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Chapter 1: State of the art 

 

This section aims to introduce the general aspect of the project, describing at first the disease 

that was selected and the thought process behind choosing the suitable strategy to a novel 

treatment approach. 

 

First, the myelodysplastic syndrome is introduced in its biological and clinical aspects. Then, the 

current treatments for this disease with the limitations these treatments carry, showing a need 

of a new treatment approach, are discussed. The possible upcoming treatments by inspecting 

the most promising clinical trials are then presented. The choice of azacitidine as the most 

promising drug for the treatment of MDS is then explained in showcasing the undergoing clinical 

trials. 

 

Following that, we focus on Omega-3 fatty acids and their promise in the field of cancer 

treatment, while describing the biological aspects of their anti-cancer effects and the possibility 

of having a synergistic effect with the azacitidine. 

 

Then, the importance of the nucleosidic analogues, as azacitidine and others, while proposing to 

develop them into prodrugs to enhance their biological effect, is discussed through a published 

review paper. We even go a step further in introducing the possible self-association of these 

prodrugs, thus gaining a further advantage meanwhile battling all the limitation of the parent 

molecule.  

 

Lastly, the mechanisms by which these obtained azacitidine self-assemblies are able to enter the 

cells are discussed. 
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1. In the pursue of a cure for MDS and AML: where do we 
stand? 

Despite the fact that the German physician Wilhelm Olivier Leube in the early 20th century started 

to observe and document several cases of severe megaloblastic anemia, the first classification 

of the myelodysplastic syndromes (MDS) was established in 1982 by the French-American-British 

group(FAB)1,2. From that point forwards, even though extensive advances have been made in 

the classification and diagnosis of this disease, the treatment options remain limited and a grim 

prognosis awaits patients that are resistant to one of the few options of available treatment, as 

this disease may evolve into acute myelodysplastic leukemia (AML). The huge variation in types 

of this disorder coupled to a poor understanding of its origin consequently makes this 

hematologic cancer one of the biggest challenges currently being tackled by hemato-oncology. 

The Incidence of MDS is higher in elderly patients and bone marrow allogenic transplantation is 

the only curative treatment3. However, due to age, most of MDS patients are not eligible to such 

aggressive therapy. Additionally, challenges in drug delivery and resistance to treatment are the 

main hurdles that MDS and AML present. Present-day treatments are still non-satisfactory, with 

the focus being on symptom management instead of curative options4. Nonetheless, advances 

in medical research and development of novel treatment options are showing promising strides 

in combating this ailment. In this chapter, we focus on the current treatments of MDS and AML, 

and the drugs being developed to counter the various hurdles presented by this disease and 

investigating treatment prospects that might pave the path to a cure. 

 

1.1. The modern approach in the treatment of MDS and AML 

The myelodysplastic syndromes are a clonal disorder of the hematopoietic stem cell characterized 

by evident morphological dysplasia (abnormal cells that may develop into a cancerous 

component), showing variable degrees of cytopenias (decreased blood cell count) with a 

possibility of progressing into acute myeloid leukemia. 

To reach the point of discussing the treatment approach for this disease, several key points about 

the disease that impact the treatment plan must be first introduced. 

MDS occurs in the general population at a rate of 4.5 per 100,000 people per year, with males 

being more prone to developing MDS when compared to females (6.2 vs. 3.3 per 100,000 people, 

per year), not to mention that the risk increases with age. People younger than 40 exhibit a 

rather low prevalence ~0.1 per 100,000 people per year, escalating to 26.9 per 100,000 people 
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per year for people aged 70 to 79 and additionally rises to 55.4 per 100,000 people per year in 

elderlies above 805,6. 

Since the first classification of MDS that occurred in 1982 by FAB1, several updated classifications 

were presented over the years, culminating in 20017 when the World Health Organization (WHO) 

proposed a novel classification that was then updated in 20088 and 20169. Previously, cytopenias 

was a “sine qua non” in diagnosis and classification, whereas currently the new WHO classification 

relies solely on the blast percentages and the grade of the dysplasia and the cytogenetic clonal 

abnormality with few definite cytopenias slightly influencing the classification9. Presently there 

are six MDS categories that are based upon cytogenetics and bone marrow morphology, 

presented in Table 1, the key hematopathological features are presented in Figure 110–12. Aside 

the six agreed upon categories, “refractory cytopenia of childhood” isn’t considered as a solid 

category, rather it is termed a provisional entity that can be later modified or removed. 

 

 

 

Table 1: World Health Organization classification of myelodysplastic syndrome. BM: bone 

marrow; PB: peripheral blood. Auer rods (Figure 1) are pink or red-stained needle-shaped structures 

seen in the cytoplasm of myeloid cells that are of clinical diagnostic significance in MDS and AML13. 

(Adapted from Arber et al.,Blood,20169) 
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Analysis by fluorescence-activated cell sorting (FACS) coupled with high throughput sequencing 

studies on primary samples and studies on mouse models, are the chief means by which we are 

expanding our understanding of the clonal evolution whether as MDS or in its progressed form 

of AML14–17.  

 

Medullary blast quantification for classification changed during the past 20 years with AML 

diagnostic considered above 30% blast in the FAB classification whereas it is above 20% in the 

WHO classification18,19. 

A dispute is still ongoing on the division between MDS and AML: in comparison to de novo AML, 

the clinical outcomes of MDS cases rely upon specific molecular and biological features that 

impact the speed of the disease in tandem with the amount of blasts9,20. In several cases, the 

distinction is more challenging, as the WHO alongside the National Comprehensive Cancer 

Network (NCCN) consider patients with a blast numbers between 20% to 29%, while showing 

clinical stability to have either high-risk MDS or AML20,21. In patients showing either NMP1 or 

FLT3 mutations, AML is the usual suspect rather than MDS22. Therefore, it is of utmost importance 

to combine the genetic features of the abnormal cells, the recurrent genetic mutations being 

presented in Table 2 (50 different14,23), and the morphology of these anomalous cells with their 

Figure 1: Key hematopathological features that are observed in MDS. (a) Ring sideroblasts, (b) 

dysplasia observed in neutrophil’s nucleus, (c) Auer rods. Adapted from Visconte et al. 2014, Shekhar et 

al. 2021, and Gordon et al.2017, respectively. 
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quantity to reach a more precise distinction between the two diseases and their subtypes. It will 

insure a better choice of clinical action that can be personalized to suit the patient’s unique 

condition.  

MDS cannot be justly discussed without regarding its clinical impact particularly in prognosis, as 

it plays a key role in the choice of treatment. Though the WHO’s classification methodology is a 

staple in diagnosis. Taken alone, it is insufficient to decide the course of action when it comes to 

treatment options, as MDS will vary between patients and the approach must rely on the 

diagnosis combined with another prognostic-dependent classification to finally arrive to the 

precise treatment route needed. Then again, as observed in the old classifications (previous WHO 

and FAB classifications) leading up to this new WHO classification, due to the large variables of 

this disease including the various cell types that can be affected, the different genetic mutations 

that can occur singly or simultaneously (Table 2), and the age of the patient among other 

variables, there exists various prognostic classification approaches, of which the most prevalent 

are24: World Health Organization Prognostic Scoring System (WPSS)25, M.D. Anderson Lower-

Risk MDS Prognostic Scoring System (MDA-LR)26, Global M.D. Anderson Risk Model Score for 

MDS (MDAS)27, and Revised International Prognostic Scoring System (IPSS-R)25. These 

classification models rely upon different combinations of certified prognostic features including: 

 blast percentage in bone marrow  

 type and number of chromosome abnormalities in the cells 

 red blood cell levels 

 platelet levels in the blood  

 neutrophil levels in the blood 

 patient’s age 

 severity of low blood cell counts 

 serum ferritin levels 

Table 2: Recurrent mutations in myelodysplastic syndromes. (Adapted from Arber et al.,20164) 
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Though they differ in the methodology of prognosis, all the systems aim to produce a weighted 

scoring system that splits patients into different risk categories (Figure 2), which play a crucial 

role in determining (i) the risk of each patient to develop AML, (ii) the best suited therapy for 

each case and (iii) the eligibility of the patient to undergo a stem cell transplant24,28–31. 

Figure 2 presents a simplified general model of the different progenitor populations in healthy 

and MDS cells, focusing on the alternative pathways of differentiation occurring at the progenitor 

and hematopoietic stem cell stage. A low risk MDS presents an increased common myeloid 

progenitors growth coupled to a decrease in the megakaryocyte-erythrocyte progenitor 

populations, while high risk MDS is mainly characterized by granulocyte-monocyte progenitor 

expansion32,33. 

 

 

Figure 2: Quantitative stem and progenitor alterations in MDS subgroups. CMP: common myeloid 

progenitors; GMP: granulocyte-monocyte progenitor; MEP: megakaryocyte-erythrocyte progenitor; MkP: 

megakaryocyte progenitor; EPP: early erythroid progenitor (Adapted from Shastri et al.,201734). 

1.1.1. Therapeutic approaches for MDS 

When approaching the treatment for MDS that are two end points to be sought: in low risk 

patient the aims is to increase quality of life with first to enhance the peripheral blood numbers 

including the reduction of bleeding and improving the hemoglobin. In higher risk MDS the aims 

is to increase life expectancy and to modify and impede the disease advancement35. Therefore, 

selecting the adequate therapy for the patient will rely upon the risk group the patient fits in/ 
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the degree of MDS development, the physical state of the patient, aim of the treatment and 

suitability of the patient for allogenic hematopoietic stem cell transplant (HCT). Thus, in some 

cases, an immediate treatment might not be necessary and regular follow up and observation is 

sufficient. As such both the NCCN and WHO recommend separating patients into either low or 

high risk groups, depending on their prognostic scores, as discussed previously21,36. 

The treatments for low-risk MDS patient are focused on hematological improvement, in order to 

avert the rise of any complications such as infections or bleeding while increasing their quality 

of life and diminishing the taxing blood transfusions. Whereas, in the case of high-risk patients, 

the main concern shifts towards slowing the course of the disease and increasing the survival 

rate, and if permitted, to advance to a cure via HCT21,37,38. 

Nevertheless, all patients in both risk groups receive supportive care, a fundamental step in their 

MDS therapy. It is comprised of clinical monitoring, psychological support and quality of life 

evaluation, followed when needed by red blood cell and platelet transfusion in cases of 

symptomatic anemia and bleeding cases respectively. In instances, when bacterial infections 

occur, antibiotics are given. For iron overload, it is directly treated with iron chelation therapy 

for low-risk patients, whereas high-risk patients receive iron chelation only if they respond to 

hypomethylating agent therapy or are planned to undergo HCT. A more comprehensive algorithm 

for choosing the treatment for MDS is presented in Figure 3. 

As MDS is a widely heterogeneous disease with varying types, symptoms and varies between 

different cases, the choice of treatment must be then personalized. Owing to the lack of a 

specified and well characterized molecular target, a biologically driven method is unachievable 

in most cases, and the treatments must rely on the treatment algorithms reflected by the 

prognostic results of each patient as discussed below. 

a) Supportive care 

Considering that 80% of MDS patients suffer from anemia, erythropoiesis-stimulating and 

maturing agents (ESAs and EMAs) are a regularly used treatment option. ESAs, for instance 

recombinant erythropoietin or darbepoetin, are considered as the vanguard treatment for anemia 

in patients with low-risk MDS, as recommended by NCCN. In spite of that, ESAs in most 

circumstances show a feeble effect with a short-term activity. Serum erythropoietin levels appear 

to be a valid indicator to predict the response to ESA treatments with lower serum levels (<100 

- <500 U/L), showing a better response than higher ones (>500 U/L)39–41. 

Luspatercept, an activin receptor ligand-blocking agent that is undergoing phases 2 and 3 clinical 

trials, has shown promising results in trials via neutralizing the negative regulation of late-stage 

erythropoiesis. Lately, luspatercept, upon the results of stage 3 clinical study, has been approved 
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by the US Food and Drug Administration (FDA) for the treatment of MDS upon the failure of ESA 

treatment in patients needing more than 2 RBC unit transfusion over 8 weeks in low-risk MDS 

patients presenting ring sideroblasts or myelodysplastic neoplasm with ring sideroblasts and 

thrombocytosis. The European Medicines Agency (EMA) also approved luspatercept in anemia 

cases necessitating consistent RBC transfusions in adult patients with MDS42–44. 

The sensible use of platelet transfusion should always be maintained in MDS since it carries the 

risk of an auto-immune reaction (alloimmunization). Patients displaying mucosal bleeding and 

refractory thrombocytopenia can be treated with antifibrinolytic agents such as aminocaproic 

acid45. In low risk MDS patients with thrombocytopenia, thrombopoietin receptor agonists can 

be used and are approved as they decrease bleeding complications46. 

 

 

Figure 3: MDS treatment algorithm. G-CSF: granulocyte colony stimulating factor; sEPO: serum EPO 

level; TSA: thrombopoietin receptor agonist (thrombopoiesis stimulating agent). (Adapted from goldman-

cecil medicine47) 

b) Iron chelation therapy 

Iron overload followed by tissue injury is observed in some MDS patients, mainly due to receiving 

multiple RBC transfusions. There is a correlation between the number of transfusions received 

and the level of iron. It is still unclear how this iron overload is affecting the patients, as patients 

with lower serum ferritin levels show better outcomes than higher ones, whether because iron 
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deposits in crucial tissues and organs or simply being a marker of inflammation. Owing the 

discussed uncertainty and a lack in evidence of death in MDS patients secondary to iron overload, 

coupled to the toxicity of existing chelators such as deferasirox and deferoxamine, makes the 

use of this approach a well calculated and considered option to be mainly used for low-risk cases 

having a high transfusion need47. Iron overload seems to be involved in leukemic transformation 

and Iron chelation is associated with higher life expectancy48.  

c) Immunosuppressive therapy 

A fair number of MDS patients might display an auto-immune attack by T-lymphocytes against 

hematopoietic cells owing to a mutation in T-cell STAT-3. In such cases, the NCCN recommends 

immunosuppressive therapy with antithymocyte globulin (ATG) with or without calcineurin 

inhibitors such as cyclosporine A. A 6 month-regimen of ATG and cyclosporine A is recommended 

for patients younger than 60 years old displaying normal cytogenetics, <5% bone marrow blasts 

and needing transfusion but that cannot have hematopoietic growth factors. ATG is also advised 

in the cases of hypoplastic bone marrow (depleted bone marrow cells mainly due to auto-immune 

attacks). ATG appears to give a better response in MDS patients displaying single lineage 

dysplasia with absence of ring sideroblasts, hypoplastic marrow, younger than 60, female sex, 

trisomy 8 and a limited reliance on transfusions21,36,37,39. 

d) Immunomodulatory agents 

Lenalidomide is the chief immunomodulatory agent used for MDS patients. Initial reports of MDS 

patients displaying improvement after thalidomide therapy led to the first clinical trials of 

lenalidomide that eventually led to the approval of this drug by the FDA, EMA and 

recommendation by the NCCN. The three organizations agree on the treatment with lenalidomide 

for low-risk patients presenting del(5q) (a subtype of MDS presenting with the deletion of the 

long arm “q” of chromosome 5) with or without cytogenetic abnormalities excluding the ones 

that affect chromosome 7. The NCCN also recommends it in patients with symptomatic anemia 

and in patients with symptomatic anemia without del(5q) MDS that did not respond to initial 

therapy. 

In a phase 3 clinical study of patients with low-risk non-del(5q) MDS, and upon lenalidomide 

treatment, 27% of the patients treated with lenalidomide showed an increase in RBC transfusion 

independence compared to 2.5% in the placebo group. Additionally, a retrospective cohort study 
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submits that the presence of TP53 mutations can play a predictive role for the disease 

progression in MDS patients with low-risk del(5q) also treated with lenalidomide49–52. 

e) DNA hypomethylating agents 

Initially antimetabolite agents were first used in 1980 as a treatment via low doses of cytarabine, 

or also called Ara-c, a nucleosidic analogue: it was considered as a cytoreductive therapy for 

MDS patients. Since then, the use of low doses of Ara-c has been substituted by two other DNA 

hypomethylating nucleosidic analogues: azacitidine and decitabine (Figure 4). These analogues 

act on the DNA methyltransferase causing permanent inhibition of the enzyme, leading to 

alteration of gene expression by decreasing the methylation levels of the cytosine thus impacting 

the DNA epigenetic status. Nonetheless, the exact action mechanism of these hypomethylating 

agents haven’t been fully proven, still the use of these agents has become a staple in the 

treatment of high-risk MDS patients and in low-risk MDS patients following the failure of the 

conventional approaches, and in the cases of delays for patients eligible for HCT procedures. 

Several studies have shown that the implementation of azacitidine has resulted in slowing the 

course of the disease and improved patient’s quality of life53,54. The pivotal study Fenaux and 

coworkers compared conventional therapies (low Ara-c doses, different chemotherapies and 

supportive care) to a 7-day azacitidine course: it showed an average survival period increase of 

9 months in patients receiving the hypomethylating agent treatment compared to the 

conventional therapies, leading to the implementation of azacitidine as the customary drug of 

choice in high-risk MDS patients. Similar results have been obtained with the use of decitabine, 

though with a slightly decreased success owing to poorly optimized treatment regimen55. The 

presence of epigenetic gene mutations (TET2 and ASXL1) seems to be a good indicator that 

reflects higher chance of therapy success, as they are likely to demonstrate granulomonocytic 

hematopoietic skewing (advancement in the differentiation) compared to the early clonal 

dominance56. It is worth mentioning that hypomethylating agents have several adverse effect 

notably gastrointestinal problems and cytopenias. As a consequence of the limited number of 

options in the treatment of higher-risk MDS, these two hypomethylating agents are still the go 

to treatments, though having a low response rate, with only half of the patients showing 

improvement after treatment. The other major issue is that, upon the failure of these 

hypomethylating agents, the life expectancy of the patient is around 6 months or less. Currently 
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there are various new therapies and combination being tested to overcome this 

hurdle21,37,38,40,57,58. 

 

f) Stem cell transplant 

All patients with high-risk MDS that are younger than 70 years old, without other major malady, 

should be considered for allogenic hematopoietic stem cell transplant, as it is the only available 

possible cure for MDS. Even so, several variables have to be deliberated such as the psychological 

state, the prognostic score, other comorbid conditions and the availability of a suitable donor. 

Considering that most patients are old, it decreases the chance of finding a suitable donor from 

their immediate family even if they have a human leukocyte antigen (HLA) match, since the age 

and possible diseases would impede that. Thus, such patients are treated with a hypomethylating 

agent to decrease the MDS/leukemic burden until a suitable unrelated donor can be found in the 

registries. Furthermore, recent studies show that cord blood HCT may be a viable option in these 

cases59,60. Even after transplantation, relapse is still a common possibility, with only one third of 

the transplant patients having a disease-free survival. The highest chances of success are if the 

transplant is done as soon as possible after the diagnosis, with opposing ideas on the use of 

hypomethylating agents during this period as it might lead to the selection of resistant MDS 

cells61–64. Additionally, in order to decrease risk of relapse after transplantation, some trial use 

azacitidine after transplantation65,66. 

1.1.2. Novel approaches for MDS treatment 

There exist several challenges that are faced by the current medication regimens for MDS be it 

in low- or high-risk cases. They include chromosomal and molecular defects that lead to changes 

in the MDS cells on a pathological or physiological scale, impacting the progression of the disease, 

Figure 4: Chemical structure of azacitidine and decitabine. Decitabine is a deoxy analogue of azacitidine 
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often accelerating it. Not to mention that the number of available medications for the different 

stages of MDS is quite limited, additionally the available treatments are not very effective as less 

than half MDS patients are eligible for the treatments, meaning that the failure of the main 

treatment options usually foreshadows a grim prognosis. Even though current treatments may 

succeed in slowing the course of the disease, they are not curative and can only increase the 

survival time. Thus, several new approaches are under investigation to counter this limitation: 

the development of new agents or the use of old agents in combination therapies, especially for 

the high-risk MDS cases. Guadecitabine (Figure 5), a second-generation hypomethylating agent 

based on decitabine, is showing promising results in phase 2 and 3 clinical studies on patients 

after the failure of traditional hypomethylating agents (clinical study NCT02907359)67. Similar 

approaches are presented in Table 3, while focusing on improvements on the traditional 

azacitidine molecule, as it is still the most promising hypomethylating agent present. 

 

Figure 5: Chemical structure of guadecitabine. 
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Therapeutic agents Phase Mode of action Results Ref 

Low-risk MDS     

Luspatercept 3 Activin receptor fusion protein Transfusion independence ≥8 weeks: 38% (vs. 13% with placebo, P < 0.001) 44 

Sotatercept 2 Activin receptor fusion protein Hematologic response (erythroid): 49% 68 

Roxadustat 3 HIF prolyl hydroxylase inhibitor Transfusion independence ≥56 days: 38% 69 

Imetelstat 2 Telomerase inhibitor Transfusion independence ≥8 weeks: 42% 70 

CC-486 3 Oral azacitidine Transfusion dependence ≥56 days: 31% (vs. 11% with placebo, P = 0.0002) 71 

High-risk MDS     

Guadecitabine 2 Second-generation HMA 

(decitabine linked to guanosine) 

Hematologic response: 14.3%, azacitidine failure, high-risk, and higher 

demethylation in blood were associated with better OS 

72 

ASTX727 3 Second-generation HMA (fixed 

decitabine and cedazuridine) 

Response rate: 61%, Complete response rate: 21% 73 

Pevonedistat ± azacitidine 2 NEDD8 inhibitor Response rate: 79% (vs. 57% with azacitidine alone),complete response rate: 52% 

(vs. 27% with azacitidine alone) 

74 

Enasidenib ± azacitidine 2 IDH2 inhibitor Response rate: 67%; 100% in HMA-naïve patients (enasidenib + azacitidine), 50% 

in HMA-failure patients (enasidenib alone) 

75 

Enasidenib 2 IDH2 inhibitor Response rate: 53%, 46% in patients with prior HMA, complete response rate: 0% 76 

Olutasidenib ± azacitidine 2 IDH1 inhibitor Response rate: 59%, 33% with olutasidenib alone, 73% with olutasidenib + 

azacitidine 

77 

Venetoclax ± azacitidine 1b BCL2 inhibitor Response rate: 7% with venetoclax alone, 50% with venetoclax + azacitidine 78 

Venetoclax ± azacitidine 1b BCL2 inhibitor Response rate: 70% 79 

Durvalumab + azacitidine 2 PD-L1 inhibitor Response rate: 62% (vs. 48% with azacitidine alone) 80 

Atezolizumab ± azacitidine 1b PD-L1 inhibitor Response rate: 9% with atezolizumab + azacitidine (HMA failure), 62% with 

atezolizumab + azacitidine (HMA naïve) 

81 

Table 3: Novel treatment approaches for MDS. 
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Therapeutic agents Phase Mode of action Results Ref 

Nivolumab or ipilimumab ± 

azacitidine 

2 PD-1/CTLA-4 inhibitor Response rate: 75% with nivolumab + azacitidine (HMA naïve), 71% with 

ipilimumab + azacitidine (HMA naïve), 13% with nivolumab monotherapy 

(HMA failure), 35% with ipilimumab monotherapy (HMA failure) 

82 

Sabatolimab + azacitidine 

or decitabine 

1b TIM-3-targeted antibody Response rate: 63%, including 50% in high-risk MDS and 85% in very 

high-risk MDS 

83 

Rigosertib + azacitidine 2 Multikinase inhibitor Response rate: 90% 84 

Glasdegib + cytarabine/daunorubicin 2 Hedgehog pathway inhibitor Complete response rate: 46% (includes patients with AML) 85 

TP53-mutated MDS     

Eprenetapopt + azacitidine 2 Small-molecule inhibitor of apoptosis 

in TP53-mutated cancer cells 

Response rate: 75% 86 

Eprenetapopt + azacitidine 2 small-molecule inhibitor of apoptosis 

in TP53-mutated cancer cells 

Response rate: 71% 87 

Magrolimab + azacitidine 1b CD47-targeted antibody Response rate: 100% (including 2 patients with TP53-mutated MDS) 88 

Table 3: Continued. AML: acute myeloid leukemia, BCL2: B-cell lymphoma 2, CTLA-4: cytotoxic T-lymphocyte antigen 4, HMA: hypomethylating agent, IDH1/2: 

isocitrate dehydrogenase 1/2, NEDD8: neural precursor cell expressed developmentally downregulated 8, OS: overall survival, PD-1: programmed death-1, PD-

L1: programmed death-ligand 1, TIM3: T cell immunoglobulin and mucin domain-containing protein 3, TP53: Tumor protein 53, RBC: red blood cell. (Adapted 

from Platzbecker et al., 202189) 
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1.2. Azacitidine: Out of favor chemotherapeutic drug that may 

still be ripe with opportunities 

Azacitidine (Figure 4), a HMA that was discussed previously and still being used to treat MDS 

especially in its high-risk forms, have been showing unsatisfactory results, leaving a lot of 

patients with terrible prognosis: a mere 6-month survival time after its failure which occurs 

surprisingly in 38% of the cases with only 44% of patients reaching remission in MDS90.  All 

patients after response to azacitidine will relapse and median overall survival after azacitidine 

relapse is very low (5 months) with no conventional second line therapy91.  

That being said, azacitidine battle is not yet lost and positive results cannot be denied. In the 

absence of other treatments, the efforts of the researchers, as demonstrated in Table 3, rotate 

towards solving these shortcomings via conjugating it to other molecules or using it in 

combination therapies. The most recent FDA/EMA sanctioned advancement is the approval of 

oral formulations of azacitidine in 2020/2021 respectively. Although, its use is only validated in 

maintenance treatment after intensive chemotherapy for AML92. 

Azacitidine is the first hypomethylating agent approved by the US Food and Drug Administration 

(FDA) in 2004 and later by the European Medicines Agency (EMA) in 2008 for the treatment of 

MDS. Its introduction as a treatment option was a breakthrough in the field of treatment of MDS 

especially of high-risk one as it is the first drug that was able to alter the course of the disease 

and delay the leukemic transformation. At low concentrations, the current concentration that is 

used as a treatment, it acts as a hypomethylating agent, but at higher concentrations it displays 

cytotoxic effects. 

Diving into its chemistry, the 4-amino-1-β-D-ribofuranosyl-S-triazin-2(1H)-one molecule 

(Figure 4) was first synthesized in 1964 by Sworm et al93. It is a pyrimidine nucleoside analog 

of cytosine with the carbon 5 of the nucleobase ring substituted by a nitrogen: the 

hypomethylating activity owes to this substitution.  

When it comes to its mode of action, its first crucial to note that hypermethylation of the DNA, 

more accurately of the CpG island in the promotor region of several genes, is a characteristic of 

MDS cells as well as several other diseases mainly of the cancer family. For MDS, the 

hypermethylation of one of the tumor suppressor genes P15 causes its silencing and the loss of 

regulation in the cells, leading to MDS, a process that occurs more frequently in high-risk MDS. 

The ability of azacitidine to inhibit the methylation process, which leads to hypomethylation and 

thus the reactivation of the silenced tumor suppressor genes, is what lead this molecule to 

become the go-to treatment of MDS. 
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Upon its entry to the cell by the action of human Equilibrative Nucleoside Transporter 1 (hENT1), 

azacitidine will undergo successive phosphorylation steps by the regular nucleic acid kinases to 

reach its final tri-phosphorylated forms, allowing its integration into the DNA and RNA. At that 

point, azacitidine being a ribonucleoside, it has a greater affinity for RNA, even if its effects are 

still largely vague and needing modern studies to verify them. Few older studies show that 

incorporation into the RNA inhibits transfer RNAs methylation and processing via decreasing the 

transfer RNA methyl transferase levels, additionally it can disrupt ribosomal RNA processing 

causing the inhibition of messenger RNA and protein synthesis, finally resulting in apoptotic cell 

death94–96. Indeed, though as it incorporates into the DNA, binds and inhibits the enzyme that 

methylates DNA, called DNA methyl transferase 1(DNMT1), DNMT1 inhibition by azacitidine is 

not observed in resting cells (as hENT1 levels increase MDS97)  and occurs at azacitidine 

concentrations that do not cause major suppression of DNA synthesis98–100. 

Other than the clinical shortcomings of azacitidine discussed previously, there are several other 

weaknesses in the drug, on a biochemical level. As Figure 6 shows azacitidine is sensitive to 

water: a rapid and reversible hydrolysis that produces N-formylribosylguanylurea followed by its 

irreversible hydrolysis to ribosylguanylurea101,102, thus it has a rather short half-life after 

administration. Additionally, because of its hydrophilic nature, it is clear that it has a rather 

hindered entry into the cell, a problem common to most hydrophilic drugs. Finally, the presence 

of nucleoside deaminase in the blood further decreases the half-life of this molecule and allows 

its rapid degradation and elimination102–106.  

 

Several clinical studies are aiming to improve azacitidine via combination of synergistic 

treatments. Recent studies have proposed that azacitidine may function by inducing proapototic 

proteins upon combining it with venetoclax, giving rise to a new clinical study. This combination 

enhanced the overall survival by 1.5 times in AML, with longer lasting response to treatment and 

reduced transfusion dependency. Additionally, this response was also observed in more 

complicated cases as MDS with TP53 mutation and AML107–109. 

Figure 6: Hydrolysis of azacitidine. Adapted from Balouzet et al., 201798. 
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Another study using co-treatments used azacitidine with etoposide and cytarabine. It was 

administered in patients’ ineligible for intensive chemotherapy: this combination therapy had 

considerably improved the overall response rates (P = 0.002). Additionally, it succeeded to 

prolong survival for these initially poor prognosed patients (8 months, P < 0.001) 110.  

Therefore, azacitidine, though being a valid treatment, has still several limitations. To allow this 

molecule to reach its full potential, these restrictions must be dealt with not only on a clinical 

level (by using a co-treatment that will synergize with it) but also on a biochemical level to 

further enhance its activity. Fatty acids implications in fighting cancers and similar maladies have 

been researched recently and have shown interesting results, making them a potential strategy 

to be used. 

2. Fatty acid metabolism: a novel vulnerable target in 
MDS 

The study of the lipidome in cancers in general, and more specifically in AML, has a long history, 

which can reflect its role and impact in MDS. Most of the studies on MDS, occurring in vitro and 

in vivo, are applied on AML models, due to a lack in actual MDS models, which can accurately 

reflect the impact of the tested treatments. Not to mention again that these close diseases share 

similarities in their profile and MDS may develop into AML. 

Starting from the 1960s, the lipid profiles and metabolism has been studied in AML, the lipid 

contents of normal and abnormal leukocytes was described, for instance in the case of 

cholesterol, it was observed that its levels where significantly lower when compared to normal 

leukocytes111,112.  

The assembly of lipids into new biological membranes is a crucial step in cell proliferation, a 

process that is further accelerated for cancer cells. Fatty acids, the building blocks of lipids, can 

either be acquired from exogenous sources (through diet) or via endogenous synthesis. Cells 

preferentially utilize the exogenous fatty acids especially in well-nourished individuals, while the 

endogenous synthesis pathway is minimally utilized. Protein-mediated transport is responsible 

for the uptake of these exogenous fatty acids, the main transporters that facilitate this process 

include fatty acid translocase (FAT)/CD36, fatty acid transport proteins (FATPs)/SLC27A, low 

density lipoprotein receptor (LDLR), and fatty acid binding proteins (FABPs). 

Due to the enormous need of cancer cells for fatty acids, the endogenous synthesis is more 

active when compared to normal cells, emphasizing the vital role of fatty acids in 

tumorigenesis113–115.  
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Therefore, this dire requirement of cancer cells to fatty acids creates a potential loop hole that 

can be exploited as a novel target to attack the cancer cells. Indeed, research is being conducted 

to find and understand novel mechanisms to achieve this aim: two out of the dozen omega-3 

fatty acids present in nature, docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), 

receive a lot of scientific curiosity due to promising results they are showing on different levels. 

2.1. Fatty acid-mediated ferroptotic cell death in cancers 

Overtime, scientific research identified different types of cell death compromised of autophagy, 

apoptosis, pyroptosis, necroptosis and ferroptosis116.  

In short, ferroptosis occurs upon the buildup of iron-dependent lethal lipid peroxides (LPOs). 

Cancer cells are protected from reactive oxygen species (ROS) mediated damage by their 

saturated membrane lipids that are less vulnerable to peroxidation, though unsaturated ones are 

more susceptible to ROS attacks: it enforces the importance of lipids and lipid metabolism for 

different cancer functions as tumorigenesis and metastasis. Lipid peroxidation is the driving force 

behind ferroptosis, additionally LPOs are implicated in several cell signaling pathways and events, 

such as the production of eicosanoids, signaling molecules involved in various cell mechanisms 

including cellular survival and proliferation, invasion and migration. The ability to regulate the 

lipid metabolism and consequently ferroptosis creates an innovative means by which we can 

treat cancer117–119. 

Cells undergoing ferroptosis exhibit reduced mitochondria with several abnormalities as the 

shrinking of the mitochondrial folds and membrane. Furthermore, another feature that allows to 

differentiate between ferroptosis and other forms of cell death is that the nucleus and its 

components are not affected or changed morphologically120. 

Fe3+ is converted to Fe2+ after it is imported by transferrin receptor 1 (TFR1) and placed in 

endosomes. Following that, the obtained Fe2+ is then released from the endosomes into a labile 

iron pool (LIP) in the cytoplasm, via the action of divalent metal transporter 1 (DMT1) in case it 

is not transported back outside the cell. After accumulation of large quantities of iron, it is stored 

in ferritin (iron storage protein complex). Some studies indicate that heat shock protein beta-1 

(HSPB1) can impact ferroptosis regulation negatively, since it inhibits the accumulation and 

absorption of intracellular iron by inhibiting TFR1 expression. Iron-responsive element binding 

protein 2 (IREB2), a transcription factor implemented in iron metabolism, will as well reduce 

ferroptosis upon its silencing. Nonetheless, the exact role of iron in ferroptosis is still unclear. 

Still, the over-production and reduced elimination of Fe2+ will eventually lead to a buildup of LPOs 

that will then usher ferroptosis117,121–123.  
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Other than the iron pathway, glutathione peroxidase 4 (GPX4) is another molecule that can affect 

ferroptosis (Figure 7). The GPX4-glutathione-cysteine pathway and the GPX4 peroxidation play 

a role in initiating ferroptosis. As GPX4 can decrease the quantity of ROS which will inhibit 

ferroptosis, thus genetic mutations that affect GPX4 and molecules that can block its action will 

lead to ferroptosis. Indeed, several studies have shown molecules that inactivate GPX4 such as 

ML162, ML210 and RSL3 caused an increase in ROS production, thus triggering ferroptosis124–

126.  

 

Figure 7: Mechanisms of ferroptosis. GSH depletion and the ensuing inactivation of GPX4 starts upon the inhibition 

of system Xc- (system Xc- is an amino acid antiporter that typically mediates the exchange of extracellular cystine 

and intracellular glutamate across the cellular plasma membrane), resulting in the accumulation of lethal lipid 

peroxides and initiation of ferroptosis in the presence of iron. High amounts of Fe2+ accumulate lipid ROS via the 

Fenton reaction, causing ferroptosis. (GSH: glutathione; GS-SG: oxidized glutathione; GPX4: glutathione peroxidase 

4; ROS: reactive oxygen species; PUFA: polyunsaturated fatty acids). Adapted from Lu et al., 2018127  .  

 

Bearing in mind that MDS cells, similar to cancer cells, accumulate a high level of iron compared 

to normal cells, and both abnormal cell types additionally display a high metabolic rate in order 

to maintain their prompt proliferation, accompanied by an increase in ROS production. Then, 

targeting the antioxidant defense mechanism of cancer cells may be an effective potential 

treatment strategy by pushing them towards oxidative stress-mediated cell death, such as 

ferroptosis. 
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Several studies were successful in displaying the impact of targeting ferroptosis to counter 

different blood maladies. Indeed, a study showed that a ferroptosis inducer called erastin was 

able to increase the sensitivity of acute myeloid leukemia cells to chemotherapeutic agents, as 

low doses of erastin were able to synergize with Ara-c and doxorubicin in AML HL60 cell line128. 

In other studies, they aimed to utilize the iron overload that occurs in MDS/AML as a loop hole 

against these maladies rather than performing iron chelation therapy to relive this overload129,130. 

Both omega-3 fatty acids DHA and EPA (Figure 8131) have been shown to aid in achieving 

ferroptosis in different cancers.  

 

A study showed that DHA enhanced the cytotoxicity of doxorubicin in breast cancer cell line by 

increasing cellular levels of lipid peroxidation. Additionally, this outcome could be ended by the 

use of a lipid peroxidation inhibitor132. Another study proved that DHA sensitized rat breast 

cancers to radio treatment, and the administration of vitamin E repressed the beneficial effect of 

DHA, signifying that this effect can be mediated through oxidative damage to the peroxidizable 

lipids133. Yet a different study also revealed that DHA sensitized breast cancer cells to 

anthracyclines, and showed an increase in the ROS level, the sensitization was credited to a 

reduction of GPX1 induced by DHA, as vitamin E eliminated the effect of DHA both during 

sensitization to chemotherapy and GPX1 inhibition134. Additionally, another research establish 

that DHA induced cell death via ROS generation and caspase 8 activation in some breast cancer 

cell lines, claiming that fish oil diet increased the levels of EPA and DHA inside the tumors in 

nude mice and inhibited the in vivo breast cancer growth135. As well, a second study reported a 

synergistic effect of n-3 PUFAs and rapamycin, leading to cell cycle arrest in breast cancer cell 

lines. An additional inhibition of glycolysis and glutamine metabolism was also observed136. 

Figure 8: Chemical structure of EPA and DHA. 
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Finally, a docosahexaenoic acid based nanoparticle managed to prompt ferroptotic cell death in 

hepatocellular carcinoma via lipid peroxidation and depletion of glutathione and GPX4137. 

Consequently, considering the substantial need of cancer cells for fatty acids and their 

importance in various cellular functions, exploiting this point to prompt ferroptotic cell death in 

these cells using ferroptosis triggering agents can be a promising method to battle the abnormal 

cells. Additionally, using such agents in combination therapies with traditional MDS drugs is an 

interesting angle to contemplate. Lastly, the omega-3 fatty acids discussed appear to be 

interesting candidates out of the many fatty acids available, and have shown enticing results. 

2.2. Other methods by which fatty acids act as anti-cancer 
agents 

Excluding ferroptosis, various research efforts and studies have demonstrated that fatty acids 

including omega-3 fatty acids can work against cancers in various different pathways (Figure 

9), bringing to light to significance of these molecules in the battle against this stubborn foe. 

 

Figure 9: Several mechanisms by which omega-3 can affect cancers. (AA: arachidonic acid; COX-

2: cylcooxygenase-2; GSH: glutathione; IL-2: interleukin 2; JNK: c-jun NH kinase; LOX: lipooxygenase; 

SFK: Src-family kinase; MAPK: mitogen-activated protein kinase; PI: phosphatidylinositol; PGE2: 

prostaglandin E2; ROS: reactive oxygen species).Signori et al.,2011138. 
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A study done by Frédéric Picou et al. has shown that n-3 polyunsaturated fatty acids are able to 

induce cell death in acute myeloid leukemia, different fatty acids including DHA and EPA lead to 

inhibit the growth of AML cell lines and to induce cell death via oxidative stress pathways. 

Furthermore, the study shows a synergistic effect that was obtained after the combination of the 

fatty acids with Ara-c, a previously used hypomethylating agent139. Similar studies on DHA and 

EPA also showed different pathways that these fatty acids utilize to impede cancer progression140–

143. 

Another in vivo study by Varney et al. demonstrated that omega 3 fatty acids were able to reduce 

the number of abnormal progenitor cells and push them towards differentiation. The omega 3 

and 6 fatty acids of the mice diet were controlled, the omega 3 ones being in a higher proportion, 

it leads to a decrease in the number of myeloid progenitor cells, while increasing differentiation 

without affecting peripheral white blood cell numbers144. 

Considering that PUFAs alongside other fatty acids and lipids makeup the cell membrane, they 

are able to hinder the membrane proteins functionality by altering the lipid rafts. A study 

established that DHA and EPA modified the composition of rafts present on the cell membrane 

and therefore impact the epidermal growth factor receptor (EGFR) and MAP kinase signaling 

pathways, leading to the apoptotic cell death in breast cancer cells145. Likewise, a study 

established that omega-3 PUFAs can enhance the cell membrane levels of fatty acid unsaturation, 

while reducing the activation of EGFR and eventually cause apoptosis of breast cancer cells. A 

continuation of that study then showed that these PUFAs could further decrease breast cancer 

cell propagation by modifying the lipid raft biochemical and physical properties146,147. 

Another mechanism that DHA and EPA have been shown to counter breast cancer by is via the 

regulation of several receptors and enzymes including Enhancer of Zeste homolog 2 (EZH2), 

transient receptor potential canonical 3 (TRPC3), p53 and Bcl-2148–150. 

Starting in the earlier 2000s and for several years of studies, Menendez et al. revealed that 

mono-unsaturated fatty acids (MUFAs) such as oleic acid (OA) and poly-unsaturated fatty acids 

(PUFAs) like alpha-linolenic acid (ALA), gamma-linolenic (GLA) and DHA are capable of 

sensitizing breast cancer cells to different chemotherapeutic agents including docetaxel, 

paclitaxel, vinorelbine and trastuzumab through reducing the expression of HER2151–156. 

Additionally, GLA also enhanced the activity of anticancer drugs such as paclitaxel, vinorelbine 

and docetaxel in a ROS-independent manner on breast cancer cells157,158. 

A different study was able to verify results in agreement with Menendez et al.’s work, displaying 

that omega-3 PUFAs battled breast cancer via inhibiting the HER2 pathway as well in mice, in 

which these fatty acids could be produced from omega-6 PUFAs inside the cells159.  
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A 2005 study demonstrated that EPA managed to suppress cellular proliferation in human breast 

cancer mouse models owing to a G protein-coupled receptor that is activated by omega-3 PUFAs 

that triggers its signaling pathway160.  

Another study similarly showed that omega-3 fatty acids decreased the proliferation of ER+ 

breast cancer cells. This outcome was achieved via the activation of a G protein-coupled receptor. 

Additionally, it inhibits other signaling pathways such as EGFR, Erk1/2 and AKT161. 

 

Finally, whether through ferroptosis or various other pathways, fatty acids in general and 

especially DHA and EPA fatty acids of the omega-3 family, have shown an impressive range of 

functions and possibilities in the battle against different cancers. An indication that is further 

corroborated by a huge increase of clinical trials that are noticing the great opportunities lying 

in these molecules, such as DHA-paclitaxel in treating patients with metastatic pancreatic and 

colorectal cancers (identifiers NCT00024375 and NCT00024401 respectively) or EPA and DHA for 

non-small cell lung cancer patients (Identifier NCT04175769) among numerous others. Clearly 

EPA and DHA are two prime candidates to solve the azacitidine issues that have been discussed, 

probably through conjugating the nucleosidic analogue to the fatty acids to create a prodrug, but 

is that enough to reach the full potential of this treatment or is there a further step that can be 

taken to further improve on this idea? Certainly, their self-assembly seem to hold the answer. 
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3. The evolution of nucleosidic analogues: self-assembly 
of prodrugs into nanoparticles for cancer drug delivery 

 

In this part, a review published in Nanoscale Advances (2021) discusses the present state of 

nucleosidic analogues, their evolution over time, and sheds a light on their possible future 

aspects. Knowing that these analogues are a great method to confront cancer, their shortcoming 

that are restricting from reaching their full medicinal potential are described. Two solutions that 

can improve the shortcoming of this therapeutic agent are discussed: the prodrug solution and 

the nanoparticle solution. Lastly, a novel strategy derived from the combination of these solutions 

is contemplated, a method that can ultimately be the true answer to our problems with its ability 

to solve the limitations of the nucleosidic analogues, while being devoid of the shortcomings of 

the prodrug and traditional nanoparticles. 
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4. Nanomedicines: a developing prospective for MDS and 
AML 

Owing to the enhanced permeability and retention (EPR) phenomena that occurs in solid tumors 

(the mechanism by which high–molecular weight drugs, prodrugs and nanovectors accumulate 

in tissues, due to an increased vascularization, wide fenestrations and a reduced lymphatic 

drainage), there is a flood of nanomedicines focusing on taking advantage of this phenomena, 

with an increased buildup of nanoparticles in the tumoral microenvironment and thus enhanced 

efficacy162. 

However, in the case of leukemias and lymphomas, cancers in which the EPR effect does not 

play a role, the paradigm has to be thought differently, with inventive approaches for the 

treatment of liquid tumors. 

Nanoparticles allow for the selective transport of anticancer agents to the cancerous cells with a 

decreased side effect on the healthy unaffected cells, thus reducing systemic toxicity, allowing 

for the drug loaded nanoparticle to access tissues that were previously challenging for traditional 

drugs to reach, such as the bone marrow and lymph nodes. Various research efforts are 

embracing this advantage to develop new treatments for MDS and AML. 

Indeed, a study on self-assembling alendronate-conjugated bone-targeting nanoparticles 

(BTNPs) showed a co-delivery of decitabine and arsenic trioxide for treating MDS. The study 

demonstrated an increased circulation time to 3 days, when previously these drugs needed to 

be administered on daily basis due to their short half-life. Additionally, when compared to the 

unvectorized drugs, these drug loaded nanoparticles had at least a 6.7 times increased 

accumulation in the bone marrow163.  

Another study compared the efficacy of arsenic trisulfide to arsenic trisulfide inorganic 

nanoparticles on MUTZ-1 MDS cell line. They showed a 2 to 3-fold increase in inhibition (IC50), a 

1.5 to 2-fold increase in apoptosis and a significant increase in cell cycle arrest, at different 

concentrations with a p<0.01 in all the studies, showing that the drug loaded nanoparticles were 

more powerful than its free one164. 

A recent clinical trial is in phase I/II as a monotherapy or in combination for treatment of MDS 

and AML patients165 on AZD 2811 nanoparticle: polylactic acid polymeric matrix with  

PEG stealth layer that encapsulates barasertib, a potent and selective inhibitor of aurora B kinase. 

This trial follows the success of the preclinical studies that showed that these nanoparticles could 

overcome the venetoclax resistance in TP53-mutant AML in vitro and in vivo166. 

Another example of a promising nanomedicine is CPX-351 (VYXEOS™), a liposomal formulation 

of cytarabine and daunorubicin, which generated promising results in phase III clinical trials for 
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the treatment of high-risk AML. Indeed, CPX-351 significantly improved overall survival, 

response rates, event-free survival, in comparison with the standard regimen of cytarabine and 

daunorubicin. Additionally, overall survival (OS) was of 16.1 months compared to 6 months with 

the standard drugs (Identifier: NCT02286726)167,168.  

5. The nanoparticle enhanced: self-assembling prodrugs  

Due to the limitations of traditional drugs, the use of prodrugs to solve these issues is the next 

clear step. The parent drug is conjugated to another molecule that can be a targeting molecule 

or another drug that synergizes with it, allowing to resolve problems such as chemical instability, 

poor water solubility, severe toxicity or low permeability. Another approach to solve these 

limitations is the use of nanoparticles as drug delivery systems, with their ability to improve drug 

availability, to prolong systemic circulation time, to increase tumor accumulation, and to 

spatiotemporally control drug release169–173. 

Prodrugs are molecules that are activated upon being metabolized near the targeting tissue, thus 

releasing the drug at the targeted site, with more specificity and reduced impact on normal 

tissues. Prodrugs are generally made up of three parts, with an optional fourth that is aimed to 

increase the targetability and specificity of the prodrug. The main therapeutic agent is the first 

part of the prodrug, followed by the chemical linker which binds the therapeutic agent to the rest 

of the prodrug, and finally a promoiety that can be a polymer, a hydrocarbon chain or another 

drug that synergizes with the main therapeutic agent. The goal behind prodrugs is to increase 

solubility in water or diffusion through the cell membrane, chemical stability, drug absorption 

and mainly pre-systemic metabolism. The third part of the prodrugs, the promoiety, allows the 

targeting of peptide transporters, antigens and enzymes that are highly present in the desired 

tissue171,172,174,175. A selection of prodrugs is presented in Figure 10. Still, prodrugs are not 

without faults, such as the presence of esterases in cancer microenvironment that expedites the 

process of their degradation, in the case of an ester bound prodrug. Subsequently, prodrugs are 

by no means a miracle solution and they need further innovation to achieve their full potential.  

A study aiming to improve paclitaxel, a well-known chemotherapeutic agent that has poor 

aqueous solubility and thus is formulated in Cremophor EL (CrEL) and ethanol, causing severe 

side effects due to these excipients. A prodrug of paclitaxel was synthesized with a DHA link, 

leading to a decrease in excipients needed to 15% of the original formulation, thus increasing 

the maximum tolerated dose by 4 folds as the toxicity decreased, with an improved antitumor 

activity leading this prodrug to enter clinical trials176,177. 
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Another study was done on doxorubicin, another famous anti-cancer agent with various side 

effects on healthy tissues due to a lack of specificity. They conjugated this drug to linolenic acid: 

the obtained prodrug had a 2-fold increase in tumor accumulation, with less side effects to 

healthy tissues, mainly to the heart with a 60% decrease of accumulation in that organ. 

Additionally, owing to the pH-sensitive nature of the linker, most of the drug was released around 

the tumor thus enhancing its efficacy. A continuation of this study showed that DHA allowed an 

increased intratumoral drug release. Thus, this prodrug was able to double the survival and halve 

the weight loss in leukemic mice models178,179. 

 

 

Figure 10: The decennary progress of anti-cancer unsaturated fatty acid prodrugs. OA: oleic acid; 

CLA: conjugated linoleic acid; LA: lactic acid; EA: elaidic acid; LNA: linolenic acid; AA: arachidonic acid; 

DG: Dioleoylglycerol. Sun et  al., 2017180. 
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Nanomedicines are extremely small-sized objects with a diameter bellow the micrometer, with 

the ability to act as a vehicle for therapeutic molecules. The advancement in this field occurred 

over several generations with liposomes, micelles and polymer nanoparticles being introduced in 

the first generation, bringing the ability to enhanced intracellular delivery, but lacking in 

specificity and being highly susceptible to opsonization by macrophages and liver accumulation. 

The second generation was ushered by the addition of polyethylene glycol (PEG), a hydrophilic 

shield, allowing a passive blood circulation and an enhanced permeability and retention (EPR) 

effect, leading to a passive accumulation in solid cancer tumors. The stealth ability heralded the 

third generation of nanomedicines upon the surface decoration by a molecule of interest, such 

as an antibody, allowing an active targeting. The current fourth generation has even more 

advanced functionalities such as a drug controlled release in a specific environment in answering 

to local stimuli, or to signaling pathways. 

There exist multiple plausible classifications for nanomedicines whether by size, shape or other 

characteristics. Though perhaps the most agreed upon one is by excipient nature: organic 

nanoparticles with for instance liposomes or polymeric micelles, inorganic nanoparticles covering 

quantum dots and carbon nanotubes, and finally metal–organic framework nanoparticles 

(MOFs)181–184. 

An example of study to perfectly illustrate how nanomedicines can be probative: this study aimed 

at evaluating the advantages of drug encapsulation by polymeric nanoparticles. A fluorouracil 

polymeric nanoparticle was formulated, this 180 nm spanning vehicle allowed for a sustained 

agent release over the period of 7 days. Additionally, an improved anticancer effect was observed 

when compared to the free drug. This formulation also had reduced side effects on normal tissue 

after histopathological studies on the kidney and liver tissues185. 

5.1. Self-assembly and PUFAylation 

Nanomedicines are indeed capable of solving several of the difficulties faced by traditional drugs 

including drug transport and rapid degradation. However, being acting merely as a vehicle, it 

leads to several drawbacks including undesired drug release, low drug loading levels, not to 

mention the toxicity of the excipients used in the nanoparticle formulation. Thus, the next 

evolution in this field arrived by combining prodrugs and nanoparticles together in prodrug-based 

self-assemblies. These novel nanomedicines are capable of exploiting intermolecular forces and 

non-covalent interactions (such as hydrogen bonding, metal coordination, hydrophobic 

interactions, van der Waals forces or – stacking) to naturally self-assemble in aqueous media 

into supramolecular assemblies. Accordingly, the self-assembly functionality will depend on 

various aspects as stability, shape, size, surface charge, viscosity, and surface morphology that 
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will dictate their cellular internalization, diffusion and pharmacological activity. The prodrug-

based self-assemblies improved drastically the drug loading, while decreasing toxicity as the 

prodrugs are the only constituent of the nanoparticle with no additional excipient186–190. 

The Israechvili’s model presented in the 1970s allows to predict the supramolecular structure of 

the self-assemblies to be formed, by considering the volume and length of the fatty acid chain, 

and the surface area of the hydrophilic head191. 

An example on this concept arises from a study where paclitaxel was conjugated to oleic acid by 

the means of several types of chemical bonds. It was shown that the formed prodrugs succeeded 

in self-assembling into nanoparticles with a high drug loading capacity (at least 55%) and, when 

compared to paclitaxel, these self-assemblies demonstrated improved cellular uptake, tumor 

buildup and pharmacokinetics192,193. 

Another study described the conjugation of doxorubicin to mixed PUFAs: it showed a significantly 

increased drug loading with considerably improved cytotoxicity results in vitro, when compared 

to free doxorubicin or its liposome encapsulated format194. 

 

 

PUFAylation can be considered as a subtype of self-assembly, where the promoiety conjugated 

to the drug of interest is a poly-unsaturated fatty acid. It is usually done with a hydrophilic drug 

to produce an amphiphilic prodrug, thus improving the parent drug cellular internalization. 

Moreover, the PUFAs are relatively cheap easily obtained molecules, with high interaction ability 

due to the double bond presence lending the self-assemblies increased stability. 

In that context, in a series of studies performed by Prof. Couvreur and his team, squalenic acid 

was conjugated with gemcitabine, resulting in 120 nm self-assembled nanoparticles with an 

inverse hexagonal supramolecular structure. These assemblies had enhanced biological activities 

in comparison to gemcitabine alone: for instance, it showed superior results to that of 

gemcitabine both in vivo and in vitro models of leukemia. These results were attributed to the 

shape of the self-assembly that was able to guard the gemcitabine from the action of deaminases 

thus reducing their degradation. Moreover, this self-assembly allowed an improved cell 

internalization, the cell membrane acting as a gemcitabine reservoir195–198. 

5.2. Cell membrane interactions and nanoparticle entry into 

cells 

Upon arrival of the nanoparticles to the cellular membrane, they interact with the different 

components present there, allowing their entry into the cell using different pathways but mainly 

through endocytosis. Endocytosis will then lead the formed invagination to pinch of thus forming 



58 

 

vesicles that are then transported into sorting compartments. There are 5 different forms of 

endocytosis, and other endocytosis independent mechanisms: Figure 11. 

The five main mechanisms of endocytosis are: phagocytosis, clathrin-mediated endocytosis, 

caveolin-mediated endocytosis, clathrin/caveolae-independent endocytosis, and 

macropinocytosis. Some debate exist that last four mechanisms are subtypes of the pinocytosis, 

compared to phagocytosis, that occurs in professional phagocytes, pinocytotic mechanisms may 

exist in several cells199. 

5.2.1. Phagocytosis 

Specialized phagocytes, belonging to the immune system ranks, are responsible for this process 

(dendritic cells, neutrophils, macrophages and monocytes). Fibroblasts, epithelial, and 

endothelial cells also exhibit this ability but in a reduced manner. This leads to a debate on 

whether to consider phagocytosis an endocytosis mechanism or a separate specialized 

mechanism.  

Opsonins including antibodies and complement proteins initiate this process, as they attach to 

the nanoparticles, these opsonins then interact with the cellular membrane receptors. This 

interaction jump starts signaling pathways leading to the accumulation of actin that will form 

invaginations followed by phagosome formation. It has been observed that particles over the 

size of 200 nm are more prone to this process. 

Long PEG chains are able to impart a stealth ability to nanoparticles, as these chains are able to 

ward off these opsonins, thus increasing the half-life of the nanoparticles. Doxil®, the first 

approved anti-cancer liposome, employs this technology thus enhancing the efficacy of the 

encapsulated doxorubicin200–203. 

5.2.2. Clathrin-mediated endocytosis 

This is usually the method by which cells obtain several of their nutrients and can be used to 

internalize the nanoparticles: clathrin-rich areas of the cell membrane will form an assembly unit 

termed the “tri-skeleton” unit that will then lead to 100 nm vesicle budding, that are then 

transferred to be sorted. Though, most of these vesicles end up as lysosomes, which will degrade 

non-resistant nanoparticles204,205. 

5.2.3. Caveolae-dependent endocytosis 

Cell signaling, regulation of membrane proteins, lipids and fatty acids are some of the chores of 

this process. Caveolae are flask-shaped invaginations present in cellular membranes of epithelial 

and non-epithelial cells. These flasks range in size between 50 to 80 nm with a lining of the 

caveolin protein that gives these flasks their unique shape, though caveolin will work with other 
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proteins to allow the final formation and budding of the forming vesicles. Conversely to clathrin-

mediated endocytosis, this internalization pathway is non-lysosomal and will not damage the 

nanoparticles, a fortunate event for Abraxane®, a paclitaxel nanoparticle that has been observed 

to utilize this pathway heavily206–208. 

 

Figure 11: Cell internalization pathways of nanoparticles209. 

5.2.4. Clathrin/caveolae independent endocytosis 

This pathway is active in cells that don’t possess clathrin or caveolae and is used in the uptake 

of growth hormones and specific interleukins. The presence of some fatty acids seems essential 

for this uptake, allowing reasonably for hypothesizing that fatty acid based self-assembly can 

rely on this pathway, though it might be limited as well to the cells that are forced to bide by 

it210,211. 

5.2.5. Macropinocytosis 

This process does not require pit/flask formation nor any aid from the lipid rafts. Simply, owing 

to the reorganization of the cytoskeleton, large membrane extensions appear from one side and 

then attach back to the cell membrane thus creating a large trap or vesicle that can reach 5 μm 

in diameter. This process is unspecific and will uptake other molecules in the vicinity. Due to its 

large size, this pathway seems favorable to large nanoparticles that won’t fit in the previously 

described processes212,213. 
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5.2.6. Other possible pathways 

It has been proposed by some researchers that other mechanisms would allow the entry of 

nanoparticles into cells. Indeed, a study revealed that specific quantum dots managed to pass 

through the RBCs membrane, via passive penetration, arguing that the zwitterionic nature of 

this quantum dot lead to softening of the lipid bilayer and the entry of these nanoparticles, 

without damaging the cell214. 

 

 

Considering the points raised about MDS and its treatment, the failings and promises of 

azacitidine, the ripe opportunities contained within the use of omega-3 fatty acids, the review 

covering prodrug approach and its importance, it is possible to enhance azacitidine by turning it 

to a prodrug by conjugating it to fatty acid. Then talking it a step further by utilizing the self-

assembly approach that was discussed from the angle of PUFAylation, to finally achieve the 

formulation of azacitidine that will allow to reach its full therapeutic potential. 
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6. Aims of this project 

5-azacitidine, a cytidine analogue and a hypomethylating agent, is one of the main drugs being 

used for the treatment of myelodysplastic syndromes. However, after administration, it exhibits 

several limitations including restricted diffusion and cellular internalization due to its 

hydrophilicity, and a rapid enzymatic degradation. Our objective is to improve the cell 

internalization and to protect the drug from metabolic degradation via the formulation of an 

amphiphilic prodrug and its formulation into self-assemblies, thus gaining the advantages carried 

by prodrugs when compared to the parent molecule, also those of the self-assembly systems, 

with possibly gaining the synergistic effect to battle cancers that has been reported to be present 

in omega-3 fatty acids. Following the conjugation of the omega-3 fatty acid to the azacitidine, 

the obtained prodrug will be formulated by nanoprecipitation in self-assemblies (Figure 12), 

thus protecting the active molecule from enzymatic degradation. Additionally, this prodrug 

should be cleaved by cathepsin B, an enzyme overexpressed in cancerous cells, thus increasing 

the specificity of the drug. 

 

Figure 12: Synthesis and formulation approaches for the development of an inventive platform for 

azacitidine administration. 

 

This project is divided into three sections, the first will be discussing the prodrug aspect of this 

project, discussing and describing the two different chemical approaches that were used to 

synthesize the final prodrug, followed by the chemical verification and characterization methods 

utilized to ensure that the correct prodrugs have been obtained. The second section will be 

focused on the formulation of the nanoparticles, using nanoprecipitation to achieve the self-
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assembly (more accurately via subtype termed PUFAylation) of the amphiphilic prodrug, as well 

as the characterization of the obtained nano-objects. The last part will contain the initial biological 

studies performed on a human leukemia cell line (HL-60) to access the biological efficacy and 

cell internalization of the obtained self-assemblies.  
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Chapter 2: Prodrug synthesis and self-assembly 

 

This section aims to introduce the prodrug synthesis pathways to obtain the azacitidine –omega 

3 fatty acid conjugates, using the two fatty acids presented in the state of the art section: 

docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA). After the successful synthesis of 

the prodrugs, the nanoprecipitation process was used to obtain the self-assemblies of these 

prodrugs and their characterization was performed. 

 

The first year of research was focused on the optimization of a synthesis pathway that has 

already been used by Prof. Couvreur’s team for the conjugation of nucleic acids and their 

derivatives to the squalene215. It is based on protecting the OH groups of azacitidine prior to 

conjugating the fatty acid, followed by deprotecting the OH groups of the formed conjugate to 

finally obtain the prodrug. Following the failure of conjugation after several optimization attempts 

due to the hindered reactivity of the amine group of azacitidine, several conjugating agents were 

tested to determine the suitable conjugation agent that would allow a successful conjugation 

with azacitidine. 

 

Thus, the second year of researchs was focused on using the selected ethyl chloroformate to 

obtain the prodrugs, using the same protected conjugation technique previously described. 

Following the deprotection, the prodrug was finally obtained but numerous attempts to purify it 

using silica gel column chromatography were unsuccessful due to the close polarity of the final 

byproducts obtained. 

 

During the last year of research, a direct conjugation method was tested and the desired 

prodrugs were successfully obtained and purified using a semi-preparative reversed phase high-

performance liquid chromatography (RP-HPLC).  

Then, the nanoprecipitation of both amphiphilic prodrugs produced the desired self-assemblies, 

and their physico-chemical parameters were characterized.  

 

These steps will be described in the following chapter: the failures and the success of the organic 

synthesis will be first presented, to finish with an article submitted in Pharmaceuticals. 
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1. The three-step approach for prodrug synthesis 

Nucleosides and their analogues are a staple drug that is still being used as a chemotherapeutic 

agent in the fight against various types of cancer, few of these drugs worth mentioning are: 

floxuridine cytarabine, gemcitabine and azacitidine. Although widely used, these molecules face 

severe limitations as a weak efficacy due to a restricted cellular internalization because of their 

hydrophilicity and a rapid enzymatic degradation by deaminases216–218, and severe side effects 

due to the absence of cancer cell selectivity.  

The process of conjugating fatty acids to nucleosides and their analogues in order to combat 

such shortcomings is a well investigated one. Indeed, this process has been pioneered by Prof. 

Couvreur and his team, with the use of squalene and its derivatives that were conjugated to 

different nucleoside analogs in a process termed “Squalenoylation”. This method was reproduced 

with other fatty acids mainly poly-unsaturated ones, and termed “PUFAylation”219–223.  

Various nucleosides have undergone PUFAylation process to obtain prodrugs conjugated at 4-

(N)-position: a linoleic acid-gemcitabine conjugate (LA-Gem) and a squalenoyl-gemcitabine 

(SQdFdC) are two prime examples221,222, allowing the protection of the parent drugs from the 

action of deaminases, increasing the lipophilicity of the conjugate to improve cell penetration, 

and conferring a specificity via a prodrug bond cleaved by an enzyme overexpressed in cancer 

cells. Yet, similar studies on azacitidine are absent, and few studies have performed the 

conjugation of azacitidine on the OH groups of the sugar ring, by the means of ester bonds224–

226. Such approaches fail to protect azacitidine from deamination, the main reason that impacts 

its circulation time and decreases it biological efficacy.  

Consequently, this study aims to conjugate chosen polyunsaturated fatty acids to azacitidine 4-

(N)-position, to protect it from deamination and utilize the overexpression of the cathepsin-B 

enzyme by MDS and AML to increase its specificity to cancer cells227,228. To this end, a 3-step 

synthesis was adapted from P. Couvreur’s team215,229 (Figure 13). 

Figure 13: Synthesis of the squalenoyl adenosine conjugate. Adapted from Gaudin et al., 2014215. 
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1.1. Overview of the 3-step synthesis process 

 

Aiming to conjugate DHA and EPA to azacitidine at its amine group (4-(N)-position), a 3-step 

synthesis was followed (Figure 14). 

To start, the highly reactive alcohols groups of the sugar ring must first be protected by the 

action of a silylating agent, TBDMSCl (tert-Butyldimethylsilyl chloride) in this case. ET3N 

(triethylamine) is used to catalyze the reaction via the deprotonation of the alcohol groups and 

to neutralize the acid released in the process, and imidazole used as a nucleophile that reacts 

with TBDMSCl to form a more reactive intermediate, that reacts with OH group readily. 

Following that, an amide conjugation will allow the desired fatty acids to be linked to azacitidine, 

by the action of a conjugating agent called HATU (Hexafluorophosphate Azabenzotriazole 

Tetramethyl Uronium). This reaction was performed in the presence of DMAP (4-

dimethylaminopyridine) to produce an activated ester from the fatty acids, and Hünig’s base 

DIPEA (N, N-Diisopropylethylamine), commonly used in amide coupling, a hindered base that 

does not compete with the nucleophilic amine in the coupling reaction between a carboxylic acid 

and a nucleophilic amine. 

Finally, the protection groups of the obtained silylated prodrug were removed using TBAF (tetra-

n-butylammonium fluoride), a commonly utilized deprotecting agent. 

Figure 14: The 3-step synthesis pathway for the synthesis of azacitidine-fatty acid conjugates. 
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As previously discussed, azacitidine is highly susceptible to hydrolysis. Therefore, all the solvents 

were purchased in their anhydrous form. Additionally, all the reactions were conducted in 3-

necked reactors under an argon flow (Figure 15). The reactants were injected through the silicon 

septums using a glass needle, all glassware were oven dried prior to use. 

1.2. Protection of azacitidine 

 

To a solution of imidazole (15 equivalents) and tert-butyldimethylsilyl chloride (TBDMSCl, 12 

equivalents) in anhydrous DMF (15 mL), stirred for 30 min, 5-azacitidine (250 mg) in anhydrous 

DMF (20 mL) was added drop-wise, followed by the drop-wise addition of trimethylamine (5 

equivalents) in anhydrous DMF (8 mL). The mixture was left to react at room temperature for 

72 hours. The whole reaction was conducted under argon. The mixture was then concentrated 

using a rotary evaporator. The crude product was then purified by silica gel chromatography 

eluting with 4% methanol in dichloromethane to give pure 4-amino-1-(3,4-bis((tert-

butyldimethylsilyl)oxy)-5-(((tert-butyldimethylsilyl)oxy)methyl)tetrahydrofuran-2-yl)-1,3,5-

triazin-2(1H)-on (tris-O-silylated azacitidine) as a colorless oil (565mg,yield 94%, purity 90%). 

1H NMR (499 MHz, DMSO-d6) δ 8.46 (s, 1H), 7.61 – 7.53 (m, 2H), 5.69 (d, J = 3.8 Hz, 1H), 

Figure 15: Experimental setup under inert conditions used in all reactions involving azacitidine. 
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4.30 (t, J = 4.1 Hz, 1H), 4.14 (t, J = 4.5 Hz, 1H), 3.95 (q, J = 4.2, 3.7 Hz, 2H), 3.75 – 3.71 (m, 

1H), 0.91 (s, 9H), 0.88 (s, 9H), 0.85 (d, J = 3.1 Hz, 9H), 0.14 – 0.02 (m, 18H). 

A UPLC-UV method was developed to quantify the purity of the protected azacitidine (Figure 

16). A UPLC Acquity HClass Bio (Waters, France) was used consisting of a quaternary solvent 

manager, a sample manager, a photo diode array detector and a column manager was used. 

The system was controlled via Empower®3 software (Waters). The column used was an 

Acquity®UPLC BEH C18 100 x 2.1 mm, 1.7 μm (Waters). The mobile phase was composed of a 

mixture of acetonitrile and methanol. 

 

The purified product was dissolved in acetonitrile at a concentration of 0.5 mg/mL. Prior to 

injection, the sample was vortexed, sonicated and filtered using a 0.22 μm Millex-LG filter 

(Merck-Millipore, Germany). Flow rate was set to 0.6 mL/min and injection volume was set to 2 

μL. The product was eluted via an isocratic flow. Detection was fixed at 241 nm to detect 

azacitidine. After using the area under the curve to analyze the obtained chromatogram, the 

purity of protected azacitidine was determined at 90%: Figure 16. 

 

1H NMR spectrum of the protected azacitidine was recorded in deuterated dimethyl sulfoxide 

(DMSO-d6) at 400 MHz with a Bruker 500MHz AVANCE III HD spectrometer (Wissembourg, 

France), equilibrated at 25 °C, at the SFR Matrix of the University of Angers. Spectra were 

analyzed using the software MestReNova®. The methyl peaks of the protection groups were 

Figure 16: UPLC chromatogram of protected azacitidine. 
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detected at 0.08 ppm and 0.85-0.91 ppm, the rest of the peaks conformed to those of 

azacitidine: Figure 17. 

 

Mass spectrometry was used to further verify the obtained product. Protected azacitidine was 

dissolved in acetonitrile+0.1% formic acid at a concentration of 50 µg/mL. The solution was 

directly infused at 10 µL/min into a Quattro Micro® triple quadrupole mass spectrometer 

(Waters). Prior to infusion, the sample was vortexed, sonicated and filtered using a 0.22 μm 

Millex-LG filter (Merck-Millipore, Germany). Ionization was achieved using electrospray in 

positive ion mode. The mass spectrometer was operated in multiple reaction monitoring mode. 

Figure 17: 1H NMR spectra of protected azacitidine. 

Figure 18: Mass spectra of the protected azacitidine. 
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The entire system was controlled by Masslynx® software (Waters). The molecular weights of the 

azacitidine and TBDMS being 244.207 g.mol-1 and 150.72 g.mol-1 respectively, the [M+H]+ at 

587.1 m/z and its sodium adduct at 609.03 m/z, confirmed the successful protection of the 

azacitidine (Figure 18).  

It is noteworthy that this final reaction stated above was obtained after several attempts to 

optimize the experimental conditions. For instance, the initial tested conditions are presented in 

Table 4. Three OH groups (1 primary and 2 secondary alcohols) have to be protected and some 

hindrance was met to achieve a three-protected azacitidine molecule: initial reactions gave only 

the two protected azacitidine.  

 

 

 

Different parameters where therefore changed including concentration, temperature, equivalent, 

base, in presence or not of different catalysts (silver nitrate or DMAP). It was found that a higher 

volume of solvent (2x) as well as higher equivalents of the reactants were needed. Upon using 

the high equivalents as described in the reaction above and conducting the reaction over 48 

hours, a full protection of the three OH groups was successfully obtained with a yield ranging 

from 64% to 71%. In increasing the reaction time to 72 hours, it led to an optimal yield of 94%± 

1.75%. 

 

 

 

Table 4: Initial conditions used in the protection reaction of azacitidine. 
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1.3. Conjugation of protected azacitidine to the fatty acid 

 

To first optimize the experimental conditions, the oleic acid (OA) was used instead of 

docosapentaenoic acid (DPA) and eicosapentaenoic acid (EPA), due to availability and 

affordability in large quantities. 

Initially, HATU was chosen as a conjugating agent between the protected azacitidine and the OA, 

owing to its high reactivity and the high yield it can give, as well as its frequent use in literature 

for the conjugation of nucleosides to carboxylic acid groups215,230, the reaction being carried in 

the presence of DIPEA and DMAP. The conjugation was done by following literature guide lines 

using 100 mg of protected azacitidine, 3.9 equivalents of HATU, 1.1 equivalents of oleic acid, 5 

equivalents of DIPEA and 0.1 equivalents of DMAP in 10 mL of anhydrous DMF. The OA was 

mixed with DIPEA and DMAP for 15 minutes in order to activate the carboxylic acid function, 

followed by the addition of HATU that was mixed for 10 min and the final addition of the protected 

azacitidine. This method was unable to produce a successful conjugation. Despite changing 

different reaction conditions individually (including concentration, time, temperature, equivalent, 

reactant such as HOBt (hydroxybenzotriazole) and mixing methods), a successful conjugation 

using HATU as a conjugating agent was not achieved. Therefore, 2 different conjugating agents 

were used, the Hexafluorophosphate Benzotriazole Tetramethyl Uronium (HBTU) and the 1-

Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) with similarly varying conditions that also 

were not able to perform the desired conjugation. 

The failure of the conjugation was attributed to the low reactivity of this azacitidine amine group 

or due to the conjugating agent tested. To eliminate the first hypothesis, the 3 protected 

azacitidine was replaced by another control primary amine: DMAPA (dimethylaminopropylamine) 

(Figure 19). The 3 different conjugating agents were used again with the different experimental 

conditions describe above. Surprisingly, the conjugation was not achieved. Thus, the reactivity 

of the protected azacitidine was not the reason behind the failure of the conjugation, rather the 

conjugating agents that have been used were not suitable, despite its common use in literature. 

 

Figure 19: Chemical structure of DMAPA. 
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Therefore, ethyl chloroformate (EtCOCl) was used and was successful in conjugating the control 

primary amine (DMAPA) to oleic acid under the following conditions: 120 mg of DMAPA, 1 

equivalent of OA, 1.2 equivalents of ET3N, 1 equivalent of EtCOCl in 10 mL anhydrous THF and 

DMF (in the absence of DMF, the conjugate was not observed, for solubility reasons probably).OA 

and ET3N were mixed together in THF for 15 minutes, followed by cooling down to -10ºC in an 

acetone ice bath. Then, ethyl chloroformate in THF was added drop-wise and mixed for 15 

minutes. Finally, DMAPA in DMF was added to the mixture drop-wise and mixed for 10 min, 

before removing the acetone ice bath and allowing the mixture to reach room temperature and 

mixed for 72 hours under argon.  

The mixture was then dried using a rotary evaporator at 40°C. A 1 mM solution of sodium 

bicarbonate was added to the mixture and the crude product was extracted using 

dichloromethane. The organic layer was then washed with brine, dried on magnesium sulfate 

(MgSO4), and concentrated using a rotary evaporator. The crude product was then purified using 

a silica gel chromatography eluting with 6% ethyl acetate in cyclohexane to give the DMAPA-OA 

conjugate with a final yield of 92%. 

The compound obtained was confirmed using 1H NMR, the hydrogen peak belonging to the amide 

bond was detected at 7.73 ppm confirming the conjugation (Figure 20). 1H NMR (499 MHz, 

DMSO-d6) δ 7.73 (t, J = 5.6 Hz, 1H), 5.33 (td, J = 4.4, 2.1 Hz, 2H), 3.03 (td, J = 7.0, 5.6 Hz, 

2H), 2.19 – 2.15 (m, 2H), 2.10 (s, 6H), 2.04 – 1.96 (m, 6H), 1.49 (dq, J = 14.1, 7.1 Hz, 4H), 

1.29 – 1.21 (m, 20H), 0.87 – 0.84 (m, 3H). 

Following the success of the conjugation reaction using the DMAPA as a control, the same 

experiment was repeated using the same conditions with the protected azacitidine and the OA: 

120 mg of protected azacitidine, 1 equivalents of OA, 1.2 equivalents of ET3N, 1 equivalent of 

EtCOCl in 10 mL of anhydrous THF and DMF. The mixture was then dried using a rotary 

evaporator at 40°C. A 1 mM solution of sodium bicarbonate was added to the mixture and the 

crude product was extracted using dichloromethane.  
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The organic layer was then washed with brine, dried on magnesium sulfate (MgSO4), then 

concentrated using a rotary evaporator. The crude product was then purified using a silica gel 

chromatography eluting with 6% ethyl acetate in cyclohexane to give the protected azacitidine-

OA conjugate with a final yield of 41%. The compound obtained was confirmed using 1H NMR, 

the hydrogen peak belonging to the amide bond was detected at 7.57 ppm, confirming the 

conjugation (Figure 21). 

 1H NMR (499 MHz, DMSO-d6) δ 8.47 (s, 1H), 7.59 – 7.56 (m, 1H), 5.76 (s, 1H), 4.31 (t, J = 

4.1 Hz, 1H), 4.14 (t, J = 4.6 Hz, 1H), 4.04 (q, J = 7.1 Hz, 2H), 3.97 – 3.94 (m, 1H), 3.76 – 3.71 

(m, 1H), 1.99 (s, 3H), 1.91 (s, 3H), 1.63 (s, 2H), 1.25 (s, 20H), 1.17 (d, J = 7.1 Hz, 3H), 0.92 

– 0.84 (m, 27H), 0.15 – 0.03  (m, 12H). 

Figure 20: 1H NMR of the DMAPA-OA conjugate. 
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Mass spectrometry was used to further confirm the obtained product. The molecular weights of 

the protected azacitidine and OA being 586.99 g.mol-1 and 282.47 g.mol-1 respectively, the 

[M+H]+ at 851.54 m/z, its sodium adduct at 873.56 m/z, and its potassium adduct at 889.46 

m/z confirmed the successful conjugation of the protected azacitidine to the OA (Figure 22).  

Subsequently, the successful conjugation was applied to the main fatty acids of interest, EPA 

and DHA. The equivalents of the reactants were doubled in order to increase the yield: 120 mg 

of protected azacitidine, 2 equivalents of DHA or EPA, 2.4 equivalents of ET3N, 2.2 equivalents 

Figure 21: 1H NMR of the protected azacitidine-OA conjugate 

Figure 22: Mass spectra of protected the azacitidine-OA conjugate. 
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of EtCOCl in 10 mL of anhydrous THF and DMF. The method of reactant addition was unchanged. 

The mixture was then dried using a rotary evaporator at 40°C. A 1 mM solution of sodium 

bicarbonate was added to the mixture and the crude product was extracted using 

dichloromethane. The organic layer was then washed with brine, dried on magnesium sulfate 

(MgSO4), then concentrated using a rotary evaporator. The crude product was then purified using 

a silica gel chromatography eluting with 6% ethyl acetate in cyclohexane to give the protected 

azacitidine-DHA/EPA conjugates with a final mean yield of 52%. Mass spectrometry was used to 

further confirm the obtained products. The molecular weights of the protected azacitidine and 

EPA being 586.99 g.mol-1 and 302.45 g.mol-1 respectively, the [M+H]+ at 871.50 m/z, its sodium 

adduct at 894.50 m/z, and its potassium adduct at 911.55 m/z confirmed the successful 

conjugation of the protected azacitidine to the EPA (Figure 23) . The molecular weight of DHA 

being of 328.48 g.mol-1, the [M+H]+ at 897.48 m/z, its sodium adduct at 920.40 m/z, and its 

potassium adduct at 937.49 m/z confirmed achieving the protected azacitidine covalently linked 

to DHA (Figure 24). 

Figure 23: Mass spectra of the protected azacitidine-EPA conjugate. 

Figure 24: Mass spectra of the protected azacitidine-DHA conjugate. 
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1.4. Removal of the silyl protecting group 

After obtaining the protected azacitidine-omega 3 fatty acid conjugates, a final step of 

deprotection is still needed. To reach this aim, TBAF is known to react with the protected 

product215,231, in using 1.1 equivalents per protecting group (3.3 in total). Prior to the reaction, 

THF and TBAF were mixed together and dried for 72 hours with molecular sieves (3 Å ): even if 

both products were bought in an anhydrous state, several studies have shown that TBAF is an 

extremely hygroscopic molecule, that will absorb water easily, and even brand new sealed bottles 

showed a decent amount of water that slowed the reaction down significantly231.  

The protected conjugates were mixed with the dried mixture and allowed to react for 24 hours 

at room temperature. The mixture was then dried using a rotary evaporator at 40°C. The crude 

product was analyzed by mass spectrometry and only a partial deprotection was observed. The 

increase of the reaction time or the amount of added TBAF did not improve the complete 

deprotection process.  

The addition of an equal equivalents of acetic acid to this mixture after doubling the equivalents 

allowed for the complete deprotection to occur. Precisely, 150 mg of protected azacitidine-fatty 

acid conjugate was dissolved in 5 mL of THF, followed by the addition of 6 equivalents of TBAF 

and 6 equivalents of acetic acid, both added drop-wise. The reaction was allowed to stir for 24 

hours at room temperature. The mixture was then concentrated using a rotary evaporator at 

40°C and the crude product was analyzed using mass spectrometry. The deprotected conjugates 

were observed for the both EPA and DHA conjugates. The [M+H]+ at 529.48 m/z confirmed 

obtaining the desired azacitidine-EPA conjugate (Figure 25). The [M+Na]+ at 577.13 m/z proved 

the successful synthesis of the azacitidine-DHA conjugate (Figure 26). 

 

After obtaining the crude products of both conjugates, the process of purification was 

unsuccessful both on silica gel chromatography and reversed phase high-performance liquid 

chromatography (RP-HPLC), while using a wide range of eluents and conditions. It could be 

Figure 25: Mass spectra of the azacitidine-EPA conjugate. 
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explained by the extremely close polarity of the final products and the partially deprotected 

conjugates, which allowed them to elute together. 

Therefore, a new method of conjugation was adapted using EtOCOCl as a conjugating agent 

without the need for protection. This method and its purification succeeded and the desired 

conjugates were obtained. The following section will shed the light on this process. 

 

  

Figure 26: Mass spectra of the azacitidine-DHA conjugate. 
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2. Azacitidine Omega-3 self-assemblies: synthesis, 

characterization, and potent applications for 
myelodysplastic syndromes. 

 

This section encompasses an article submitted to Pharmaceuticals, describing the alternative 

direct conjugation pathway used to obtain the desired prodrugs. The synthesis process will be 

described in details with their complete characterization to verify the obtained conjugates. 

Afterwards, the prodrugs were formulated into self-assemblies via nanoprecipitation, followed by 

the determination of some physico-chemical parameters.  
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Supplementary data 

 

 

Figure S 1: Mass spectra of the azacitidine-EPA conjugate. 

  

Figure S 2: Mass spectra of the azacitidine-DHA conjugate. 



94 

 

A UPLC-UV method was developed to evaluate the purity of the conjugates (Figure S3). A UPLC 

Acquity HClass Bio (Waters, France) consisting in a quaternary solvent manager, a sample 

manager, a photo diode array detector and a column manager were used. The system was 

controlled via Empower®3 software (Waters). The column used was an Acquity®UPLC BEH C18 

50 x 2.1 mm, 1.7 μm (Waters). The mobile phase was composed of a mixture of acetonitrile and 

water (1:1). The purified product was dissolved in acetonitrile at a concentration of 100 µg/mL. 

Prior to injection, the sample was vortexed, sonicated and filtered on a 0.22 μm Millex-LG filter 

(Merck-Millipore, Germany). Flow rate was set to 0.2 mL/min and injection volume was set to 2 

μL. The product was eluted in isocratic. Detection was fixed at 212 nm. Several peaks were 

observed, due to the use of an organic solvent and water, thus pushing the amphiphilic molecules 

to self-assemble, explaining the various retention times observed, but corresponding to the same 

conjugate. 

 

Figure S 3: Chromatogram of the azacitidine-EPA conjugate to determine its purity. Peaks 

indicated by a green circle contain only AzaEPA. 

 

 

The UPLC-UV method was transferred to LC-MS using Waters software to achieve a similar 

chromatogram (Figure S4 and Figure S5). The LC-MS/MS method was developed on an 

Alliance® 2695 system (Waters) with a 150 × 2.0 mm, 5 μm Uptisphere C18 5ODB column 

(Interchim, France). The mobile phase was composed of a mixture of acetonitrile and water 

(1:1). The product was eluted isocraticly. The purified product was dissolved in acetonitrile at a 

concentration of 1 mg/mL. The sample was vortexed, sonicated and filtered on a 0.22 μm Millex-
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LG filter (Merck, Germany). The flow rate was 0.2 mL/min and the injection volume was set at 

5 μL. The total HPLC effluent was injected into a Quattro Micro®triple quadrupole mass 

spectrometer (Waters, France). Ionization was achieved using electrospray in positive ion mode 

in the m/z 200–1500 range (full scan acquisition). An option of cone ramp was used between 20 

and 60 V to optimize the acquisition.  The obtained peaks from the chromatogram matched those 

of the UPLC: each peak was analyzed by mass spectrometry to determine the desired product. 

Finally the area under the curve of the UPLC chromatogram was taken into consideration to 

determine the purity of the products: AzaEPA purity was 92% while the purity of AzaDHA was 

97%. 

 

 

Figure S 4: Chromatogram of the azacitidine-EPA conjugate to determine its purity. 

 

Figure S 5: Chromatogram of the azacitidine-DHA conjugate to determine its purity. 

 

 



96 

 

 

3. Nanoparticle tracking analysis 

Nanoparticle tracking analysis (NTA) was carried out using the NanoSight NS300 (Malvern 

Instruments Ltd, UK). The suspensions were diluted in ultrapure water in order to have optimum 

concentration ranging between 1 x 108 and 1 x 109 particles per mL, to allow a conform analysis 

of the software to track the movement of each individual particle. Prior to each analysis, samples 

were filtered through a 0.20 μm Whatman™ Anotop™ filter. Ultrapure water and suspensions 

were infused in the sample chamber using a syringe pump at 40 μL/min rate. A 405 nm laser 

was used to illuminate the particles, and their Brownian motion was recorded using the sCMOS 

camera of the instrument. Subsequently, the NTA software (NTA 3.2) allowed for processing of 

the data. The nanoparticle concentration was obtained after correction by the dilution factor.  

NTA is based on the scattered of applied light by each individual particle under Brownian motion: 

the diffusion constant is then obtained and used to calculate the hydrodynamic diameter number 

distribution via the Stokes-Einstein equation. The NTA is also able to give a concentration of 

particle per volume unit. The device measures the diffusion through following the random 

movement of each nanoparticle taken individually, achieved in using a 20x magnification 

microscope equipped with a camera. NTA allows for the detection of particles between 20 nm 

and 2000 nm of diameter. Using this technique, the concentration of observed particles can be 

determined as well as obtaining a distribution in number rather than in intensity (obtained by 

DLS). Nonetheless, this technique requires a significant dilution of the sample to be able to have 

a concentration ranging between 108 to 109 particles/mL to ensure that the density of these 

nanoparticles is not too high. As for the DLS, the NTA uses the assumption that spherical objects 

are studied. 

The NTA analysis of the AzaEPA and AzaDHA self-assemblies revealed the presence of other 

populations of nanoparticles than using the DLS (Figure 27). Two other populations with a 

diameter of 116 nm and 158 nm were observed for the AzaDHA self-assemblies, whereas for the 

AzaEPA several others were detectable with the 108 nm, 141 nm and 178 nm populations being 

predominant. 

Interestingly, the detected concentration of particles/mL is supplied by the analysis software, 

allowing for the calculation of the amount of material detected. According to these measurements 

and the mean diameter obtained, for both AzaDHA and AzaEPA self-assemblies, the nanoparticle 

population observed represents only 7% of the initial matter in suspension, raising the question 

of the fate of the 93% matter remaining. A hypothesis could be that the majority of the self-
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assemblies would have formed micelles of around 5-10 nm in diameter, corresponding to twice 

the length of the molecules, undetectable by DLS or NTA. Indeed, this difficulty has already been 

identified in Guyon et al.’s work232,233: during two years, the polyarginine-ferrocifen self-

assemblies were characterized as objects of 100 nm in diameter by diverse famous technics: 

DLS, NTA and Cryo-TEM. However, SAXS and DOSY NMR demonstrated that 99% of the matter 

were finally forming micelles of 5 nm in diameter. This diameter is yet a crucial parameter, which 

will influence the interaction with cells, the internalization pathways, the biodistribution and the 

final biological efficacy. Moreover, for a scale-up process, it is a critical parameter that has to be 

confirmed after every new batch of production: a reliable value has to be determined in order to 

be reproducible. 

Thus, DOSY NMR (diffusion ordered spectroscopy) and SAXS should be performed to characterize 

AzaEPA and AzaDHA self-assemblies. 

 

 

 

 

 

 

 

  

Figure 27: Population distribution graphs of the AzaDHA and AzaEPA self-assemblies obtained by NTA. 
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4. Conclusion 

In summary, aiming to achieve the conjugation of azacitidine to the fatty acids, two approaches 

were executed. The first approach was initiated by the protection of the OH groups of the 

azacitidine sugar ring, followed by its conjugation to the fatty acids via an amide bond, lastly the 

protected groups were removed to attain an azacitidine-fatty acid conjugate. The second more 

direct approach was based on the use of a suitable conjugating agent to directly obtain the 

conjugate after purification. 

In the protection approach, the conjugation process was hindered due to the low reactivity of 

the azacitidine amine group. However, ethyl chloroformate was finally successful in conjugating 

these azacitidine moiety to the fatty acids. The protected conjugation was followed by a 

deprotection step, though the final prodrug was irretrievable owing to challenges in the 

purification.  

The direct conjugation approach succeeded with a low yield (10-20%), but with a good purity.  

The obtained prodrugs were verified using 1H and 13C NMR, FTIR, mass spectra and elemental 

analysis.  

Then, their self-assembly in water was successful and confirmed by the fluorescent probe pyrene 

method to determine the critical aggregation concentration. The obtained self-assemblies were 

then characterized by DLS and a mean hydrodynamic diameter of 190 nm and a positive surface 

charge were observed. Additionally, the final stable configuration of the self-assemblies needed 

5 days to be formed. Moreover, the results obtained by NTA may hint at the existence of micelles 

undetectable by DLS or NTA.  

This study sheds the light on a drug delivery system able to protect the vulnerable azacitidine 

drug while increasing its bioavailability and offering improved drug loading capabilities compared 

to traditional nanovectors. 

The multilamellar vesicle supramolecular structure observed by Cryo-TEM should be confirmed 

via synchrotron-based small-angle X-ray scattering. Moreover, DOSY NMR studies must be 

performed to confirm the existence of the hypothesized micelles. 
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Chapter 3: Viability assay and internalization study 

 

This section aims to introduce the conducted preliminary in vitro experiments. After obtaining 

the prodrug conjugates and their self-assembly, the nanoassemblies were tested in vitro on the 

HL-60 cell line (human promyelocytic cell line derived from a patient with acute myeloid 

leukemia). 

The cytotoxicity of AzaDHA and AzaEPA self-assemblies were determined via a MTT test 

(Tetrazolium dye assay). Afterwards, two compatible BODIPY dyes were co-nanoprecipitated 

with both prodrugs, in order to perform FRET (Förster Resonance Energy Transfer). Then, the 

cell internalization of these self-assemblies was studied by FACS (Fluorescence-Activated Cell 

Sorting), after 30 min, 2 h, 4 h, 8 h and 24 h. 

 

1. Materials and methods 

 

1.1. Materials 

HL-60 cell line was obtained from the DSMZ German Collection of Microorganisms and Cell 

Cultures (Germany). Roswell Park Memorial Institute 1640 (RPMI) medium was purchased from 

Sigma-Aldrich (USA). Fetal bovine serum (FBS), penicillin, streptomycin and phosphate-buffered 

saline (PBS) were obtained from Gibco (Fisher, France). MTT (3-(4, 5- dimethylthiazol-2-yl)-2, 

5-diphenyltetrazolium bromide)), phosphate buffered saline (PBS) and dimethyl sulfoxide 

(DMSO) were purchased from Sigma-Aldrich (USA). CholEsteryl BODIPY™ FL C12 505/511 

(donor) and the CholEsteryl BODIPY™ C11 542/563 (acceptor) dyes were purchasd from 

Thermofisher Scientific (Fisher, France). Paraformaldehyde 32% was purchased from Sigma-

Aldrich (USA). 

 

1.2. Cell culture 

HL-60 cells were grown in RPMI medium supplemented with 10% FBS, 1% penicillin-

streptomycin (Invitrogen, Gibco), 2% Glutamax 100x, at 37°C and 5% CO2. Cells were divided 

to the eighth every 2-3 days, used between passage 2 and 10. 
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1.3. Self-assembly formulation 

AzaEPA and AzaDHA self-assemblies were prepared using the nanoprecipitation process. Briefly, 

AzaEPA or AzaDHA were dissolved in 0.25 mL of acetone (8 mg/mL), and added drop-wise under 

strong mechanical stirring to 1 mL of MiliQ water. The formation of the self-assemblies occurred 

spontaneously. The acetone was then completely evaporated using a rotary evaporator to obtain 

an aqueous suspension of self-assemblies with a final concentration 2 mg/mL in prodrugs. 

1.4. Self-assembly based FRET formulation  

To achieve FRET, two fluorescent dyes were used: CholEsteryl BODIPY™ FL C12 505/511 (donor) 

and the CholEsteryl BODIPY™ C11 542/563 (acceptor), already tested by Gaudin et al. and 

established to perform FRET215 (Figure 28). 

Self-assemblies based FRET were obtained using the same procedure, 0.5% w/w of the 

fluorescent probe CholEsteryl BODIPY® FL C12 (Invitrogen) and/or 0.5% w/w of the fluorescent 

probe CholEsteryl BODIPY® 542/563 C11 (Invitrogen) were dissolved in acetone (containing 

AzaEPA or AzaDHA prodrugs) before the drop-wise addition to the MiliQ water. The fluorescence 

of the self-assemblies was analyzed using a Fluromax spectrometer (Horiba, Japan). 

Figure 28: Chemical structure of CholEsteryl BODIPY™ FL C12 and CholEsteryl™ BODIPY C11. 
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The following self-assemblies were obtained: AzaDHA BODIPY C12 self-assemblies (AzaDHA co-

nanoprecipitated with CholEsteryl BODIPY® FL C12 at 0.5% or 1% in dye concentrations), 

AzaDHA BODIPY C11 self-assemblies (AzaDHA co-nanoprecipitated with CholEsteryl BODIPY® 

C11 at 0.5% or 1% in dye concentrations), AzaDHA BODIPY FRET self-assemblies (AzaDHA co-

nanoprecipitated with both CholEsteryl BODIPY® FL C12 and CholEsteryl BODIPY® C11 at 0.5% 

in dye concentrations), AzaEPA BODIPY C12 self-assemblies(AzaEPA co-nanoprecipitated with 

CholEsteryl BODIPY® FL C12 at 0.5% or 1% in dye concentrations), AzaEPA BODIPY C11 self-

assemblies (AzaEPA co-nanoprecipitated with CholEsteryl BODIPY® C11 at 0.5% or 1% in dye 

concentrations) and AzaEPA BODIPY FRET self-assemblies(AzaEPA co-nanoprecipitated with both 

CholEsteryl BODIPY® FL C12 and CholEsteryl BODIPY® C11 at 0.5% in dye concentrations). 

1.5. MTT 

The cytotoxicity was determined with a colorimetric assay using succinate dehydrogenase activity 

of viable cells by the reduction of the yellow-colored tetrazolium salt, 3-(4,5-dimethylth-iazol-2-

yl)-2,5-diphenyl tetrazolium bromide to a purple-colored formazan crystal (MTT assay). Briefly, 

HL-60 cells were plated in 96-well plates at densities of 100,000 cells/well. After 24 h, cells were 

treated for 6, 24 and 48 h with different concentrations of self-assemblies prepared from a 2 

mg/mL mother solution of self-assemblies and diluted in media. Then, cells were incubated for 

4 h with the MTT solution (0.5 mg/mL in PBS). The medium was removed and 0.1 M HCl-SDS 

solution (100 μL/well) was added to solubilize the formazan crystals. Samples were finally 

analyzed with absorbance detection at 570 nm on a plate reader (SpectraMax® M2 System, 

Molecular Devices, UK). The control was performed with cells cultured in medium, without any 

treatment. Three independent experiments were conducted with triplicate samples. The half 

maximal inhibitory concentration (IC50) was determined from the dose-response curve.  

 

1.6. Cell internalization of FRET self-assemblies 

A total of 500,000 HL-60 cells/well was seeded in 24-wells plates. After 24 hours, they were 

incubated with 11.26 µM (AzaDHA) and 16.58 µM (AzaEPA) of FRET self-assemblies (0.5% w/w 

in donor/0.5% w/w in acceptor corresponding to 0.925 mol of donor and 1 mol of acceptor) 

diluted in culture medium for 0.5 h, 2 h, 4h, 8 h and 24 h (37°C and 5% CO2). At the end of the 

incubation period, cells were collected, centrifuged and washed twice with 1 mL of cold PBS, 1 

mL of cold 4% paraformaldehyde was then added for 10 minutes, the cells were then washed 

twice with 1 mL of cold PBS and resuspended in 0.5 mL of cold PBS. The fluorescence of the cells 

was recorded using a Cytoflex flow cytometer (Beckman, USA). For fluorescence detection of the 
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different self-assemblies, excitation was carried out using a 488 nm blue laser (corresponding to 

donor excitation) and emission fluorescence was measured at 562 nm (corresponding to acceptor 

emission). 0.5% w/w donor and 0.5% w/w acceptor self-assemblies were used as controls to 

evaluate the contribution of the individual dyes to the fluorescence signal. Hence, the signals 

obtained with each of these assemblies were added together and the difference between the sum 

of these signals and the one obtained with FRET self-assemblies was considered as the Förster 

Resonance Energy Transfer signal (FRET signal), reflecting the self-assembly integrity. 10,000 

cells were studied for each measurement. The results were expressed as the median fluorescence 

intensity (MFI). 

2. Results and discussion 

 

2.1.  Cytotoxicity studies 

The cytotoxicity of the AzaDHA and AzaEPA self-assembled conjugates was determined and 

compared to the azacitdine and the fatty acids. A MTT assay was performed after 6, 24 and 48 

hours of treatment incubation times, with various concentrations (Figure 29) and IC50 were 

determined (Table 5).  

The cytotoxicities at 6, 24 and 48 hours (Figure 29) were reflecting the same results: a well-

defined dose-response curves showing that azacitidine was the most cytotoxic of the molecules 

tested, followed by AzaDHA and AzaEPA, 10-folds less cytotoxic than the parent molecule. 

Finally, the free fatty acids appeared to have the least cytotoxic effect. Interestingly, similar to 

the free fatty acids where DHA had an increased cytotoxic effect compared to EPA, the cytotoxic 

effect of the DHA based self-assemblies was better than the EPA based ones. The half maximal 

inhibitory concentration (Table 5) further verifies these observations, as the same trend is 

apparent at the three time points. 
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At 24 h, azacitidine showed an IC50 of 1.0 µM conforming with literature values225, with the self-

assembled prodrugs a ~10 fold higher IC50 (11 and 16 µM for AzaDHA and AzaEPA respectively) 

were obtained, while the omega-3 fatty acids IC50 being ~100 folds higher (92 µM and 116 µM 

for DHA and EPA) respectively.  

As expected, the cytotoxicity of the AzaEPA and AzaDHA self-assemblies was weaker than the 

free azacitidine, this difference in cytotoxicity is often observed for prodrugs225,234. Certainly, the 

azacitidine molecule must be first cleaved from the fatty acid conjugates to regain its 

pharmacological activity. In vitro, even though HL-60 cells produce cathepsin B enzyme that is 

Figure 29: Cytotoxicity studies of the self-assemblies compared to the free azacitidine 

and fatty acids at different time points. (A) 6 hours, (B) 24 hours, (C) 48 hours. 

Table 5: The half maximal inhibitory concentration determined by a MTT assay on HL-60 cells, after 

treatment by azacitidine, fatty acids and self-assemblies at different time points. 
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able to release azacitidine from its conjugation227,228,235, this release is slow and progressive. For 

a prodrug, it is known that the biological efficacy has to be determined in vivo, to see all its 

potential: the coupling nucleoside analogues with fatty acids reduced the deamination, increased 

the in vivo drug half-life, in modifying its pharmacokinetics and biodistribution221,234,236,237. 

Additionally, azacitidine in its clinical application is used as a hypomethylating agent, not as a 

cytotoxic agent, and the dose needed is less than IC50, thus these results reflect positively on 

the success of the studied self-assemblies. Not to mention that the need for cathepsin B to 

release the azacitidine will increase its specificity and decrease the toxic side effects on healthy 

tissues227,228. 

 

2.2. Cell internalization study of the self-assemblies 

The Fo ̈rster resonance energy transfer (FRET) phenomena has been implemented in the field of 

biological studies in the late 1960s238. Considered as the ultimate molecular ruler, it found other 

applications such as determining the dynamics of lipid239–241.  

Such applications are conceivable due to the energy transfer process, as the donor and acceptor 

fluorophores interact if they are at a distance of 10 nm of each other with an overlapping 

fluorescence spectra. After excitation with a laser at the donors excitation wavelength, the 

acceptor fluorophore will absorb the donor emission, leading the acceptor to emit at its specific 

wavelength242.  

In our case utilizing the CholEsteryl BODIPY™ fluorophores allows us to take advantage of its 

chemical composition containing the cholesteryl lipid, allowing these fluorophores to co-

nanoprecipitate alongside our prodrug to produce a fluorescently labeled self-assembly. 

Certainly, having these two fluorophores sharing a complementary spectra and potentially within 

close distance in the self-assembly structure would allow the energy transfer to occur. This was 

based on the work of Gaudin et al. where they established that these two fluorophores are able 

to perform FRET215. This would allow us to track the integrity of the self-assemblies. 

Briefly, while using FACS, a 488 nm blue laser would excite the donor fluorophore (CholEsteryl 

BODIPY™ FL C12) that will emit at 511 nm, the emission energy would then be absorbed by the 

acceptor fluorophore (CholEsteryl BODIPY™ C11) followed by its emission at 563 nm. The 

acceptor emission will be detected by a 585/42 detector. 
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Prior to the treatment of the cells with the fluorescent self-assemblies, the concentration of the 

dyes needed to elicit a sufficient signal and avoid the dye photo bleaching was determined243 

(Figure 30). 

 

For both dyes, BODIPY C11 and C12, two concentrations were used: 0.5% and 1% (w/w). In 

both cases, AzaEPA and AzaDHA self-assemblies, the ideal concentration was of 0.5% (w/w) in 

dyes. Interestingly, AzaDHA C12 with 1% in dyes had a decreased fluorescence, illustrated by 

an important variation of the diameter (488 nm) and zeta potential (13.4 mV) of the self-

assemblies after co-nanoprecipitation with the dye (Table 6).  

For the FRET based self-assemblies, after using a 0.5% concentration in dyes to co-

nanoprecipitate self-assemblies, the FRET signal was observed after excitation of the donor (C12) 

with a good emission intensity from the acceptor (C11): a very slight emission of the donor was 

only observed.  

Figure 30: Fluorescence spectra of the different BODIPY self-assemblies at 0.5% and 1% in 

concentration of dyes. (A) AzaDHA BODIPY C12 self-assemblies, (B) AzaDHA BODIPY C11 self-assemblies, (C) 

AzaDHA BODIPY FRET self-assemblies, (D) AzaEPA BODIPY C12 self-assemblies, (E) AzaEPA BODIPY C11 self-

assemblies and (F) AzaEPA BODIPY FRET self-assemblies. 
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The ratiometric FRET, the "relative" FRET efficiency, also known as the proximity ratio was 

calculated following the equation Erel=
IA

ID+A
 , where IA and ID are the total acceptor and donor 

fluorescence intensities, respectively, both following the donor excitation. In the case of FRET 

based AzaEPA self-assembly, a relative FRET efficiency of 0.865 is obtained, while for AzaDHA, 

a relative FRET efficiency of 0.867 was calculated: both Erel were > 0.8 meaning the FRET pair 

selected was appropriated. 

 

After this optimization of the dye concentration, the cell internalization of the fluorescent self-

assemblies was performed (Figure 30).  

For the AzaEPA FRET self-assemblies, when the mean fluorescence intensity (MFI) was looked at 

(Figure 31A), a stable value at around 2500 a.u. was observed, starting at 0.5 hours until 24 

hours. However, if the number of FRET positive cells was analyzed, an increase by a factor almost 

3 of AzaEPA FRET self-assembly internalization was obtained at 24 hours (Figure 31B). As the 

MFI was not varying at 24 h, it can be hypothesized that, after 24 h, the cell uptake was 

homogeneous, with a same mean fluorescence FRET intensity, but almost 3 times more cells 

were internalized by this AzaEPA self-assembly.  

Table 6: Physical characteristics of the fluorescent self-assemblies. With C11 and C12 fluorescent dyes 

at 0.5% and 1% (w/w), and the FRET self-assemblies (0.5% of both dyes). 
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In the case of the AzaDHA FRET self-assemblies, the internalization was really slower, with a 

negligible amount of cells internalizing the assemblies at 24 hours, when the internalization 

started. 

Considering that the MTT results showed a cytotoxic effect of AzaDHA self-assemblies slightly 

higher than AzaEPA at 6 hours, we would have expected a better internalization (even if the cell 

uptake is not the only explanation of a difference in cytotoxicity). These contradictory results 

could be explained by the DLS measurements of these self-assemblies, as the FRET AzaDHA self-

assemblies had a very different surface charge (-15 mV) from the regular positive zeta potential. 

Figure 31: Internalization of FRET AzaEPA and AzaDHA self-assemblies. (A) MFI of FRET AzaEPA, (B) 

Number of cells displaying FRET upon internalization of AzaEPA, (C) MFI of FRET AzaDHA, (D) Number of cells 

displaying FRET upon internalization of AzaDHA. 
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Indeed, a novel self-assembly of FRET AzaDHA must be formulated while choosing the correct 

amount of dyes that will not alter the nanoparticles physical characteristics. 

3. Conclusion 

In summary, the obtained formulations had a low IC50 comparable to that of free azacitidine, 

allowing them to achieve a close cytotoxicity. Indeed, the obtained prodrugs and their self-

assemblies are a promising substitute to azacitidine, with a further advantage of increased 

specificity and decrease toxic side-effects owing to the need for cathepsin B to release the 

azacitidine. 

Furthermore, the AzaEPA self-assemblies were internalizing swiftly starting at 0.5 hours but 

gradually, and were stable inside the cells for 24 hours. A longer study of the internalization is 

needed to determine the time point at which these self-assemblies are dissociating and confocal 

imaging will be performed to confirm these results. The AzaDHA self-assemblies didn’t internalize 

efficiently due probably to the alteration of the surface charge by the co-nanoprecipitation of the 

dyes, and a new optimized formulation will be needed. 

Finally, as azacitidine is a hypomethylating agent, the cell total DNA methylation profile must be 

studied via LINE-1 methylation test to determine if azacitidine retains its mode of action after 

being conjugated to a fatty acid. Moreover, the difference in hypomethylation degree between 

azacitidine itself and its self-assemblies has to be investigated. 
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Discussion and perspectives 

 

Azacitidine, a nucleosidic analogue of cytidine, has played a crucial role in the treatment of MDS 

and AML244–246. Indeed, advanced cases of MDS, categorized as higher-risk MDS, rely on 

azacitidine as one of the few options available in their arsenal against this blood disorder53,247. 

Additionally, it has shown great merit in the cases of delays for hematopoietic stem cell 

transplantation eligible patients, as well as in post-procedure relapse prevention 248–250. Though 

not commonly used for lower-risk MDS patients, azacitidine is still a treatment option after the 

failure of regular approaches for this group89,251. Owing to its DNA hypomethylating activity, this 

molecule is capable of reactivating the tumor suppressor genes252,253. The lack of substitutes 

further stresses its importance.  

However, azacitidine suffers from low serum drug levels and high toxicity levels91,254, leaving the 

patients facing a poor prognosis254,255. It is explained by its hydrophilic nature, leading to  poor 

cell internalization101,102, coupled its degradation by nucleoside deaminases102–106, resulting to a 

short half-life. 

This project aimed to counter these limitations on two levels. The first was to protect the labile 

amine group of azacitidine via its conjugation to a polyunsaturated fatty acid, thus increasing 

the drugs half-life. The second level was to use the amphiphilic nature of the obtained prodrug 

and to formulate self-assemblies. This approach additionally lends other advantages, as the 

newly obtained amphiphilic prodrug should enhance the entry into the cells256,257, not to mention 

an increased specificity stemming from the unique cleavability of the formed amide bond by 

cathepsin B enzyme, overexpressed in MDS and cancer cells258–260. 

This approach of conjugating a nucleoside to a polyunsaturated fatty acid is termed 

“PUFAylation”, a generalized approach of the well-known “Squalenoylation” concept developed 

by Prof. Couvreur and his team261. Another boon of this approach over traditional nanomedicines 

such as liposomes or polymeric nanoparticles, is the ability of this conjugate to self-assemble in 

water without the requirement for additional excipient, thus improving drug loading and 

tolerability in animals262–265.  

Two omega-3 fatty acids were chosen for the conjugation: docosahexaenoic acid (DHA) and 

eicosapentaenoic acid (EPA). Owing to the presence of double bonds, prodrugs based on these 

fatty acids are able to spontaneously self-assemblies in water, by the virtue of the – stacking 

interactions, increasing the stability of the self-assemblies186–190,266. 
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Additionally, these omega-3 fatty acid display anti-AML activity, promoting cell death via 

oxidative stress pathways. Besides, when used in combination with other nucleosides such as 

cytarabine, a synergistic effect was observed139.  

Two PUFAylated prodrugs were successfully obtained via direct conjugation in the presence of 

ethyl chloroformate: an azacitidine-docosahexaenoic acid conjugate (N4-azacitidine DHA, called 

AzaDHA) and an azacitidine-eicosapentaenoic acid conjugate (N4-azacitidine EPA, called 

AzaEPA). The nanoprecipitation of these prodrugs was performed and self-assemblies were 

successfully achieved. The critical aggregation concentration obtained by the pyrene method was 

400 mM for AzaEPA and 688 mM for AzaDHA, confirming the formation of self-assemblies. A 

diameter of ~190 nm was observed in both prodrug self-assemblies, with a polydispersity index 

below 0.2 and a positive zeta potential. 5 days were needed to reach their final stable 

organization. The self-assemblies presented a low IC50 comparable to that of free azacitidine, 

with a homogeneous internalization observed at 24 h for the AzaEPA FRET self-assemblies, 

performed on a human acute myeloid leukemia cell line (HL-60). 

 

1. Prodrug synthesis 

Addressing the prodrug synthesis, two approaches were implemented to achieve the conjugation 

of azacitidine to the selected fatty acids. The first approach focused on the need to protect the 

OH groups of the azacitidine sugar ring, followed by its conjugation to the fatty acids via an 

amide bond. The protected groups will have then to be removed and the crude product purified 

in order to achieve the final desired azacitidine-fatty acid conjugate. The second approach was 

a more direct one, focusing on the use of a suitable conjugating agent to directly obtain the 

conjugate after purification. 

The protection approach was directly adapted from Prof. Couvreur’s work on the conjugation of 

nucleotides/nucelosides and their analogues to squalenic acid215,229. The protection of the OH 

groups was driven by the need to avoid unwanted secondary byproducts stemming from the 

ester linkage of the fatty acids to azacitidine, leading to a decreased yield. Though the 

conjugation was hindered by the low reactivity azacitidine amine group, ethyl chloroformate was 

finally successful in conjugating these azacitidine moiety to the fatty acids. The protected 

conjugation was followed by a deprotection step, though the final prodrug was irrecoverable due 

to challenges in the purification.  

This approach holds a lot of merit and is definitely a successful one, with various examples in 

literature from Gaudin et al. on conjugating adenosine to squalenoyl215, to the work of Lepeltier 
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et al. as well as Bildstein et al. on the conjugation of gemcitabine to squalene190,229. This synthesis 

method would aid in boosting the low yields observed with direct conjugations. However, 

azacitidine did not conjugate as readily as gemcitabine, owing to the presence of an additional 

nitrogen when compared to gemcitabine in the nucleobase ring of the molecule. The additional 

nitrogen led to a decreased reactivity of the adjacent NH2 group, leading to the failure of several 

conjugating agents, except the ethyl chloroformate that was successful. The obtained protected 

prodrug was deprotected using TBAF in the presence of acetic acid, yet purification was 

unsuccessful. 

Clearly this approach can be improved: though the protection of the OH groups was effective 

with a yield of 94%, the step of conjugation had a rather low yield that may be improved by 

using related conjugating agents that could push the yield further such as isobutyl, isopropyl and 

isopropenyl chloroformate267–269. Concerning the purification of the deprotected prodrug, given 

that the partially deprotected prodrugs shared a close polarity with the fully deprotected ones, 

traditional silica gel chromatography might be hindered. Using semi-preparative reversed phase 

high-performance liquid chromatography (RP-HPLC) might be the answer, with the 

implementation of another chemistry of column that would allow a better interaction with the 

azacitidine nucleobase ring to increase retention time and allow purification of the amphiphilic 

conjugate: the BEH Z-HILIC columns could be the key. 

  

The direct conjugation approach, though having a lower yield (10-20%), was more cost effective 

with the need for less reactants than the protected conjugation approach, and less purification 

steps between the different stages. This type of conjugations has been implemented in the work 

of Wu et al. for the conjugation of gemcitabine to linoleic acid 222, but a huge limitation faces this 

approach: the scale-up of this procedure in order to produce larger amounts of product needed 

for future studies and in vivo tests will be difficult in considering the low yield. The use of other 

conjugating agents to increase the yield will be met by the same problem: the weak azacitidine 

reactivity observed. This has been tested by substituting ethyl chloroformate with isopropyl 

chloroformate: this led to a decrease in yield as it favored the creation of ester linkage rather 

than an amide one. Moreover, the last difficulty to be solved in order to envisage a potential 

scale-up is the purification step. Indeed, the purification procedure of amphiphilic molecules is 

always problematic and asks for time before an optimization of the experimental parameters: 

column nature, eluent, flow rate and gradient method. In our case, the purification was 

performed using a reversed phase high-performance liquid chromatography (RP-HPLC): the cost 

of this process is high, owing to the need of large quantities of HPLC-grade eluents and only 
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small amounts of the crude product can be purified per run. Therefore, a silica gel method could 

be developed to allow purification of larger amounts of products 

2. Self-assembly formulation 

The obtained prodrugs were able to achieve self-assembly upon nanoprecipitation, giving 

nanoassemblies with a mean diameter around 190 nm, a positive zeta potential and a PDI < 0.2, 

characterized by dynamic light scattering and electrophoretic mobility. Additionally, the critical 

aggregation concentration obtained by the pyrene method270,271 further verified the formation of 

the self-assemblies. Interestingly, the positive zeta potential may increase the cellular 

internalization due to charge-based interactions with negatively charged cell membrane 

surface272. Considering that the prodrug length is around 17.4 Å (1.74 nm) for AzaDHA and 21.2 

Å (2.21 nm) for AzaEPA, if micelles were formed, a diameter of 4-5 nm would be observed. 

Therefore, it can be theorized that these self-assemblies are organizing into a larger, more 

complex supramolecular structure, where the amphiphilic prodrugs use non-covalent forces that 

push the self-assembly towards forming these larger structures. These forces include Van der 

Waals interactions, hydrogen bonding, hydrophobic effect and 𝜋-𝜋 stacking interaction. As these 

noncovalent forces are reversible, external stimuli such as temperature, pH and electromagnetic 

waves are able to induce a change in the morphology, structure and the function of the 

supramolecular self-assembly273–275. Undeniably, Lepeltier et al.’s work has led to similar 

observations, where different supramolecular structures where observed with the squalene-

based nucleolipid conjugates, rather than forming micelles262,276. 

By Cryo-TEM, a multilamellar vesicle supramolecular structure could clearly be observed for both 

prodrug self-assemblies. The formation of these multilamellar vesicles evidently demonstrates 

that obtained prodrugs exhibit a critical packing parameter CPP≈1, based on the model proposed 

by Israelachvili and Mitchell. Indeed, CPP is defined as CPP=V/(ao.lc), where V, lc and ao are 

respectively, the volume and length of the lipophilic chain, and the cross-section area of the 

hydrophilic head of the amphiphilic molecule. Therefore, the large volume of the lipid chain that 

leads to obtaining a CPP value of 1 and thus the formation of the observed lamellar structure, 

can be attributed to the fatty acid confirmation in space arising from the multiple double-bonds 

present in them (Figure 32). 
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Certainly, both EPA and DHA conjugates have demonstrated in studies their affinity to form 

multilamellar vesicles. A recent study by Shao et al. has shown that monoglycerides-DHA/EPA 

self-assemble into multilamellar vesicles that would be a promising vector for the delivery of 

therapeutic agents277. Similarly, De Santis et al. while aiming to study the effect of omega-3 

fatty acids on the fluidity of biological membranes, has proved that these two fatty acids can 

self-assemble via film hydration into multilamellar vesicles278. Additionally, several studies have 

also shown that DHA and EPA based nanoparticles have also achieved a multilamellar vesicle 

supramolecular structure279–281. 

Moreover, owing to formed multilamellar phases, azacitidine will be inaccessible to the 

deaminases. This protection of the azacitidine between the formed bilayers will lead to an 

increased half-life coupled to diminished elimination103,106. This would additionally allow for a 

gradual release of azacitidine282. 

Indeed, the obtained supramolecular structure could be further verified using synchrotron-based 

small-angle X-ray scattering (SAXS), where equally spaced Bragg’s peaks should be obtained. 

Furthermore, this technique would allow us to obtain the width of the formed bilayers (d-space) 

as well as the distance between bilayers (intrabilayer distance)283. 

However, several interrogations can be formulated. Indeed, the nanoparticle tracking analysis 

(NTA) performed for both prodrug self-assemblies suggested several populations of nano-

objects. Moreover, according to the concentration of nanoparticles/mL given by the NTA (1.29e8± 

4.03e6 particles/mL), the observed self-assemblies would account for only a small fraction (~7%) 

of the matter in suspension.  

Figure 32: Chemical structure of omega-3 fatty acids. EPA (A) and DHA (B) 
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Interestingly, DLS and electronic microscopy are the main two methods used to characterize 

self-assemblies, used in respectively 48% and 14% of the studies with only 8% of nanoparticles 

characterized by other complementary methods284. However, analysis by DLS is mainly focused 

on “big” objects in the suspension albeit such objects represent less than 1% of the initial matter 

used. Indeed, the work of Guyon et al. further sheds a light on these limitations, as the formed 

polyarginine-ferrocifen self-assemblies detected by DLS with a diameter around 120 nm account 

for less than 1% of the initial matter in the suspension. This observation was demonstrated by 

SAXS and other complementary methods such as NMR diffusometry, finally micelles with a 

diameter around 5 nm were characterized, invisible by DLS or NTA 233. 

Therefore, regarding the AzaDHA and AzaEPA self-assemblies, the DLS must only be regarded 

as an initial and handy analytical method. In order to establish if these self-assemblies are 

forming simple micelles that could not be detected by DLS, more advanced characterization 

methods should be used. By Cryo-TEM, it is clear that micelles are mainly present (Figure 33). 

 

Figure 33: Cryto-TEM images of AzaDHA (A) and AzaEPA (B) self-assemblies showing the 

presence micelles. 

 Certainly, synchrotron-based small-angle X-ray scattering (SAXS) is needed to verify the 

supramolecular structure and the real diameter of the nano-objects. It should also be coupled 

with other techniques such as multiangle light scattering (MALS), quantification and NTA after 

successive filtration through gradual pore sizes and NMR diffusometry (DOSY) to obtain a reliable 

characterization285–288.  
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3. Evaluation of the biological effects  

Early in vitro studies on the HL-60 cell line with both self-assemblies showed that they 

possess an anti-cancerous effect that is comparable to that of free azacitidine, though being 

slightly higher, a phenomenon classically observed during in vitro testing of prodrugs, and 

rectified in vivo225,234.  

Additionally, preliminary cell internalization tests performed with self-assembly based FRET 

and analyzed by FACS, showed that the AzaEPA self-assemblies had a slow and gradual entry 

into the leukemia cells with a good stability inside the cells, as no decrease of fluorescence 

was observed over 24 hours.  

The internalization studies were chosen to be performed using two fluorescent dyes: the 

CholEsteryl BODIPY™ FL C12 505/511 (donor) and the CholEsteryl™ BODIPY C11 542/563 

(acceptor), already tested by Gaudin et al. and established to perform FRET215. 

The Förster resonance energy transfer (FRET) phenomena has been used for several years 

in imaging and more recently has been introduced to flow cytometry. Various applications 

exist for FRET such as determining the dynamics of lipid membranes and protein folding, as 

well as the distance at the scale of molecular interactions239–241. These applications are 

possible due to the energy transfer process, as the donor and acceptor fluorophores are able 

to interact if they are within 10 nm of each other, as after excitation with a suitable source, 

the acceptor will absorb the donor emission (that can’t be then detected ) as its excitation 

source, and the acceptor emission will be then detected242. 

The advantage of using a FRET dual dye system of this nature is its chemical composition 

containing the cholesteryl lipid, allowing the dyes to assemble alongside our prodrug to 

produce a fluorescently labeled self-assembly. Additionally, having two dyes with 

complementary spectra and potentially close enough in the self-assembly structure will allow 

the energy transfer to occur. Thus, the integrity of the self-assembly structure can be 

followed and the time point at which the self-assemblies dissociate can be detected via losing 

the signal of the acceptor emission and in detecting the emission of the donor. This 

phenomenon holds an additional advantage over the traditional use of a single dye to track 

internalization. Indeed, we don’t track directly the nanoparticle itself but only the fluorophore 

and various errors may occur at that point, such as tracking the dye that has been released 

or leaked from the nanoparticle, leading to false results. Not to mention the possibility of 

dye quenching as demonstrated by the work of Prof S. Lavielle’s team, proving that the 

absence of fluorescence might be due to the self-quenching of the probe due to the local 
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intensity of the fluorescence signal and the local concentration of the fluorescent probe 

used243. Such problems could be directly avoided using two dyes that can produce a FRET 

signal. 

Certainly, the preliminary in vitro results are promising and warrant further investigation as 

various more aspects still need to be studied. Most importantly, the stability of the self-

assemblies in biological media at 37°C should be determined to mimic the conditions of the 

self-assembly during in vitro studies. This will allow for a better understanding of the fate of 

the self-assemblies as well as a more accurate analysis of the obtained results. 

The covered internalization studies should be repeated with a new AzaDHA formulation 

holding the same physico-chemical characteristics of the self-assembly pre-dye addition. The 

time points of 48 hours and 72 hours should be obtained to have a better understanding of 

the self-assembly intracellular dissociation. Furthermore, confocal microscopy studies based 

on the obtained fluorescent self-assemblies are needed to verify the results obtained by 

FACS. The cell internalization mechanisms could be as well determined, by the use of specific 

inhibitors such as chlorpromazine to identify clathrien-mediated endocytosis pathways 

through blocking the formation of membrane invaginations289. The fate of the self-assemblies 

could be thus identified: a caveolae-mediated endocytosis does not lead to pH and enzyme 

degradations, as observed in endosomes and lysosomes272.  

Additionally, apoptosis studies using annexin V/ propidium iodide as well as cell cycle arrest 

studies should be conducted by FACS to determine the cell death mechanism that is occurring 

upon treatment with the prodrug self-assemblies and if it differs from azacitidine one, while 

comparing effectiveness.  

To then assess whether cells after treatment are able to regain their previous functionality 

and continue with their differentiation, differentiation studies, both morphological and via 

Mgg coloration should be conducted. Not to mention that as the azacitidine drug is used in 

its hypomethylating capacity, the methylation levels of the DNA must be evaluated by 

methylation quantification studies (LINE global methylation studies). 

Finally, as previously described, in vitro testing is insufficient to paint a correct picture when 

working with prodrug self-assemblies. Thus in vivo studies will be conducted on a patient 

derived xenograft murine AML model, in collaboration with “Pathologie et virologie 

moléculaire de l'Institut Universitaire d'Hématologie” laboratory INSERM 944/ CNRS UMR 

7212 (Université Paris Diderot). The studies will focus on the survival after treatment, as 

well as on the phenotypic and genotypic changes that are occurring in the AML cells after 
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treatment, coupled to the cell methylation levels of treated and non-treated groups. The 

stability of the self-assemblies in the plasma will have to be first determined, then the choice 

of suitable near infra-red fluorochromes to be tracked in vivo, in order to determine the 

biodistribution of the nanoparticles and verify their increased specificity/decreased toxicity. 
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Titre : Auto-assemblages de prodrogues d’azacitidine: une stratégie d’intérêt pour le traitement des 

syndromes myélodysplasiques et des leucémies aiguës.   

  

Mots clés : azacitidine, prodrogue, auto-assemblage, cathepsine B, syndromes myélodysplasiques, 

PUFAylation 
 

Résumé : La 5-Azacitidine, analogue de la 

cytidine et agent hypométhylant, est l'une des 

molécules principales utilisées pour le traitement 

des syndromes myélodysplasiques et des 

leucémies aiguës. Cependant, après 

administration, cette molécule présente une 

faible efficacité thérapeutique : internalisation 

cellulaire limitée à cause de son caractère 

hydrophile et dégradation enzymatique rapide 

par l’adénosine déaminase. L'objectif de ce projet 

est ainsi d'améliorer l’activité de la molécule et 

de la protéger de la dégradation enzymatique via 

le développement d'une prodrogue amphiphile 

capable potentiellement de s’auto-assembler. 

L'azacitidine a été donc été conjuguée à deux 

acides gras différents, dérivés de l'oméga 3: 

l’acide eicosapentaénoïque (EPA) 

et l’acide docosahexaénoïque (DHA). Le 

groupement acide carboxylique de l'acide gras a 

été couplé covalemment au groupement amine 

de l'azacitidine, donnant ainsi une prodrogue 

amphiphile. Ensuite, la nanoprécipitation des 

prodrogues a été réalisée et des auto-

assemblages ont été obtenus pour les deux 

molécules avec un diamètre de l’ordre de 200 

nm, un indice de polydispersité inférieur à 0.2 et 

un potentiel zêta positif.  Les deux types d’auto-

assemblages avaient une IC50 proche de 

l'azacitidine sur la lignée cellulaire HL-60, une 

lignée cellulaire de leucémie humaine. Les auto-

assemblages d’AzaEPA ont également montré 

une internalisation cellulaire lente et progressive 

dans cette même lignée. Ainsi, cette stratégie 

permettra la protection de l'azacitidine tout en 

améliorant sa spécificité et sa biodisponibilité. 
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Abstract: 5-Azacitidine, a cytidine analogue and 

a hypomethylating agent, is one of the main 

drugs being used for the treatment of 

myelodysplastic syndromes and of acute myeloid 

leukemia. However, after administration, it 

exhibits several limitations including restricted 

cancer cell internalization due to its 

hydrophilicity, and a rapid enzymatic degradation 

by adenosine deaminase. The aim of this project 

was to improve the cancer cell internalization and 

protect it from metabolic degradation via the 

synthesis of an amphiphilic prodrug and their 

potential self-assembly. The azacitidine was 

conjugated to two different omega-3 fatty acids, 

the eicosapentaenoic acid   (EPA) 

and the docosahexaenoic acid (DHA). The 

carboxylic acid group of the omega-3 fatty acids 

was covalently conjugated to the amine group of 

azacitidine, yielding an amphiphilic prodrug. 

Next, the nanoprecipitation of the obtained 

prodrugs was performed and self-assemblies 

were successfully obtained for both prodrugs with 

a diameter of around 200 nm, a polydispersity 

index below 0.2 and a positive zeta potential. 

Both self-assemblies had an IC50 close to 

azacitidine on a human leukemia cell line HL-60. 

Moreover, AzaEPA self-assemblies showed a slow 

and gradual cell internalization. This strategy 

would allow protection while increasing 

azacitidine specificity and bioavailability. 
 


