) was added dropwise to liposomes 

suspension under moderate stirring and incubated at 70 °C for 90 min. Unencapsulated GEM 

was removed by gel filtration as reported above, and the liposomes were then stored at 4 °C. 

GEM-C18 encapsulating liposomes (LipoGEM-C18) were prepared according to the 

method described in Immordino et al. [13], with modifications. Briefly, LipoGEM-C18 were 

prepared by the thin lipid film-hydration method by mixing lipids DSPC/CHOL/PEG-DSPE 

(65:30:5 molar ratio) and 0.5 mg of GEM-C18 in a chloroform solution, which was then 

evaporated. The resulting film was hydrated with 900 μL of HEPES buffer (40 mM, pH 7.4) 

and then sequentially extruded as reported above. The resulting suspension was purified 

from unencapsulated GEM-C18 by gel filtration. Empty liposomes were also prepared for 

comparison. 

2.3 Liposomes characterization 

The mean particle hydrodynamic diameter and polydispersity index (PDI) of the liposomes 

were determined at 25 °C via quasi-elastic light scattering (QELS) using a nanosizer 

(Zetasizer Pro, Malvern Inst., Malvern, UK). The selected angle was 90° and the 

measurements were performed in triplicate samples diluted 1:10 with MilliQ water. The 
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particle surface charge of the preparations was investigated via zeta potential measurement 

at 25 °C using the Smoluchowski equation and the Zetasizer Pro. Each value is the average 

of three measurements. Phospholipid phosphorous was assessed in each liposome 

preparation by phosphate assay after destruction with perchloric acid [18]. 

The amount of encapsulated drugs (GEM and GEM-C18) was determined by reverse phase-

high performance liquid chromatography (RP-HPLC). HPLC analyses were performed on 

an HP 1200 chromatograph system (Agilent Technologies, Palo Alto, CA, USA) equipped 

with an injector (Rheodyne, Cotati, CA, USA), a quaternary pump (model G1311A), a 

membrane degasser (model G1322A), a multiple wavelength UV detector (MWD, model 

G1365D) and a fluorescence detector (FL, model G1321A) integrated into the HP1200 

system. Data were processed using a HP ChemStation system (Agilent Technologies). The 

analytical column selected for LipoGEM and LipoGEM-C18 was an AQUASIL C18 (200 

× 4.6 mm, 5 µm; Thermo). The injection volume was 20 µL (Rheodyne). LipoGEM-C18 

was diluted 1:10 with acetonitrile to extract the incorporated drug, sonicated, vortexed, and 

filtered through 0.45 μm PTFE filters (Alltech, Nicholasville, KY, USA) and immediately 

analyzed by HPLC. The mobile phase consisted of acetonitrile (CH3CN) 0.1% trifluoracetic 

acid (TFA, solvent A) and water 0.1% TFA (solvent B) at a flow rate of 1 mL/min with 

gradient conditions: 10% A until 4 min, from 10 to 90% A between 4 and 10 min, 90% A 

between 10 and 20 min, and from 90 to 10% A between 20 and 25 min. The column effluent 

was monitored at 250 nm and 292 nm wavelengths. LipoGEM was diluted 1:10 in a mixture 

of CH3CN/water 0.1% TFA, 50/50 v/v to extract the incorporated drug, sonicated, vortexed, 

filtered through o.45 μm PTFE filters (Alltech) and immediately analyzed by HPLC. The 

mobile phase consisted of CH3CN 0.1% TFA (solvent A) and water 0.1% TFA (solvent B), 

at flow rate of 0.5 mL/min with gradient conditions: from 10 to 40% A in 5 min, and 40% 

A between 5 and 10 min. The column effluent was monitored at 270 nm wavelength.  

The entrapment efficiency (EE%) of the liposomes was calculated as the ratio between the 

drug-to-lipid molar ratio after purification and the drug-to-lipid molar ratio measured after 

extrusion. 

The drug release was evaluated for all formulations by incubation at 37 °C in HEPES buffer. 

Aliquots of 100 uL were withdrawn after several time intervals (0, 1, 3, 5, 24, 48, and 72 h) 

and purified through chromatography on Sepharose CL-4B columns, eluting with HEPES 

buffer. Subsequently, an analysis of the drug and lipid content was conducted on the 

collected fractions. Liposomes were assessed also for their drug release in FBS (0, 1, 3, 5, 

24, and 48 h), by diluting the sample in a 1:1 volume ratio (liposomes:FBS) after 
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purification. Subsequently, the procedure remains unchanged from that previously reported 

for incubation in HEPES buffer.  

The physical stability of liposomes under storage conditions (4 °C) was assessed by 

measuring the diameter, zeta potential, and drug leakage at various interval times (0, 1, 2, 3, 

4 weeks).  

Differential scanning calorimetry (DSC) analysis was carried out on liposomal formulations 

using a Q200 DSC (TA Instruments, New Castle, DE). Approximately 15 mg of sample 

suspensions were introduced into a 40 uL aluminum pan and subsequently analyzed. DSC 

runs were conducted from 25 °C to 80 °C at a heating rate of 5 °C/min under a constant 

nitrogen flow (50 mL/min). The main transition temperature (Tm) was determined as the 

onset temperature (Tonset) of the highest peak. 

 2.4 Cell cultures 

Human pancreatic cancer PANC-1 cells were kindly provided by Dr. Nazanine Modjtahedi’s 

laboratory. Cells were maintained in DMEM high glucose, supplemented with 10% (v/v) 

FBS and 1% (v/v) penicillin-streptomycin. Cultures were incubated at 37 °C in a humidified 

atmosphere with 5% CO₂. Mycoplasma contamination was routinely monitored using a 

commercial detection kit. 

 2.5 MTT assay 

MTT assays were conducted to assess the dose-response effect of the free drugs and their 

combinations. PANC-1 cells were seeded at 3×103 cells/well and treated the next day with 

the following treatments: GEM, GEM-C18, DSF or DSF/Cu in the free form. Empty 

liposomes, LipoGEM, LipoGEM-C18 and the combination of GEM and GEM-C18 free 

drugs or liposomal formulations with DSF were also evaluated. The concentrations of GEM 

and GEM-C18 free drugs and in liposomal formulations were spanning from 0.0025 to 10 

µM, and from 0.01 to 10 µM for DSF and DSF/Cu free drugs. Following 72 h from the 

treatment, thiazolyl blue tetrazolium bromide (MTT) was prepared at a concentration of 5 

mg/mL in 1x PBS and was utilized for this assay. MTT (5 mg/mL, 20 µL per well) was added 

directly to all the wells. The plates were then incubated at 37 °C for 2 h. Thereafter, the MTT 

and medium were removed, and 200 µl of dimethyl sulfoxide (DMSO) were added to each 

well and mixed gently for 15 min using a shaker. Finally, the plates were read on a multimode 

plate reader (Multiplate Reader Infinite Pro 200, Tecan) at 570 nm. Dose-response curves 

were obtained with Prism 9. Each assay was performed in quadruplicates and repeated three 

to four times. Results are expressed as mean ± standard deviation (SD). Non-parametric 
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statistical test Kruskal Wallis and multi-comparison test Dunn’s were applied to identify 

significative differences.  

2.6 Determination of Combination Index 

To examine potential synergistic, additive or antagonist effects of GEM/GEM-C18 

combined with DSF, all data obtained by the MTT test were analyzed using the CompuSyn 

software 1.0 by the Chou–Talalay method [19]. The Combination Index (CI) was then 

calculated using the following classic isobologram equation:  

𝐶𝐼 =  
𝐷1

(𝐷𝑥)1
+ 

𝐷2

(𝐷𝑥)2
                                                                

where (Dx)1 and (Dx)2 are the individual doses of GEM/GEM-C18 and DSF required to 

inhibit a given level of viability (y), and D1 and D2 are the doses of GEM/GEM-C18 and 

DSF required to inhibit the same level of viability (x) in combination. The CI values facilitate 

the determination of whether the combination exerts an antagonistic effect (CI > 1) or a 

synergistic effect (CI < 1). The CI value of 1 represents additive effect. 

3. Results and discussion 

GEM is a first-line chemotherapeutic agent for PC; however, its clinical efficacy is limited 

by rapid systemic degradation and the emergence of resistance. To address these challenges, 

strategies such as nanoformulation, prodrug synthesis, and combination therapies have been 

investigated to enhance stability, improve tumor targeting, and overcome resistance 

mechanisms [20]. 

In this study, the cytotoxic activity of GEM, its lipophilic prodrug GEM-C18 (previously 

synthesized in our laboratory [13]), DSF, and the DSF/Cu complex was evaluated in vitro 

using PANC-1 pancreatic cancer cells. These strategies are based on the experience of our 

group on the delivery of compounds for the treatment of pancreatic cancer, as reported in 

different papers [17, 21-23]. As a first step, each compound was tested individually to 

determine its half-maximal inhibitory concentration (IC₅₀) and to identify suitable doses for 

subsequent combination experiments. Based on these results, selected combinations of GEM 

or GEM-C18 with DSF were investigated to assess potential synergistic effects. 

Following this, GEM and GEM-C18 were encapsulated in liposomes, which were physico-

chemically characterized. These liposomal formulations were then evaluated in combination 

with DSF on PANC-1 cells, using concentrations identified as most promising in previous 

studies [17, 24]. 
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3.1 Preparation and characterization of liposomes 

To enhance the efficacy of GEM in addressing PC and to overcome the resistance exhibited 

by the pancreatic cell line PANC-1, liposomes containing GEM or GEM-C18 were 

developed. A range of preparation methods and phospholipid mixtures were assessed to 

identify the most effective encapsulation strategy for GEM (Table 1). In total 7 formulations 

were investigated, changing lipids, lipid ratios and method of preparation. Formulation 3 

was identified as the optimal solution, as it demonstrated the highest degree of 

reproducibility in terms of physico-chemical characteristics and EE%. This was achieved 

through the utilization of citrate buffer and an incubation period of 90 min at a temperature 

of 70 °C. 

Table 1. Summary of liposomal formulations investigated for LipoGEM. 

Formulation 
Lipids  

(molar ratio) 

Method of 

preparation 

Temperature of 

drug loading 

incubation (°C) 

Incubation 

time (min) 

1 
DSPC:CHOL:PEG-DSPE 

75:20:5 
Ethanol injection 50/75 60 

2 
DSPC:CHOL:PEG-DSPE 

56.5:38.5:5 
Ethanol injection 60 60 

3 
DSPC:CHOL:PEG-DSPE 

65:30:5 

pH gradient 

citrate/sulfate 
60/70 30/60/90/120 

4 
DPPC:CHOL:PEG-DSPE 

65:30:5 

pH gradient 

citrate/sulfate 
45 30/60 

5 
DSPC:CHOL:PEG-DSPE 

75:20:5 

pH gradient 

citrate/sulfate 
60 30/60 

6 
DPPC:CHOL:PEG-DSPE 

75:20:5 

pH gradient 

citrate/sulfate 
45 30/60 

7 
DSPC:CHOL:PEG-DSPE 

65:30:5 
Ethanol injection 75 60 

 

In order to develop two analogous and straightforward formulations, the identical lipid 

composition was selected for both LipoGEM and LipoGEM-C18. The DSPC is the 

phospholipid chosen as the main component of these formulations because of its long, 



 

 135 

saturated acyl chains and high phase transition temperature, which impart rigidity to 

liposome membranes. In fact, its phase transition is around 54 °C, which is higher than 

human body temperature (37 °C). This means that at physiological temperature, membranes 

made from DSPC remain in the gel state, characterized by an ordered and rigid arrangement 

of lipids [25]. In addition, CHOL was added in an important amount to achieve more stable 

liposomes with reduced drug release. Moreover, in literature is reported that the replacement 

of phosphatidylglycerol (PG) with PEG has been demonstrated to enhance the plasma half-

life of the liposomes [26]. It has been found to prevent the liposomes from being recognized 

by the immune system, thereby reducing premature drug release [27, 28]. This is the 

rationale behind the decision to formulate liposomes with PEG, with the assumption that 

future pharmacokinetic studies could confirm the findings reported in the literature. 

Given the hydrophilic nature of GEM, it was encapsulated within the aqueous core of 

liposomes using the pH gradient method. Under the acidic conditions established by the 

citrate buffer inside the core, the amino group of GEM becomes protonated. Upon 

protonation, GEM is expected to form an insoluble salt with citrate ions, which helps to 

retain the drug within the liposomal core by preventing its diffusion across the phospholipid 

bilayer. [29]. In the case of the LipoGEM prepared in our laboratory, achieving this ideal 

situation was more complicated. The explanation for this phenomenon lies in the substantial 

discrepancy between the volumes of the hydration medium and those that are entrapped 

within the aqueous cavity of the liposome [30, 31]. Conversely, GEM-C18, which is a more 

hydrophobic molecule, was encapsulated in the phospholipid bilayer. Contrary to the 

liposomes with GEM-C18 that had been previously prepared by Immordino et al. [13], the 

formulation under investigation is characterized by an increased amount of CHOL within 

the phospholipid bilayer in order to improve the stability of the formulation, as previously 

reported [32].  

As a result, the EE% achieved for LipoGEM was around 20%, which is much lower than 

that of LipoGEM-C18 (around 95%). The underlying reason for this phenomenon is most 

likely attributable to the fact that GEM is a weak base, with a pKa of 3.6, which is probably 

not sufficient to allow high ionization at the pH of the buffer used, unlike, for example, 

liposomal doxorubicin. Consequently, the proportion of GEM that will not be protonated is 

likely to rapidly diffuse from the liposomes, resulting in low encapsulation efficiency [33]. 

The decision of our research group to employ the method for the preparation of liposomes 

was informed by our experience. Despite the relatively low EE%, the quantity of 

encapsulated GEM is adequate for the characterization and the further in vitro studies on cell 
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lines. The result obtained in this study is consistent with the findings reported in the 

literature; in studies employing a pH gradient for the preparation of liposomes, the EE% has 

been observed to be less than 20%, which is the value that is obtained with LipoGEM [13, 

34, 35]. Numerous other studies have obtained EE% levels significantly higher than this 

(between 50 and 98%), yet these employed divergent methodologies from the pH gradient 

method. These methods encompass the use of ethanol injection [36], hydration of the lipid 

film [37], and a combination approach involving a pH gradient, followed by freezing and 

thawing or small volume injection [33, 38].  

Conversely, the high lipophilicity of GEM-C18, due to the presence of the stearoyl moiety, 

facilitates its insertion into the phospholipid bilayer. This allows for the formation of 

hydrophobic interactions with the lipid chains, resulting in high encapsulation efficiency and 

improved formulation stability [39]. 

All the formulations were characterized in terms of size (< 170 nm), zeta potential (around 

-30 mV) and polydispersion index (PDI) (< 0.2), summarized in Table 2. Despite the 

different methods employed in the preparation of LipoGEM and LipoGEM-C18, the results 

showed that their sizes do not change significantly. This is presumably because GEM-C18 

does not influence the size of the system; on the other hand, GEM is added after liposome 

formation and, being encapsulated in the aqueous core, again it does not change the size. 

Consequently, the mean size of loaded liposomes does not differ from the size of empty 

liposomes. Regarding the zeta potential, LipoGEM and empty liposomes exhibit a slightly 

lower negative charge than LipoGEM-C18. This observation suggests that GEM-C18 may 

interact with phospholipids in the bilayer, affecting the packing and orientation of molecules 

at the surface and thus modifying the zeta potential value [40]. 

Table 2. Characteristics of liposomal formulations (means ± SD, n=3). 

 

 

mean size 

(nm) ± SD 

PDI 

zeta potential 

(mV) ± SD 

EE* 

(%) ± SD 

Empty liposomes  157 ± 3 0.112 -26.8 ± 0.1 / 

LipoGEM 165 ± 2 0.123 -27.8 ± 0.4 20 ± 5 

LipoGEM-C18 163 ± 1 0.131 -31.0 ± 0.3 95 ± 1 

* Entrapment efficiency (EE): ratio between drug/lipid molar ratio after purification and drug/lipid molar ratio after 

extrusion. 

 

The drug release of all the formulations was evaluated in HEPES buffer (40 mM, pH 7.4) at 

37 °C. Aliquots were withdrawn from each sample, purified from the released drug by gel 
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chromatography and the residual drug and lipid content were subjected to quantification. As 

reported in Figure 1A, the release of drugs from liposomes occurs in a gradual manner. The 

controlled release of drugs from liposomal systems is a key strategy for enhancing the 

therapeutic performance of anticancer agents that suffer from rapid deamination and a short 

plasma half-life [41]. The sustained release of drugs facilitated by liposomes enables the 

prolongation of systemic circulation and the guarantee of sustained exposure of tumor tissues 

to the active compound. This approach has been shown to enhance bioavailability and to 

minimize peak plasma concentrations, thereby reducing systemic toxicity [42]. Furthermore, 

a key objective of this study was to evaluate the combination of GEM and GEM-C18 with 

DSF in vitro. It was hypothesized in the research that DSF may be the first to interact with 

the tumor cell, acting against the cellular resistance mechanism by blocking P-glycoprotein 

(P-gp), a drug efflux pump [43]. This strategy may enhance the intracellular accumulation 

of GEM or GEM-C18 following their release from liposomes. In addition, PC cells often 

acquire chemoresistance by maintaining low intracellular levels of reactive oxygen species 

(ROS) through the upregulation of antioxidant defense mechanisms. Elevating ROS levels 

has been shown to restore GEM sensitivity, indicating that redox modulation could be a 

promising approach to overcome drug resistance. Literature studies have demonstrated that 

DSF can modulate ROS production, thereby promoting apoptosis and enhancing the 

antitumor activity of both GEM and GEM-C18 [44]. 

In our study, GEM showed a fast release from liposomes (50% of the drug was released after 

3 h at 37 °C). The release profile of GEM-encapsulating liposomes was studied for a longer 

period (72 h) when compared to some other studies: for instance, Aparicio-Lopez et al. 

assessed the release of GEM from liposomes for a short period of time, i.e. 30 min; during 

this time, the GEM concentration remained almost stable within the liposomes, whereas 

LipoGEM has been observed to release approximately 20% of the administered drug within 

the first 30 min [45]. Conversely, Tang et al. evaluated the release of GEM from liposomes 

over a similar time period to that used in our study and obtained analogous profiles, but with 

a slightly slower release. Indeed, following a 48-hour period, GEM encapsulated in Tang's 

liposomes retained 40% of its initial value, whereas in our system, it decreased to 20% of 

the original GEM concentration. However, it is noteworthy that liposomes of the former 

were prepared using a different method than that employed in our study, and that they 

explored a different composition of lipids: in this work, Tang's group employed the small 

volume incubation method and microfluidic technique. Moreover, the lipid composition 

differs from our study in that it contains additional components such as DOPE (1,2-dioleoyl-
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sn-glycero-3-phosphoethanolamine) and CHEMS (cholesteryl hemisuccinate) [46]. In 

combination with helper lipids such as DOPE, CHEMS contributes to the maintenance of 

the lamellar structure of the bilayer at neutral pH, thereby preventing premature drug leakage 

[47]. 

On the other hand, LipoGEM-C18 showed a slower drug release: after 72 h, only 20% of 

GEM-C18 was released. The modification of the phospholipid composition in LipoGEM-

C18 proved to be advantageous in achieving liposomes that exhibited enhanced stability in 

comparison to those previously prepared by Immordino et al. As reported in the 

aforementioned study, after an incubation period of approximately 30 h in a buffer solution 

at a temperature of 37 °C, about 30% of GEM-C18 was released from the liposomes, 

whereas in our study 20% was released by LipoGEM-C18 after the same period. The 

observed enhanced stability can be attributed to the incorporation of PEG-DSPE in the 

formulation, in conjunction with the increased CHOL content, allowing GEM-C18 to 

interact more strongly with the phospholipid bilayer [13, 39].  

To more accurately simulate the behavior of liposomes in a cellular environment, the drug 

release process was also evaluated in the presence of FBS at 37 °C (Figure 1B). The results 

demonstrated that GEM and GEM-C18 reached 38% and 66% of the initial concentrations 

after 3 h and 48 h, respectively, thus confirming the higher stability of LipoGEM-C18 

compared to LipoGEM. In comparison with liposomes prepared by Immordino et al., GEM-

C18 was released more gradually by LipoGEM-C18. LipoGEM-C18 encapsulated 80% of 

the initial drug content after 20 h, while liposomes prepared by Immordino approximately 

maintained 60% of the initial GEM-C18 after the same amount of time. [13].  

 

Figure 1. A) In vitro release profile of LipoGEM (purple) and LipoGEM-C18 (light blue) in HEPES buffer at 37 °C, at 0, 

1, 3, 5, 24, 48, 72 h. Every point is presented as mean ± SD (n=3). B) In vitro release profile of LipoGEM (purple) and 

LipoGEM-C18 (light blue) in FBS at 37 °C, at 0, 1, 3, 5, 24, 48 h. Every point is presented as mean ± SD (n=2). 

Furthermore, the stability of all formulations under storage conditions (HEPES buffer at 4 

°C) was evaluated and the results showed that LipoGEM maintained their physico-chemical 

stability for a period of about 28 days, exhibiting minimal size change (< 10% for all 

formulations) and no aggregation or precipitation. Notably, LipoGEM-C18 exhibit minimal 
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fluctuations in size after one month, ensuring stability for a minimum of three weeks. 

Concurrently, the zeta potential remained unaltered for both the formulations for the duration 

of the study (Figure 2). 

             

Figure 2. Stability in storage conditions -A) size, B) Z potential- of LipoGEM (purple) and LipoGEM-C18 (light blue) 

for 0, 1, 2, 3, 4 weeks. Every point is presented as mean ± SD (n=3). 

To assess the interactions between GEM-C18 and the liposome membrane, a DSC analysis 

was conducted (Figure 3). Liposomes are typically analyzed in the absence of CHOL. This 

method enables the observation of the thermotropic phase transition of the phospholipid 

bilayer with enhanced clarity. CHOL has demonstrated to modulate the membrane fluidity 

and disrupt the cooperative behavior of phospholipid acyl chains, resulting in the broadening 

or complete suppression of the main phase transition peak. Therefore, the utilization of 

cholesterol-free systems enables a more precise assessment of thermal parameters [48]. 

The thermogram of pure DSPC presented the main transition, related to the passage from 

the ripple gel phase (Pβ) to the lamellar liquid–crystalline phase (Lα), at Tonset 54.5 °C. Upon 

incorporation of GEM-C18, the main transition was shifted to lower temperatures (Tonset 53.9 

°C), and a substantial broadening of melting temperature peaks was observed. This finding 

indicates that GEM-C18 interacts with the phospholipid bilayer through hydrophobic 

interactions, thereby perturbing the phase transition behavior [39]. The subsequent addition 

of PEG-DSPE brought about a negligible lowering of the peak, Tonset 53.8 °C. In conclusion, 

these DSC results confirm that GEM-C18 prodrug intercalates into the DSPC bilayer and 

makes the lipid transition less coordinated, whereas PEG-DSPE only slightly changes the 

transition temperature. 
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Figure 3. DSC thermograms of pure DSPC (blue line), DSPC/PEG-DSPE/GEM-C18 (purple line), and DSPC/PEG-DSPE 

(green line). 

 

3.2 Cell viability tests by MTT assay 

First, GEM, GEM-C18, DSF and DSF/Cu were tested on the GEM resistant pancreatic 

cancer cell line PANC-1 to determine the IC50 at 72 h (Table 3). The GEM and GEM-C18 

concentrations were spanned from 0.0025 to 10 µM, DSF and DSF/Cu concentrations from 

0.01 to 10 µM. A particularly noteworthy element of this study concerns the different 

responsiveness of the cells observed when GEM and its prodrug GEM-C18 were 

administered. Indeed, GEM attains a plateau of efficacy starting from 0.25 µM up to the 

highest tested concentration (10 µM), precluding the calculation of a specific IC50 at 72 h. 

This result was expected as PANC-1 cells are known to be resistant to GEM [49]. 

Interestingly, GEM-C18 exhibits a more pronounced and linear toxicity profile, enabling the 

calculation of the IC50: 3.17 µM. This phenomenon can be attributed to the incorporation of 

a lipophilic chain, which may promote drug internalization and bypass the drug uptake 

limiting step often correlated with GEM-resistance. The cell line also responded differently 

to DSF and its complex DSF/Cu. The viability of the cells treated with DSF presented a 

biphasic profile. The decreased cell viability at lower concentrations was followed by a 

subsequent recovery phase at higher concentrations to further diminish at the highest 

concentration (10µM) (data not shown). In the existing literature, DSF has demonstrated a 

biphasic cytotoxic response, characterized by an initial reduction in cell viability, 

subsequently followed by an increase [50]. This observation suggests that the interaction 

between DSF and the cellular mechanisms that govern cellular survival and death is a 

complex phenomenon. The biphasic response may be attributed to the activation of cellular 

stress pathways. The unfolded protein response, for instance, can lead to autophagy, process 

which promotes cell survival under conditions of stress. This finding potentially explains the 

observed recovery in cell viability following the initial cytotoxic effect. By contrast, DSF/Cu 
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achieves considerably lower IC50 values than conventional DSF. However, its toxicity level 

is so high when administered as a single agent that combining it with GEM may result in 

low tolerability and unacceptable toxicity in clinical practice. Indeed, multi-drug regimens 

that are less toxic and more tolerable are needed for patients with fragile overall health. 

Consequently, it may not be the most optimal pharmaceutical agent for co-administration. 

The aim of this study is to identify combinations that are as or more effective than single 

agents, while reducing the concentration of each drug to keep low the toxicity profile. 

Therefore, we concentrated the studies on the combination of GEM and GEM-C18 with 

DSF, rather than pursuing with the DSF/Cu complex. 

Table 3. IC50 of free GEM, GEM-C18, DSF and DSF/Cu on PANC-1 cell line at 72 h. 

 

 

 

 

 

 

Once the efficacy profiles of the free drugs on PANC-1 have been established, their effect 

in combination was investigated. The GEM and GEM-C-18 were combined with DSF, to 

identify possible additive or synergistic effects. For this, four concentrations of each drug 

were selected, which represented the range of cell viability impairment, spanning from 80 

to 20%. In the case of GEM specifically, as the cell viability never fell below 50%, two of 

the four concentrations were selected from the beginning (0.025 µM) and the end (10 µM) 

of the viability plateau. Precisely, the concentrations chosen for DSF, GEM and GEM-C18 

are 10, 5, 1, 0.1 µM; 10, 0.025, 0.015, 0.005 µM and 2.5, 0.5, 0.05, 0.005 µM, respectively. 

The combination of GEM and DSF decreased the cell viability more efficiently than the 

single agents and the most promising results were observed when GEM was combined with 

DSF at 1 and 0.1 µM (Figure 4A and Figure 4B respectively).  The cell viability values were 

also analyzed with the Compusyn software, showing Combinatory Index (CI) lower than 1 

which corresponds to synergetic behavior between all the combinations included in Figure 

4 (Table S1). On the contrary, the combination of GEM with high doses of DSF (10 and 5 

µM) did not reveal any synergy effect, as expected, because the DSF alone is already highly 

potent (Figure S1). The combinations which were detected statistically different when 

Drug IC50 (µM) 

GEM >10 

GEM-C18 3.17 

DSF 5.11 

DSF/Cu 0.12 
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compared to the single free drugs were the following: DSF 1 µM with GEM 0.025 or 0,015 

µM or 10 µM and DSF 0.1 µM with GEM 0.015 µM. Therefore, we succeeded in identifying 

lower GEM and DSF concentrations while preserving the antitumor efficacy to mitigate 

potential adverse effects. The circles surrounding the statistical symbols in Figure 4 

represent the synergetic and most relevant concentrations of GEM and DSF to be combined 

in terms of therapeutic significance. 

 

Figure 4. Cell viability on PANC-1 cells when treated with GEM combined with DSF at A) 1 µM or B) DSF 0.1 µM, after 

72 h. Data are presented as means ± SD (n=3). *p <0.1; **p <0.05, ***p <0.01: vs GEM alone; °p <0.1; °°p <0.05, °°°p 

<0.01, °°°°p<0.001: vs DSF alone. O = the synergetic and most relevant concentrations of GEM and DSF to be combined 

for therapeutic purposes. 

 

Regarding the combination of GEM-C18 with DSF, synergetic effects were observed when 

DSF was administered at both 1 and 0,1 µM (Figure 5). Even though, to obtain not only 

synergetic but also statistical different results, drugs must be combined with GEM-C18 at 

the concentrations of 2.5, 0.5 and 0.05 µM and DSF at a concentration of 1 µM.  The 

combination of GEM-C18 with DSF 10 µM and 5 µM did not give significative results as 

shown in Figure S2. 
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Figure 5. Cell viability on PANC-1 cells of GEM-C18 and DSF -A) DSF 1 µM, B) DSF 0.1 µM- in combination, after 72 

h. Data are presented as means ± SD (n=3). *p <0.1; **p <0.05, ***p <0.01: vs GEM-C18 alone; °p <0.1; °°p <0.05, °°°p 

<0.01, °°°°p<0.001: vs DSF alone. O = the synergetic and most relevant concentrations of GEM and DSF to be combined 

for therapeutic purposes. 

The drugs combinations that were previously identified as synergetic and statistically 

different from the single agents were then considered when GEM and GEM-C-18 were 

encapsulated in liposomes to study their efficacy on the same cell line.  

The cell viability test on liposomes yielded results that are different with respect to the free 

drugs.  

The lowest concentration of LipoGEM (0.015) when combined with DSF at 1µM is 

statistically different only from LipoGEM (Figures 6A). No statistical difference is observed 

toward free GEM and DSF, and there is no synergy. When increasing the dose of LipoGEM 

at 0.025µM combined with DSF 1µM, the statistical differences remain the same as those 

described above, but a slight synergism begins to appear. Finally, when LipoGEM is 

administered at 0.25 µM combined with DSF 1µM, this combination becomes statistically 

different with respect to both LipoGEM and the single free drugs. Furthermore, the CI 

assumes the remarkable value of 0.7. 

Overall, the lowest concentrations of liposomal GEM combined with DSF are not synergistic 

and are only statistically different from lipoGEM. However, when increasing the doses of 

liposomal Gem combined with DSF, the results gradually become more statistically different 

not only from the encapsulated molecule but also toward the free drugs. Of the same manner, 

the combinatory index of synergy is also increasingly pronounced as the doses of LipoGEM 

increase (Table S1).  

We hypothesize that this behavior is the result of slow release of the drug from its liposomal 

form as shown previously in Figure 1. In fact, although the administered doses are 
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equivalent, the GEM released from the liposomes is lower, resulting in reduced efficacy that 

yet should be prolonged over a longer period of time. The dose-response profiles when 

comparing free Gem and LipoGEM corroborate this hypothesis (Figure S3). As a matter of 

fact, the first concentration at which the efficacy of the encapsulated drug is equivalent to 

that of the free molecule (0.25 µM), yields statistically significant and synergistic results 

(Figure 6A). 

When LipoGEMs are associated with a lower concentration of DSF (Figures 6B), the 

delayed release of GEM by the liposomes greatly influences the efficacy of the combination, 

and we can only mention a statistical difference given by the combination LipoGEM 

(0.25µM) + DSF 0.1µM toward DSF 0.1µM as single agent and a strong CI of 0.48. 

 

Figure 6. Cell viability on PANC-1 cells of LipoGEM and DSF 1 µM (A) and 0.1 µM (B) in combination, after 72 h. Data 

are presented as means ± SD (n=3). *p <0.1; **p <0.05, ***p <0.01, ****p <0.001: vs GEM or LipoGEM alone; °p <0.1; 

°°p <0.05, °°°p <0.01, °°°°p<0.001: vs DSF alone.  

The effect of sustained release on the impairment of cellular viability is even more 

pronounced in combinations that include LipoGEM-18 because the release profile of the 

molecule is even slower for LipoGEM-C18 than for LipoGEM (Figure 1B). Figure 7 shows 

that the combination with the best CI and statistical difference toward LipoGEM-C18 and 

DSF as single agents is the combination of LipoGEM-C18 (2.5µM) with DSF at 1µM. The 

LipoGEM-C18 probably releases too little drug to achieve a statistically different effect 

compared to the free GEM. Although, an onset of synergy already occurs at the combination 

LipoGEM-C18 (0.5µM) with DSF at 1µM straightening the interest of combining liposomal 

GEM with DSF. 

These findings could substantiate the hypothesis that liposomes, with their controlled and 

slow-release mechanism, necessitate a more protracted exposure period to attain an effect 

that is commensurate with or exceeds that of equivalent free drugs at equivalent 

concentrations. On the other hand, the sustained release of the drug, is particularly needed 

to preserve the integrity of the drug over time. In fact, it is imperative to acknowledge the 

inherent fragility of GEM, which is rapidly metabolized in more complex systems, such as 
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the organoids, bloodstream, and generally in vivo. In such contexts, the potential of 

liposomes to enhance GEM's protective properties is likely to be more pronounced, thereby 

underscoring their effectiveness. 

 

Figure 7. Cell viability on PANC-1 of LipoGEM-C18 and DSF in combination, after 72 h. Data are presented as means ± 

SD (n=3). *p <0.1; **p <0.05, ***p <0.01, ****p <0.001: vs LipoGEM-C18 alone; °p <0.1; °°p <0.05, °°°p <0.01, 

°°°°p<0.001: vs DSF alone.  

 

4. Conclusions 

The objective of this study was multifaceted: to assess the effectiveness of combining anti-

cancer drugs, namely GEM and its prodrug GEM-C18, with DSF, a drug that has recently 

been repurposed as an anti-cancer agent; to prepare and characterize GEM and GEM-C18 

encapsulation liposomes to increase drugs half-life and protect the drugs from biological 

environment degradation; to investigate the potential of encapsulating the drugs in liposomes 

to enhance their efficacy. The encapsulation of GEM and GEM-C18 in liposomes was 

generally successful, facilitating enhanced transport and protection of the drugs, thereby 

ensuring controlled release. A synergistic effect of combining GEM- or GEM-C18-free 

drugs with DSF was demonstrated, resulting in an increased cell viability impairment when 

compared to drugs administered alone in the GEM-resistant cell line PANC-1. Conversely, 

the efficacy of liposomes combined with DSF was more difficult to determine, only reaching 

significance at the highest tested concentrations. It is hypothesized that the controlled release 

of the GEM from liposomes results in a lower concentration of the active ingredient at 72 h 

compared to free drug. Liposomes will be tested over extended periods, and the effects on 

more complex models, such as spheroids and organoids, will be examined to ascertain the 

potential of the protection provided by the liposomes and the resulting therapeutic outcomes. 

Furthermore, the liposomes have the potential to be functionalized with an active targeting 
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agent in order to achieve enhanced internalization and, consequently, further improve the 

efficacy.  
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Supporting Information 

Table S1. Combination Index (CI) of GEM and GEM-C18 free or liposomal formulations, combined with DSF 1 and 0.1 

M. 
 

 Dose DSF (M) Dose GEM (M) Dose GEM-C18 (M) CI 

Free drugs 

1 10 / 0.10969 

1 0.025 / 0.07858 

1 0.015 / 0.08478 

1 0.005 / 0.13956 

0.1 10 / 0.85688 

0.1 0.025 / 0.02749 

0.1 0.015 / 0.03224 

0.1 0.005 / 0.13659 

1 / 2.5 0.27409 

1 / 0.5 0,47503 

1 / 0.05 0.28596 

1 / 0.005 0.72908 

0.1 / 2.5 0.99235 

0.1 / 0.5 1.43333 

0.1 / 0.05 0.16261 

0.1 / 0.005 0.59844 

LipoGEM 

and 

LipoGEM-

C18 

1 0.025  0.97222 

1 0.015 / 1.90656 

1 0.25 / 0.72219 

0.1 0.015 / 1.64534 

0.1 0.25 / 0.47890 

1 / 2.5 0.47697 

1 / 0.5 0.61250 

1 / 0.05 1.04733 
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Figure S1. Cell viability on PANC-1 cells of GEM and DSF (A- DSF 10 µM, B- DSF 5 µM) in combination, after 72 h. 

Data are presented as means ± SD (n=3). *p<0.1, **p <0.05, ***p <0.01 vs GEM alone; °p<0.1 vs DSF alone. 

 

 

 

 
Figure S2. Cell viability on PANC-1 cells of GEM-C18 and DSF (A- DSF 10 µM, B- DSF 5 µM) in combination, after 

72 h. Data are presented as means ± SD (n=3). *p<0.01, **p <0.05, ***p <0.01 vs GEM-C18 alone. 

 

 

Figure S3. Cell viability on PANC-1 cells of LipoGEM, Empty liposomes and GEM, after 72 h. Data are presented as 

means ± SD (n=3). 
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This PhD project was carried out at the Department of Drug Science and Technology of the 

University of Turin. Part of the project was performed during a research period abroad at the 

Laboratoire METSY, UMR 9018 CNRS, at the Gustave Roussy Cancer Hospital in Villejuif 

(France). 

The present discussion will encompass the experimental work carried out in this doctoral 

thesis. 

Nanomedicine is a multidisciplinary field in which nanotechnology is applied to several 

different areas. Exploiting nanoscale materials and devices, nanomedicine aims to improve 

the efficiency and precision of medical interventions. This approach offers significant 

advantages, including targeted drug delivery, improved bioavailability and minimized side 

effects [1, 2]. Nanomedicine also holds promise in areas such as cancer therapy [3, 4], tissue 

regeneration [5] and diagnostic imaging [6]. However, despite its potential, there are 

challenges related to the safety, ethical concerns and regulatory aspects of nanomaterials [7]. 

Understanding both the benefits and limitations of nanomedicine is essential for its 

successful integration into clinical practice, paving the way for more personalized and 

effective medical treatments. 

This research aimed to improve the efficacy of old drugs in pancreatic cancer by the 

application of nanomedicine. In particular, the encapsulation of these drugs in different drug 

delivery systems aimed to improve their stability and thus their pharmacokinetic and 

pharmacodynamic properties. In addition, our main objective was to try to overcome the 

well-established resistance that pancreatic cancer cells develop [8]. 

There are many different types of drug delivery systems, each with their own characteristics, 

but all of which can be used for the same purpose. In this context, three different types of 

nanosystems were explored: i) carbon nano-onions (CNOs), which, due to their inorganic 

nature and multilayer structure, are able to offer controlled drug release [9]; ii) micelles, 

because of their reduced size and consequent ability to better penetrate cellular barriers [10]; 

iii) liposomes, because of their biocompatibility and biodegradability, as well as their 

stability and ability to encapsulate both hydrophilic and hydrophobic drugs [11]. It has been 

possible to study these nanosystems in depth thanks to the skills and experience of our 

laboratory and the collaborators we have worked with.  

These nanosystems are designed to encapsulate gemcitabine (GEM), the gold standard drug 

for the treatment of pancreatic cancer. However, monotherapy with free GEM has been 

abandoned in recent years due to its poor therapeutic efficacy and the tendency of cells to 

develop drug resistance. For these reasons, both GEM and its lipophilic prodrugs 4-(N)-



 

 157 

lauroyl-gemcitabine (GEM-C12) and 4-(N)-stearoyl-gemcitabine (GEM-C18), which have 

previously been synthesized in our laboratory [12, 13], have been encapsulated within these 

different nanosystems. The employment of the prodrugs is intended to improve GEM 

stability and increase its lipophilicity, thus facilitating their encapsulation in nanosystems 

[14]. Concurrently, following a comprehensive review of the extant literature, a review 

article was submitted to Critical Reviews in Oncology/Hematology. This investigation 

involved the administration of these compounds in combination with another drug, 

disulfiram (DSF). DSF has a long history as an anti-alcoholic drug, but several works has 

identified new mechanisms of action that enable its repurposing as an anti-cancer molecule, 

particularly in combination with other drugs [15, 16].  

Furthermore, hyaluronic acid (HA) was selected for the functionalization of the surface of 

CNOs and micelles, with the objective of achieving active targeting and thereby enhancing 

the efficacy of the delivered drugs. The rationale for the selection of HA as the targeting 

agent is derived from its non-toxicity and signaling role in dynamic cellular processes. 

Indeed, HA-receptor (CD44) interactions play an instructive role in cancer, mediating 

various signaling pathways [17, 18]. In pathological conditions, CD44 is overexpressed on 

the surface of cancer cells, promoting cancer cell adhesion to extracellular matrix 

components and facilitating their migration [19]. Consequently, the expression of CD44 in 

cancer cells represents a significant therapeutic target for the development of targeted cancer 

therapies, including HA-based drug delivery systems. 

In this context, it was decided that the project would start based on our research group's 

previous experience with carbon nanotubes (CNTs). Their high surface area, coupled with 

their compatibility for functionalization, enables the formation of covalent and non-covalent 

interactions with other molecules. In a previous work, CNTs were derivatized through non-

covalent interactions with conjugates synthesized in our laboratory. These conjugates were 

obtained reacting HA of different molecular weight with a phospholipid (1,2-dimyristoyl-

sn-glycero-3-phosphoethanolamine, DMPE). In these conjugates (named HA-DMPE) the 

DMPE amino group is randomly linked to the carboxylic residues of HA. The condensation 

reaction between HA and DMPE resulted in the formation of an amidic bond between the 

carboxylic groups of HA and the amino group of DMPE [20]. A series of varying molecular 

weights of HA were evaluated to ascertain the most effective option for achieving optimal 

dispersibility and active targeting of the CNTs. The data showed that HA-DMPE conjugate 

prepared using 200 kDa HA exhibited the best activity among all the conjugates [21].  

Based on this experience, CNOs were investigated as drug delivery system due to the 
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existence of numerous parallels between these two nanosystems: both are sp2-hybridised 

carbon compounds with a high surface area that can potentially be modified with different 

functional groups. The decision to switch to CNOs was based on the evidence that CNTs are 

potentially more toxic and less biocompatible; additionally, the surface functionalization of 

CNOs, which include the capacity for easy binding with active targeting agents, is 

comparatively more straightforward [22]. Moreover, CNOs are systems that have recently 

emerged as a promising platform for the delivery of anti-cancer drugs, due to their unique 

properties [23, 24].  In this work CNOs were covalently functionalized with HA. This 

method differs significantly from the hydrophobic functionalization technique employed in 

the derivatization of CNTs. The CNOs were synthesized and functionalized with HA 200 

kDa, by Professor Silvia Giordani of the University of Dublin. HA was clinked to the surface 

of the CNOs through the use of a PEG linker to obtain HA-PEG-CNOs [25]. Furthermore, 

fluo-HA-PEG-CNOs were synthesized using a fluorescent labelled HA previously prepared 

in our laboratory and were further tested in the in vitro biological test [26]. Preliminary 

experiments were conducted to investigate the process of GEM loading on carbon nanotubes 

(CNTs). This research was undertaken due to the previous research work that had provided 

a substantial understanding of these systems. It was observed that the process of loading 

GEM onto these carbon nanosystems was particularly challenging, likely due to its high 

hydrophilicity. Consequently, GEM-C12 and GEM-C18 were loaded onto CNOs; these 

GEM-prodrugs demonstrated a higher loading efficiency in various nanoparticle systems, 

including liposomes, lipid nano capsules, and mesoporous silica nanoparticles, compared to 

the parent drug. Furthermore, both GEM-C12 and GEM-C18 have demonstrated favorable 

activity both in vitro and in vivo [13, 27, 28].  

In this work, following a substantial body of research, it was determined that the 1:7 

(prodrug:CNOs) ratio demonstrated optimal balance between the constituent elements, 

thereby ensuring optimal drug loading and stability. Thus, the two GEM prodrugs were 

loaded on PEG-CNOs and HA-PEG-CNOs and we observed an increase of the size in HA-

PEG-CNOs due to the presence of HA on the surface. Furthermore, HA-PEG-CNOs exhibit 

a significantly more negative Z potential value in comparison to PEG-CNOs, as a 

consequence of the contribution of the negatively charged HA carboxylic groups. With 

regard to the encapsulation efficiency (EE%), both formulations exhibited higher values 

when GEM-C18 was employed. This phenomenon is presumably attributable to the 

correlation between the lipophilic character of the drug and its size. In essence, the observed 

prodrug loading efficiency appears to exhibit a direct proportional relationship with prodrug 



 

 159 

lipophilicity [27]. In this regard, the more lipophilic GEM-C18 (logP 7.91) exhibited higher 

loading efficiency compared to its less lipophilic counterpart GEM-C12 (logP 4.74). 

Furthermore, the hydrophobic nature of the interaction between the prodrug and CNOs 

results in a reversible bond. This enables the nanosystem to release the drug in a gradual and 

progressive manner over time. In vitro GEM-C12 and GEM-C18 release experiments from 

drug-loaded CNOs were investigated in a PBS buffer at 37 °C. After 72 hours, approximately 

15% of C12GEM and only around 5% of the more lipophilic GEM-C18 was released from 

HA-PEG-CNOs. It can be hypothesized that the steric hindrance of the HA coating, in 

conjunction with the length of the sidechain of the GEM-prodrug, contributed to the overall 

drug release. Furthermore, the reduced release of GEM-C18 suggests a comparatively 

stronger interaction between the prodrug and the surface of the CNOs [27].  

Thus, a biological characterization of CNOs has been conducted. Initially, the unloaded 

CNOs were tested for their biocompatibility, which was confirmed in the concentrations 

tested on pancreatic cancer cells (PANC-1, MIA PaCa-2, Capan-1). In addition, fluo-HA-

PEG-CNOs were employed for the evaluation of their internalization in pancreatic cancer 

cells that exhibit elevated levels of CD44 (PANC-1 and MIA PaCa-2), obtaining increased 

internalization in dose- and time-dependent way. 

Finally, GEM-prodrug loaded HA-PEG-CNOs displayed higher cytotoxicity compared to 

free GEM and prodrugs alone in GEM-resistant cell lines (PANC-1 and Capan-1). The IC50 

values for HA-PEG-CNOs loaded with C12 and C18 was between 10 nM and 100 nM on 

both cell lines. In contrast, IC50 was found to be 10 M for GEM and 100 nM for the 

prodrugs. 

In conclusion, CNOs represent a promising and innovative platform for drug delivery 

applications. However, current literature on CNO-based drug delivery systems remains 

limited, especially when compared to the extensive research conducted on other carbon 

nanomaterials. For example, unloaded CNTs functionalized with PEG have been proposed 

to increase apoptosis on pancreatic cancer cells using phototherapy [29]. Moreover, Yin et 

al. investigated a multifunctional graphene oxide (GO)-based nanocarrier system for the 

targeted treatment of pancreatic cancer. This group developed PEG- and folic acid-

functionalized GO nanosheets capable of co-delivering two siRNAs targeting HDAC1 and 

K-Ras genes, which are critical for pancreatic tumor growth. The system was also designed 

to enable near-infrared (NIR) photothermal therapy [30]. Furthermore, our study proffers 

substantiated proof-of-concept for the utilization of CNOs as a novel nanocarrier for targeted 

delivery of GEM-derived prodrugs and other drugs with activity on pancreatic cancer, 
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thereby extending their potential through targeted modulation of the overexpressed CD44 

receptor. For instance, given their affinity for lipophilic drugs, it might be possible to study 

the loading of CNOs with paclitaxel or docetaxel, which are used to treat pancreatic cancer 

[31, 32]. The loading of hydrophilic drugs is possible through derivatization of the CNOs, 

thereby forming bonds with functional groups present on the surface of the nanosystem (e.g. 

monoclonal antibodies such as erlotinib) [33] 

The subsequent stage of the research was to concentrate on a different nanosystem, namely 

mixed micelles, due to their hybrid composition. The formulation strategy for mixed 

micelles preparation was based on two components. Firstly, 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-poly(ethylene glycol) (DSPE-PEG) was chosen as the main 

component of the nanosystem, as it is widely used for micelle preparation. The rationale 

behind the selection of DSPE-PEG is threefold: i) its capacity to establish robust 

hydrophobic interactions between phospholipid chains [34]; ii) its presence on the surface 

of the micelles prevents the opsonins recognition, thus increasing their half-life; iii) the 

phospholipids chains allows encapsulation of lipophilic drugs [35]. The second component 

of the mixed micelles was HA, proposed with the aim to actively target pancreatic cancer 

cells, overexpressing the CD44 receptor. HA was incorporated in the form of a HA-1,2-

dipalmitoyl-sn-glycero-3-phosphorylethanolamine (DPPE) conjugate (HA-DPPE), which 

had been previously synthesized in our laboratory. Briefly, HA-DPPE conjugates were 

obtained by covalently linking the aldehyde group of HA to the amino group of DPPE via a 

stable secondary amine bond formed by reductive amination [13]. In this case, conjugates 

composed of HA of two different low molecular weights (around 5 and 15 kDa) were 

employed, in a very low amount (1% molar ratio of the total content of PEG-DSPE).  

This formulation approach yielded mixed micelles that expose HA on their surface, thereby 

facilitating interaction with the receptor. The general strategy was to encapsulate GEM-C18: 

it is hypothesized that the increased lipophilicity of the compound may facilitate the 

achievement of better hydrophobic interactions than GEM-C12, resulting in a more stable 

formulation with improved drug loading and sustained drug release. 

In this study, micelles without HA (GEM-C18-PEG-M) and with HA (GEM-C18-PEG-

M/HA) were prepared by a straightforward method, involving the hydration of a PEG-DSPE 

and GEM-C18 thin film with an aqueous solution (which contains the HA-DPPE conjugate 

in case of PEG-M/HA). Unloaded micelles were prepared for comparison (PEG-M, PEG-

M/HA). Micelles are self-assembling systems, and as a result their formation occurs after 

the film has been hydrated and vortexed. However, to obtain small, uniformly sized systems, 
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the sonication method was exploited. This approach is notably more suitable than other 

approach, which require much more complex preparation methods. For example, Zhao et al. 

prepared metal–organic frameworks (MOFs) composed of HKUST-1. MOFs were 

synthesized by heating a 3:1 mixture of HKUST-1 and selenium powder under argon flow 

in a muffle furnace at 700°C for 1 hour. It was crucial to direct the flow of argon through 

the selenium prior to reaching the MOF, to facilitate the reaction in the vapor phase. After 

cooling, the powder was washed with nitric acid and subjected to centrifugation, after which 

it was dried under vacuum at 60°C for a period of 12 hours [36]. In our research, the micelles 

obtained are below 100 nm in size, with a Z potential of approximately -30 mV. During the 

process of micelle formation, DPPE inserts itself into the matrix formed by PEG-DSPE and 

HA is exposed on the surface. Notwithstanding this fact, the micelles retain the ability to 

self-assemble and the presence of the conjugate does not exert a significant effect on the size 

and encapsulation efficiency of GEM-C18. This is likely attributable to the low amount of 

HA-DPPE conjugated added.  

The loading efficiency was around 90% for both HA molecular weights. This finding is 

further supported by another study on mixed micelles composed of PEG-DSPE and 

tocopheryl polyethylene glycol 1000 succinate (TPGS), which were also used to encapsulate 

GEM-C18. In these systems, TPGS contributed to the formation of a stabilizing outer layer 

around the PEG-based matrix, enhancing the retention of GEM-C18 within the micelles. 

Notably, a high EE% of 95% was achieved, comparable to that observed in our formulation 

[37].  GEM-C18 demonstrated prolonged retention within the micellar matrix, with an initial 

release of approximately 20% during the first hours, likely attributable to a burst effect 

resulting from a proportion of GEM-C18 residing on the exterior of the micelles. Then, 

GEM-C18-PEG-M, GEM-C18-PEG-M/HA4800 and GEM-C18-PEG-M/HA14800 

exhibited a more sustained release profile, with a 60% remaining content after 72 hours, 

thereby underscoring the strong binding affinity of GEM-C18 to the PEG-DSPE matrix. 

Moreover, all formulations, both decorated and undecorated, show a similar release profile, 

demonstrating that the presence of HA does not affect drug release. These data have already 

been demonstrated by our group in previous studies on other nanosystems [38]. To achieve 

a more detailed characterization of the systems under investigation, small angle X-ray 

scattering (SAXS) was employed, a method which is well-suited to the observation of the 

arrangement of complex particles at the nanoscale. The size, shape and the detailed internal 

structures of PEG-M/HA14800, GEM-C18-PEG-M and GEM-C18-PEG-M/HA14800 were 

investigated. The parameters found for unloaded micelles were found to be suitable for the 
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modelling of spherical micelles with a hydrophobic core surrounded by an extended 

hydrophilic shell. However, in the presence of GEM-C18, the overall structure can be 

modelled as a three-shell prolate ellipsoidal particle. The presence of GEM-C18 has been 

demonstrated to induce a transition from a spherical to an elongated micelle shape, 

concomitant with alterations in the packing parameter of monomers within the aggregate. 

These results were corroborated by FESEM analysis, which revealed that the presence of 

GEM-C18 exerted a pronounced influence on the morphology of the micelles, an 

observation that had previously been observed by SAXS, in contrast to other lipid-based 

nanosystems. For instance, Bahramabadi et al. prepared liposomes containing the essential 

oil of Eruca sativa and analyzed them to ascertain whether the presence of the essential oil 

altered the morphological characteristics of the liposomes. In this instance, no significant 

disparities were observed: both formulations exhibited a spherical morphology, with no 

discernible structural alterations between them [39]. Subsequently, the micelles were 

assessed in vitro to evaluate their uptake and cytotoxicity in the same pancreatic cancer cells 

that had been selected for CNOs. A fluorescent molecule was incorporated into the micellar 

matrix to evaluate cellular uptake. A significant increase in uptake was observed in cells 

overexpressing the CD44 receptor for PEG-M/HA, with particularly evidence in micelles 

formulated with HA of higher molecular weight, indicating that the increase of repeating 

units improves the interactions with the receptor, as previously reported [13, 21]. The uptake 

of PEG-M/HA occurs via a receptor-mediated endocytosis, while the uptake of the PEG-M 

occurs via passive diffusion. During cellular uptake studies, CD44-overexpressing cells were 

incubated with PEG-M/HA micelles in the presence of either a saturating concentration of a 

CD44-neutralizing antibody or free HA. A significant reduction in micelles internalization 

was observed under both conditions, indicating that the uptake of PEG-M/HA is mediated 

by CD44 receptor–dependent endocytosis. In contrast, the uptake of non-decorated micelles 

remained unaffected, suggesting that their internalization occurs predominantly through 

passive diffusion mechanisms. It is also noteworthy that, despite the low HA content (1%) 

in the micellar formulation, HA is effectively exposed on the micelle surface. This is 

evidenced by the enhanced cellular uptake observed in CD44-overexpressing cells, 

confirming the accessibility and functional presentation of HA for receptor-mediated 

interactions. In accordance with the extant literature, these findings have been corroborated 

by numerous other studies, which have demonstrated that, across disparate nanosystems, 

hyaluronic acid enables the particles to be internalized in the same manner. For example, 

Wu et al. prepared gadolinium oxide nanoparticles using HA as the active targeting agent: 
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the uptake studies showed that HA functionalized gadolinium oxide nanoparticles enter 

cancer cells via receptor-mediated endocytosis through CD44 receptors. This targeting leads 

to enhanced cellular uptake, low cytotoxicity and improved biocompatibility. In contrast, 

non-targeting nanoparticles are associated with non-specific uptake mechanisms such as 

passive diffusion or non-selective endocytosis [40]. Subsequently, the cytotoxicity of GEM-

C18-loaded micelles was assessed, with particular attention to the targeting efficiency of 

HA-decorated formulations. An increase in cytotoxic activity was observed with higher HA 

molecular weight, indicating enhanced CD44-mediated targeting and cellular uptake. 

Confirming our findings, Wang et al. discussed how the length of hyaluronic acid (HA) 

chains can influence the cytotoxicity of drug-loaded micellar systems in pancreatic cancer 

cells. Specifically, they showed that longer HA chains enhance cellular uptake via CD44 

receptor-mediated endocytosis, leading to increased drug delivery and greater cytotoxic 

effects. This behavior is in contrast to shorter HA chains or systems without HA, which are 

less efficiently taken up and therefore have less anti-cancer activity [37]. 

Consequently, it can be concluded that even a system less rigid than that of CNOs is able of 

efficiently delivering GEM-C18 to pancreatic cancer cells; furthermore, the addition of HA 

in a small percentage resulted in active targeting and thus increased toxicity. 

The studies carried out on micelles prompted the investigation of another nanosystem, 

liposomes. Indeed, the development of micelles empowered a comparison to be made 

between the effect of free GEM and the encapsulated GEM-C18, as micelles are systems 

capable of carrying lipophilic drugs. The employment of liposomes in this study enabled the 

encapsulation of GEM, thereby facilitating a more precise comparison between this drug and 

its prodrug GEM-C18. The structural characteristics of liposomes allow them to encapsulate 

both lipophilic drugs in the phospholipid bilayer and hydrophilic drugs in the aqueous core. 

Among several studies extent in literature, Arya et al. encapsulated lycorine hydrochloride 

- a hydrophilic alkaloid - in the aqueous core of the liposomes. This is consistent with the 

general behavior of hydrophilic drugs, which are typically entrapped in the inner aqueous 

compartment of liposomes during formulation. In contrast, gefitinib, which is a lipophilic 

molecule, was most likely localized within the lipid bilayer of the liposomes [41, 42].  

In our study, two distinct formulations have been developed: one containing GEM and the 

other containing GEM-C18. The objective of this work was to identify a methodology for 

enhancing the efficacy of GEM and to overcome the resistance exhibited by pancreatic 

cancer cells. To this end, two strategies were employed: firstly, the encapsulation of GEM 

or its prodrug GEM-C18 in liposomes, to protect the drugs from degradation and prolong its 
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half-life. Concurrently, it was decided to enhance the efficacy of GEM and its derivatives 

through their co-administration with DSF, a drug that had previously been utilized in the 

treatment of alcoholism. This repositioning of DSF as an anti-cancer agent is a development 

driven by a deeper understanding of its mechanism of action [43]. Notably, its ability to 

block efflux pumps (e.g. Pgp) that contribute to tumor cell resistance, in addition to its 

capacity to augment ROS production, has emerged as a valuable tool in the field of cancer 

research [44, 45]. For example, a study of pegylated liposomes co-encapsulating DSF and 

doxorubicin (DOXO) in a 1:3 ratio and able to release the drugs in a controlled manner was 

carried out in our laboratory; we observed that DSF was first released and blocked P-

glycoprotein, allowing DOXO to exert its anti-tumor effect on breast cancer cells [15]. 

On this basis, liposomal formulations were developed for the encapsulation of GEM 

(LipoGEM) and its lipophilic prodrug, GEM-C18 (LipoGEM-C18), separately using the 

same phospholipidic mixture. GEM was encapsulated within the aqueous core of liposomes 

thanks to its hydrophilic properties, while the lipophilic GEM-C18 was encapsulated in the 

phospholipid bilayer. Despite the differences in terms of encapsulated compound and 

preparation method, the obtained liposomes have similar physico-chemical characteristics 

in terms of size (approximately 160 nm) and zeta potential (approximately -30 mV). 

Liposomes were designed to be relatively rigid, with the phospholipid DSPC being utilized 

due to its relatively high phase transition temperature and lipophilic chain devoid of 

unsaturation. A high percentage of cholesterol (CHOL, 30%) was added to ensure the 

retention of GEM within the liposome core and without compromising the loading of GEM-

C18 into the phospholipid bilayer. This was important to investigate because it has been 

reported that the loading of certain drugs can be influenced by the presence of CHOL in the 

bilayer, due to competition between them [46]. In this case, the percentage of CHOL selected 

does not impact the quantity of encapsulated GEM-C18, thereby enabling an EE% of over 

90%. Regarding the encapsulation of GEM in liposomes, the process proved more complex. 

Based on the expertise of our laboratory, we decided to use the pH gradient method after 

applying different preparation methods. The attainment of this gradient was facilitated by 

the exploitation of the acidic pH of the citrate buffer (pH 4.5), which remained within the 

aqueous core, and the physiological pH of the HEPES buffer, which was maintained outside 

the liposomes (pH 7.4). Theoretically, in an acidic environment, the ionizable group of GEM 

protonates, forming salts with citrate and remaining trapped in the aqueous core [47]. 

Despite this, the amount of GEM encapsulated in liposomes was found to be around 20%, 

which was enough to reach a concentration useful for the further in vitro tests. Consequently, 
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the EE% obtained did not hinder the research. Notably, other research groups employing the 

same encapsulation strategy reported entrapment efficiencies comparable to or lower than 

those obtained in this work. For example, Immordino et al. were unable to achieve 

encapsulation of GEM [12]. In another study, Xu and his team developed liposomal 

formulations comparable to those investigated in the present study. They used a pH gradient 

in the presence of a sulfate buffer. Nonetheless, the encapsulation efficiency that resulted 

was limited to 12%, thereby further underscoring the difficulties in achieving a high GEM 

loading under these conditions [48]. 

In addition, the drug release profile of the two formulations was evaluated in HEPES buffer 

pH 7.4 (to mimic a physiological medium) and in FBS (the objective was to create a model 

that will simulate the environment that the system would find once it is delivered into the 

cells). LipoGEM-C18 showed better drug retention (after 72 h only 20% of drug released in 

HEPES buffer and 40% in FBS). We demonstrated that the modification of the phospholipid 

composition improved the stability LipoGEM-C18 in comparison to the work of Immordino 

et al. [12] in which approximately 30% of GEM-C18 was released from the liposomes after 

30 h in a buffer solution at 37°C, whereas 20% of GEM-C18 was released from LipoGEM-

C18 after the same period in our study. The same behavior was observed for the release 

profile in serum. On the other hand, LipoGEM showed a more rapid release, reaching 50% 

and 62% of drug released after 3h in HEPES buffer and FBS, respectively. In the literature, 

some groups have achieved improvements in drug release, reaching 60% of the drug released 

after 72 hours in buffer solution (versus our 80%), with a similar phospholipid formulation 

(DPPC:CHOL:PEG) but combining the pH gradient method with a second method (e.g. the 

small volume injection) to increase the amount of GEM encapsulated in the liposome [49].  

In contrast, both formulations demonstrated stability for a period of at least three weeks 

when stored at 4°C. LipoGEM-C18 was also analyzed using the DSC technique to further 

confirm the presence of GEM-C18 in the phospholipid bilayer. Since the transition 

temperatures were lower in the presence of GEM-C18, it was suggested that all the 

components present in the formulation were interacting, leading to a decrease in the 

crystallinity of the drug and an increase in its amorphous behavior [50]. 

Then, in vitro biological studies were assessed on the liposomal formulations. The 

experiments were conducted in collaboration with Dr. Giorgia Urbinati and Dr. Nazanine 

Modjtahedi, at the Gustave Roussy Hospital in Villejuif (France) during an international 

research period. Initially, the focus was on the study of the cytotoxic effect of free drugs, 

with the objective being to determine their IC50. In addition, as previously reported, DSF is 
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a repurposed pharmaceutical agent used to treat various types of cancer, including pancreatic 

cancer. Consequently, the in vitro studies conducted in this research aim to ascertain the 

optimal concentrations required to achieve a synergistic effect between GEM or GEM-C18 

(both free and liposomal) and DSF or its prodrug, DSF/Cu. In relation to the assays 

conducted on the free drugs, a noteworthy observation was made concerning GEM. It was 

observed that the drug attained a toxicity plateau from 0.25 µM to 10 µM, at which point 

60% of cell viability was maintained. Consequently, the calculation of a specific IC50 at the 

tested concentrations at 72 h was precluded. This is in accordance with data found in the 

literature, thus confirming the low sensitivity of PANC-1 cells to the drug. For example, 

Fryer et al. manage to find an IC50 at 48 h but at much higher concentrations than we 

evaluated in our research, i.e., approx. 100 mM. Conversely, GEM-C18 exhibited a more 

pronounced cytotoxicity curve, and an IC50 of 3.17 µM could be determined. Finally, the 

cellular toxicity of DSF and its prodrug DSF/Cu was evaluated to ascertain whether its use 

would benefit the combination with GEM and GEM-C18. However, the results showed a 

very high toxicity of DSF/Cu, which would probably be too high if administered in 

combination with additional drugs. The decision to discard DSF/Cu was also influenced by 

the potential for this toxicity to result in an incidence of adverse effects [51]. In order to test 

liposomes in combination with free DSF, it was first necessary to test free drugs in 

combination with each other. This approach enabled the identification of concentrations that 

would facilitate a synergistic effect between the two pharmaceutical agents (DSF and GEM, 

DSF and GEM-C18). The Combination Index must fall under the threshold of 1 in order to 

be considered a synergy [52]. 

The concentrations that were found to be synergic were exploited for the purpose of testing 

liposomes in combination with DSF. However, the outcomes were found to be less 

promising than anticipated. Indeed, the combination of liposomes with DSF did not 

demonstrate a significantly higher level of effectiveness than the combination of free drugs. 

However, a marginal enhancement in the level of cell death was observed in combinations 

involving DSF at a concentration of 0.1 µM and GEM. However, the only combination of 

interest for GEM-C18 is that with GEM-C18 at a higher concentration. It can be 

hypothesized that the controlled release of the drug by liposomes might require further 

investigation, as the times at which the tests were conducted may not have been sufficiently 

prolonged. Consequently, subsequent studies will involve the variation of both the time of 

drug administration and the duration of the assays to assess cellular toxicity. 

Overall, this research project concluded that the encapsulation of GEM and its prodrug 
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GEM-C18 in nanosystems of a different nature results in increased toxicity compared to free 

drugs. Combining them with DSF also seems to be a good strategy for overcoming the 

resistance of pancreatic cancer cells to drugs, although this latter study should be 

investigated further to find the right parameters for meaningful results.  
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This research work explored several nanocarrier systems for the delivery of GEM and its 

lipophilic prodrugs, 4-(N)-lauroyl-gemcitabine (GEM-C12) and 4-(N)-stearoyl-gemcitabine 

(GEM-C18). overcoming drug resistance and improving therapeutic outcomes in pancreatic 

cancer. The overarching objective was to develop and characterize innovative delivery 

strategies to enhance GEM stability, optimize its tumor targeting, and boost its efficacy in 

chemoresistant cellular models. 

The first part of the study focused on carbon nano-onions (CNOs) functionalized with HA 

via a covalent linkage, using PEG as a spacer. This surface modification conferred active 

targeting capability toward CD44-overexpressing pancreatic cancer cell lines, resulting in 

improved cellular uptake and enhanced cytotoxicity. Drug loading onto CNOs was achieved 

through hydrophobic interactions, enabling controlled and sustained release. This system not 

only demonstrated the potential of HA-mediated targeting but also showed versatility as a 

delivery platform for other lipophilic prodrugs. CNOs offer multiple promising avenues for 

future research. The covalent HA binding ensured long-term stability and functionalization 

flexibility, paving the way for future applications involving other anticancer agents that 

benefit from CD44-targeted delivery. The efficacy of HA-mediated targeting indicates the 

possibility for dual-drug co-delivery to achieve synergistic effects while enhancing tumor-

specific accumulation. The CNOs surface could also be adapted for dual-targeting strategies, 

for instance by combining HA with other ligands like EGFR or mesothelin to better address 

tumor heterogeneity. Furthermore, the incorporation of stimuli-responsive linkers (e.g., 

redox- or pH-sensitive moieties) could facilitate a selective release in the tumor 

microenvironment. The validation of CNOs efficacy in vivo on pancreatic tumor models will 

be essential to confirm therapeutic impact and biodistribution.  

The second nanocarrier investigated was based on mixed micelles composed of the 

commercially available PEG-DSPE and a HA-DPPE conjugate previously prepared in our 

laboratory. These micelles offered two significant advantages: a straightforward preparation 

process and, for the first time to our knowledge, the demonstration that even a low amount 

(1%) of HA-DPPE conjugate was sufficient to achieve a targeting effect. HA-DPPE was 

incorporated during the hydration step, allowing HA chains (of either 4800 or 14,800 Da) to 

be displayed on the micelle surface. GEM-C18 was encapsulated through hydrophobic 

interactions, and drug loading led to a shape transformation from spherical to elongated 

morphology, as confirmed by FESEM, SAXS, and X-ray diffraction analysis. The resulting 

micelles exhibited high encapsulation efficiency (>90%) and sustained drug release. In vitro 

tests revealed significantly enhanced cytotoxicity and uptake, particularly with high 
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molecular weight HA, confirming the role of HA-CD44 interactions. HA-DPPE/PEG-DSPE 

mixed micelles exhibit considerable promise for additional development. Systematic studies 

should optimize HA density, molecular weight, and PEG/HA ratios to balance stealth and 

targeting properties. Consequently, a detailed evaluation of the shape and morphology of 

these systems is fundamental. Beyond GEM-C18, this platform could be investigated to 

encapsulate other lipophilic drugs or gene-drug combinations, thereby expanding its 

versatility. Subsequent investigation is required to substantiate the findings in more intricate 

in vitro and in vivo models. This will facilitate a more comprehensive evaluation of micelle 

stability, biodistribution, and efficacy under clinically relevant conditions. Additionally, its 

easy hydration-based production process renders it suitable for large-scale manufacturing 

and regulatory translation, provided that long-term stability studies substantiate shelf-life 

and consistency. 

The final part of this research deals with liposomal formulations for the delivery of GEM 

and GEM-C18. Two distinct approaches were employed due to the different physico-

chemical characteristics of the two compounds: the more hydrophilic GEM was 

encapsulated in the aqueous core of liposomes (LipoGEM) while the lipophilicity of GEM-

C18 allowed its encapsulation into the lipid bilayer (LipoGEM-C18). Both liposomal 

formulations exhibited favorable physico-chemical properties, with high stability (up to 

three weeks) and encapsulation efficiencies of 20% and 95%, respectively. LipoGEM 

showed rapid drug release, probably due to its high hydrophilicity, while LipoGEM-C18 

showed sustained drug release over 72 and 48 h in HEPES buffer (pH 7.4) and in FBS 

respectively. Importantly, the presence of the drugs did not alter liposome size or 

morphology. In vitro assays on PANC-1 cells demonstrated higher cytotoxicity for 

liposomes contained GEM-C18 compared to those with GEM. Furthermore, the 

combination of GEM and GEM-C18 free drugs with DSF, an emerging repurposed 

anticancer agent, showed synergistic effects. However, the liposomal combinations with 

DSF did not show significant improvement over the free drug combinations, possibly due to 

suboptimal timing or release kinetics. These liposomal platforms developed demonstrate 

considerable promise for additional refinement. Future directions in this field include the 

integration of active targeting moieties, such as HA, peptides, antibodies, or aptamers, to 

improve selective uptake by pancreatic cancer cells and overcome biological barriers such 

as the dense stromal matrix. These actively targeted liposomes have the potential to enhance 

accumulation in pancreatic cancer cells, thereby increasing therapeutic efficacy in vivo. 

Furthermore, dual-drug co-encapsulation strategies may be pursued to deliver both GEM 
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and DSF within the same liposomal carrier, enabling synchronized intracellular delivery. 

This approach has the potential to better address the suboptimal synergy observed when 

combining separately delivered liposomes with DSF. Another key priority will be to extend 

the evaluation of LipoGEM and LipoGEM-C18 to 3D pancreatic spheroids and organoids, 

as well as orthotopic and patient-derived xenograft models. These sophisticated models will 

facilitate a more precise evaluation of liposomal penetration, retention, and therapeutic 

efficacy in environments that closely resemble the in vivo tumor microenvironment. 

To further support and contextualize this research, a review article was authored and 

submitted to WIREs Nanomedicine and Nanobiotechnology, summarizing recent 

advancements in dual-drug and liposomal delivery strategies for pancreatic cancer. This 

comprehensive review provided a valuable foundation for identifying emerging trends and 

designing the present study. 

Overall, this thesis has significantly contributed to the design, development, and preliminary 

evaluation of nanocarrier-based strategies for pancreatic cancer therapy. The 

multidisciplinary approach facilitated a significant advancement in our technological 

knowledge, thereby profoundly enhancing our comprehension of nanosystems that have 

potential applications in the domain of drug delivery. Moreover, this work has enabled a 

more profound immersion in biological research, leading to the identification of novel 

opportunities in this field. 
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